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Abstract

There are many possibilities for new physics beyond the Standard Model that feature non-standard Higgs
sectors. These may introduce new sources of CP violation, and there may be mixing between multiple
Higgs bosons or other new scalar bosons. Alternatively, the Higgs may be a composite state, or there may
even be no Higgs at all. These non-standard Higgs scenarios have important implications for collider
physics as well as for cosmology, and understanding their phenomenology is essential for a full com-
prehension of electroweak symmetry breaking. This report discusses the most relevant theories which
go beyond the Standard Model and its minimal, CP-conserving supersymmetric extension: two-Higgs-
doublet models and minimal supersymmetric models with CP violation, supersymmetric models with
an extra singlet, models with extra gauge groups or Higgs triplets, Little Higgs models, models in extra
dimensions, and models with technicolour or other new strong dynamics. For each of these scenarios,
this report presents an introduction to the phenomenology, followed by contributions on more detailed
theoretical aspects and studies of possible experimental signatures at the LHC and other colliders.
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1 INTRODUCTION

John Ellis and Sabine Kraml

The next step in high-energy particle physics will be the exploration of the TeV energy scale, an adven-
ture that starts with the LHC and is to be continued with other colliders operating in a similar energy
range. The energy scale of the LHC is largely determined by the need to complete the successful Stan-
dard Model and, in particular, to understand the origin of the elementary particle masses. Even though
the Standard Model is very successful, having survived stringent high-energy tests at the SLC, LEP,
HERA and the Tevatron, in particular, it is known to be incomplete. The existence of a Higgs sector is
essential for the breaking of the electroweak gauge symmetry, enabling the W and Z gauge bosons and
the matter fermions to acquire masses. The presence of a Higgs boson is the only way to avoid having the
scattering amplitudes for massive particles grow indefinitely, leading to unrenormalizable divergences in
loop diagrams.

General theoretical arguments based on unitarity and lattice calculations imply that an elemen-
tary Higgs boson should have a mass less than about a TeV. The Standard Model’s successes in all its
experimental tests to date implies that the dangerous loop diagrams must indeed be cut off by some unde-
tected ingredient resembling a Higgs boson, with a mass that is likely to be no larger than a few hundred
GeV. The discovery of the Standard Model Higgs boson or some equivalent substitute is therefore one
of the primary objectives of the experimental programmes at the LHC and other TeV-scale colliders. Its
discovery is expected to lead to a flowering of new physics, as illustrated in Fig. 1.

This is because there are many reasons to suspect that the simplest Higgs sector postulated in
the original formulations of the Standard Model is unlikely to be the complete solution to the origin of
particle masses. It may be supplemented by additional new physics beyond the Standard Model, or the
Higgs sector may be more complicated, or it may be replaced by some very different dynamics serving
a similar purpose. An elementary Higgs field and its associated Higgs boson are subject to quantum-
mechanical instabilities induced by loop diagrams that threaten to subject the electroweak mass scale
to large corrections. It is, in principle, possible to maintain a low electroweak scale despite these large
corrections, but this would appear to require unnatural fine tuning of the model parameters. One of
the favoured solutions to this naturalness problem is to postulate the appearance of supersymmetry at
or below the TeV scale. Even the minimal supersymmetric extension of the Standard Model (MSSM)
requires two doublets of Higgs fields and hence five physical Higgs bosons. However, there is still no
experimental evidence for supersymmetry, and the first collider able to provide evidence for its relevance
to particle physics is likely to be the LHC.

The Higgs sectors of the Standard Model and its minimal supersymmetric extension have been
discussed extensively in connection with the experimental programmes of the LHC and other TeV-scale
colliders. These define the standard options in Higgs physics. The prospects for discovering and charac-
terizing the MSSM at these colliders have also been discussed in some detail. The purpose of this report
is to explore the other petals of the Higgs flower shown in Fig. 1, by assembling studies of non-standard
Higgs models within and beyond the framework of supersymmetry. Particular emphasis is placed on
Higgs scenarios that violate CP. In addition to the problem of mass, one of the most puzzling aspects
of the Standard Model is flavour physics, and particularly the violation of CP symmetry. The Standard
Model accommodates CP violation quite economically via the Kobayashi-Maskawa mechanism, but it
does not explain its origin. In principle, CP violation could also be present in the strong interactions,
as a result of non-perturbative effects, but this has not been seen. An attractive option for suppressing
this strong CP violation is to complicate the minimal Higgs sector of the Standard Model by postulating
an axion. On the other hand, non-minimal Higgs sectors introduce in general additional sources of CP
violation beyond the Kobayashi-Maskawa mechanism. This is not necessarily unwelcome, since some
additional source of CP violation would in any case be required in order to explain the cosmological
baryon asymmetry on the basis of elementary particle interactions. Cosmological baryogenesis could be
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Fig. 1: The flowering of the Higgs physics that is expected to bloom at the TeV scale.

achieved at any temperature scale at or beyond the electroweak scale. One particularly attractive option
is to generate the cosmological baryon asymmetry at the electroweak scale by means of a non-minimal
Higgs sector, such as that in the MSSM. The MSSM already contains a plethora of possible CP-violating
phases, which may have interesting signatures within and beyond the Higgs sector of the theory. We place
particular emphasis on the possible implications of these phases for Higgs phenomenology at colliders,
including the LHC, International Linear Collider (ILC) and its photon-photon collider option.

Even more possibilities for CP and flavour violation are offered by modifications of the MSSM in
which R parity is violated. These introduce many novel Yukawa-like interactions that possess, in gen-
eral, additional CP-violating phases. We give particular emphasis in this report to the possible mixing
of Higgs bosons with sleptons and the corresponding phenomenological signatures. Yet another possi-
bility is to augment the MSSM framework, for example by postulating its extension to include a singlet
superfield that expands the Higgs sector of the theory. One of the motivations for such an addition is to
avoid introducing a priori a Higgs mixing parameter with a magnitude similar to the electroweak scale,
instead replacing it with a vacuum expectation value generated dynamically. In addition to enriching the
possibilities for Higgs phenomenology at colliders, such scenarios also have interesting cosmological
implications, e.g., for the nature of cold dark matter.

A more radical expansion of the field content of the Standard Model is to postulate an extension of
the gauge group. Various such extensions have been considered in previous studies of collider physics.
Among the motivations for such models are grand-unified and string models that contain supplementary
U(1) gauge groups, and left-right symmetric models. Aspects of these have been studied previously: the
new thrust here is to consider in more detail the phenomenology of Higgs bosons in such scenarios. An
extra stimulus to such models has recently been provided by little Higgs models. Their central idea is to
interpret the Higgs boson of the Standard Model as a pseudo-Goldstone boson of a higher electroweak
gauge symmetry after its breakdown into the SU(2) × U(1) of the Standard Model. In such little Higgs
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models, the low scale of the electroweak vacuum relative to the breaking of the larger gauge symmetry is
protected by the pseudo-Goldstone character of the Higgs boson. This protection is provided in specific
models by additional matter, gauge and Higgs fields with relatively low masses that might be accessible
to TeV-scale colliders. We discuss here the possible phenomenology of such extra degrees of freedom,
as well as the phenomenology of the little Higgs boson itself.

A different set of possible extensions of the Standard Model are those with extra spatial dimen-
sions. Such theories have been around for many decades, but recently gained motivation from string
theory. This apparently requires such extra dimensions, though they might well be much smaller than
the inverse-TeV scale. However, it has been realized that the phenomenological constraints on at least
some extra-dimensional scenarios are quite weak, laying them open to experimental tests at colliders.
In particular, they provide options for invisible Higgs decays and for other sources of missing trans-
verse energy. One particularly interesting possibility is that an extra dimension is warped. An important
new scalar degree of freedom in such a model is the radion, which has several potential interfaces with
Higgs physics. Higgs-radion mixing must be taken into account, since several of the radion decay modes
mimic those of a conventional Higgs boson, such as those to γγ and ZZ (∗), and radion decays into pairs
of Higgs bosons are also of potential interest.

The imminent exploration of the Higgs sector by the LHC and other colliders has prompted new
questions whether Higgsless models are viable. In their original four-dimensional formulations, they
lead to strong WW scattering at relatively low energies, and run into related problems with the preci-
sion electroweak data. However, these difficulties may be alleviated by postulating an extension to five
dimensions, where electroweak symmetry may be broken by appropriate boundary conditions. From
a theoretical point of view, the absence of a Higgs boson would be a very interesting outcome from
the LHC, even if experimentalists might be disappointed. However, they should be encouraged by the
fact that, even in such Higgsless models, there are possible experimental probes of the mechanism of
electroweak symmetry breaking.

Strongly-interacting Higgs sectors arise in a number of other scenarios, in addition to Higgsless
models. One general approach to these is provided by effective Lagrangian techniques modeled on those
used in QCD at low energies. As well as probing strong WW scattering and possible massive resonances
via the production of pairs of weak gauge bosons, it may also be possible to study anomalous quartic
gauge-boson couplings via triple weak-boson production. There is also an interesting class of models in
which the elementary Higgs field of the Standard Model is replaced by a composite field in a theory of
new strong ‘technicolour’ interactions. Models in which the technicolour dynamics is closely modeled
on that in QCD have problems with precision electroweak data and the generation of fermion masses.
However, the first problem may be mitigated in ‘walking’ technicolour models whose dynamics is not
related to that of QCD by simple rescaling. The fermion mass problem may be solved in extended
technicolour models, which offer interesting possibilities for light composite Higgs bosons as well as
predicting complex strong dynamics at higher energies.

A final class of scenarios to consider is that with higher-dimensional Higgs representations. These
arise in generic little Higgs scenarios of the type mentioned above, but may also arise in other models.
These may give rise to distinctive signatures due to doubly-charged Higgs bosons, as well as interesting
effects in the physics of neutral and singly-charged Higgs bosons.

This brief summary gives an impressionistic survey of the different non-standard Higgs scenarios
that should be considered in preparations for collider experiments. It demonstrates that one should not
allow one’s attention to be dominated by the single weakly-interacting Higgs boson of the Standard
Model, nor even by its modest extension to the MSSM. One should keep in mind, in particular, the
possibility that there may be a close link between the Higgs sector and CP violation, and one should
be open to the possible appearance of non-standard Higgs representations such as singlets and triplets,
as well as novel decay patterns, including invisible modes. Revealing the full details of the underlying
mechanism of electroweak symmetry breaking may be considerably more complex than in the Standard
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Model or the MSSM.

This report is the product of a Workshop which extended from May 2004 to December 2005, with
significant support from the CERN Theory Division and elsewhere. It consists of chapters discussing
each of the principal non-standard Higgs scenarios mentioned above and shown in the Higgs flower.
Each chapter starts with a pedagogical introduction to the corresponding scenario, which is followed by
a set of individual contributions describing specific studies made in the context of the Workshop. In
addition to many phenomenological studies, this report reviews several studies made of LHC capabilities
using detailed simulations of the ATLAS and CMS detectors. It is encouraging that, although many of
the non-standard Higgs scenarios were not considered in the designs of ATLAS and CMS, nevertheless
they have excellent capabilities for revealing such scenarios. This indicates that the ATLAS and CMS
detector designs and trigger concepts are sufficiently robust to respond to new challenges. Thus one may
also hope that they will also be sensitive to Nature’s choice for new physics, even if it extends beyond
the options considered here. This volume also contains many studies of non-standard Higgs signatures at
linear e+e− colliders. It is also encouraging that the ILC, in particular, also offers excellent prospects for
exploring more aspects of non-standard Higgs scenarios, thanks to its very clean experimental conditions.

The LHC will soon start revealing what physics lies at the TeV scale, and in particular what the
Higgs sector holds in store for us. We do not know in advance whether it will reveal a single elementary
Standard Model Higgs boson, something more complicated, or even a Higgsless model. One must ap-
proach LHC physics in general, and Higgs physics in particular, with an open mind. The Higgs sector
may be not only the completion of the Standard Model, but also the first window on physics beyond
it. In addition to answering one of the key open questions in the Standard Model, for example, it pro-
vides some of the key motivation for supersymmetry and is deeply implicated in the linked problems of
flavour and CP violation. This volume provides a hitchhiker’s guide to these and other possible aspects
of non-standard Higgs physics at the LHC and other colliders.
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2 THE CP-VIOLATING TWO-HIGGS DOUBLET MODEL

2.1 Theory review

Howard E. Haber and Maria Krawczyk

The Standard Model (SM) of electroweak physics is an SU(2)L×U(1) gauge theory coupled to quarks,
leptons and one complex hypercharge-one, SU(2)L doublet of scalar fields. Due to the form of the
scalar potential, one component of the complex scalar field acquires a vacuum expectation value, and
the SU(2)L×U(1) electroweak symmetry is spontaneously broken down to the U(1)EM gauge symme-
try of electromagnetism. Hermiticity requires that the parameters of the SM scalar potential are real.
Consequently, the resulting bosonic sector of the electroweak theory is CP-conserving.

The SM, with its minimal Higgs structure, provides an extremely successful description of ob-
served electroweak phenomena. Nevertheless, there are a number of motivations to extend the Higgs
sector of this model by adding a second complex doublet of scalar fields [1–10]. Perhaps the best
motivated of these extended models is the minimal supersymmetric extension of the Standard Model
(MSSM) [11–13], which requires a second Higgs doublet (and its supersymmetric fermionic partners)
in order to preserve the cancellation of gauge anomalies. The Higgs sector of the MSSM is a two-Higgs-
doublet model (2HDM), which contains two chiral Higgs supermultiplets that are distinguished by the
sign of their hypercharge. The theoretical structure of the MSSM Higgs sector is constrained by the
supersymmetry, leading to numerous relations among Higgs masses and couplings. In particular, as in
the case of the SM, the tree-level MSSM Higgs sector is CP-conserving. However, the supersymmetric
relations among Higgs parameters are modified by loop-corrections due to the effects of supersymmetry-
breaking that enter via the loops. Thus, the Higgs-sector of the (radiatively-corrected) MSSM can be
described by an effective field theory consisting of the most general CP-violating two-Higgs-doublet
model.

The 2HDM Lagrangian contains eight real scalar fields. After electroweak symmetry breaking,
three Goldstone bosons (G± and G0) are removed from the spectrum and provide the longitudinal modes
of the massive W± and Z . Five physical Higgs particles remain: a charged Higgs pair (H±) and three
neutral Higgs bosons. If experimental data reveals the existence of a Higgs sector beyond that of the
SM, it will be crucial to test whether the observed scalar spectrum is consistent with a 2HDM interpre-
tation. In order to be completely general within this framework, one should allow for the most general
CP-violating 2HDM when confronting the data. Any observed relations among the general 2HDM pa-
rameters would surely contribute to the search for a deeper theoretical understanding of the origin of
electroweak symmetry breaking.

2.1.1 The general Two-Higgs-Doublet Model (2HDM)

The 2HDM is governed by the choice of the Higgs potential and the Yukawa couplings of the two
scalar-doublets to the three generations of quarks and leptons. Let Φ1 and Φ2 denote two complex
hypercharge-one, SU(2)L doublet scalar fields. The most general gauge-invariant renormalizable Higgs
scalar potential is given by

V = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 − [m2
12Φ†1Φ2 + h.c.]

+1
2λ1(Φ†1Φ1)2 + 1

2λ2(Φ†2Φ2)2 + λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1)

+
{

1
2λ5(Φ†1Φ2)2 +

[
λ6(Φ†1Φ1) + λ7(Φ†2Φ2)

]
Φ†1Φ2 + h.c.

}
, (2.1)

where m2
11, m2

22, and λ1, · · · , λ4 are real parameters. In general, m2
12, λ5, λ6 and λ7 are complex.
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2.1.1.1 Covariant notation with respect to scalar field redefinitions

In writing Eq. (2.1), we have implicitly chosen a basis in the two-dimensional “flavor” space of scalar
fields. To allow for other basis choices, it will be convenient to rewrite Eq. (2.1) in a covariant form with
respect to global U(2) transformations, Φa → Uab̄Φb (and Φ†ā → Φ†

b̄
U †bā), where the 2× 2 unitary matrix

U satisfies U †bāUac̄ = δbc̄. In our index conventions, replacing an unbarred index with a barred index is
equivalent to complex conjugation (for further details see section 2.3). Thus, Eq. (2.1) can be expressed
in U(2)-covariant form as [10, 14]:

V = Yab̄Φ
†
āΦb + 1

2Zab̄cd̄(Φ
†
āΦb)(Φ

†
c̄Φd) , (2.2)

where the indices a, b̄, c and d̄ run over the two-dimensional Higgs “flavor” space and Zab̄cd̄ = Zcd̄ab̄.
Hermiticity of V implies that Yab̄ = (Ybā)

∗ and Zab̄cd̄ = (Zbādc̄)
∗. Explicitly, the coefficients of the

quadratic terms are

Y11 = m2
11 , Y12 = −m2

12 ,

Y21 = −(m2
12)∗ , Y22 = m2

22 , (2.3)

and the coefficients of the quartic terms are

Z1111 = λ1 , Z2222 = λ2 ,

Z1122 = Z2211 = λ3 , Z1221 = Z2112 = λ4 ,

Z1212 = λ5 , Z2121 = λ∗5 ,

Z1112 = Z1211 = λ6 , Z1121 = Z2111 = λ∗6 ,

Z2212 = Z1222 = λ7 , Z2221 = Z2122 = λ∗7 . (2.4)

Under the global U(2) transformation, the tensors Y and Z transform covariantly: Yab̄ → Uac̄Ycd̄U
†
db̄

and

Zab̄cd̄ → UaēU
†
fb̄
UcḡU

†
hd̄
Zef̄gh̄. Indices can only be summed over using the U(2)-invariant tensor δab̄.

The advantage of introducing the U(2)-covariant notation is that one can immediately identify
U(2)-invariant quantities as basis-independent; such quantities do not depend on the original choice of
the Φ1–Φ2 basis. In particular, any physical observable must be independent of the basis choice and
hence can be identified as some U(2)-invariant quantity. For example, the well-known tan β parameter
of the general 2HDM is not a physical quantity [14–16].

2.1.1.2 Counting the degrees of freedom

The 2HDM scalar potential depends on six real parameters and four complex parameters, for a total
of fourteen degrees of freedom. However, these parameters depend on the choice of the Φ1–Φ2 ba-
sis. In order to determine the number of physical degrees of freedom, one must take into account the
possibility that unphysical degrees of freedom can be removed by redefining the scalar fields via the
global U(2) “flavor” transformations. However, note that the global U(2) group can be decomposed
as U(2) ∼= SU(2)×U(1), where the global hypercharge U(1) transformation has no effect on the scalar
potential parameters. In contrast, the scalar potential parameters will be modified by a general SU(2)-
“flavor” transformation. Since an SU(2) transformation is specified by three parameters, three degrees of
freedom can be removed by a redefinition of the scalar fields. Thus, the scalar potential provides eleven
physical degrees of freedom that govern the properties of the 2HDM scalar sector [14, 15, 17].

2.1.1.3 Discrete symmetries and the 2HDM potential

The general 2HDM is not phenomenologically viable over most of its parameter space. In particular,
if we allow for the most general Higgs-fermion Yukawa couplings, the model exhibits tree-level Higgs-
mediated flavor-changing neutral currents (FCNCs), which may contradict the experimental bounds on
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FCNCs. This can be ameliorated by either avoiding the untenable regions of parameter space or by
introducing additional structure into the model. For example, in the Higgs sector of the MSSM, tree-level
Higgs-mediated FCNCs are absent due to the supersymmetric structure of the Higgs-fermion Yukawa
couplings. Tree-level Higgs-mediated FCNCs can also be eliminated by invoking appropriate discrete
symmetries [18]. Here, we focus on discrete symmetries imposed on the scalar fields. Consider a discrete
Z2 symmetry realized for some choice of basis: Φ1 → Φ1, Φ2 → −Φ2. This discrete symmetry implies
that m2

12 = λ6 = λ7 = 0. A basis-independent characterization of this discrete symmetry has been given
in [14,19]. In practice, the discrete symmetry must also be extended to the fermion sector. By specifying
the transformation properties of the fermions with respect to the discrete symmetry, one can constrain the
form of the Higgs-fermion Yukawa interactions. In fact, removing the possibility of dangerous FCNC
effects can also be achieved if the symmetry of the Z2 discrete transformation of the Higgs potential is
softly broken; i.e., there exists a basis in which λ6 = λ7 = 0 but m2

12 6= 0 [15,17]. A basis-independent
characterization of the softly-broken discrete symmetry can also be given [14]. Finally, hard-breaking
of the discrete Z2 symmetry corresponds to the case in which no basis exists in which λ6 = λ7 = 0.
Additional implications of the broken Z2 symmetry can be found in section 2.4.

2.1.1.4 The scalar field vacuum expectation values

Electroweak symmetry breaking arises if the minimum of the scalar potential occurs for nonzero expec-
tation values of the scalar fields. The condition for extrema of the scalar potential

∂V
∂Φ1

∣∣∣∣
Φ1=〈Φ1〉,
Φ2=〈Φ2〉

= 0,
∂V
∂Φ2

∣∣∣∣
Φ1=〈Φ1〉,
Φ2=〈Φ2〉

= 0 (2.5)

yields the vacuum expectation values (vevs) 〈Φ1,2〉. The scalar fields will develop non-zero vevs if the
mass matrix constructed from the quadratic squared-mass parameters of the Higgs potential (m2

ij) has at
least one negative eigenvalue. By employing an appropriate weak isospin and U(1)Y transformation, it
is always possible to write the scalar field vevs in the following form

〈Φ1〉 =
1√
2

(
0
v1

)
, 〈Φ2〉 =

1√
2




u

v2e
iξ


 , (2.6)

where v1 and v2 are real and positive, and 0 ≤ ξ < 2π. Depending on the parameters of Higgs potential,
the extremum for u 6= 0 describes either saddle point or a minimum of the potential, called the charged
vacuum, where the U(1)EM symmetry is spontaneously broken [15, 20–22]. The vacuum solution with
u = 0 preserves the U(1)EM symmetry; it corresponds to a local minimum of potential if its parameters
are such that the physical Higgs squared-masses are non-negative. In this case, one can show that the
energy of the charged vacuum is larger than energy of the U(1)EM preserving vacuum [20, 22].

Henceforth, we assume that the global minimum of the scalar potential respects the U(1)EM gauge
symmetry. In this case u = 0 and it is convenient to write:

v1 ≡ v cos β , v2 ≡ v sinβ , (2.7)

where v2 ≡ v2
1 + v2

2 = (
√

2GF )−1/2 = (246 GeV)2 and 0 ≤ β ≤ π/2.

One is always free to rephase Φ2 in order to set ξ = 0. In the following, we shall always work in
a basis in which the two neutral Higgs field vevs are real and positive (corresponding to a real vacuum).
The scalar minimum conditions (2.5) then yield:

m2
11 = m2

12 tβ − 1
2v

2
[
λ1c

2
β + (λ3 + λ4 + λ5s

2
β + (2λ6+λ∗6)sβcβ + λ7s

2
βtβ
]

(2.8)

m2
22 = (m2

12)∗ t−1
β − 1

2v
2
[
λ2s

2
β + (λ3 + λ4 + λ∗5c

2
β + λ∗6c

2
βt
−1
β + (λ7e

iξ + 2λ∗7e
−iξ)sβcβ

]
, (2.9)
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where sβ = sinβ, cβ = cos β and tβ = tanβ. Since m2
11 and m2

22 are both real, the imaginary part of
either Eq. (2.8) or Eq. (2.9) yields one independent equation:

Im (m2
12) = 1

2v
2
[

Im (λ5)sβcβ + Im (λ6)c2β + Im (λ7)s2
β

]
. (2.10)

The quantities

δ ≡ Im (m2
12)

v2sβcβ
, η ≡ Re (m2

12)

v2sβcβ
, (2.11)

will be useful in our discussion of the Higgs mass eigenstates and the mixing of CP-even and CP-odd
states. Note that Re (m2

12) is not determined by the scalar potential minimum conditions.

2.1.1.5 Theoretical constraints on the Higgs potential parameters

The parameters of Higgs potential are constrained by various conditions. To have a stable vacuum, the
potential must be positive at large quasi–classical values of the magnitudes of the scalar fields for an
arbitrary direction in the (Φ1,Φ2) plane. These are the positivity constraints [23–26]. The minimum
constraints are the conditions ensuring that the extremum is a minimum for all directions in (Φ1,Φ2)
space, except for the direction of the Goldstone modes. It is realized when the squared-masses of the five
physical Higgs bosons are all positive.

The tree-level amplitudes for the scattering of longitudinal gauge bosons at high energy can be
related via the equivalence theorem [27] to the corresponding amplitudes in which the longitudinal gauge
bosons are replaced by Goldstone bosons. The latter can be computed in terms of quartic couplings λ i
that appear in the Higgs potential. By imposing tree-level unitarity constraints on these amplitudes, one
can derive upper bounds on the values of certain combinations of Higgs quartic couplings [28–34].

The perturbativity condition for a validity of a tree approximation in the description of interactions
of the lightest Higgs boson may be somewhat less restrictive than the unitarity constraints. For example,
by requiring that one-loop corrections to Higgs self-couplings are small compared to tree-level couplings,
one expects that |λi|/16π2 � 1.

Unitarity constraints for the 2HDM were first derived for the potential without a hard violation of
the discrete Z2 symmetry and for the CP conserving case (e.g., see [32]). Extension to the CP-violating
case can be found in [33], and for the case of hard discrete Z2 symmetry violation in [34].

2.1.2 Conditions for Higgs sector CP-violation

Higgs sector CP-violation may be either explicit or spontaneous. Explicit CP conservation1 or violation
refers respectively to the consistent or inconsistent CP transformation properties of the various terms that
appear in the Lagrangian. If the scalar Lagrangian is explicitly CP-conserving, but the vacuum state of
the theory violates CP, then one says that CP is spontaneously broken [1, 10, 35]. The observable conse-
quences of Higgs sector CP-violation (either explicit or spontaneous) include the mixing of neutral Higgs
states of opposite CP quantum numbers and/or the existence of (direct) CP-violating Higgs interactions.

The CP state mixing and the direct CP-violation in the gauge/Higgs interactions are determined
by the properties of the scalar Lagrangian (and the corresponding vacuum state). These CP-violating
effects are absent if and only if there exists a basis in which the two neutral Higgs vacuum expectation
values and the scalar potential parameters are simultaneously real [36, 37]. Given an arbitrary potential,
the existence or non-existence of such a basis may be difficult to determine directly. For this problem,
the basis-independent methods are invaluable. In particular, a set of basis-independent conditions can be

1Since CP is violated in the SM via the CKM mixing of the quarks, it is generally unnatural to demand that the Higgs sector
of the 2HDM explicitly conserve CP. Nevertheless, one can naturally impose a CP-conserving Higgs sector by employing an
appropriate discrete symmetry. In the MSSM, the Higgs sector is CP-conserving at tree-level (due to the supersymmetry),
although one finds CP-violation arising at one-loop due to supersymmetry-breaking effects.
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found to test for the CP-invariance of the scalar sector. Following [38], we introduce three U(2)-invariant
quantities [37]:

−1
2v

2J1 ≡ v̂∗āYab̄Z
(1)

bd̄
v̂d , (2.12)

1
4v

4J2 ≡ v̂∗b̄ v̂
∗
c̄YbēYcf̄Zeāf d̄v̂av̂d , (2.13)

J3 ≡ v̂∗b̄ v̂
∗
c̄Z

(1)
bē Z

(1)

cf̄
Zeāf d̄v̂av̂d , (2.14)

where 〈Φ0
a〉 ≡ vv̂a/

√
2, and v̂a is a unit vector in the complex two-dimensional Higgs flavor space.

Then, the scalar sector is CP-conserving (i.e., no explicit nor spontaneous CP-violation is present) if J1,
J2 and J3 defined in Eqs. (2.12)–(2.14) are real.2 If the scalar potential is CP-violating, then the CP state
mixing depends only on ImJ2 [16, 39], whereas CP-violation in the gauge/Higgs boson interactions is
governed by all three quantities ImJk, k = 1, 2, 3.

2.1.2.1 Explicit CP-conservation

The general 2HDM scalar potential explicitly violates the CP symmetry. An explicitly CP-conserving
scalar potential requires the existence of a Φ1–Φ2 basis in which all the Higgs potential parameters are
real. Such a basis will henceforth be called a real basis. However, given an arbitrary potential, the
existence or non-existence of a real basis may be difficult to discern, as already noted. In Ref. [37], the
necessary and sufficient basis-independent conditions for an explicitly CP-conserving scalar potential
have been established, in terms of the following four potentially complex invariants:

IY 3Z ≡ Im (Z
(1)
ac̄ Z

(1)

eb̄
Zbēcd̄Ydā) , (2.15)

I2Y 2Z ≡ Im (Yab̄Ycd̄Zbādf̄Z
(1)
fc̄ ) , (2.16)

I6Z ≡ Im (Zab̄cd̄Z
(1)

bf̄
Z

(1)

dh̄
Zfājk̄Zkj̄mn̄Znm̄hc̄) , (2.17)

I3Y 3Z ≡ Im (Zac̄bd̄ZcēdḡZeh̄fq̄YgāYhb̄Yqf̄ ) , (2.18)

where Z(1)

ad̄
≡ δbc̄Zab̄cd̄.

The conditions for a CP-conserving scalar potential depend on the invariant quantity [14, 19]:

Z ≡ 2 Tr [Z(1)]2 − (Tr Z(1))2 = (λ1 − λ2)2 + 4|λ6 + λ7|2 , (2.19)

Note that if Z vanishes, then Eq. (2.19) implies that λ1 = λ2 and λ7 = −λ6 for all basis choices. Two
distinct cases are possible. If Z 6= 0, then the necessary and sufficient conditions for an explicitly CP-
conserving 2HDM scalar potential are given by IY 3Z = I2Y 2Z = I6Z = 0. (A similar result has also
been obtained in [40].) In this case I3Y 3Z = 0 is automatically satisfied. If Z = 0, then the aforemen-
tioned first three invariants automatically vanish, in which case the necessary and sufficient condition for
an explicitly CP-conserving 2HDM scalar potential is given by I3Y 3Z = 0. Explicit expressions for the
imaginary parts of the four CP-odd invariants above can be found in [37]. The significance of the four
conditions above from a group-theoretical perspective has been recently discussed in [19, 41].

Finally, we note that the imposition of the discrete Z2 symmetry Φ1 → Φ1, Φ2 → −Φ2 implies
that the scalar potential is CP-conserving. Since λ5 is the only nonzero complex parameter in the basis
where the discrete symmetry is manifest, it is a simple matter to rephase one of the scalar doublets to
render λ5 real. Explicit CP-violation can arise if the Φ1 → Φ1, Φ2 → −Φ2 discrete Z2 symmetry
breaking is either hard or soft. In the latter case, e.g., CP violation is a consequence of a nontrivial
relative phase in the complex parameters m2

12 and λ5.

2One can show that the reality of the Jk is equivalent to the invariant conditions given in Eq. (2.75) of section 2.3 [14, 38].
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2.1.2.2 Spontaneous CP-violation

If the scalar Lagrangian is explicitly CP-conserving but the Higgs vacuum is CP-violating, then CP is
spontaneously broken. However, both spontaneous and explicit CP-violation yield similar CP-violating
phenomenology. To distinguish between the two, one would need to discover CP-violation in the Higgs
sector and prove that the fundamental scalar Lagrangian is CP-conserving. In principle, such a distinction
is possible. For example, suppose one could verify that IY 3Z = I2Y 2Z = I6Z = I3Y 3Z = 0, whereas
at least one of three invariants J1, J2 and J3 possesses a non-zero imaginary part. In this case, the CP-
symmetry in the Higgs sector is spontaneously broken.3 In practice, distinguishing between explicit and
spontaneous CP-violation by experimental observations and analysis seems extremely difficult.

Spontaneous CP-violation cannot arise in the presence of the Φ1 → Φ1, Φ2 → −Φ2 discrete Z2

symmetry. In particular, in this case the scalar potential minimum condition implies that it is possible to
transform to a real basis in which the two neutral vacuum expectation values are real.

2.1.3 The Higgs mass spectrum

2.1.3.1 CP violation and mixing of states

We introduce the following field decomposition

Φ1 =




ϕ+
1

v1 + ϕ1 + iχ1√
2


 , Φ2 =




ϕ+
2

v2 + ϕ2 + iχ2√
2


 . (2.20)

Then the corresponding scalar squared-mass matrix can be transformed to the block diagonal form by
a separation of the massless charged and neutral Goldstone boson fields, G± and G0, and the charged
Higgs boson fields H±:

G± = cosβ ϕ±1 + sinβ ϕ±2 , (2.21)

G0 = cosβ χ1 + sinβ χ2 . (2.22)

The physical charged Higgs boson is orthogonal to G±:

H± = − sinβ ϕ±1 + cos β ϕ±2 . (2.23)

The mass of the charged Higgs boson is easily obtained:

M2
H± =

[
η − 1

2
(λ4 + Reλ5 + Re λ67)

]
v2 , (2.24)

where λ67 ≡ λ6 cot β + λ7 tanβ and η is defined in Eq. (2.11). The physical neutral Higgs bosons are
mixtures of the two CP-even fields ϕ1, ϕ2 and a CP-odd field

A = − sinβ χ1 + cos β χ2 , (2.25)

that is orthogonal to G0. Consequently, in the general 2HDM, the physical neutral Higgs bosons are
states of indefinite CP.

In the {ϕ1, ϕ2, A} basis, the real symmetric squared-mass matrix M2 for neutral sector is ob-
tained:

M2 =



M2

11 M2
12 M2

13

M2
12 M2

22 M2
23

M2
13 M2

23 M2
33


 . (2.26)

3One would also have to prove the absence of explicit CP-violation in the Higgs-fermion couplings. The relevant basis-
independent conditions have been given in [10, 38].
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Diagonalizing the matrix M2 by using an orthogonal transformation R we obtain the physical neutral
states h1,2,3, with corresponding squared-masses M 2

i that are the eigenvalues of the matrixM2:


h1

h2

h3


 = R



ϕ1

ϕ2

A


 , with RM2RT = diag(M 2

1 , M
2
2 , M

2
3 ) . (2.27)

The diagonalizing matrix R can be written as a product of three rotation matrices Ri, corresponding to
rotations by three angles αi ∈ (0, π) about the z, y and x axes, respectively:

R = R3R2R1 =




c1 c2 c2 s1 s2

−c1 s2 s3−c3 s1 c1 c3−s1 s2 s3 c2 s3

−c1 c3 s2+s1 s3 −c1 s3−c3 s1 s2 c2 c3


 . (2.28)

Here, we define ci = cosαi, si = sinαi and adopt the convention for masses that M1 ≤M2 ≤M3.

One can first diagonalize the upper left 2× 2 block of the matrixM2. This partial diagonalization
[15] results in the neutral, CP-even Higgs fields which we denote as h and (−H),

H = cosαϕ1 + sinαϕ2, h = − sinαϕ1 + cosαϕ2 , (2.29)

where α ≡ α1 − π/2 is the mixing angle that renders the 2 × 2 CP-even submatrix diagonal.4 At this
stage the CP–odd field A remains unmixed:




h
−H
A


 = R1



ϕ1

ϕ2

A


 , with R1M2RT1 =M2

1 ≡



M2
h 0 M ′ 213

0 M2
H M ′ 223

M ′ 213 M ′ 223 M2
A


 , (2.30)

where

M2
A =

[
η − Re (λ5 − 1

2λ67)
]
v2 , (2.31)

M2
h,H = 1

2

[
M11 +M22 ∓

√
(M11 −M22)2 + 4M2

12

]
. (2.32)

The off-diagonal squared-masses M ′ 213 and M ′ 223 are given by

M ′ 213 = c1M
2
13 + s1M

2
23 = −1

2

[
2δ cos(β + α)− Im λ̃67 cos(β − α)

]
v2, (2.33)

M ′ 223 = −s1M
2
13 + c1M

2
23 = 1

2

[
2δ sin(β + α) + Im λ̃67 sin(β − α)

]
v2 , (2.34)

where λ̃67 ≡ λ6 cot β − λ7 tanβ and δ is defined in Eq. (2.11).

In the general CP-violating 2HDM, the states h, H and A are useful intermediaries, which do not
directly correspond to physical objects. In the case of CP conservation (realized for M ′ 2

13 = M ′ 223 = 0),
the fields h, H and A represent physical Higgs bosons: h1 = h, h2 = −H , h3 = A. If at least one of the
off diagonal terms differs from zero, an additional diagonalization is necessary, and the mass eigenstates,
which are now admixtures of CP–even and CP–odd states, violate the CP symmetry. In this case we
express the physical Higgs boson states h1,2,3 as linear combinations of h, H , A:



h1

h2

h3


 = R3R2




h
−H
A


 with RM2 RT = R3R2M2

1R
T
2 R

T
3 =



M2

1 0 0
0 M2

2 0
0 0 M2

3


 . (2.35)

4The appearance of the minus sign in −H and the shift by π/2 in the definition of α is needed in order to match
the standard convention used for CP-conserving case [8].
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The following mass sum rule holds:

M2
1 +M2

2 +M2
3 = M2

h +M2
H +M2

A = M2
11 +M2

22 +M2
33 . (2.36)

In general, the Higgs mass-eigenstates hi [Eq. (2.27)] are not states of definite CP parity since they
are mixtures of fields ϕ1,2 and A, which possess opposite CP parities. Such CP-state mixing is absent if
and only if M 2

13 = M2
23 = 0. In particular, for sin 2β 6= 0, the absence of CP-state mixing implies that

Im λ̃67 = 0 and δ ∝ Im (m2
12) = 0. In this latter case, h, H and A are the physical Higgs bosons, with

masses given by eqs. (2.31) and (2.32), and α2 = α3 = 0.

2.1.3.2 Various cases of CP mixing

We consider a number of possible interesting patterns of CP-even/CP-odd scalar state mixing [15]:

• If ε13 ≡ |M ′ 213/(M
2
A−M2

h)| � 1, then α2 ≈ 0 and the Higgs boson h1 practically coincides
with the lighter CP-even state, h. In addition, the CP-violating couplings of h are very small, typically
of O(ε13). The diagonalization of the residual 〈23〉 corner of the squared-mass matrix (2.30) using the
rotation matrix R3 yields the mass eigenstates h2 and h3. These are superpositions of H and A with a
potentially large mixing angle α3:

tan 2α3 ≈
−2M ′ 223

M2
A −M2

H

. (2.37)

If MA ≈MH , then the CP-violating state mixing can be strong even at small but nonzero |M ′ 2
23 |/v2. For

large values of MH ≈ MA the proper widths of H and A become large and the H and A mass peaks
strongly overlap. Here, one should include a (complex) matrix of Higgs polarization operators [42, 43].

• If ε23 ≡ |M ′ 223/(M
2
A − M2

H)| � 1, then α3 ≈ 0 and the Higgs boson h2 practically
coincides with the heavier CP-even state, −H . Similarly to the previous case, the diagonalization of the
〈13〉 part of squared-mass matrix (2.30), using the rotation matrix R2 yields the mass eigenstates h1 and
h3. These are superpositions of h and A states, which can strongly mix with large mixing angle α2:

tan 2α2 ≈
−2M ′ 213

M2
A −M2

h

. (2.38)

As in the previous case, ifMA ≈Mh, the CP-violating state mixing can be strong even at small M ′ 213/v
2.

• The case of weak CP-violating state mixing combines both cases above. That is ε13, ε23 � 1,
which imply that α2, α3 ≈ 0, in which case the CP–even states h, H are weakly mixed with the CP–odd
state A. The corresponding physical Higgs masses are given by

M2
1 'M2

h − s2
2(M2

A −M2
h), M2

2 'M2
H − s2

3(M2
A −M2

H), (2.39)

withM2
3 given by the sum rule (2.36) . In the particular case of soft-violation of the discrete Z2 symmetry

we also have

s2'δ
cos(β + α)

M2
A−M2

h

v2, s3'−δ
sin(β + α)

M2
A−M2

H

v2. (2.40)

• The case of the intense coupling regime with MA ≈ Mh ≈ MH [44] may also yield strong
CP-violating state mixing even when both δ and Im λ̃67 are small.

2.1.4 Higgs boson couplings

In the investigation of phenomenological aspects of 2HDM it is useful to introduce relative couplings,
defined as the couplings of each neutral Higgs boson hi (i = 1, 2, 3) to gauge bosons W+W− or ZZ ,
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Higgs bosons H+H− and hjhk, quarks q̄q (q = u, d) and charged leptons `+`−, normalized to the
corresponding couplings of the SM Higgs boson:

χ(i) = g
(i)
j /gSM

j , j = W±, Z,H±, u, d, ` . . . , (2.41)

where g(i)
j denotes the jjhi coupling. Note that for bosonic j, the relative couplings are real. In the case

of neutral Higgs boson (hi) couplings to fermions pairs f f̄ , the Yukawa couplings take the form

−LY = f̄(gRi + igIiγ5)f hi = f̄L(gRi + igIi)fR hi + h.c. , (2.42)

where the right and left-handed fermion fields are defined as usual: fR ≡ PRf and fL ≡ PLf , with
PR,L ≡ 1

2(1 ± γ5). Hence, we shall compute the Higgs–fermion relative coupling in Eq. (2.41) by
employing the complex couplings gi = gRi + igIi.

One can also make use of basis-independent techniques to obtain expressions for Higgs couplings
to gauge bosons, Higgs bosons and fermions that are invariant under U(2) field redefinitions of the two
complex scalar doublet fields [16]. Further details of this procedure and a complete collection of 2HDM
couplings can be found in section 2.3.

2.1.4.1 Bosonic sector

The gauge bosons V (W and Z) couple only to the CP–even fields ϕ1, ϕ2. In terms of the relative
couplings defined in Eq. (2.41), the couplings of gauge bosons to the physical Higgs bosons hi are:

χ
(i)
V =cos β Ri1+sinβ Ri2, V = W or Z. (2.43)

In particular, in the case of weak CP-violating state mixing considered above, we obtain

χ
(1)
V ' sin(β − α), χ

(2)
V ' − cos(β − α), χ

(3)
V ' −s2 sin(β − α) + s3 cos(β − α). (2.44)

The cubic and quartic Higgs self-couplings as functions of the Higgs potential parameters and the
elements of mixing matrix were obtained in [15,16,45–47]. In the case of soft Z2 symmetry violation in
the CP-conserving case, these latter results simplify. The Higgs self-couplings can be expressed in terms
of the Higgs masses and the mixing angles α and β. Moreover, if the Higgs-fermion Yukawa interactions
are of type-II [as defined below Eq. (2.46)], the trilinear couplings can be given in terms of the Higgs
masses, the relative couplings to gauge bosons and quarks, and the parameter η [15]. As an important
example, in the case of weak CP-violating state mixing and soft Z2 symmetry-violation, the coupling of
the neutral scalar hi to a charged Higgs boson pair (normalized to 2M 2

H±/v) can be expressed in terms
of the relative neutral Higgs couplings to the gauge bosons and fermions as follows:

χ
(i)
H± =

(
1− M2

i

2M2
H±

)
χ

(i)
V +

M2
i − ηv2

2M2
H±

Re (χ
(i)
u + χ

(i)
d ). (2.45)

Deviations of the cubic Higgs boson self-couplings from the corresponding Standard Model value would
also provide insight into the dynamics of the 2HDM. In particular, as emphasized in section 2.6, there is
a strong correlation between the loop-corrected hhh coupling and successful electroweak baryogenesis
(that makes critical use of the CP-violation from the Higgs sector).

2.1.4.2 Fermion–Higgs boson Yukawa couplings

The Higgs couplings to fermions are model dependent. The most general structure for the Higgs-fermion
Yukawa couplings, often referred to as the type-III model [48, 49], is given in the generic basis by:

−LY = Q0
LΦ̃1Γ1U

0
R +Q0

LΦ1∆1D
0
R +Q0

LΦ̃2Γ2U
0
R +Q0

LΦ2∆2D
0
R + h.c. , (2.46)
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where Φ̃i ≡ iσ2Φ∗i , Q
0
L is the weak isospin quark doublet, and U 0

R, D0
R are weak isospin quark singlets.

Here, Q0
L, U0

R, D0
R denote the interaction basis states, which are vectors in the quark flavor space, and

Γ1,Γ2,∆1,∆2 are Yukawa coupling matrices in quark flavor space.5 We have omitted the leptonic
couplings in Eq. (2.46); these follow the same pattern as the down-type quark couplings.

In some models, not all the terms in Eq. (2.46) are present at tree-level [50]. For example, in a
type-I model (2HDM-I) [51], there exists a basis where Γ2 = ∆2 = 0.6 Similarly, in a type-II model
(2HDM-II) [52], there exists a basis where Γ1 = ∆2 = 0. The vanishing of certain Higgs-fermion
couplings at tree-level can be enforced by imposing a discrete Z2 symmetry under which Φ1 → Φ1,
Φ2 → −Φ2, and the fermion fields are either invariant or change sign according to whether one wishes
to preserve either the type-I or type-II Higgs-fermion couplings while eliminating the other possible
terms in Eq. (2.46). Another well-known example is the MSSM Higgs sector, which exhibits a type-II
Higgs-fermion coupling pattern that is enforced by supersymmetry.

The fermion–Higgs boson Yukawa couplings can be derived from Eq. (2.46) (see, e.g., chapter 22
of [10]). Without loss of generality, we choose a basis corresponding to a real vacuum (i.e., ξ = 0). The
fermion mass eigenstates are related to the interaction eigenstates by bi-unitary transformations:

PLU = V U
L PLU

0 , PRU = V U
R PRU

0 , PLD = V D
L PLD

0 , PRD = V D
R PRD

0 , (2.47)

and the Cabibbo-Kobayashi-Maskawa matrix is defined as K ≡ V U
L V

D †
L . It is also convenient to define

“rotated” linear combinations of the Yukawa coupling matrices:

κU ≡ V U
L (Γ1cβ + Γ2sβ)V U †

R , ρU ≡ V U
L (−Γ1sβ + Γ2cβ)V U †

R , (2.48)

κD ≡ V D
L (∆1cβ + ∆2sβ)V D †

R , ρD ≡ V D
L (−∆1sβ + ∆2cβ)V D †

R . (2.49)

The quark mass terms are identified by replacing the scalar fields with their vacuum expectation values.
The unitary matrices V U

L , V D
L , V U

R and V D
R are chosen so that κD and κU are diagonal with real non-

negative entries. These quantities are proportional to the diagonal quark mass matrices:

MD =
v√
2
κD , MU =

v√
2
κU . (2.50)

In a general model, the matrices ρD and ρU are independent complex non-diagonal matrices.

It is convenient to rewrite Eq. (2.46) in terms of the CP-even Higgs fields H and h and the CP-odd
fields A (and the Goldstone boson G0). The end result is:

−LY =
1

v
D

[
MDsβ−α +

v√
2

(ρDPR + ρD
†
PL)cβ−α

]
Dh+

i

v
DMDγ5DG

0

+
1

v
D

[
MDcβ−α −

v√
2

(ρDPR + ρD
†
PL)sβ−α

]
DH +

i√
2
D(ρDPR − ρD

†
PL)DA

+
1

v
U

[
MUsβ−α +

v√
2

(ρUPR + ρU
†
PL)cβ−α

]
Uh− i

v
UMDγ5UG

0

+
1

v
U

[
MUcβ−α −

v√
2

(ρUPR + ρU
†
PL)sβ−α

]
UH − i√

2
U(ρUPR − ρU

†
PL)UA

+

{
U
[
KρDPR − ρU

†
KPL

]
DH+ +

√
2

v
U [KMDPR −MUKPL]DG+ + h.c.

}
, (2.51)

5We have reversed the lettering conventions for these coupling matrices as compared to [10] since ∆ is more naturally
associated with the coupling to down-type quarks.

6A type-I model can also be defined as a model in which Γ1 = ∆1 = 0 in some basis. Clearly, the two definitions are
equivalent, since the difference in the two conditions is simply an interchange of Φ1 and Φ2 which can be viewed as a change
of basis.

14

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

14



where sβ−α = sin(β−α) and cβ−α = cos(β−α). In the most general CP-violating 2HDM, the physical
Higgs fields are linear combinations of h, H and A. As advertised, since ρD and ρU are non-diagonal,
Eq. (2.51) exhibits tree-level Higgs-mediated FCNCs.7 See section 2.5 for a study of the implications of
flavor-changing fermion–Higgs boson couplings for a variety of neutral current processes.

The fermion–Higgs boson Yukawa couplings simplify considerably in type-I and type-II models.
In particular, ρD and ρU are no longer independent parameters. For example, in a one-generation type-II
model, Γ1 = ∆2 = 0, which implies that [14]

tanβ =
−ρD
κD

=
κU

ρU
. (2.52)

These two equations are consistent, since the type-II condition is equivalent to κUκD + ρUρD = 0.
Moreover, using Eqs. (2.50) and (2.52), it follows that:

ρD = −
√

2md

v
tan β , ρU =

√
2mu

v
cot β . (2.53)

Inserting this result into Eq. (2.51) yields the well-known Feynman rules for the type-II Higgs-quark
interactions. For example, in the case of weak CP-violating state mixing, one finds the expected form for
the relative couplings of the neutral Higgs bosons to the up and down-type quarks:

χ
(1)
d = − sinα

cosβ
= sβ−α − tanβ cβ−α , χ(1)

u =
cosα

sinβ
= sβ−α + cot β cβ−α , (2.54)

−χ(2)
d =

cosα

cos β
= cβ−α + tanβ sβ−α , −χ(2)

u =
sinα

sinβ
= cβ−α − cot β sβ−α , (2.55)

χ
(3)
d = −i tanβ , χ(3)

u = −i cot β . (2.56)

Note the extra minus sign in χ(2)
i which arises due to the identification of h2 ' −H in this limiting case.

A similar analysis can be given for models of type-I. In the same CP-conserving limiting case
considered above, χ(i)

u is identical to the corresponding type-II values given above, but χ(i)
d = χ

(i) ∗
u .

2.1.4.3 The decoupling limit and implications for a SM-like Higgs boson

Suppose that all the coefficients of the quartic terms are held fixed [with values that are not allowed to
exceed O(1)]. Then, in the limit that MH± � v = 246 GeV, we find that one neutral Higgs boson
has mass of O(v), while the other two neutral Higgs bosons have mass of O(MH±). In this decoupling
limit, one can formally integrate out the heavy Higgs states from the theory [53–58]. The resulting Higgs
effective theory yields precisely the SM Higgs sector up to corrections of of O(v2/M2

H±). Thus, the
properties of the light neutral Higgs boson of the model, h1, are nearly identical to those of the CP-
even SM Higgs boson. Note that the CP-violating couplings of the lightest neutral Higgs boson to the
fermions, gauge bosons and to itself are suppressed by a factor of O(v2/M2

H±). In contrast, the two
heavy neutral Higgs bosons will generally be significant admixtures of the CP-even and CP-odd states
H and A.

In the approach to the decoupling limit, cβ−α ' O(v2/M2
H±) [58]. Then, Eqs. (2.44) and (2.54)

yields χ(1)
V ' χ

(1)
d ' χ

(1)
u ' 1, as expected. The flavor structure of the Higgs-quark interactions in the

decoupling limit is also noteworthy. Eq. (2.51) yields approximately flavor-diagonal QQh1 couplings,
since the contribution of the non-diagonal ρQ is suppressed by cβ−α. The heavier neutral Higgs bosons
possess unsuppressed flavor non-diagonal Yukawa interactions, and thus can mediate FCNCs at tree-
level. Of course, such FCNC effects would be suppressed by a factor of O(v2/M2

H±) due to the heavy

7Note that even in the case of a CP-conserving Higgs potential, where h, H and A are physical mass eigenstates, Eq. (2.51)
exhibits CP-violating Yukawa couplings proportional to the complex matrices ρD and ρU .
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masses of the exchanged Higgs bosons. The existence of a decoupling limit depends on the possibility of
taking M 2

H± arbitrarily large while holding the parameters λi fixed. Using Eq. (2.24), it follows that the
approach to the decoupling limit corresponds to the region of 2HDM parameter space where η � |λi|.
This implies that no decoupling limit exists in a 2HDM with an exact discrete Z2 symmetry.

The presence of a SM-like Higgs boson (which is defined as a neutral scalar that possesses tree-
level couplings which are nearly identical to those of the SM Higgs boson) is consistent with a 2HDM
with parameters near the decoupling limit. However, a SM-Higgs boson can arise in non-decoupling
regions of the 2HDM parameter space. As an example, in the CP-conserving limit with cβ−α ' 1 and
cot β sβ−α � 1, it follows that the heavier CP-even state H strongly resembles a SM-like Higgs boson.
Other examples of a SM-like Higgs boson in a non-decoupling regime can be found in [58, 59].

The decoupling limit is also a regime in which all but the lightest Higgs boson are very heavy
and nearly mass-degenerate. However, large Higgs masses (often with significant mass splittings) can
also arise in a non-decoupling parameter regime in which the λi are large. In this case, the heavy Higgs
boson masses are bounded from above by imposing unitarity constraints on the λi. These unitarity
constraints, which have been obtained for the CP-conserving case in [32], can be more severe in the
CP-violating case [33,34]. For example, the unitarity limit constrains the parameter |λ5| while the Higgs
mass formulae depend on Re λ5. In general, reasonably large H ,H± and A masses (up to about 600
GeV), consistent with the unitarity constraints, can be obtained for very large or very small tanβ and
reasonably small values of η ≈ (Mh/v)2, as well as for tan β ≈ 1 with η ≈ 0 [15].

Finally, we note that in a non-decoupling parameter regime, the loop effects due to virtual ex-
change of heavy Higgs boson states do not decouple. Thus, in this parameter regime, one can also
deduce upper bounds for heavy Higgs masses (or equivalently a bound on the departure from the decou-
pling limit). As an example, the non-decoupling effects of charged and neutral Higgs boson one-loop
contributions to leptonic τ -decays can yield an upper limit on the charged Higgs boson mass [60].

2.1.4.4 Pattern relations and sum rules

The orthogonality of the mixing matrix R allows one to obtain a number of relations [15, 61–63] among
the relative couplings of neutral Higgs particles to the gauge bosons and fermions. For simplicity, we re-
strict the following analysis to the case of one generation of quarks (and leptons). Consider the following
ratio of tree-level relative neutral Higgs couplings in the general CP-violating 2HDM:

R ≡ χ
(i)
V −χ

(i) ∗
d

χ
(i)
u −χ(i)

V

, (2.57)

where i labels the Higgs mass eigenstates. One can easily verify that Eq. (2.57) holds separately for
each value of i = 1, 2, 3. Moreover, if the denominator of Eq. (2.57) vanishes, then the numerator must
vanish as well and vice versa. The neutral Higgs boson relative couplings χj also satisfy a vertical sum
rule [46, 64, 65]:

3∑

i=1

(χ
(i)
j )2 = 1 (j = V, d, u) . (2.58)

Note that Eqs. (2.57) and (2.58) also holds for the corresponding relative couplings of the definite CP
scalar states h, H and A.

In models with type-I and type-II Higgs–fermion Yukawa couplings, additional tree-level pattern
relations and sum rules are respected. This is not surprising, given that the type-I and type-II conditions
impose extra relations among the Higgs-fermion couplings. For example, Eq. (2.57) can be extended to
the following result [15]:

R =
χ

(i)
V −χ

(i) ∗
d

χ
(i)
u −χ(i)

V

=
1−|χ(i)

d |2

|χ(i)
u |2−1

=
Imχ

(i)
d

Imχ
(i)
u

, (2.59)
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where R is independent of the index i that labels the neutral Higgs state. A brief computation shows
that in type-I models, R = −1, whereas in type-II models, R = tan2 β. In writing Eq. (2.59), we
implicitly assumed that the denominators do not vanish. For example, Eq. (2.59) can also be applied to
the couplings of the neutral Higgs states of definite CP: h, H and A. However, in the CP-conserving
limit, χ(i)

u and χ(i)
d are real for i = h and H , so for these states the ratio of imaginary parts in Eq. (2.59)

should be removed.

From Eq. (2.59), one can derive a horizontal sum rule for the neutral Higgs boson couplings [65]:

R |χ(i)
u |2 + |χ(i)

d |2 = 1 +R . (2.60)

Taken together, the vertical and horizontal sum rules guarantee that the cross section to produce each
neutral Higgs boson hi (or h,H,A) of the 2HDM-I or 2HDM-II, in the processes involving the Yukawa
interaction, cannot be lower than the corresponding cross section for the production of the SM Higgs
boson with the same mass [65].

The following linear relation among neutral Higgs boson relative couplings [15] is also a conse-
quence of Eq. (2.59)

(1 +R)χ
(i)
V = χ

(i) ∗
d +Rχ(i)

u . (2.61)

Models with type I and II Higgs-fermion Yukawa couplings can be distinguished by the following
pattern relation, which only holds in the 2HDM-II: [62, 63]:

(χ(i)
u + χ

(i)
d )χ

(i)
V − χ(i)

u χ
(i)
d = 1 . (2.62)

Of course, Eqs. (2.60)–(2.62) can also be applied to the neutral Higgs states of definite CP: h, H and A.

2.2 Overview of phenomenology
Gérald Grenier, Howard E. Haber and Maria Krawczyk

We present a brief tour of the phenomenological and experimental investigations of the Higgs of the
general 2HDM sector [9, 66, 67] at existing colliders (LEP8 and TEVATRON), and at colliders now
under construction (LHC) and under development (the ILC and the associated Photon Linear Collider
(PLC) [68]). Results from the LHC and the ILC/PLC can provide useful synergies for CP studies of the
general 2HDM, as discussed in [69, 70] and illustrated in section 2.14. The possibility of higher energy
lepton colliders such as CLIC [71] and µ+µ− collider [72, 73] have also been considered, and these
facilities provide additional opportunities for CP studies of the Higgs sector.

2.2.1 Present limits on Higgs boson masses and couplings

Due to the complexity of the general 2HDM parameter space, there are no completely model-independent
limits on Higgs boson masses and couplings. However, the absence of a Higgs boson discovery at LEP
and the Tevatron places numerous constraints on the 2HDM parameters.

In the decoupling limit of the 2HDM (see section 2.1.4.3), where the properties of the lightest
neutral Higgs boson approach those of the SM Higgs boson, the mass limits of the SM Higgs apply:
Mh > 114.4 GeV [74]. Less definitive results exist away from the decoupling limit, where significant
deviations of the properties of the lightest neutral Higgs boson from those of the SM Higgs boson can be
realized [58, 63]. Within the context of the MSSM, numerous mass limits have been quoted depending
on a number of underlying theoretical assumptions. Many of these limits are described in Section 3.2.
Here, we briefly focus on some of the more model-independent limits that have been obtained at LEP.

8Although the LEP collider shut down in 2000, there are still ongoing analyses of data.
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Fig. 2.1: Model independent upper limits for the CP-even and CP-odd Higgs boson masses as a function of their
couplings to vector bosons and down-type fermions. The allowed parameter regimes (at 95% CL) lie below the
solid lines. In the left panel, the squared relative coupling χ2

V is shown as function of Mh [75]. In the right panel,
the relative coupling χd is shown as function of MA [76]. The relative couplings are defined in section 2.1.4 (note
that the vertical axes employ different symbols for these relative couplings).
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Fig. 2.2: In the left panel, constraints on the parameter C2 ≡ cos2(β − α) are exhibited as a function of the
Higgs masses Mh and MA, based on the non-observation of e+e− → hA (assuming purely hadronic final states).
Similar results are reinterpreted in the right panel in the CP conserving type-II 2HDM. The shaded area denotes the
excluded regions of the (Mh,MA) plane, independently of the CP-even neutral Higgs boson mixing angle [77,78].

If the neutral Higgs boson coupling to gauge bosons is suppressed, then (χhV )2 = sin2(β−α)� 1,
and the upper bound on the Higgs mass (derived from the non-observation of e+e− → Zh) is signifi-
cantly reduced from the corresponding SM Higgs boson mass limit [75, 79], as shown in the left panel
of Fig. 2.1. In the CP-conserving 2HDM, the cross section for e+e− → hA is proportional cos2(β − α)
and depends on the corresponding masses Mh and MA. The constraints on cos2(β − α) deduced from
the non-observation of hA production at LEP yields an exclusion limit in the Mh–MA plane shown
in Fig. 2.2 [77, 78]. Note that these exclusion plots cannot exclude the possible existence of one very
light neutral Higgs boson. For a CP-odd Higgs boson (which does not couple to gauge bosons at tree-
level), important constraints on the Yukawa coupling χd as a function of the Higgs mass are derived from
searches for e+e− → bb̄A (where A → τ+τ−). The absence of an observed bb̄τ+τ− signal above the
SM background yields the exclusion plot shown in the right panel of Fig. 2.1 [76]. These limits depend
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on the enhancement of the bb̄A coupling (which for type-II Yukawa couplings is proportional to tan β).
A similar search was also performed for four b final states resulting from bb̄A(→ bb̄) production and for
four tau final states resulting from τ+τ−A(→ τ+τ−). The same four-fermion signatures can also result
from the production of the CP-even state h [76].

The phenomenology of the charged Higgs boson of the 2HDM depends on fewer model parameters
compared to that of the neutral Higgs bosons. Mass limits (at 95% CL) exist for the CP-conserving
2HDM-I and 2HDM-II and are given by 78.6 GeV [80] and 76.7 GeV [81], respectively. These limits
are independent of tanβ. All other limits involving the charged Higgs boson mass depend on tanβ. For
example, the CDF Collaboration reports [82] no charged Higgs bosons have been observed in top quark
decays at the Tevatron. This data excludes certain regions of the MH±–tanβ plane.

Virtual charged Higgs exchange can affect low-energy processes and place constraints on the
2HDM parameters. The most powerful constraint of this type can be obtained from the observed rate
for b → sγ, which is consistent with the predictions of the Standard Model. Thus, the contributions
via loops due to new physics must be rather small. In the 2HDM, there is an extra contribution due
to a charged Higgs boson loop. The significance of this contribution depends on the structure of the
Higgs-fermion couplings. For example, there is almost no constraint in the CP-conserving 2HDM-I.
In contrast, in the 2HDM-II, the experimental observation of b → sγ implies a 95% CL lower limit of
MH± >∼ 320 GeV [83,84]. However, such a limit must be interpreted with care, since virtual effects orig-
inating from other new physics sources can cancel the charged Higgs contribution, thereby significantly
relaxing (or removing entirely) the charged Higgs mass limit.

A number of other observables can also provide useful constraints on 2HDM parameters. For
example, a lower bound on Mh±/ tan β can be obtained in precision measurements of semi-leptonic b
decays [85] and leptonic τ -decays [60] by constraining the size of the tree-level charged Higgs boson
exchange contributions. Constraints on Higgs masses and couplings have been obtained for type-II
[60, 86] and for type III Higgs-fermion couplings [87–89]. Additional examples of this type can be
found in section 2.5. Global fits using different electroweak observables such as ρ, Rb and b → sγ [90]
(and (g−2)µ in [91]), have been made for the 2HDM-II, and these can significantly constrain the allowed
regions of the parameter space.

2.2.2 Probing the CP nature of the neutral Higgs bosons

If phenomena consistent with the 2HDM are discovered, it will be important to discover the form of
the 2HDM that is realized in nature. One critical step in this program is the determination of the CP-
properties of the three neutral Higgs bosons. If CP is conserved, then one can associate definite CP-
quantum numbers with the three states (i.e, the CP-even h and H and the CP-odd A). If CP is violated,
there is mixing among these states of definite CP, the corresponding mass-eigenstates h1, h2 and h3

are states of indefinite CP. In this latter case, one of the main tasks of the experimental Higgs studies
is to confirm this mixing and determine the corresponding mixing angles. If the 2HDM parameters lie
in the vicinity of the decoupling regime, then to a very good approximation h1 ' h is a SM-like CP-
even Higgs boson. However, even in this case, there may be significant CP-violating effects involving
the heavy neutral Higgs bosons, manifested by large mixing between the H and A. In the decoupling
regime, the mass splitting between the heavy neutral Higgs states tends to be small (of order M 2

Z/M
2
H± ).

Consequently, the mixing between H and A in the CP-violating case and the overlapping of the H and
A resonances in the CP-conserving case can lead to similar phenomenological effects. Moreover, in
the case of nearly mass-degenerate scalar states, one should include the effects of the non-zero width in
scalar mass matrix [42, 43], leading to the phenomena of resonant Higgs bosons production. A study of
this type is presented in Section 3.12.

In order to determine the CP-properties of the neutral scalar states, one must study the various
Higgs couplings to gauge bosons and fermions that govern the Higgs production and decay processes.
In general, the CP-indefinite neutral states hi exhibit both scalar and pseudoscalar couplings to fermion
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pairs. In contrast, W+W− and ZZ couple dominantly to the CP-even component of the neutral Higgs
bosons. This latter coupling enters at tree-level, whereas the coupling to the CP-odd component is a
one-loop generated effect [92]. Nevertheless, in a completely model-independent study of Higgs decay
to massive vector boson pairs, one may wish to allow for the possibility of a non-negligible CP-odd
component that couples to vector bosons, as in [93]. For example, Lorentz invariance dictates that the
most general interaction vertex for the coupling of a neutral Higgs boson hj to ZZ is given by [94–96]:

Γµν(k1 , k2) =
ig

mZ cos θW

[
ajm

2
Zgµν + bj(k2µk1ν − k1 · k2gµν) + cjεµναβk

α
1 k

β
2

]
, (2.63)

where the incoming momenta k1 and k2 correspond to the fields Zµ and Zν , respectively, aj and bj are
CP-even form factors and cj is a CP-odd form factor. (We assume a convention where ε0123 = 1.) The
form factors depend on Lorentz invariant combinations of the external momenta. For the CP-violating
2HDM at tree level, bj = cj = 0 and aj = Rj1 cos β +Rj2 sinβ, where R is the mixing matrix defined
in Eq. (2.27). The form factors bj and cj (and modifications of aj) are generated by radiative loop cor-
rections. These corrections can generate both dispersive (real) and absorptive (imaginary) contributions
to the form factors (the latter corresponds to the possibility of on-shell intermediate states). Contribu-
tions to bj and cj can also be generated due to new physics at the TeV-scale. After integrating out the
effects of the high-scale physics, effective local (dimension-five) operators of the form ZµνZ

µνhj and
εµναβZ

µνZαβhj can be generated in the low-energy effective Lagrangian that result in contributions to
bj and cj , respectively [97,98], where Zµν ≡ ∂µZν−∂νZµ+ ig cos θW (W+

µ W
−
ν −W+

ν W
−
µ ) is the field

strength tensor of the Z boson. The hermiticity of these two operators implies that the contributions of
high-scale physics to the form factors must be real.

The discovery of a CP-violating signal in the ZZhj interaction requires a detection of an inter-
ference effect between the CP-even and CP-odd form factors of Eq. (2.63). If the tree-level term aj
dominates, the direct observation of CP-violation will be difficult. In contrast, there are no tree-level
couplings of the neutral Higgs bosons to gluon pairs or photon pairs, so that the loop coupling to the
CP-even and CP-odd components of the neutral Higgs bosons can be competitive. One can also infer
the existence of CP-violation indirectly (in the context of the 2HDM) if there is significant CP-mixing
among the three neutral states. In this case, the observation of ZZhj couplings for all three states hj
would provide strong evidence for the CP-mixing of the scalar states.

For a neutral Higgs boson with a mass below 140 GeV the most detailed information of its CP
properties can be obtained from its decay into τ+τ− [99–101] (a tool is provided in [102]). For larger
Higgs masses, one must employ the decays intoW +W− and/or ZZ [93], if the corresponding branching
ratios are suitably large (in the decoupling regime only h1 can have significant couplings to W+W− and
ZZ). Finally, for Higgs masses above 350 GeV, one can employ the tt̄ decay mode [103]. In each case,
the CP properties can be determined by studying the angular distributions of the various final state decay
products. Additional CP-odd observables can be constructed by considering the properties of the Higgs
production process. The production of a neutral Higgs boson in association with hadronic jets (e.g, as
in gauge boson fusion at the LHC [104]) or in association with tt̄ [105, 106] have been investigated.
We note that if Higgs production via diffractive processes is observable at the LHC, then the azimuthal
angular distribution of the tagged protons can be used to study the CP-properties of the produced Higgs
boson. For further details, see [107, 108] and Section 3.8.

At the ILC and CLIC, the Higgs bosons are produced in pairs or in association with other particles.
At the PLC and at a µ+µ− collider, one can produce a single neutral Higgs boson through a resonant
s-channel process via γγ fusion and µ+µ− annihilation, respectively. For example, in γγ fusion to a
neutral Higgs boson, one can make use of the polarization of the photon beams to study in detail the
CP-properties of the resonant neutral Higgs states [109]. The interference between a Higgs signal and
the SM background can also provide information that enables one to determine the CP property of the
Higgs boson. Specific examples will be cited below in the discussion of CP studies at the ILC and PLC.
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2.2.3 SM-like Higgs boson scenario

The Higgs boson direct search limits and the global electroweak fits to the precision electroweak data
from LEP, SLC and the Tevatron provides a strong hint for the existence of a SM-like Higgs boson with
a mass in the range of 115 GeV—207 GeV [110]. Precision measurements of Higgs couplings and quan-
tum numbers (spin and CP) at future colliders are needed to confirm the nature of such a particle. A
SM-like Higgs boson can appear in both the CP-conserving and the CP-violating 2HDM in the decou-
pling regime as previously noted [58, 63]. In this case, the other Higgs boson masses of the model must
be significantly larger than MZ .

For special choices of the 2HDM parameters, a SM-like Higgs boson can also appear in a non-
decoupling regime [58, 59, 90] of the model parameter space. In this latter case, a SM-like Higgs boson
would possess tree-level couplings that approximately match those of the SM Higgs boson (although
opposite to the SM signs of couplings are possible). However in contrast to the decoupling regime, the
masses of the non-SM-like neutral and charged Higgs bosons in the non-decoupling regime need not be
particularly heavy. It may be possible to distinguish a SM-like Higgs boson from the Higgs boson of
the Standard Model due to the effects of one-loop induced couplings. For example, the couplings of a
SM-like Higgs boson to two gluons and to two photons can deviate from those of the corresponding SM
Higgs couplings, due to the contribution of a charged Higgs boson loop [59, 62].

In the non-decoupling scenario just considered, a very light h1 may exist with suppressed cou-
plings to gauge bosons, whereas the heavier H (in the CP-conserving model) or h2 in the CP-violating
model corresponds to a SM-like Higgs boson. In such a case, even a very light h or A (with the mass of
the SM-like H above 114 GeV) is not excluded by LEP data in the CP conserving 2HDM-II as shown in
section 2.2.1. In the MSSM with large loop-induced CP-violating Higgs Yukawa interactions, a bench-
mark scenario named CPX [111] has been provided for further studies of this scenario. The OPAL
collaboration has reanalyzed its data in the light of the CPX scenario [112]. Combined LEP results and
ATLAS prospects for this benchmark are provided in Sections 3.2 and 3.3.

In [113] very large non-decoupling effects were found in the CP conserving 2HDM due to loop
corrections in Higgs self-couplings (for small η). These can yield deviations as large as 100% from
the Standard Model prediction, even when all the other couplings of the lightest Higgs boson to gauge
bosons and fermions are in good agreement with the Standard Model.

2.2.4 Tri-mixing scenarios

In some portion of the 2HDM parameter space, the three neutral Higgs bosons can be close in mass
and have similar coupling strengths to the Z . This has been called the three-way mixing regime (in the
CP-conserving case sometimes referred to as the intense coupling regime [44]).

A good experimental Higgs mass resolution is important to probe this scenario at the LHC. Here
the mass resolution expected for the SM Higgs searches, which is between ∼ 300 MeV and 2 GeV
[114, 115], should be sufficient. The total cross-section for Higgs production is divided up (roughly
equally) among the three neutral Higgs bosons. One must check that the three hiZZ couplings satisfy
the vertical sum rule Eq. (2.58). This parameter regime seems very challenging at the Tevatron but might
be easier to probe at the LHC. Detailed analyses of such scenarios were also performed for the ILC [116]
and PLC [117]. A similar two-mixing scenario was considered in [43], for the PLC.

2.2.5 CP studies of the Higgs sector at the LHC

After the initial discovery of a (candidate) neutral Higgs boson at the LHC, it will be important to verify
whether the properties of this state are consistent with those of the SM Higgs boson, or whether an
extension of the SM Higgs sector is required. The CP properties can be determined at the LHC by
studying angular distributions of the Higgs decay products. The gg → hi → f f̄ process has been
considered for the tt̄ final state in [103, 118] and analyses for τ+τ− and tt̄ final states are presented in
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sections 2.7 and 2.8. The decay hi → V V with V = W± or Z , followed by leptonic decays of the vector
boson V has been considered in [93, 119]. The sensitivity of the four-lepton channel (for hi → ZZ) to
CP-violating observables is examined in sections 2.12 and 2.11 and in section 2.13 for the e+e−µ+µ−

final states.

The CP properties can also be determined by studying angular distributions of particles produced
in association with the hi. The distribution of azimuthal angles of two light accompanying jets in hijj
production via gluon-gluon and vector boson fusion are studied in section 2.10 as a probe for the CP
properties of hi. In the case of gluon fusion, this distribution might be diluted by higher order corrections
[120]. In the gg → hitt̄ production, CP-sensitive variables can be build as studied in section 2.9. In this
same production, certain weighted cross section integrals described in [121] can provide a determination
of the CP nature of a light hi. A similar study was performed in [122] for partonic processes involving
gluons and light quarks accompanying by two jets, for neutral Higgs bosons lighter than 200 GeV.

Charged Higgs boson production and decays can also be useful for probing CP properties of the
Higgs sector at LHC. The associated production ofH±h1 withH± →W±h1 and h1 → bb̄ yields events
with four b-quarks, a charged lepton and missing transverse energy. There is virtually no Standard Model
background, and the corresponding signal can be as large as 45 events for an integrated luminosity of 30
fb−1 at the LHC [123]. For mH± < mt, the tt̄ pair production, with one top quark decaying into bH±

and H± →W±h1 →W±bb̄ (and the other top quark decays into bW±), yields a signal of four b quarks
and two W bosons. It is relatively free of Standard Model background and can result in roughly 5000
events for a luminosity of 30 fb−1 at the LHC [124]. In some regions of the 2HDM parameter space,
the study of H±W∓ production might allow one to distinguish between Higgs sector of the MSSM and
a general 2HDM [125]. Evidence for CP violation can be revealed in asymmetries in the associated
production of a charged Higgs boson and the top quark [126]. Asymmetries in charged Higgs boson
decay into tb̄, t̄b can also be used to probe CP violation [127], whereas measuring the same asymmetries
in H± → τ±ντ decay is more challenging [128].

In a general 2HDM, one expects (at some level) the existence of FCNC processes and lepton-
flavor-violating (LFV) processes in the leptonic sector, mediated by tree-level neutral Higgs boson ex-
change. For example, hi can decay into 2 charged leptons of different flavors. Typical branching ratios
compatible with current experimental data for LFV hi decay can be found in [129]. The most promising
decay is h1 → τ±µ∓. Measurements of the muon anomalous magnetic moment [130] favor regions of
the parameter space where the h1 → τ±µ∓ decay can be seen at both the LHC and Tevatron [131].

2.2.6 CP studies of the Higgs sector at the ILC

We briefly survey some of the main aspects of the CP study at a high energy linear e+e− collider (ILC)
with

√
s = 500—1000 GeV, assuming an integrated luminosity of 100 fb−1 and a longitudinally polar-

ized electron beam (up to 90%). The main neutral Higgs production mechanisms at the ILC [132,133] are
governed by the Higgs interaction with gauge bosons: e+e− → Zhi via Higgs-strahlung, e+e− → νν̄hi
via W+W− fusion and e+e− → e+e−hi via ZZ-fusion. The gauge boson fusion processes become
the dominant Higgs production processes at large

√
s. Neutral and charged Higgs bosons can also be

produced in pairs: e+e− → hihj (i 6= j) via s-channel Z-exchange and e+e− → H+H− via s-channel
γ and Z-exchange. Note that in the decoupling limit, the two heaviest neutral Higgs bosons (h2 and h3)
and H± are heavy and roughly mass degenerate. Thus, the pair (or associated) production of a pair of
heavy states is kinematically possible only if

√
s is larger than twice the mass of the heavy Higgs states.

The Higgs-strahlung cross section e+e− → Zhi depends on whether the hi is CP-even, CP-
odd, or a mixture [94, 95, 97, 134, 135]. For a CP-even (CP-odd) Higgs boson, the Z is longitudinally
(transversally) polarized. The spin, parity and charge conjugation quantum numbers, J PC , of the Higgs
boson can potentially be determined independently of the model by studying the threshold dependence
and angular distribution of the Higgs and Z boson [136]. The angular distribution of the fermions in the
Z → f f̄ reflects the CP nature of the state hi [95,97,134,135]. A full simulation was performed in [137]
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for the TESLA design, with promising results. It should be noted that in the analyses cited above, generic
CP-odd couplings of the Higgs boson to gauge boson pairs were assumed. In practice, such couplings
are expected to be quite suppressed, as they are necessarily absent at tree-level and thus can only appear
at one loop (in contrast to the tree-level CP-even couplings), as discussed in section 2.2.2.

The Yukawa couplings of the neutral Higgs bosons can be studied in the associated production
processes e+e− → f f̄hi, where (f = b, t, τ, µ). The Yukawa process and the Higgs production pro-
cesses e+e− → Zhi and e+e− → hihj (i 6= j) are complementary in the search for at least one Higgs
boson of the CP-violating 2HDM [65, 138]. In all these processes, correlations between the production
and decay (with polarized initial beams) yield numerous observables that are sensitive to the spin and
CP properties of the produced Higgs bosons. For example, the sensitivity to CP violation in the Yukawa
coupling to b quarks, was studied in [139]. In this analysis the process e+e− → bb̄νν̄ was considered for
a Higgs boson with a mass of 120 GeV that decays primarily into bb̄, and the interference between the
Higgs signal and SM background was exploited to determine the CP properties of the Higgs boson. The
process e+e− → tt̄hi alone may be sufficient to provide a reasonable determination of the tt̄ and ZZ
couplings and the CP-properties of the produced hi [140]. The Yukawa interaction is also responsible for
singly-produced charged Higgs bosons via e−e+ → bc̄H+, τ ν̄H+. These production processes provide
a test of the chirality of the charged Higgs boson Yukawa couplings [141].

The Higgs self-couplings are very difficult to ascertain at the LHC. At the ILC, these couplings
can be measured with limited accuracy in the processes e+e− → Zhihj and e+e− → νν̄hihj [113,142,
143]. These processes depend both on the Higgs self couplings and the V V hi and V V hihj couplings.

2.2.7 CP studies of the Higgs sector at the PLC

By shining intense laser light on the electron (and positron) beam, one can convert the initial beam of
the ILC into a photon beam via Compton backscattering. This provides a mechanism for using the ILC
as an electron-photon or photon-photon collider. In the photon linear collider (PLC) mode of the ILC,
the photon beams are produced with energies up to 80% of the electron-positron center-of-mass energy
and with a luminosity similar to that of the original colliding e+e− beams. Moreover, it is possible to
produce highly polarized photon beams (the degree of polarization depends on the polarization of the
laser light employed in the Compton backscattering that produces the photon beam, and polarization of
the electron beam). At the PLC, the neutral Higgs boson can be produced resonantly in the s-channel,
leading to a higher mass reach than the parent e+e− collider. Moreover, the polarization of the photon
beams can be selected to form an (approximately pure) CP-odd or CP-even initial state. This provides
an ideal laboratory for studying the CP properties of the neutral Higgs boson. For example, CP-violating
asymmetries in neutral Higgs boson processes can be constructed even without information on the final
states.

The spin and parity of the Higgs boson can be measured in a model-independent way at the PLC
using the hi → ZZ (ZZ∗) decay channel [93], and the angular distributions of the fermions from the
decays Z → f f̄ . The detection of Higgs sector CP-violating effects can be ascertained by studying a
variety of final states. By taking into account interference effects of the Higgs signal and background, one
can extract both the Higgs partial width Γγγ and the phase of the Higgs amplitude, φγγ , for the W+W−

final state [144] and for the tt̄ final state [145]. Other analyses of CP violation in γγ → hi → W+W−

have been given in [146]; realistic simulations for the 2HDM with a SM-like Higgs boson and in a model
independent approach were performed in [144, 147] and are discussed in section 2.14. In particular, the
simultaneous simulation of ZZ and W+W− final states is crucial in determining the CP properties of
the neutral Higgs bosons with masses in the range of 200—300 GeV. Various analyses related to heavy
neutral Higgs boson production in γγ → ZZ,ZH , which also make use of the interference effects with
the SM background, are given in [148]. The process γγ → hi → tt̄ also provides an ideal setting for
studying the CP properties of the neutral Higgs boson. Model independent studies of this channel are
given in [145, 149–151].
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Both linearly and circularly polarized photon beams are necessary in order to measure polarization
asymmetries and to establish the CP property of the heavy hi. Experimental signatures of CP-violating
mixing of the heavy CP-even and CP-odd neutral Higgs states (H/A) at the PLC with (linear and circular)
polarized beams were studied in [43] in the decoupling regime including effect of non-zero Higgs widths.
Resonant loop-induced CP violation in Higgs-strahlung, in tri-mixing and two-mixing scenarios, was
studied in [117]. The CP asymmetries in the production and decays of pairs of muons, taus, b and t
quarks were used in this analysis. Although both analyses cited above were carried out for the case of
the MSSM Higgs sector, the main results should hold for the more general (CP-violating) 2HDM.

The Yukawa couplings of the Higgs boson can be explored at the PLC by making use of another
mechanism. The fermionic fusion, from the splitting of two photons into pairs of fermions, may lead
to the production of neutral or charged Higgs bosons without strong suppression at high energies. This
splitting leads to a collinear enhancement log(Mh/mf ) (where Mh is the mass of the produced Higgs
boson), which can be interpreted as the generation of “partonic densities” in the photon. The ττ fusion
was used e.g. in [152] as a method to determine the Yukawa coupling of neutral Higgs boson. Likewise,
single charged Higgs boson production in γγ → bc̄H+, τ ν̄H+, via γ → cc̄ and γ → bb̄, may be useful
to discriminate models [141]. It is possible to determine the chirality of Yukawa couplings H+bc,H+τν
by choosing the polarization of the colliding photon beams.

Finally, γγ → hihj (via box and triangle loops with gauge bosons and fermions) can be used to
determine Higgs self-couplings [143], with larger sensitivity than in the “parent” e+e− collider.

2.2.8 CP studies of the Higgs sector at a multi-TeV lepton collider

In the decoupling limit, h1 is nearly indistinguishable from the SM-Higgs boson. The heavier Higgs
bosons h2, h3 and H± (which are degenerate in mass up to corrections of order m2

Z/mH± ) may be
too heavy to be studied directly at the LHC and ILC. In this case, a multi-TeV lepton collider will be
required to fully explore the Higgs sector and provide a comprehensive study of the heavy Higgs states,
in particular of the Higgs sector CP-violation. Thus, we briefly survey the potential for CP studies at a
high luminosity multi-TeV e+e− collider such as CLIC [71] and a µ+µ− collider [72, 73].

At CLIC, the heavy Higgs states are produced in pairs via e+e− → hihj (j = 2, 3) and e+e− →
H+H− (note that single production of a heavy Higgs state: e+e− → h1hj (j = 2, 3) is suppressed
in the decoupling limit [53, 58]). The dominant decay of the charged Higgs boson is H+ → tb̄. An
asymmetry between the H+ and H− partial decay rates into tb̄ and t̄b would be a signal of CP-violation.
A simulation performed in [153] suggests that a 10% asymmetry could be detected as a 3σ effect with
5 ab−1 of data at CLIC with

√
s = 3 TeV. No analogous study has yet been performed for the hihj final

state (see [154] for an analysis of the discovery potential for e+e− → HA at CLIC).

At a µ+µ− collider, the s-channel single production of a heavy neutral Higgs boson [155, 156]
provides a new discovery mode as compared to the e+e− colliders. This production mechanism is feasi-
ble at a µ+µ− collider due to the mass enhancement in the Higgs coupling to µ+µ− relative to e+e−. In
addition, the charged Higgs boson can also be singly produced via µ+µ− → hj → H±W∓. The superb
energy resolution of the µ+µ− would permit the separation of the heavy neutral Higgs boson s-channel
resonances, even though these states are nearly degenerate in mass. It is demonstrated in [157] that the s-
channel production rates for the heavy neutral Higgs states and the transverse-polarization asymmetries
are complementary in diagnosing Higgs sector CP-violation. Additional CP-violating observables can
be studied by examining the heavy Higgs decays into a pair of third generation quarks or leptons [158].
The importance of the muon beam polarization for Higgs CP studies in µ+µ− → hj (j = 2, 3) is em-
phasized in [159]. In singly produced charged Higgs bosons in association with the W , an asymmetry in
the production rates for H±W∓ also provides a signal of CP violation [160].
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2.3 Basis-independent treatment of Higgs couplings in the CP-violating 2HDM
Howard E. Haber

In the most general two-Higgs-doublet model (2HDM), there is no distinction between the two complex
hypercharge-one SU(2) doublet scalar fields, Φa (a = 1, 2). Thus, any two orthonormal linear combina-
tions of these two fields can serve as a basis for the Lagrangian. All physical observables of the model
must be basis-independent. For example, tan β ≡ v2/v1 [see Eq. (2.7)] is basis-dependent and thus
cannot be a physical parameter of the model [14–16]. Basis independent techniques have been exploited
to great advantage in [14, 19, 37, 40, 41] in the study of the CP-violating structure of the 2HDM (and
extend the results originally obtained in [38, 39].) In addition, the importance of the scalar-doublet field
redefinitions (and rephasing transformations) have been emphasized, and some of their implications for
2HDM phenomenology have been explored in [15]. In this paper, we employ the basis-independent
formalism to obtain an invariant description of all 2HDM couplings.

2.3.1 Basis-independent formalism for the 2HDM

The fields of the 2HDM consist of two identical complex hypercharge-one, SU(2) doublet scalar fields
Φa(x) ≡ (Φ+

a (x) , Φ0
a(x)), where a = 1, 2 can be considered a Higgs “flavor” index. The most general

redefinition of the scalar fields (which leaves the form of the canonical kinetic energy terms invariant)
corresponds to a global U(2) transformation, Φa → Uab̄Φb [and Φ†ā → Φ†

b̄
U †bā]. Here, it is convenient

to introduce unbarred and barred indices with a summation convention in which only barred–unbarred
index pairs of the same letter are summed. The basis-independent formalism consists of writing all
equations involving the Higgs sector fields in a U(2)-covariant fashion. Basis-independent quantities can
then be identified as invariant scalars under U(2). The U(2)-invariants are easily identified as products of
tensor quantities with all barred and unbarred index pairs summed with no flavor indices left over.

The scalar potential can be written in U(2)-covariant form [10, 14] in terms of the tensors Yab̄ and
Zab̄cd̄ as shown in Eq. (2.2). The vacuum of the theory is assumed to respect the electromagnetic U(1)EM

gauge symmetry. The U(1)EM-conserving vacuum expectation value can be written as:

〈Φa〉 =
v√
2

(
0
v̂a

)
, (a = 1, 2) , with v̂a ≡ eiη

(
cβ

sβ e
iξ

)
, (2.64)

where v ≡ 2mW /g = 246 GeV, cβ ≡ cos β, sβ ≡ sinβ and v̂a is a vector of unit norm. The overall
phase η is arbitrary. By convention, we take 0 ≤ β ≤ π/2 and 0 ≤ ξ < 2π.

Under a U(2)-flavor transformation, v̂a → Uab̄v̂b. The unit vector v̂a can also be considered to
be an eigenvector of unit norm of the Hermitian matrix Vab̄ ≡ v̂av̂

∗
b̄
. Since V is Hermitian, it possesses

a second eigenvector of unit norm that is orthogonal to v̂a. We denote this eigenvector by ŵa, which
satisfies v̂ ∗

b̄
ŵb = 0. The most general solution for ŵa, up to an overall multiplicative phase factor, is:

ŵb ≡ v̂ ∗ā εab = e−iη
(
−sβ e−iξ

cβ

)
. (2.65)

The inverse relation to Eq. (2.65) is easily obtained: v̂ ∗ā = εāb̄ ŵb. Above, we have introduced two Levi-
Civita tensors with ε12 = −ε21 = 1 and ε11 = ε22 = 0. However, εab and εāb̄ are not proper tensors
with respect to the full flavor-U(2) group (although these are invariant SU(2)-tensors). That is, ŵa does
not transform covariantly with respect to the full flavor-U(2) group. If U = eiψÛ , with det Û = 1 (and
consequently detU = e2iψ), it is simple to check that under a U(2) transformation

v̂a → Uab̄v̂b implies that ŵa → (det U)−1 Uab̄ ŵb . (2.66)

Henceforth, we shall define a pseudotensor as a tensor that transform covariantly with respect to
the flavor-SU(2) subgroup but whose transformation law with respect to the full flavor-U(2) group is
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only covariant modulo an overall nontrivial phase equal to some integer power of detU . Thus, ŵa is a
pseudovector. However, we can use ŵa to construct proper tensors. For example, the Hermitian matrix
Wab̄ ≡ ŵaŵ∗b̄ = δab̄ − Vab̄ is a proper second-ranked tensor.

One can write a set of independent scalar quantities constructed out of Yab̄, Zab̄cd̄, va and wa.
There are six independent invariant quantities:

Y1 ≡ Tr (Y V ) , Y2 ≡ Tr (Y W ) ,

Z1 ≡ Zab̄cd̄ VbāVdc̄ , Z2 ≡ Zab̄cd̄WbāWdc̄ ,

Z3 ≡ Zab̄cd̄ VbāWdc̄ , Z4 ≡ Zab̄cd̄ Vbc̄Wdā , (2.67)

and four independent pseudo-invariant quantities:

Y3 ≡ Yab̄ v̂
∗
ā ŵb , Z5 ≡ Zab̄cd̄ v̂∗ā ŵb v̂∗c̄ ŵd ,

Z6 ≡ Zab̄cd̄ v̂
∗
ā v̂b v̂

∗
c̄ ŵd , Z7 ≡ Zab̄cd̄ v̂∗ā ŵb ŵ∗c̄ ŵd , (2.68)

that depend linearly on Y and Z . Note that the invariants are manifestly real, whereas the pseudo-
invariants are potentially complex. Using Eq. (2.66), it follows that under a flavor-U(2) transformation
specified by U , the pseudo-invariants Y3, Z5, Z6 and Z7 transform as:

[Y3, Z6, Z7]→ (detU)−1[Y3, Z6, Z7] and Z5 → (detU)−2Z5 . (2.69)

Thus, Eqs. (2.67) and (2.68) correspond to thirteen invariant real degrees of freedom (ten magnitudes
and three relative phases) prior to imposing the scalar potential minimum conditions:

Y1 = −1
2Z1v

2 , Y3 = −1
2Z6v

2 . (2.70)

This leaves eleven independent real degrees of freedom (one of which is the vacuum expectation value v)
that specify the 2HDM parameter space.

2.3.2 (Pseudo)-invariants and the Higgs bases

Once the scalar potential minimum is determined, which defines v̂a, one class of basis choices is uniquely
selected. Suppose we begin in a generic Φ1–Φ2 basis. We define new Higgs doublet fields:

H1 = (H+
1 , H0

1 ) ≡ v̂∗āΦa , H2 = (H+
2 , H0

2 ) ≡ ŵ∗āΦa = εb̄āv̂bΦa . (2.71)

With respect to U(2) transformations, H 1 is an invariant field and H2 is a pseudo-invariant field that
transforms as H2 → (detU)H2. The latter phase freedom defines a class of Higgs bases. The defini-
tions of H1 and H2 imply that

〈H0
1 〉 = v/

√
2 , 〈H0

2 〉 = 0 . (2.72)

Hence, all Higgs bases are characterized by: v̂ = (1, 0) and ŵ = (0, 1). Using Eqs. (2.67) and (2.68),
one identifies Y1, Y2, Y3 and Z1, Z2,. . . ,Z7 as the coefficients of the 2HDM scalar potential in any Higgs
basis.

Explicitly, the scalar field doublets in the Higgs basis can be parameterized as follows:

H1 =

(
G+

1√
2

(
v + φ0

1 + iG0
)
)
, H2 =

(
H+

1√
2

(
φ0

2 + ia0
)
)
, (2.73)

where G± are the charged Goldstone bosons, G0 is the CP-odd neutral Goldstone boson, and H± are
the charged Higgs bosons with mass: M 2

H± = Y2 + 1
2Z3v

2. Since v̂ is a vector and ŵ is a pseudovector,
it follows that G± is an invariant field and H± is a pseudo-invariant field that transforms as:

H± → (detU)±1 H± (2.74)
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with respect to flavor-U(2) transformations. The neutral Higgs mass-eigenstates are linear combinations
of φ0

1, φ0
2 and a0. CP-violation due to the mixing of neutral scalar CP-eigenstates and/or direct CP-

violation in the bosonic interactions of the gauge/Higgs bosons are absent if and only if [14, 38, 39]:

Im [Z∗5Z
2
6 ] = Im [Z6Z

∗
7 ] = Im [Z∗5 (Z6 + Z7)2] = 0 . (2.75)

2.3.3 The physical Higgs mass-eigenstates

It is simplest to perform the diagonalization of the neutral scalar squared-mass matrix in the Higgs basis.
As in Section 2.1, we denote the neutral mass-eigenstate Higgs fields by h1, h2 and h3. The angles θij
parameterize the rotation matrix that converts the neutral Higgs basis fields φ0

1, φ0
2 and a0 into the mass-

eigenstate fields hk. Details of the diagonalization procedure can be found in [16].9 The end result
is: 


h1

h2

h3


 =




q11
1√
2
q∗12 e

iθ23 1√
2
q12 e

−iθ23

q21
1√
2
q∗22 e

iθ23 1√
2
q22 e

−iθ23

q31
1√
2
q∗32 e

iθ23 1√
2
q32 e

−iθ23







√
2 ReH0

1 − v
H0

2

H0 †
2


 , (2.76)

where

q11 = c13c12 , q21 = c13s12 , q31 = s13 , q41 = i ,

q12 = −s12 − ic12s13 , q22 = c12 − is12s13 , q32 = ic13 , q42 = 0 , (2.77)

with cij ≡ cos θij and sij ≡ sin θij . We have also defined q4` (` = 1, 2) for later use. In particular,

qk` → qk` , and eiθ23 → (detU)−1eiθ23 , (2.78)

under a U(2) transformation. That is, the qk` are invariants, which implies that θ12 and θ13 are U(2)-
invariant angles, whereas eiθ23 is a pseudo-invariant. Note that since H1 and eiθ23H2 are U(2)-invariant
fields, it follows that the hk are invariant fields, as expected. We shall also define Z5 ≡ |Z5|e2iθ5 and
Z6,7 ≡ |Z6,7|eiθ6,7 , in which case the φn ≡ θn − θ23 (n = 5, 6, 7) are U(2)-invariant angles.

If Im (Z∗5Z
2
6 ) = 0, then the neutral scalar squared-mass matrix can be transformed into block

diagonal form, which contains the squared-mass of a CP-odd neutral mass-eigenstate Higgs field A and
a 2× 2 sub-matrix that yields the squared-masses of two CP-even neutral mass-eigenstate Higgs fields h
and H . The analytic form of this diagonalization is simple and yields the well-known results of the CP-
conserving 2HDM . If Im (Z∗5Z

2
6 ) 6= 0, then the neutral scalar mass-eigenstates do not possess definite

CP quantum numbers, and the three invariant mixing angles θ12, θ13 and φ6 ≡ θ6 − θ23 are non-trivial.

The angles θ13 and φ6 are determined modulo π from [16]:

tan θ13 =
Im (Z5 e

−2iθ23)

2 Re (Z6 e−iθ23)
, tan 2θ13 =

2 Im (Z6 e
−iθ23)

Z1 −A2/v2
, (2.79)

whereA2 ≡ Y2+ 1
2 [Z3+Z4− Re (Z5e

−2iθ23)]v2. These equations exhibit multiple solutions (modulo π)
corresponding to different orderings of the hk masses. Likewise, the angle θ12 is determined from:

tan 2θ12 =
2 cos 2θ13 Re (Z6 e

−iθ23)

c13

[
c213(A2/v2 − Z1) + cos 2θ13 Re (Z5 e−2iθ23)

] . (2.80)

For a given solution of θ13 and φ6, Eq. (2.80) yields two solutions for θ12 modulo π, corresponding to
the two possible relative mass orderings of h1 and h2.

9This procedure differs somewhat from the one presented in section 2.1.3.1. In the latter, the diagonalization of the scalar
squared-mass matrix is carried out in a generic basis. The advantage of performing this computation in the Higgs basis is that
it allows one to easily identify the (pseudo)-invariant quantities that relate the neutral scalar interaction- and mass-eigenstates.

27

THE CP-VIOLATING TWO-HIGGS DOUBLET MODEL

27



The neutral Higgs boson masses Mk ≡Mhk can be expressed in terms of Z1, Z6 and the θij:

M2
1 =

[
Z1 −

s12

c12c13
Re (Z6 e

−iθ23) +
s13

c13
Im (Z6 e

−iθ23)

]
v2 , (2.81)

M2
2 =

[
Z1 +

c12

s12c13
Re (Z6 e

−iθ23) +
s13

c13
Im (Z6 e

−iθ23)

]
v2 , (2.82)

M2
3 =

[
Z1 −

c13

s13
Im (Z6 e

−iθ23)

]
v2 . (2.83)

Eqs. (2.79) and (2.81)–(2.83) can be used to obtain [16]:

s2
13 =

(Z1v
2 −M2

1 )(Z1v
2 −M2

2 ) + |Z6|2v4

(M2
3 −M2

1 )(M2
3 −M2

2 )
, c213s

2
12 =

(Z1v
2 −M2

1 )(M2
3 − Z1v

2)− |Z6|2v4

(M2
2 −M2

1 )(M2
3 −M2

2 )
,

(2.84)
and

sin 2θ12 =
2 |Z6|v2 cosφ6

c13(M2
2 −M2

1 )
, tan 2φ6 =

Im (Z∗5Z
2
6 )

Re (Z∗5Z
2
6 ) +

|Z6|4v2

M2
3 − Z1v2

. (2.85)

These results uniquely determine the invariant angles (modulo π) for a given hk mass ordering.

Using Eqs. (2.73) and (2.76), one obtains the following U(2)-covariant expression for the scalar
fields in a generic basis in terms of mass-eigenstate fields:

Φa =




G+v̂a +H+ŵa

v√
2
v̂a +

1√
2

4∑

k=1

(
qk1v̂a + qk2e

−iθ23 ŵa

)
hk


 , (2.86)

where h4 ≡ G0 and the qk` have been given in Eq. (2.77).

2.3.4 Higgs boson couplings

The gauge boson–Higgs boson interactions are governed by the following interaction Lagrangians:

LV V H =

(
gmWW

+
µ W

µ− +
g

2cW
mZZµZ

µ

)
Re (qk1)hk

+emWA
µ(W+

µ G
− +W−µ G

+)− gmZs
2
WZ

µ(W+
µ G

− +W−µ G
+) , (2.87)

LV V HH =

[
1
4g

2W+
µ W

µ− +
g2

8c2W
ZµZ

µ

]
Re (q∗j1qk1 + q∗j2qk2)hjhk

+

[
e2AµA

µ +
g2

c2W

(
1
2 − s2

W

)2
ZµZ

µ +
2ge

cW

(
1
2 − s2

W

)
AµZ

µ

]
(G+G− +H+H−)

+

{(
1
2egA

µW+
µ −

g2s2
W

2cW
ZµW+

µ

)
(qk1G

− + qk2 e
−iθ23H−)hk + h.c.

}
, (2.88)

LV HH =
g

4cW
Im (qj1q

∗
k1 + qj2q

∗
k2)Zµhj

↔
∂µ hk +

ig

cW

(
1
2 − s2

W

)
Zµ(G+↔∂µ G− +H+↔∂µ H−)

−1
2g

{
iW+

µ

[
qk1G

−↔
∂ µ hk + qk2e

−iθ23H−
↔
∂ µ hk

]
+ h.c.

}
,

+ieAµ(G+↔
∂µ G

− +H+↔
∂µ H

−) (2.89)
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where sW ≡ sin θW , cW ≡ cos θW and there is an implicit sum over the repeated indices j, k = 1, . . . , 4
(with h4 = G0). Since e−iθ23H− is an invariant field, Eqs. (2.87)–(2.89) are indeed U(2)-invariant.

Likewise, one can work out the cubic and quartic Higgs boson self-couplings [16]:

L3h = −1
2v hjhkh`

[
qj1q

∗
k1 Re (q`1)Z1 + qj2q

∗
k2 Re (q`1)(Z3 + Z4) + Re (q∗j1qk2q`2Z5 e

−2iθ23)

+ Re
(

[2qj1 + q∗j1]q∗k1q`2Z6 e
−iθ23

)
+ Re (q∗j2qk2q`2Z7 e

−iθ23)

]

−v hkG+G−
[

Re (qk1)Z1 + Re (qk2 e
−iθ23Z6)

]
− v hkH+H−

[
Re (qk1)Z3 + Re (qk2 e

−iθ23Z7)

]

−1
2v hk

{
G−H+ eiθ23

[
q∗k2Z4 + qk2 e

−2iθ23Z5 + 2 Re (qk1)Z6 e
−iθ23

]
+ h.c.

}
, (2.90)

and

L4h = −1
8hjhkhlhm

[
qj1qk1q

∗
`1q
∗
m1Z1 + qj2qk2q

∗
`2q
∗
m2Z2 + 2qj1q

∗
k1q`2q

∗
m2(Z3 + Z4)

+2 Re (q∗j1q
∗
k1q`2qm2Z5 e

−2iθ23) + 4 Re (qj1q
∗
k1q
∗
`1qm2Z6 e

−iθ23) + 4 Re (q∗j1qk2q`2q
∗
m2Z7 e

−iθ23)

]

−1
2hjhkG

+G−
[
qj1q

∗
k1Z1 + qj2q

∗
k2Z3 + 2 Re (qj1qk2Z6 e

−iθ23)

]

−1
2hjhkH

+H−
[
qj2q

∗
k2Z2 + qj1q

∗
k1Z3 + 2 Re (qj1qk2Z7 e

−iθ23)

]

−1
2hjhk

{
G−H+ eiθ23

[
qj1q

∗
k2Z4 + q∗j1qk2Z5 e

−2iθ23 + qj1q
∗
k1Z6 e

−iθ23 + qj2q
∗
k2Z7 e

−iθ23

]
+ h.c.

}

−1
2Z1G

+G−G+G− − 1
2Z2H

+H−H+H− − (Z3 + Z4)G+G−H+H− − 1
2Z5H

+H+G−G−

−1
2Z
∗
5H
−H−G+G+ −G+G−(Z6H

+G− + Z∗6H
−G+)−H+H−(Z7H

+G− + Z∗7H
−G+), (2.91)

where there is an implicit sum over the repeated indices j, k, `, m = 1, 2, 3, 4 (with h4 = G0). Us-
ing Eq. (2.74) and noting that the combinations Z5e

−2iθ23 , Z6e
−iθ23 and Z7e

−iθ23 are U(2)-invariant
quantities, it follows that the cubic and quartic Higgs boson self-couplings are also U(2)-invariant.

Expressions for the cubic and quartic Higgs self-couplings in the CP-violating 2HDM have also
been obtained in terms of generic basis parameters in [15, 47, 161], and an application of these results
to the CPX scenario [111] of the minimal supersymmetric extension of the Standard Model (MSSM)
is given in Section 3.6. Indeed, the effective Lagrangian of the MSSM Higgs sector is a general CP-
violating 2HDM when one-loop radiative corrections (which are sensitive to supersymmetry-breaking
effects and new CP-violating phases) are taken into account. The relative simplicity of the Higgs self-
couplings given in Eqs. (2.90) and (2.91) illustrates the power of the basis-independent techniques.

The Higgs couplings to quarks are governed by the Yukawa Lagrangian given in Eq. (2.46) In
terms of the quark mass-eigenstate fields, Eq. (2.46) can be expressed in U(2)-covariant form:.10

−LY = QLΦ̃āη
U
a UR +QLΦaη

D †
ā DR + h.c. , (2.92)

where Φ̃ā ≡ iσ2Φ∗ā, and ηUa ≡ (V U
L Γ1V

U †
R , V U

L Γ2V
U †
R ) and ηDa ≡ (V D

R ∆1V
D †
L , V D

R ∆2V
D †
L ). We

employ the standard notation: ψR,L ≡ PR,Lψ with PR,L ≡ 1
2(1 ± γ5). The unitary matrices V U

L,R and
V D
L,R relate the quark interaction-eigenstate and quark mass-eigenstate fields via the bi-unitary transfor-

mations of Eq. (2.47). One can rewrite Eq. (2.92) in terms of Higgs basis scalar fields:

−LY = QL(H̃1κ
U + H̃2ρ

U )UR +QL(H1κ
D † +H2ρ

D †)DR + h.c. , (2.93)
10To obtain the Higgs couplings to leptons, let Q→ L and D → E, and omit U (right-handed neutrinos are not included).
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where
κQ ≡ v̂∗āηQa =

√
2MQ/v , ρQ ≡ ŵ∗āηQa . (2.94)

Under a U(2) transformation, κQ is invariant, whereas ρQ is a pseudo-invariant that transforms as:

ρQ → (detU)ρQ . (2.95)

By construction, κU and κD are proportional to the (real non-negative) diagonal quark mass matrices, as
indicated in Eq. (2.50). That is, we have chosen the unitary matrices V U

L , V U
R , V D

L and V D
R such that MD

and MU are diagonal matrices with real non-negative entries. In the general 2HDM, the ρQ are arbitrary
complex 3× 3 matrices.

In order to determine the interactions of the Higgs (and Goldstone) bosons with the quark mass
eigenstates, one can bypass the intermediate step involving the Higgs basis by inserting Eq. (2.86) into
Eq. (2.92) to obtain:

−LY =
1

v
D

{
MD(qk1PR + q∗k1PL) +

v√
2

[
qk2 [eiθ23ρD]†PR + q∗k2 e

iθ23ρDPL

]}
Dhk

+
1

v
U

{
MU (qk1PL + q∗k1PR) +

v√
2

[
q∗k2 e

iθ23ρUPR + qk2 [eiθ23ρU ]†PL
]}
Uhk

+

{
U
[
K[ρD]†PR − [ρU ]†KPL

]
DH+ +

√
2

v
U [KMDPR −MUKPL]DG+ + h.c.

}
, (2.96)

where k = 1, . . . 4. Since eiθ23ρQ and [ρQ]†H+ are U(2)-invariant, it follows that Eq. (2.96) is a basis-
independent expression of the Higgs-quark interactions.

The Higgs-quark couplings are generically CP-violating as a result of the complexity of the qk2 and
the fact that the matrices eiθ23ρQ are not generally Hermitian or anti-Hermitian. Consequently, the neutral
Higgs bosons (h1, h2 and h3) are typically states of indefinite CP quantum number (whereas h4 ≡ G0

is always a pure CP-odd state). Basis-independent conditions for the CP-invariance of the neutral Higgs
boson couplings to quark pairs are obtained by requiring that Eq. (2.75) is satisfied and [16]:

Z5[ρQ]2 , Z6ρ
Q , and Z7ρ

Q are Hermitian matrices (Q = U,D) . (2.97)

In this case, the only remaining source of CP-violation in the 2HDM is the unremovable phase in the
CKM matrix K that enters via the charged current interactions mediated by either W ± or H± exchange.

The Higgs-quark couplings also generate Higgs-boson-mediated flavor-changing neutral currents
at tree-level by virtue of the fact that the ρQ are not diagonal (in the quark mass basis). Thus, for a
phenomenologically acceptable theory, the off-diagonal elements of ρQ must be small.

2.3.5 Conclusions

In the most general (CP-violating) 2HDM, physical observables do not depend on the choice of scalar
field definitions (or basis). Employing the U(2) freedom of field redefinitions, one can write down
the Higgs couplings of the 2HDM in a form that is manifestly basis independent. The U(2)-invariant
forms for the Higgs boson couplings have been explicitly presented in this paper. In particular, the
parameter tanβ, which depends on the choice of basis, does not appear in any of the Higgs boson (or
Goldstone boson) couplings. In specialized versions of the 2HDM, additional theoretical assumptions
are introduced that may implicitly select a preferred basis. For example, one can impose a discrete
symmetry on the Lagrangian that takes a simple form in some particular basis. The type-I and type-II
models discussed in Section 2.1.4.2 provide examples of such a scenario. In this case, tanβ is promoted
to a physical parameter, and one can express tan β directly in terms of U(2)-invariant quantities [14–16].

The basis-independent formalism provides a powerful approach for connecting physical observ-
ables that can be measured in the laboratory with fundamental invariant parameters of the 2HDM. This
will permit the development of two-Higgs doublet model-independent analyses of data in Higgs studies
at the LHC, ILC and beyond.
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2.4 Symmetries of 2HDM and CP violation
Ilya F. Ginzburg and Maria Krawczyk

This contribution is based on the results published in [15] and some new results that have recently been
obtained. The main aspects of the results of [15] are included in Section 2.1. Here we present alternative
treatments of some problems and add new results, some of which were reported in [162].

The spontaneous electroweak symmetry breaking (EWSB) via the Higgs mechanism is described
by the Lagrangian

L = LSMgf + LH + LY with LH = T − V . (2.98)

Here LSMgf describes the SU(2) × U(1) Standard Model interaction of gauge bosons and fermions, LY
describes the Yukawa interactions of fermions with Higgs scalars and LH is the Higgs scalar Lagrangian.
Higgs potential. In our calculations we use the 2HDM Higgs potential as specified in Eq. (2.1); however,
we insert explicit negative signs in the terms proportional tom2

11 andm2
22 terms. In this latter convention,

ifm2
12 = 0 then EWSB is generated for positive values ofm2

11 andm2
22. The most general renormalizable

kinetic term is

T = (Dµφ1)†(Dµφ1) + (Dµφ2)†(Dµφ2) +
[
κ(Dµφ1)†(Dµφ2) + h.c.

]
. (2.99)

2.4.1 Reparametrization group

The “flavor” basis transformations discussed in Section 2.1 are described by a unitary group give by the
direct product of the 3-parameter SU(2) reparametrization (RPa) group and a U(1) group, describing
an overall phase freedom of the Lagrangian. This entire group operates on the space of fields while the
RPa group operates also in the space of Lagrangians (with coordinates given by its parameters). The
parameters of the Lagrangian can be determined in principle from measurements only with an accuracy
up to the RPa freedom. All observable quantities (at least in principle) are invariants of the RPa group
(IRPa). These are, for example, masses of observable Higgs bosons, i.e. eigenvalues of the mass matrix,
and eigenvalues of the Higgs-Higgs scattering matrices. The transformations φk → e−iρkφk form a
rephasing transformation (RPh) group, which is a subgroup of the RPa group with a single parameter
ρ = ρ2 − ρ1.

The method described in Section 2.1 allows one to obtain a large series of (generally not indepen-
dent) IRPa’s [37]. An alternate method is based on the irreducible representations of SU(2) RPa group as
discussed [19]. In this paper some basic objects, related to these irreducible representations, were deter-
mined: 3 scalars Ak, 2 vectors Li and Mi and tensor aij (i, j = x, y, z). After a simple reorganization
of scalars Ak, we get

AI = λ1 + λ2 + 2λ3, AII = λ3 − λ4, AIII = m2
11 +m2

22 , (2.100a)

(Lx, Ly, Lz) =
1√
2

(−Re(λ6 + λ7), Im(λ6 + λ7), −(λ1 − λ2)/2) , (2.100b)

(Mx,My,Mz) =
1√
2

(
Re m2

12, −Im m2
12, (m2

11 −m2
22)/2

)
, (2.100c)

aij =
1

2




Re λ5 − b −Im λ5 Re (λ6 − λ7)
−Im λ5 −Re λ5 − b Im (λ7 − λ6)

Re (λ6 − λ7) Im (λ7 − λ6) 2b


 , (2.100d)

with b = (λ1 + λ2 − 2λ3 − 2λ4)/6. Introducing the vectors LIi = aijLj and LIIi = aijL
I
j , a complete

set of 11 independent invariants of RPa transformations can be naturally chosen as follows

I1 = AI , I2 = AII , I3 = LiLi,
I4 = Tr(a2) ≡ Tr (aijajk) , I5 = Tr(a3) = Tr (aijajkak`) ,

I6 = aijLiLj ≡ LiLIi , I7 = εijkLiL
I
jL

II
k ,

I8 = AIII , I9 = MiMi , I10 = LiMi , I11 = εijkLiL
I
jMk .

(2.101)
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2.4.2 Z2 symmetry

The CP violation and the flavour changing neutral currents (FCNC) are absent for a 2HDM Lagrangian
with a Z2 symmetry, which inhibits the φ1 ↔ φ2 transitions [18]. The Lagrangian is invariant under the
interchange φ1 ↔ φ1, φ2 ↔ −φ2 or φ1 ↔ −φ1, φ2 ↔ φ2.

• The case of exact Z2 symmetry is described by the Lagrangian Eq. (2.98) with potential Eq. (2.1),
where λ6 = λ7 = m2

12 = 0, and a kinetic term Eq. (2.99) with κ = 0.

• In the case of soft violation of Z2 symmetry, one adds to the Z2 symmetric Lagrangian a term
of operator dimension two, m2

12(φ†1φ2) + h.c., with a generally complex m2
12 (and λ5) parameter. This

type of violation respects the Z2 symmetry at short distances (much shorter than a cut-off 1/M ) to all
orders in the perturbative series, i.e. the amplitudes for φ1 ↔ φ2 transitions disappear at virtuality
k2 ∼M2 →∞. That is why we call this a “soft” violation.

Let our physical system be described by the Lagrangian Ls with an exact or softly violated Z2

symmetry. The general RPa transformation converts Ls to a hidden soft Z2 violating form Lhs, with
λ6, λ7 6= 0, κ = 0. The 14 parameters of this type of Lagrangian are constrained since they can be
obtained from 9 independent parameters of an initial Lagrangian Ls (+ 3 RPa group parameters); the
nondiagonal κ kinetic term does not arise from the loop corrections. For such a physical system the
preferable RPa representation is given by Ls.

The criteria whether the soft Z2 symmetry of the potential is hidden can be easily obtained from
Eq. (2.101) (the invariant condition is provided in [14]). If this case is realized, one can consider the
RPa representation with an explicit soft Z2 symmetry (λ6 = λ7 = 0) and with a real λ5 (this can be
achieved by a suitable RPh transformation). In this representation, aij is a diagonal matrix, and the
vector Li ≡ (0, 0, L) has only a z-component. Therefore the vectors LIi and LIIi also have only z-
components. Hence, the invariant I7 = 0. A straightforward calculation gives in addition: I3 = L2,
I4 = (λ2

5 + 3b2)/2, I5 = 3b(b2 − λ2
5)/4, I6 = bL2. Therefore, these four invariants obey the relation

I5I3/I6 + 3I4/2 = 3(I6/I3)2. These relations are written for invariants. Hence, the necessary and
sufficient conditions for soft Z2 symmetry violation are

I7 = 0 , I2
3 I4I6 + (2/3)I3

3 I5 − 2I3
6 = 0 . (2.102)

• In the general case, the terms of an operator of dimension four, with generally complex parame-
ters λ6, λ7 and κ, are added to the Lagrangian with a softly violated Z2 symmetry. This case covers both
the opportunity of a hidden soft Z2 symmetry violation and of a true hard violation of the Z2 symmetry
of the Lagrangian, which cannot be transformed to an exact or softly violated Z2 symmetry form by any
RPa transformation. For the true hard violation case, the Z2 symmetry is broken at both large and short
distances in any scalar (“flavor”) basis.

The mixed kinetic terms Eq. (2.99) can be eliminated by the nonunitary transformation (rotation
+ renormalization), e.g.

(φ ′1,φ
′
2)→

(√
κ∗φ1+

√
κφ2

2
√
|κ|(1+|κ|)

±
√
κ∗φ1−

√
κφ2

2
√
|κ|(1−|κ|)

)
. (2.103)

However, in the presence of the λ6 and λ7 terms in the potential Eq. (2.1), the renormalization of the
quadratically divergent, non-diagonal two-point functions leads anyway to mixed kinetic terms (e.g. from
loops with λ∗6λ1,3−5 and λ∗7λ2−5). This means that κ becomes nonzero at higher orders in perturbative
theory (and vice versa a mixed kinetic term generates counterterms with λ6,7). Therefore all of these
terms should be included in Lagrangian on the same footing, i.e. the treatment of the hard violation
of Z2 symmetry without κ terms is inconsistent. (This term does not appear if the parameters λi are
constrained by the relations given in Eq. (2.102).) In the case of true hard violation of the Z2 symmetry,
the parameter κ is running like the λ parameters. Therefore, the diagonalization of Eq. (2.103) is scale

32

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

32



dependent, and the Lagrangian remains off–diagonal in the fields φ1,2 even at very short distances in any
RPa representation. Such a theory seems to be unnatural.

Although we present in [15] and here the relations for the case of hard violation of theZ2 symmetry
at κ = 0, the loop corrections create a κ terms and can change the results significantly. Such a treatment
of the case with true hard violation of the Z2 symmetry is as incomplete as in other papers that consider
the “most general 2HDM potential”. Note, however that there is no consensus whether the parameters κ
are independent parameters.

2.4.3 Ground state after EWSB. Criterium for CP conservation

The extrema of the potential define the vacuum expectation values (v.e.v.’s) 〈φ1,2〉 of the fields φ1,2 via
equations Eq. (2.5), ∂V/∂φi|φi=〈φi〉 = 0. The physical reality can be described only by a potential with
a ground state obeying the condition for U(1) symmetry of electromagnetism11 :

〈φ1〉 =
1√
2

(
0
v1

)
, 〈φ2〉 =

1√
2

(
0

v2e
iξ

)
, (2.104)

The rephasing transformation of fields allows one to eliminate the phase difference ξ and leads to the
corresponding changes of the coefficients of Lagrangian. This real vacuum Lagrangian is used in [15]
and in Section 2.1.

A standard decomposition of the fields φ1,2 in the component fields Eq. (2.20) at κ = 0 retains a
diagonal form of the kinetic terms for the fields ϕ+

i , χi, ϕi. The mass-squared matrix for the component
fields has a block diagonal form with separate blocks, corresponding to massless Goldstone boson fields,
charged Higgs boson fields H± and a 3× 3 matrix for the neutral fields Eq. (2.26), for two scalars η1, η2

and a pseudoscalar A = −χ1sinβ + χ2cosβ.

The possible mixing of the scalar and pseudoscalar states, which yields physical Higgs states h i
having no definite CP parity, generates CP violation in Higgs sector. Therefore, a signature for CP
conservation in the Higgs sector is given by the zero values of squared-mass matrix elements Eq. (2.26)
responsible for this mixing (i.e. M13 = M23 = 0 in the real vacuum basis). The vanishing of M13 and
M23 can be realized if in such a basis m2

12 and v2
1λ6−v2

2λ7 (and also λ5 – see Eq. (2.10)) are real. The set
of arbitrary bases can be obtained from the set of real vacuum bases by the rephasing of fields. Therefore
the sufficient condition for CP conservation in the Higgs sector can be written in a basis independent
form as

Imλ∗5(m2
12)2 = 0 , Im(λ∗6 + λ∗7)m2

12 = 0 , Imλ∗6λ7 = 0. (2.105)

Each of these quantities is not RPa invariant but these forms are very simple. (For the soft Z2 violat-
ing potential, this condition becomes both necessary and sufficient; it is simply: Imλ∗5(m2

12)2 = 0,
cf. [163]).

The imaginary part of the quantity v2
1λ6 − v2

2λ7 can be equal to 0 (which is necessary for CP
conservation) even for complex λ6 and λ7. The RPa transformation from one real vacuum basis to
another depends on two independent parameters (3 parameters of a general RPa transformation with one
parameter restoring the real basis). One can use these parameters to eliminate the imaginary parts of λ6

and λ7 separately. Using in addition Eq. (2.10) one can conclude that in the case of CP violation in the
Higgs sector there exists a Higgs basis in which all the coefficients of the potential are real (which is
necessary condition for CP conservation).

Generally, these v.e.v.’s can be complex even in the case of a Lagrangian with real parameters.
Therefore, the coefficients of the real vacuum Lagrangian can be complex even in the case where all
coefficients of the incident Higgs potential are real. Hence, the existence of an RPa representation of the
potential with all real coefficients forms a necessary but not a sufficient condition for CP conservation.

11Detail analysis of two possible vacuum solutions, including charged vacuum [20], is presented in [162], [15].
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The RPa invariant form of this necessary condition is presented in Section 2.1 [38, 40, 164], [14,
37], and with invariants (2.101) in [19].

2.4.4 Tree level unitarity constraints

The quartic terms in the Higgs potential (with λi) lead, in the tree approximation, to the s–wave Higgs-
Higgs and WLWL and WLH , etc. scattering amplitudes for different elastic channels. These amplitudes
should not overcome the unitary limit for this partial wave – that is the tree-level unitarity constraint.
Such a constraint was obtained first in [18] for the minimal SM, with one Higgs field. For the 2HDM
with soft Z2 violation and CP conservation, they were derived in [32]. In the general CP nonconserving
case, the corresponding constraints were obtained in [34].

Since in the Higgs–Higgs scattering the total hypercharge Y and weak isospin σ are conserved,
one can consider separate S matrices, SY σ , for the different quantum numbers of the initial state. The
unitarity constraint means that the eigenvalues of these SY σ are less than 1 [34], where

16πSY =2,σ=1=




λ1 λ5

√
2λ6

λ∗5 λ2

√
2λ∗7√

2λ∗6
√

2λ7 λ3+λ4


, 16πSY =2,σ=0= λ3−λ4, (2.106a)

16πSY =0,σ=1 =




λ1 λ4 λ6 λ∗6
λ4 λ2 λ7 λ∗7
λ∗6 λ∗7 λ3 λ∗5
λ6 λ7 λ5 λ3


 , (2.106b)

16πSY=0,σ=0 =




3λ1 2λ3 + λ4 3λ6 3λ∗6
2λ3 + λ4 3λ2 3λ7 3λ∗7

3λ∗6 3λ∗7 λ3 + 2λ4 3λ∗5
3λ6 3λ7 3λ5 λ3 + 2λ4


 . (2.106c)

The eigenvalues of these matrices can be found as roots of equations of the 3-rd or 4-th degree. It is
useful to start the diagonalization from the corners of the above matrices, corresponding to the fixed
values of the Z2 parity. This particular diagonalization transforms SY σ to a form with diagonal elements
that are coincident with the eigenvalues found in [32] (for soft Z2 violation without CP violation) with
the sole change of λ5 → |λ5|.

Next, one can use the following observation: For an Hermitian matrixM = ||Mij || with maximal
and minimal eigenvalues Λ+ and Λ−, all diagonal matrix elements Mii lie between them, Λ+ ≥ Mii ≥
Λ− . By virtue of this fact, the mentioned corrected constraints from [32] form necessary conditions for
unitarity. These constraints are enhanced due to the λ6, λ7 terms that govern the hard violation of the Z2

symmetry.

2.4.5 Couplings to fermions

The general form of Yukawa interaction couples a 3-family vector of the left-handed quark isodoublets
QL with 3-family vectors of the right-handed field singlets dR and uR and Higgs fields φi Eq. (2.46).

If some fermion field singlet is coupled to both scalar fields φ1 and φ2, the counterterms corre-
sponding to the one-loop propagator corrections to the Higgs Lagrangian contain operators of dimension
4, which violate the Z2 symmetry in a hard way. They contribute to the renormalization of the parameters
κ, λ6 and λ7. Therefore, to have only a soft violation of Z2 symmetry (to prevent φ1 ↔ φ2 transitions at
short distances), one demands that [18, 165] each right-handed fermion couples to only one scalar field,
either φ1 or φ2. The case Γ2 = ∆1 = 0 with diagonal Γ1, ∆2 corresponds to the well known Model
II, while Γ2 = ∆2 = 0 corresponds to Model I. Note that a general RPa transformation makes these
properties of the Lagrangian hidden. The widespread Model II, with many useful relations for it partially
obtained in [15] and first collected together there, is described in Section 2.1.
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In this analysis we use in principle measurable relative couplings—that is, ratios of the couplings
of each neutral Higgs boson hi to the corresponding SM couplings Eq. (2.41). We present here, for
completeness, only the case of model I Yukawa interactions. In this model, all right handed fermions
are coupled to one Higgs field, say φ1. The general RPa transformation makes this property hidden,
changing simultaneously tan β. The parameter β corresponding to the Model I form of the Lagrangian
will be labeled with a subscript I. For this form of the Lagrangian we have (i = 1, 2, 3):

Model I : χ(i)
u = χ

(i)
d ≡ χ

(i)
f =

[Ri2 − i cos βI Ri3]

sinβI
. (2.107)

In this case, among the methods presented for Model II, only one method succeeds in determining βI via
observable quantities, namely [see Eq. (2.58)]

1

sin2 βI
=

3∑

i=1

( Reχ(i)
u )2. (2.108)

2.4.6 A natural set of parameters of 2HDM

It is natural to assume that the 2HDM that describes physical reality allows for the existence among the
reparametrization equivalent Lagrangians the one in which the fields φk do not mix at small distances
(mixed kinetic term does not appear). This would correspond to the 2HDM with an exact or softly
violated Z2 symmetry. We assume such choice in this section. Besides, it is natural to assume that
the CP symmetry in the Higgs sector is violated only weakly at least for the lightest Higgs boson h1.
This assumption together with rephasing invariance offers the basis for the selection of the natural set of
parameters of 2HDM.

The Eq. (2.30) shows that the CP symmetry for the lightest Higgs boson is violated weakly if and
only if |M ′13| � |M2

A −M2
h |. In view of Eq. (2.34), for the real vacuum Lagrangian at β + α 6= π/2

this condition can be rewritten in the form

v2| Imm2
12| � v1v2|M2

A −M2
h | . (2.109)

For all other rephasing equivalent Lagrangians, this condition Eq. (2.109) contains both Imm2
12

and Rem2
12. Therefore, for the natural set of parameters of 2HDM we require that both | Imm2

12|(v2/v1v2)
and |Rem2

12|(v2/v1v2) are small for all rephasing equivalent Lagrangians. In the case of soft violation
of Z2 symmetry, the same requirements is transmitted to Imλ5 and Re λ5. Therefore, we define a
natural set of parameters as follows

|η|, |λ5| � |λ1−4| . (2.110)

For the natural set of parameters of the 2HDM, the breaking of the Z2 symmetry is governed by a small
parameter η. Due to the existence of a limit where the Z2 symmetry holds, a small soft Z2 violation
in the Higgs Lagrangian and the Yukawa interactions also remains small beyond the tree level. In this
respect, we use term natural in the same sense as in [166]. (Note also that the non-diagonal Yukawa
coupling matrices Γ1 and ∆2 (leading to FCNCs) are unnatural in this very sense).

In accordance with Eq. (2.26), for the natural set of parameters MA cannot be too large. This
parameter regime is not ruled out by the data; in the CP conserving case see e.g. Section 2.2.1.
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2.5 Textures and the Higgs boson-fermion couplings
Justiniano L. Dı́az-Cruz, Roberto Noriega-Papaqui and Alfonso Rosado-Sánchez

The 2HDM [8, 167] has a potential problem with flavour changing neutral currents (FCNC) mediated
by the Higgs bosons, which arise when one quark of type u or d is allowed to couple to both Higgs
doublets. The possible solutions to this problem of the 2HDM involve an assumption about the Yukawa
Lagrangian of the model. The specific choices for the Yukawa matrices Γ1,2 and ∆1,2 define the ver-
sions of the 2HDM known as I, II or III, which involve certain mechanism to eliminate the otherwise
unbearable FCNC problem or at least to keep it under control. In this paper we are interested in studying
the 2HDM-III, where the FCNC problem is ameliorated by assuming a certain texture for the Yukawa
couplings. However, the original six-texture ansatz that leads to the popular Cheng-Sher ansatz [168]
seems disfavored by current data on the CKM mixing angles. More recently, mass matrices with four-
texture ansatz have been considered, and are found in better agreement with the observed data [169,170].
In this paper we investigate how the form of the ff ′φ0 couplings, get modified when one replaces the
six-texture matrices by the four-texture one. We also discuss some implications for rare quark and lepton
decays, as well as the phenomenology of the Higgs bosons [129].

2.5.1 The fermion sector of the 2HDM-III with four-texture mass matrices

We will assume that both Yukawa matrices Γ1,2 and ∆1,2 have the four-texture form and are Hermitian;
following the conventions of [169], the quark mass matrix is written as:

Mq =




0 Cq 0

C∗q B̃q Bq
0 B∗q Aq


 . (2.111)

when B̃q → 0 one recovers the six-texture form. We also consider the hierarchy:
| Aq |� | B̃q |, | Bq |, | Cq |, which is supported by the observed fermion masses in the SM.

Because of the hermicity condition, both B̃q and Aq are real parameters, while the phases of Cq and
Bq, ΦBq ,Cq , can be removed from the mass matrix Mq by defining: Mq = P †q M̃qPq, where Pq =

diag[1, eiΦCq , ei(ΦBq+ΦCq )], and the mass matrix M̃q includes only the real parts of Mq. The diago-
nalization of M̃q is then obtained by an orthogonal matrix Oq , such that the diagonal mass matrix is:
M̄q = OTq M̃qOq . Expanding in powers of zf = mf

2/m
f
3 , where mf

2,3 denote the masses for 2nd and
3rd generations, the Yukawa Lagrangian can then be expressed in terms of the mass-eigenstates for the
neutral (h0,H0, A0) and charged Higgs bosons (H±). The interactions of the neutral Higgs bosons with
the d-type and u-type quarks (u, u′ = u, c, t and d, d ′ = d, s, b) are expressed as follows.

LqY =
g
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md
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)
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2 cos β

(√
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2 sinβ

(√
mumu′

mW

)
χ̃uu′

]
U ′h0

+
ig

2
Ū
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γ5U ′A0. (2.112)
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The corresponding Lagrangian for the charged lepton sector is obtained following a similar procedure,
and can be read from [171]. Unlike the Cheng-Sher ansatz, the parameters χ̃ff ′ (f 6= f ′) are now
complex. While the diagonal elements χ̃ff are real, the phases in the off-diagonal elements are essen-
tially unconstrained by present low-energy data. These phases modify the pattern of flavour violation
(FV) in the Higgs sector. However, because of the Hermiticity of the Yukawa matrices, the three-level
CP-properties of h0/H0 and A0 remain valid i.e. the couplings h0(H0)f f̄ are pure scalar, while the
coupling A0ff̄ is proportional to γ5. Further, in our prescription the FV couplings satisfy some rela-
tions, such as: |χ̃µτ | = |χ̃eτ | and |χ̃sb| = |χ̃db|, which simplifies the parameter analysis. Henceforth,
we denote |χ̃ff ′ | as χff ′ . On the other hand, by considering the effective Lagrangian for the couplings
of the charged leptons to the neutral Higgs fields one can also relate our results with the SUSY-induced
2HDM-III. Thus, our result will cover (for specific choices of parameters) the general expectations for
the corrections arising in the MSSM.

2.5.2 Bounds on the FV Higgs parameters

Constraints on the lepton flavour violation (LFV)-Higgs interaction will be obtained by studying LFV
transitions, which include the 3-body modes (li → ljlk l̄k), radiative decays (li → lj + γ), as well as the
µ − e conversion in nuclei. On the other side, constraints on the Higgs boson-quark interaction can be
obtained by studying FCNC transitions. In particular, we consider the radiative decay b → s γ and the
decay B0

s → µ−µ+, which together with LFV bounds derived in [171] constrain the parameter space of
2HDM-III, and determine possible Higgs boson signals that may be detected at future colliders.

2.5.2.1 LFV three-body decays

To evaluate the LFV leptonic couplings, we calculate the decays li → ljlk l̄k, including the contribution
from the three Higgs bosons (h0, H0 and A0). In particular, for the decay τ− → µ−µ+µ− we obtain the
following expression for the branching ratio:

Br(τ− → µ−µ+µ−) =
5

3

ττ
212 π3

m3
µm

6
τ

v4

{
cos2(α− β) sin2 α

m4
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−2
cos(α− β) sin(α− β) cosα sinα

m2
h0 m

2
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+
sin2 β

m4
A0

}
χ2
µτ

cos4 β
(2.113)

here ττ corresponds to the life time of the τ lepton (we have also assumed χµµ � 1). Using Br(τ− →
µ−µ+µ−) < 1.9 × 10−7 [172], we get an upper bound on χµτ ((χµτ )τ→3µ

u. b. ) (see Table 2.1).

2.5.2.2 Radiative decay µ→ eγ

The B.R. of µ+ → e+γ at one loop level is given by [173]
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. (2.114)

We make use of Br(µ+ → e+γ) < 1.2× 10−11 [174] to constrain χµτ (= χeτ ) (see Table 2.1).
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2.5.2.3 Radiative decay τ → µγ

The B.R. of τ → µγ at one loop level (assuming χττ � 1) is given by [173]

Br(τ → µγ) =
3
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. (2.115)

We constrain χµτ by using Br(τ → µ+ γ) < 3.1 × 10−7 [175, 176] (see Table 2.1).

2.5.2.4 µ− e conversion

The formulas of the conversion branching ratios for the LFV muon electron process in nuclei at large
tanβ, in the aluminum and lead targets, are approximately given by

Br(µ−Al(Pb)→ e−Al(Pb)) ' 0.18(2.5) × 10−3
mem

6
µm

2
p tan6 β cos2 β

2 v4 m4
H0 ωcapt

χ2
eµ, (2.116)

where ωcapt is the rate for muon capture in the nuclei [177]. ωcapt = 0.7054 × 106 s−1 and ωcapt =
13.45 × 106 s−1 in the Al and the Pb nuclei, respectively [178]. We get an upper bound on χeµ
((χeµ)µN→eNu. b. ) for Al and Pb (see Table 2.1), by using Br(µ−N → e−N ) < 6.1 × 10−13 [179].

2.5.2.5 Radiative decay b→ s γ

We will make an estimation of the contribution due to the FV ff ′φ0 couplings to the standard model
branching ratio of b→ s γ as follows

∆Br(b→ s γ) = ∆Γ(b→ s γ)× (
∑

l=e,µ,τ

Γ(b→ c l ν̄l))
−1 (2.117)

Such contribution to the branching ratio of b→ s γ at one loop level is then given by [173]

∆Br(b→ s γ) =
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3
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(2.118)
We make use of the good agreement between the experimental value for Br(b→ s γ) = (3.3 ± 0.4) ×
10−4 and the theoretical value obtained for Br(b → s γ) = (3.29 ± 0.33) × 10−4 in the context of the
SM [174] to constrain any new contribution to Br(b→ s γ), namely ∆Br(b→ s γ) ≤ 10−5, and hence
to bound χsb(= χdb) (see Table 2.1).

2.5.2.6 B0
s → µ−µ+ decay

The width of the decay B0
s → µ−µ+ at the tree level is given as [180]

Γ(B0
s → µ−µ+) =

G2
F η

2
QCD

m3
B f

2
Bmsmbm

2
µ cos2(α− β)

128π m4
h0 cos4 β

χ2
sb

∣∣∣∣− sinα+
cos(α− β)√

2
χ̃µµ

∣∣∣∣
2

,

(2.119)
where GF = 1.16639 × 10−5 GeV −2, η

QCD
≈ 1.5, mB ' 5GeV , and fB = 180MeV . We make use

of Γ(B0
s → µ−µ+) < 8.7× 10−19 GeV [180, 181] to constrain χsb(= χdb) (see Table 2.1).
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Table 2.1: Upper bounds on χµτ , χeµ and χsb as functions of tanβ, for α = β, α = β−π/4, α = β−π/3, taking
mh0 = 120 GeV, mH0 = 300 GeV and mA0 = 300 GeV and χµµ = 0 χττ = 0. Upper bound (χeµ)µN→eNu. b. as a
function of tanβ for Al, Pb and assuming mH0 = 300 GeV.

upper bound β − α tan β = 10 tanβ = 20 tanβ = 30 tan β = 40 tan β = 50

0 8.1 2.1 9.0× 10−1 5.1 × 10−1 3.3 × 10−1

(χµτ )τ→3µ
u. b. π/4 1.6× 101 3.8 1.7 9.2 × 10−1 5.9 × 10−1

π/3 2.5× 101 5.9 2.6 1.5 9.2 × 10−1

0 1.5 × 10−1 7.4× 10−2 5.0× 10−2 3.7 × 10−2 3.0 × 10−2

(χµτ )µ→eγu. b. π/4 1.9 × 10−1 9.4× 10−2 6.3× 10−2 4.7 × 10−2 3.8 × 10−2

π/3 2.2 × 10−1 1.1× 10−1 7.4× 10−2 5.6 × 10−2 4.5 × 10−2

0 1.6 4.0× 10−1 1.8× 10−1 9.9 × 10−2 6.4 × 10−2

(χµτ )τ→µγu. b. π/4 2.7 6.6× 10−1 2.9× 10−1 1.7 × 10−1 1.1 × 10−1

π/3 3.8 9.3× 10−1 4.1× 10−1 2.3 × 10−1 1.5 × 10−1

(χeµ)µAl→eAlu. b. 1.2 × 10−1 3.1× 10−2 1.4× 10−2 7.6 × 10−3 4.9 × 10−3

(χeµ)µPb→ePbu. b. 1.4 × 10−1 3.6× 10−2 1.6× 10−2 8.9 × 10−3 5.7 × 10−3

0 8.1 × 10−2 2.1× 10−2 9.1× 10−3 5.1 × 10−3 3.3 × 10−3

(χsb)
b→s γ
u. b. π/4 1.8 × 10−1 4.3× 10−2 1.9× 10−2 1.1 × 10−2 6.7 × 10−3

π/3 3.9 × 10−1 8.9× 10−2 3.9× 10−2 2.2 × 10−2 1.4 × 10−2

0 1.1 2.7× 10−1 1.2× 10−1 6.6 × 10−2 4.2 × 10−2

(χsb)
B0
s→µµ

u. b. π/4 2.4 5.6× 10−1 2.5× 10−1 1.4 × 10−1 8.6 × 10−2

π/3 5.1 1.2 5.0× 10−1 2.8 × 10−1 1.8 × 10−1

2.5.3 Higgs boson decays in the 2HDM-III

One of the distinctive characteristic of the SM Higgs boson is the fact that its coupling to other particles
is proportional to the mass of that particle, which in turn determines the search strategies proposed so
far to detect it at future colliders. In particular, the decay pattern of the Higgs boson is dominated by
the heaviest particle allowed to appear in its decay products. When one considers extensions of the
SM it is important to study possible deviations from the SM decay pattern as it could provide a method
to discriminate among the different models [182, 183]. Within the context of the 2HDM-III, not only
modification of the Higgs boson couplings are predicted, but also the appearance of new channels with
FV, both in the quark and leptonic sectors [129, 184, 185].

To explore the characteristics of Higgs boson decays in the 2HDM-III, we will focus on the lightest
CP-even state (h0), which could be detected first at LHC. The light Higgs boson-fermion couplings are
given by Eq. (2.112), where we have separated the SM from the corrections that appear in a 2HDM-III.
In fact, we have also separated the factors that arise in the 2HDM-III too. We notice that the correction
to the SM result, depends on tanβ, α (the mixing angle in the neutral CP-even Higgs sector) and the
factors χ̃ff ′ that induce FCNC transitions (for f 6= f ′) and further corrections to the SM vertex. In our
analysis, we will include the decay widths for all the modes that are allowed kinematically for a Higgs
boson with a mass in the range 80GeV < mh0 < 160GeV . Namely, we study the branching ratios for
the decays h0 → bb̄, cc̄, τ τ̄ , µµ̄ and the FV h0 → bs̄(sb̄), τ µ̄(µτ̄), as well as the decays into pairs of
gauge bosons with one real an the other one virtual, i.e. h0 → WW ∗, ZZ∗ [8, 167]. Overall, our results
show that the usual search strategies to look for the SM Higgs boson in this mass range, may need to be
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Fig. 2.3: B.R. for all the relevant decay modes that are allowed kinematically for 80GeV < mh0 < 160GeV ;
taking α = β − 3π/8 and assuming χ̃ff ′ = 0.1 for f = f ′ and f 6= f ′. For: (a) tanβ = 2; (b) tanβ = 2.61; (c)
tanβ = 5; (d) tanβ = 15.

modified in order to cover the full parameter space of the 2HDM-III (see Fig. 2.3).

2.5.4 Conclusions

We have studied in this paper the ff ′φ0 couplings that arise in the 2HDM-III, using a Hermitian four-
texture form for the fermionic Yukawa matrix. Because of this, although the ff ′φ0 couplings are com-
plex, the three-level CP-properties of h0,H0 (even) and A0 (odd) remain valid.

We have derived bounds on the parameters of the model, using current experimental bounds on LFV and
FCNC transitions. One can say that the present bounds on the couplings χ̃ff ′ ’s still allow the possibility
to study interesting direct FV Higgs boson signals at future colliders.

In particular, the LFV couplings of the neutral Higgs bosons, can lead to new discovery signatures of
the Higgs boson itself. For instance, the branching fraction for h0 → τµ̄(τ̄µ) can be as large as 10−5,
while Br(h→ bs̄(b̄s)) is also about 10−4. These LFV Higgs modes complement the modes B0 → µµ,
τ → 3µ, τ → µγ and µ→ eγ, as probes of FV in the 2HDM-III, which could provide key insights into
the form of the Yukawa mass matrix sector.
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2.6 Electroweak baryogenesis and quantum corrections to the Higgs potential

Shinya Kanemura, Yasuhiro Okada and Eibun Senaha

The connection between cosmology and particle physics is important to understand what the Universe
is made of. The baryon asymmetric Universe observed today is one of the outstanding problems in
cosmology. The asymmetry is characterized by the ratio of the baryon number density to the entropy
density, nB/s ∼ 10−10 [186], which remains constant during the expansion of the Universe if there is
neither baryon number violation nor entropy production.

In order to construct such baryon asymmetry from the initially baryon symmetric Universe, three
ingredients are required [187]: (a) baryon number violation, (b) C and CP violation, and (c) depar-
ture from thermal equilibrium. In the electroweak theories, these conditions can in principle be satisfied
(electroweak baryogenesis). The condition (a) is fulfilled by the sphaleron process in Standard Model
at high temperature. The sphaleron is an unstable classical solution of the SU(2) gauge-Higgs system
which corresponds to a saddle point connecting different topological vacua. Frequent baryon number vi-
olation processes occur near and above the critical temperature by the transition associated with a change
of the topological number, which is called the sphaleron process, although it is completely negligible at
zero temperature. On the other hand the Standard Model cannot satisfy the other two conditions under
the current experimental data. One is that the electroweak phase transition is not first order for exper-
imental lower bounds of the Higgs boson mass, mh > 114 GeV [74], so that the condition (c) cannot
be fulfilled. The other difficulty is that the magnitude of the CP violation which is originated from the
Kobayashi-Maskawa matrix is too small to generate the sufficient baryon asymmetry during the phase
transition. Therefore, the extension of the Standard Model Higgs sector and the additional sources of the
CP violation are required. There are many attempts to explain the baryon asymmetry in the extension
of the Standard Model. For reviews on electroweak baryogenesis, see Refs. [188–193].

Here, we study electroweak baryogenesis in the two Higgs doublet model [194–203] and the
minimal supersymmetric standard model [204–221] focusing on its connections to collider phenomenol-
ogy. In particular, we discuss relationship between the strength of the first-order electroweak phase
transition and the quantum corrections to the trilinear coupling of the lightest Higgs boson [222]. Sim-
ilar discussions on the Higgs self-coupling in the electroweak baryogenesis scenario can be found in
Refs. [223, 224].

First we consider the two Higgs doublet model with the softly-broken discrete symmetry. The
Higgs potential at the tree-level is given by Eq. (2.1) with λ6 = λ7 = 0. Though m2

12 and λ5 can
be complex, one of the two becomes real by the redefinition of the either Higgs field. As mentioned
above, the CP violation plays a crucial role in the generation of the baryon asymmetry. In particular, the
difference between the CP violating phase in the symmetric phase and that in the broken phase at finite
temperature gives a significant effect on the total amount of the baryon asymmetry. In order to calculate
the magnitude of such CP violating phases, the equation of motion for the Higgs bubble wall has to be
solved at the critical temperature. In the previous studies, it was found that there is a solution in which the
CP violation can enhance only during the phase transition while it can become small at zero temperature
enough to escape the experimental constraints of the electric dipole moment [201–203]. Here, we assume
such a scenario so that we neglect the CP violating phase as the first approximation. Furthermore, to
simplify our analysis we consider the phase transition in the direction of 〈Φ1〉 = 〈Φ2〉 = (0 ϕ)T /2,
which corresponds to m1 = m2, λ1 = λ2, in other words, sin(α− β) = −1 and tanβ = 1 [199–201].

The one-loop contributions to the effective potentials at zero and finite temperatures [225] are
respectively given by

V1(ϕ) = ni
m4
i (ϕ)

64π2

(
log

m2
i (ϕ)

Q2
− 3

2

)
, V1(ϕ, T ) =

T 4

2π2

[ ∑
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njIB(a2
j) + ntIF (a2

t )
]
, (2.120)
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with

IB,F (a2
i ) =

∫ ∞

0
dx x2 log

(
1∓ e−

√
x2+a2

i

)
, ai(ϕ) =

mi(ϕ)

T
, (2.121)

where V1(ϕ) is regularized by using the DR-scheme, Q is a renormalization scale, mi(ϕ) is the field
dependent mass of the particle i, and ni is the degree of the freedom of i; i.e., nW = 6, nZ = 3 for
gauge bosons (W±, Z), nt = −12 for the top quark (t) and nh = nH = nA = 1, nH± = 2 for the five
physical Higgs bosons (h,H,A,H±).

Qualitative features of the phase transition can be understood from the effective potential (2.120)
by the following high temperature expansion. When m2

Φ � m2
h, M

2 (Φ ≡ H,A,H±, M2 ≡ v2η),
the field dependent masses of the heavy Higgs bosons can be written as m2

Φ(ϕ) ' m2
Φϕ

2/v2. At high
temperatures, the Higgs potential can be expanded in powers of ϕ [226, 227].

Veff(ϕ, T ) ' D(T 2 − T 2
0 )ϕ2 −ET |ϕ|3 +
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4
ϕ4 + · · · , (2.122)
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, (2.127)

where log αB = 2 log 4π− 2γE ' 3.91, log αF = 2 log π− 2γE ' 1.14, and γE is the Euler constant.
The first order phase transition is possible due to the appearance of the cubic term which originates from
the bosonic loops at finite temperature. From Eq. (2.122), the critical temperature Tc is expressed by

T 2
c =

T 2
0

1−E2/(λTcD)
. (2.128)

At Tc, the effective potential Veff has two degenerate minima at

ϕ = 0, ϕc =
2ETc
λTc

. (2.129)

In order not to wash out the created baryon number density after the electroweak phase transition, we
have to require that the sphaleron process should be sufficiently suppressed. The most reliable condition
has been obtained from the lattice simulation study [228, 229]. It is expressed as

ϕc
Tc

=
2E

λTc
> 1. (2.130)

Due to the contributions of the heavy Higgs bosons in the loop, the first order phase transition can be
strong enough to satisfy Eq. (2.130). The high temperature expansion makes it easy to see the phase
transition analytically. However, it breaks down when the masses of the particles in loops become larger
than Tc. In the following, we therefore calculate Tc and ϕc numerically.
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Fig. 2.4: The Higgs vacuum expectation value ϕc at the critical temperature Tc as a function of the heavy Higgs
boson mass mΦ (mΦ = mH = mA = mH± ) for M = 0, 50, 100 and 150 GeV. Other parameters are fixed as
sin(α− β) = −1, tanβ = 1 and mh = 120 GeV.

In order to see phenomenological consequences of our scenario for successful electroweak baryo-
genesis, we study the trilinear coupling of the lightest Higgs boson (the hhh coupling) at the zero temper-
ature in the parameter region where the phase transition is strongly first order. The leading contribution
of the heavy Higgs bosons and the top quark to the hhh coupling can be extracted from the one-loop
calculation by [113, 230]
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]
. (2.131)

It is easily seen that the effects of the heavy Higgs boson loops are enhanced by m4
Φ (Φ = H,A,H±)

whenM2 is zero. These effects do not decouple even in the large mass limitmΦ →∞ and yield the large
deviation of the hhh coupling from the Standard Model prediction. In this case, mΦ is bounded from
above by perturbative unitarity (mΦ < 550 GeV) [31,32,34,231]. We note that when such nondecoupling
loop effects due to the extra heavy Higgs bosons are large on the hhh coupling, the coefficient E of the
cubic term in Eq. (2.122) becomes correspondingly large. Therefore there is a strong correlation between
the large quantum correction to the hhh coupling and successful electroweak baryogenesis.

We calculate the effective potential (2.120) varying the temperature T and determine the critical
temperature Tc of the first order phase transition and the expectation value ϕc at Tc. In the plots of
Fig. 2.4, Tc and ϕc are shown as a function of the mass of the heavy Higgs bosonmΦ forM = 0, 50, 100
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Fig. 2.5: Contours of the radiative correction of the triple Higgs boson coupling constant overlaid with the line
ϕc/Tc = 1 in the mΦ-M plane for mh=100, 120, 140 and 160 GeV. Other parameters are the same as those in
Fig. 2.4. The above the critical line, the phase transition is strong enough for the successful electroweak baryoge-
nesis scenario.

and 150 GeV. We take mh = 120 GeV. For the heavy Higgs boson mass, we assume mH = mA =
mH±(≡ mΦ) to avoid the constraint on the ρ parameter from the LEP precision data [232]. We also
take into account the ring summation for the contribution of the Higgs bosons to the effective potential
at finite temperature to improve our calculation [225, 233–238]. In the case of M = 0, it is found that
ϕc = Tc ' 120 GeV at mΦ ' 185 GeV, and the condition (2.130) is satisfied for mΦ > 185 GeV. One
can also find that the condition (2.130) can still be satisfied for M = 150 GeV, if the masses of the heavy
Higgs bosons are greater than about 300 GeV.

In Fig. 2.5, we show the parameter region where the necessary condition of electroweak baryogen-
esis in Eq. (2.130) is satisfied in the mΦ-M plane for mh = 100, 120, 140 and 160 GeV. For mh = 120
GeV, we can see that the phase transition becomes strong enough for successful baryogenesis when the
masses of the heavy Higgs bosons are larger than about 200 GeV. For the larger values of M or mh, the
greater mΦ are required to satisfy the condition (2.130). In this figure we also plot the contour of the
magnitude of the deviation in the hhh coupling from the Standard Model value. We define the deviation
∆λ2HDM

hhh /λeff
hhh(SM) by ∆λ2HDM

hhh ≡ λeff
hhh(2HDM) − λeff

hhh(SM). We calculated the deviation from the
full one-loop results, which give a better approximation than the formula given in Eq. (2.131) [113,230].
We can easily see that the magnitude of the deviation is significant (> 10%) in the parameter region
where electroweak baryogenesis is possible. Such magnitude of the deviation can be detected at future
collider experiments [142, 239–241].

Next we discuss a scenario of electroweak baryogenesis in the minimal supersymmetric standard
model. The strong first order phase transition can be induced by the loop effect of the light stop in the
finite temperature effective potential [204]. We examine the loop effect of the light stop on the hhh
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coupling in this scenario. In the following, we only consider the finite and zero temperature effective
potentials using high temperature expansion to understand the qualitative feature. As we have done in
the case of the two Higgs doublet model, we consider the relationship between the magnitude of the
phase transition and the deviation of the hhh coupling from the Standard Model value. The combined
result is approximately expressed as

∆λhhh(MSSM)

λhhh(SM)
' 2v4

m2
tm

2
h

(∆Et̃1)2, (2.132)

where mh is the one-loop renormalized mass of the lightest Higgs boson and ∆E t̃1 is the contribution
of the light stop loop to the cubic term in the finite temperature effective potential. From the condition
(2.130), the deviation in the hhh coupling from the Standard Model value is estimated to be ∼ 6%
for mh = 120 GeV. In the minimal supersymmetric standard model, the condition of the sphaleron
decoupling also leads to the large deviation of the hhh coupling from the Standard Model prediction at
zero temperature.

In summary, we have discussed electroweak baryogenesis with special emphasis on its connec-
tions to the collider phenomenology. If the electroweak phase transition is strong enough for electroweak
baryogenesis, the triple Higgs boson coupling can deviate from the Standard Model value. The magni-
tude of the deviation can be larger than 10% level in the two Higgs doublet model. Such magnitude of
the deviation can be detected at future colliders.

2.7 Neutral Higgs bosons with (in)definite CP: decay distributions for τ+τ− and tt̄ final states
Werner Bernreuther, Arnd Brandenburg and Jörg Ziethe

This contribution deals with the question of how to determine the parity, respectively the CP property of
a neutral Higgs boson. While the Standard Model Higgs boson is parity-even, SM extensions predict also
parity-odd state(s) or, if the (effective) Higgs potential violates CP, states of undefined CP parity with
Yukawa couplings both to scalar and pseudoscalar quark and lepton currents. Higgs sector CP violation
(CPV) is, especially in view of its potentially enormous impact on the physics of the early universe,
a fascinating speculation which can be investigated at the upcoming generation of colliders in several
ways. The decays h → τ−τ+ and/or h → tt̄ are particularly suited, provided that sufficiently large
event numbers are available. The analysis presented here is based on the proposals and investigations
of [99, 103] for the tau and of [99, 103, 242–245] for the top channel. Other investigations include
[101, 246–250].

The following applies to any neutral Higgs boson hj with flavor-diagonal couplings to quarks and
leptons f (with mass mf )

LY = −(
√

2GF )1/2
∑

j,f

mf (ajf f̄f + bjf f̄ iγ5f)hj , (2.133)

where ajf and bjf are the reduced scalar and pseudoscalar Yukawa couplings, respectively, which depend
on the parameters of the scalar potential and on the type of model. In the SM af = 1 and bf = 0. In
models with two Higgs doublets there are three physical neutral Higgs fields hj in the mass basis. In
the type II models the Yukawa couplings to top quarks and τ leptons are (see sections 2.1 and 3.1):
ajt = R2j/ sinβ, bjt = −R3j cot β, ajτ = R1j/ cos β, bjτ = −R3j tanβ, where tanβ = v2/v1, and
(Rij) is a 3 × 3 orthogonal matrix that describes the mixing of the neutral spin-zero states. At the Born
level only the CP = +1 component of hj couples to W+W− and to ZZ . If Higgs sector CP violation
(CPV) is negligibly small then the fields hj describe two scalar states h,H and a pseudoscalar A. In the
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following φ denotes, as in section 2.1 above, any of these Higgs bosons. We assume that the differences
between the mass of the Higgs particle φ under consideration and the masses of the other neutral Higgs
states are larger than the experimental resolution.

2.7.1 τ and top spin observables

The observables discussed below for determining the CP quantum number of a neutral Higgs boson in
the decay channels φ → τ−τ+ and/or φ → tt̄ may be applied to any Higgs production process. At the
LHC this includes the gluon and gauge boson fusion processes gg → φ and qiqj → φq′iq

′
j , respectively,

and associated production of a light Higgs boson, tt̄φ or bb̄φ with φ→ τ−τ+. Likewise they can be used
in future Higgs search at an ILC, or in Higgs production with envisaged high energetic muon or photon
collisions, µ−µ+, γγ → φ→ f f̄ . In the following we consider the semi-inclusive reactions

i → φ + X → f(kf , α) + f̄(kf̄ , β) + X , (2.134)

where i is some initial state, f = τ−, t, kf and kf̄ = −kf are the 3-momenta of f and f̄ in the f f̄ zero-
momentum frame (ZMF), and α, β are spin labels. We make use of the fact that, at colliders, polarization
and spin correlation effects are both measurable and reliably predictable for tau leptons and top quarks.

Let’s assume that experiments at the LHC will discover a neutral boson resonance in the channel
gg → φ → τ−τ+X . The spin of φ may be inferred from the polar angle distribution of the tau leptons.
Suppose the outcome of this is that φ is a spin-zero (Higgs) particle. One would next like to determine
its Yukawa coupling(s), and specifically like to know whether φ is a scalar, a pseudoscalar, or a mixture
of both, i.e., a state of undefined CP quantum number. For answering this question several CP-even and
-odd observables involving the spins of f, f̄ apply, and we emphasize that all of them should be used. It
was shown in [99] that the correlation resulting from projecting the spin of f onto the spin of f̄ ,

O1 = sf · sf̄ , (2.135)

is the best choice for discriminating between a CP = ±1 state. Here sf , sf̄ denote the f, f̄ spin opera-
tors. This is easy to understand in simple quantum mechanical terms. Consider a reaction i → φ→ f f̄
where φ production and decay factorizes. If φ is a scalar (JPC = 0++) then f f̄ is in a 3P0 state,
and an elementary calculation yields 〈sf · sf̄ 〉 = 1/4. If φ is a pseudoscalar (JPC = 0−+) then f f̄
is in a 1S0 state and 〈sf · sf̄ 〉 = −3/4, which is strikingly different from the scalar case. These val-
ues do not depend on the mass of φ, provided mφ > 2mf . For general couplings (2.133) one gets
〈O1〉 = (a2

fβ
2
f − 3b2f )/(4a2

fβ
2
f + 4b2f ) [99]. In Fig. 2.6 (left) the expectation value 〈O1〉 is shown for

φ→ τ−τ+X as a function of the ratio rτ = bτ/(aτ +bτ ), taking aτ , bτ > 0 for definiteness, for arbitrary
Higgs mass mφ & 100 GeV. The figure applies also to φ→ tt̄X (with rτ → rt) if mφ is markedly above
the tt̄ threshold. For small t quark velocities βt the resulting plot is distorted, as compared with Fig. 2.6,
between the fixed points 1/4 and -3/4. The QED corrections to this observable, respectively the order αs
QCD corrections in the case of f = t are very small [99].

We note in passing that the CP-even spin-spin correlation in the helicity basis, 〈(k̂f · sf )(k̂f̄ · sf̄ )〉,
is insensitive to the CP quantum number of φ [99].

If γfCP ≡ −afbf 6= 0 the Yukawa interactions of φ break CP. This leads to CP-violating effects
in the reactions (2.134). For an unpolarized initial state i a general kinematic analysis of (2.134) yields
the following [103, 243, 245]. If C-violating interactions do not matter in (2.134) then LY (which is C-
invariant, but P- and CP-violating) induces two types of CPV effects in the f f̄ state: a CP-odd spin-spin
correlation and a CP-odd polarization asymmetry which correspond to the observables

O2 = k̂f · (sf × sf̄ ) , O3 = k̂f · (sf − sf̄ ) . (2.136)

Here k̂f = kf/|kf | in the f f̄ ZMF. (A priori two more terms can appear in the squared matrix element
of (2.134). They are obtained by replacing k̂f → p̂ in (2.136), where p̂ is the direction of one of the
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Fig. 2.6: Expectation value of 〈O1〉 (left) and 〈O2〉 (right) for φ→ τ−τ+X as a function of rτ [99].

colliding beams in i. However, for resonant φ production only the observables (2.136) are of interest.)
The CP-odd and T-odd12 variable O2 measures a correlation of the spins of the f and f̄ transverse
to their directions of flight. A non-zero expectation value is generated already at tree level, 〈O2〉 =

γfCPβf/(a
2
fβ

2
f + b2f ) [103], which can be as large as 0.5 in magnitude! In Fig. 2.6 (right) 〈O2〉 is shown

for φ → τ−τ+X as a function of rτ , for Higgs masses mφ & 100 GeV. The figure applies also to
φ → tt̄X (with rτ → rt) for sufficiently heavy φ. The QED corrections to this observable, respectively
the order αs QCD corrections in the case of f = t, are also very small [99]. The variable O3 measures an
asymmetry in the longitudinal polarization of the f and f̄ . As it is CP-odd but T-even, a non-zero 〈O3〉
requires γfCP 6= 0 and a non-zero absorptive part of the respective scattering amplitude. This variable is
relevant for heavy Higgs→ f f̄ , e.g., for gg → φ→ tt̄ (see below), but not for light Higgs→ ττ .

If besides (2.133) and QCD also C-violating interactions (e.g. the standard weak interactions)
matter for the reactions (2.134) then there can be, in principle, another CPV effect, namely 〈n̂ · (sf −
sf̄ )〉 6= 0 [245]. Here n̂ denotes the normal to the i → f f̄ scattering plane. Below we consider the
reactions gg → φ→ f f̄ within QCD. In this case this CPV polarization effect is absent. This holds true
also for reactions (2.134) where the production and decay of φ factorizes.

2.7.2 Distributions for the decay products of τ+τ− and tt̄

The polarization and spin-correlation effects (2.135), (2.136) induced in the f f̄ sample lead, through
the parity-violating weak decays of the τ leptons and top quarks, to specific angular distributions and
correlations in the respective final state. We consider here

i → φ + X → f(kf ) + f̄(kf̄ ) + X → a(q1) + b̄(q2) + X , (2.137)

where a, b̄ denotes a charged particle or a jet from the decays f → a+ · · · , f̄ → b̄+ · · · . The 3-momenta
of f and f̄ in (2.137) refer as above to the f f̄ ZMF, while the momenta q1 and q2 refer to the f and f̄
rest frames, respectively. For f = τ, t these frames and momenta can be reconstructed using kinematic
constraints (c.f., e.g. [115, 251, 252]).
For the tau lepton one may take into account the decay channels τ− → π−ντ , ρ−ντ , a

−
1 ντ , `

−ν̄`ντ ,
which comprise about 81 % of all tau decays. That is, B(τ−τ+ → ab̄X) ' 66 % for a, b = π, ρ, a1, `.
Here we need to recall only the τ -spin analyzing power of these particles, that is, the coefficient ca in the
distribution Γ−1

a dΓa/d cos θ = (1 + ca cos θ)/2 of the decay τ− → a + · · · , where cos θ is the angle
between the τ spin vector and the direction of a in the τ rest frame (c.f., e.g., [252]). They are collected
in Table 2.2.

According to the SM the top quark decays into Wb almost 100 % of the time, which leads to the
CKM allowed semi- and nonleptonic final states, t→ b`ν`, bqq̄

′, qq̄′ = ud̄, cs̄. Again we need here only

12Here T-even/odd refers to a naive T transformation, i.e., reversal of momenta and spins only.
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Table 2.2: Spin-analyzing power for tau decays and top quark decays in the SM.

τ− → π− ρ− a−1 `−

ca: 1.0 0.46 0.12 −0.33
t → `+ b j< j>

ca (LO): 1 −0.41 0.51 0.2
ca (NLO): 0.999 −0.39 0.47

Table 2.3: Coefficient Dab in (2.138) for some final states in φ→ ττ .

ττ → ππ ρρ ``′ πρ π` ρ`

φ (0++): 0.33 0.07 0.04 0.15 −0.11 −0.05
φ (0−+): −1 −0.21 −0.11 −0.46 0.33 0.15

the t-spin analyzing power ca of particle/jet a in the decay t → a + · · · . Table 2.2 contains the values
of the ca at tree level (c.f., for instance, [253]) and to order αs, which were computed for the semi-and
non-leptonic decays in [254] and in [255], respectively. For the non-leptonic channels, j< and j> denote
the least energetic and most energetic non-b jet defined by the Durham clustering algorithm.

Within 2HDMs the decays of the top quark will be mediated also by charged Higgs exchange.
However the branching ratio B(b → sγ) implies that H+ is much heavier than the top quarks, see
section 2.2. Thus for the important channel t → ` + · · · , ` = e, µ the impact of H+ exchange on the
c` can be neglected. In any case, the results below can be straightforwardly extended if new top decay
modes and/or decay mechanisms should be discovered.

The cos θ distributions for the antiparticle decays f̄ → b̄+ · · · are proportional to (1 − cb cos θ),
assuming CP invariance. Violation of this relation requires that the respective decay amplitude has a
CP-violating absorptive part [256]. In 2HMDs the one-loop corrections to the tWb vertex generate such
a term [257], but its effect on the ca of the top quark is negligible in the context of this report.

Let’s now come to the analogue of the Oi at the level of the final states a, b̄. The spin correlation
〈O1〉 leads to a non-isotropic distribution in cosϕab, where ϕab = ∠(q1,q2). If no phase space cuts are
applied – modulo cuts on the invariant mass Mff̄ of the fermion pair – this opening angle distribution is
of the form [99, 244]:

1

σab

dσab
d cosϕab

=
1

2
(1−Dab cosϕab) , Dab =

4

3
cacb 〈sf · sf̄ 〉 . (2.138)

2.7.3 τ decay channels

For φ→ ττ we have listed in Table 2.3 the coefficients Dab for some of the final states mentioned above.
As the charged pion in τ → πντ is the best τ -spin analyzer, this channel discriminates most strikingly
between a scalar and a pseudoscalar Higgs boson. In the case of a pseudoscalar φ the pion momenta q1,
q2 are predominantly parallel, while for a scalar φ they tend to be antiparallel. As this channel has a
small branching ratio, B(ττ → ππ) ' 0.01, the other channels also matter.

The analogue of the CP-odd spin observables O2,3 are [99, 245]:

Q2 = (k̂f − k̂f̄ ) · (q̂2 × q̂1)/2 , Q3 = k̂f · q̂1 − k̂f̄ · q̂2 , (2.139)

where k̂f and k̂f̄ = −k̂f are defined as above in the f f̄ ZMF. Measurement of (2.139) requires the
determination of the signs of the charges of a and b̄ while this is not necessary for (2.138). The average
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Fig. 2.7: Production of φ withmφ= 200 GeV at the LHC via gluon fusion and decay φ→ ττ → ππ. Left: opening
angle distribution for a scalar (dashed) and a pseudoscalar (solid). Right: distribution ofQ2 for a Higgs boson with
aτ = −bτ .

of Q2 should be computed for events (2.137) plus the charge conjugated events āb, while the average
of 〈Q3〉 is to be computed for diagonal channels aā. Concerning O3 one may take advantage of larger
event samples, as exemplified in the case of top quarks in (2.142) below. Asymmetries corresponding to
(2.139) are:

A(Q) =
Nab(Q > 0)−Nab(Q < 0)

Nab
, (2.140)

where Nab is the number of events in the reaction (2.137). They should be experimentally more robust
because only the signs of Qi have to be measured. If no phase-space cuts, besides cuts on Mff̄ , are
imposed then [245]

〈Q2〉ab =
4

9
cacb 〈O2〉 , 〈Q3〉aa =

2

3
c2a 〈O3〉 ,

A(Q2) =
9π

16
〈Q2〉ab , A(Q3) = 〈Q3〉aa . (2.141)

Let’s apply Q2 to φ → ττ . (As already mentioned above 〈Q3〉 is in general small in this channel.) The
observable Q2 measures the distribution of the signed normal vector of the plane spanned by q1,q2 with
respect to the τ− direction of flight. If γτCP 6= 0 then this distribution is asymmetric. If φ were an ideal
mixture of a CP-even and -odd state, |aτ | = |bτ |, the asymmetry corresponding to Q2 would take the
value |A(Q2)| = 0.4 in the ππ and |A(Q2)| = 0.06 in the ρ` channel, etc. Notice that the sign of 〈Q2〉ab
resp. of A(Q2) measures the relative sign of the Yukawa couplings aτ and bτ .
How are these results modified by cuts? We have analyzed this for the production of a Higgs boson φ via
gluon fusion at the LHC, and we report here only on the ππ channel: gg → φ → τ−τ+X → π−π+X .
Backgrounds are due to the irreducible Z → ττ and the tt̄, bb̄ and W + jet processes (c.f., for instance,
[115, 258]). We apply the cuts Ea,b

T ≥ 40 GeV, |η| <2.5. We take mφ = 200 GeV and require 120 GeV
≤ Mττ ≤ 280 GeV. Figure 2.7 (left) shows the opening angle distribution for a scalar (bτ = 0) and
a pseudoscalar (aτ = 0) state. Because of the applied cuts the shapes of the distributions differ from
(2.138), but the two cases are, nevertheless, clearly distinguishable. One can use Dab ≡ −3〈cosϕab〉 as
an unbiased estimator. We get Dππ = −0.32 (scalar) and−1.37 (pseudoscalar), which is to be compared
with the respective values of Table 2.3. Thus only a few ππ events are required to decide whether φ is
essentially a parity-even or -odd state. With (2.139) one can further check whether or not φ is a CPV
mixture. In Fig. 2.7 (right) the distribution of Q2 is plotted for the case of a Higgs boson with “maximal”
CPV in its couplings to tau leptons, aτ = −bτ . This gives 〈Q2〉ππ = 0.19, which is a bit below the
“no-cut” value 2/9, obtained from (2.141). We estimate that about 45 ππ events would establish this as
a 5 σ effect. The opening angle distribution and Q2 can be evaluated in analogous fashion for the other
tau decay channels which should, of course, also be taken into account to accumulate statistics.
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2.7.4 Top decay channels

Finally we discuss heavy Higgs bosons φ with mass mφ > 2mt that strongly couple to top quarks. Of
particular interest here is the case of a pseudoscalar, as A→/ W +W−, ZZ in lowest order, or a heavy
scalar with strongly suppressed couplings to the weak gauge bosons. If tanβ is of order 1, the top-quark
Yukawa coupling(s) will be large and φ → tt̄ is the dominant decay mode. For the investigation of the
CP nature of φ with the observables (2.138) and (2.139), (2.140) in this mode the dilepton and the lepton
+ jets channels are suitable which, for ` = e, µ, comprise about 4/81 and 8/27, respectively, of all t t̄
decays in the SM. In order to search for a longitudinal polarization asymmetry O3 it is useful to divide
the lepton + jets sample into two classes: A : tt̄→ `+ + · · · , and Ā : tt̄→ `− + · · · . For these events
one can use [245]

E = 〈k̂f · q̂1〉A − 〈k̂f̄ · q̂2〉Ā (2.142)

and a further asymmetry involving the above triple correlation.

For reactions (2.137) where φ production and decay factorizes to good approximation we get the
following [99]: If no phase space cuts are applied – modulo cuts on Mtt̄ – the opening angle distribution
is of the form (2.138) with D``′ = 1.33〈st · st̄〉 in the dilepton channel and D`j< = 0.66〈st · st̄〉 in
the lepton + jets channel if j< is used as top-spin analyzer in the non-leptonic top decay modes. The
expectation value of O1 was given above and takes the values 0.25 and −0.75 for a P-even and -odd
Higgs boson φ, respectively. In addition the formulae (2.141) apply. For a CPV Higgs boson a non-zero
〈Q3〉 and E are generated by the one-loop QCD corrections. With about 4000 φ → tt̄ events the CP
nature of φ could be established, in this ideal situation, for a large range of the coupling ratio rt with 5 σ
sensitivity when (2.138), (2.141), and (2.142) are used in combination [99].

At the LHC the main production reaction is expected to be gluon fusion, for which these results
do not apply. The amplitude of g g → φ → tt̄ → final state interferes with the amplitude of the QCD-
induced non-resonant tt̄ background, g g → tt̄ → final state, and this interference is not negligible,
even in the vicinity of

√
s ∼ mφ, because the resonance is not narrow. The interference generates a

peak-dip structure in the tt̄ invariant mass distribution Mtt̄ [244, 259]. Statistically significant signals
are possible in the mass range 350 GeV . mφ . 500 GeV, depending on the strength of the Yukawa
couplings and on the width of φ [115, 244, 251, 259]. Needless to say, this is a difficult channel which
requires very good Mtt̄ resolution and a precise knowledge of the background contributions to the Mtt̄

distribution13 .

If experiments will find a signal of a heavy neutral spin-zero boson φ in the tt̄ channel, the above
observables can of course be used in this case, too, to investigate its CP properties. The opening angle
distribution (2.138) was investigated in [244] in the dilepton channel with the irreducible tt̄ background
included. This background dilutes the striking difference between the shapes of the distributions for
a scalar and a pseudoscalar φ exhibited above. It depends critically on the Yukawa couplings, mass,
and width of φ whether or not a statistically significant effect is obtained. In order to preserve the
discriminating power of this distribution it should be determined only for events with Mtt̄ = mφ − ∆,
where ∆ is of the order of 40 GeV [244]. For the tt̄ background the distribution (2.138) was computed
to NLO QCD in [261].

CPV (resonant and non-resonant) φ exchange at one loop was computed for qq̄, gg → tt̄ within
2HDM in [103, 243] and confirmed by [118, 262]. The expectation values of the observables (2.139),
(2.140), and (2.142) were analyzed in [245] for the dilepton and the lepton + jets channels. When
evaluated for events with Mtt̄ = mφ − ∆ it was found that CP effects of a few percent are possible.
Observables composed of final state momenta in the laboratory frame yield smaller CP effects [243].
In [263] the CP asymmetry ∆LR = [N(tL t̄L) − N(tR t̄R)]/(all tt̄), which corresponds to 〈O3〉, was
computed within 2HDM for light φ exchange in qq̄, gg → tt̄ production, and found to be ∆LR ∼ 0.1 %.

Heavy Higgs production by weak gauge boson fusion at the LHC or at an ILC should also be an

13The matrix elements of [244] are contained in the MC generator TOPREX [260].
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Table 2.4: φ → ττ event numbers N1 and N2 required to determine the CP-even and -odd correlation Dab and
〈Q2〉ab with 3 σ significance, as a function of rτ = bτ/(aτ + bτ ).

rτ 0 0.1 0.2 0.5 0.6 0.7 – 1.0
N1: 9× 103 104 1.2× 104 1.2× 104 3× 103 103

rτ : 0.15 0.2 0.3 0.4 – 0.6 0.7 0.8 0.85
N2 : 1.2× 104 6× 103 3× 103 1.5× 103 3× 103 6× 103 1.2× 104

option to explore the tt̄ decay channel. If high-energetic left- and right-circularly polarized photon beams
will be available in the future then the respective production cross sections γγ → φ can be measured, and
a difference would constitute a clean signal of Higgs sector CPV [109]. For unpolarized γγ collisions, the
reactions γγ → φ→ ττ, tt̄ may be employed to investigate the CP nature of φ. In [149] CP observables
were analyzed and computed within 2HDM for the ` + jets final states of the φ→ tt̄ channel.

2.7.5 Conclusions

In conclusion we have discussed, for φ → ττ and φ → tt̄, a set of observables for determining the CP
parity of a neutral Higgs boson φ and, in particular, for investigating whether or not there is CPV in the
Higgs sector. The τ decay channel is clearly most suited to explore the nature of a light or heavy φ, and
the above correlations and asymmetries, applied in combination to the various charged final states, should
provide powerful tools already at the LHC. Table 2.4 summarizes our results for the τ decay mode: N1

and N2 are the φ → ττ event numbers required to measure the CP-even and -odd correlation Dab and
〈Q2〉ab with 3 σ significance as a function of rτ = bτ/(aτ + bτ ), using the τ decay channels discussed
above. The numbers apply to light and heavy φ. The opening angle distribution (2.138) is sensitive in
the ranges 0 ≤ rτ . 0.2 (scalar-like φ) and 0.7 . rτ ≤ 1.0 (pseudoscalar-like φ). Assuming that at least
104 φ→ ττ events will be recorded at the LHC, Higgs sector CP violation can be established if the ratio
of the Yukawa couplings lies in the range 0.2 . rτ . 0.8.

At the LHC a heavy φ is expected to be observable in the tt̄ channel only under favorable cir-
cumstances, i.e., for a restricted parameter range of various SM extensions. We found that the CP-odd
correlations and asymmetries (2.141), (2.142), applied to the dilepton and lepton + jets channels and
evaluated in appropriate mass bins, deviate from zero with & 3 σ for a Higgs boson with mass in the
range 300 GeV. mφ . 500 GeV and reduced Yukawa couplings |atbt| & 0.1. In any case the above ob-
servables may be applied to dileptonic and single-lepton tt̄ events, irrespective of a significant resonance
signal. Moreover, if φ → tt̄ should be seen at a future high luminosity e+e− and/or photon collider the
variables above will also show their discriminating power.

2.8 CP-violating top Yukawa couplings in the 2HDM
Wafaa Khater and Per Osland

The Two-Higgs-Doublet Model is a simple extension of the Standard Model that can provide additional
CP violation [1,36,264–266]. However, the model is rather constrained, it is not a priori obvious that the
allowed parameter regions provide CP violation that could be of experimental interest at the LHC. The
top Yukawa coupling is of particular interest, since it will become accessible at the LHC. It is interesting
to establish how the Higgs sector can be explored via this coupling.

The process
pp→ tt̄+X (2.143)

has been studied in considerable detail [263, 267], in particular by Bernreuther and Brandenburg [243,
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245] who identified the different kinematical structures appearing in the CP-violating part of the interac-
tion, and evaluated them in a generic Two-Higgs-Doublet Model.

At very high energies, the dominant contribution to the process (2.143) is from the gluon-gluon
initial state,

gg → tt̄ (2.144)

as indicated in Fig. 2.8. Also, among various observables proposed by Bernreuther and Brandenburg, we
focus [118] on one that requires the decay to electrons (or muons):

t→ l+νlb, t̄→ l−ν̄lb̄. (2.145)

In the process of producing tt̄ via gluon fusion, the CP violation can arise at the one-loop level, via
neutral Higgs exchange involving the t and t̄ lines, provided the top Yukawa coupling exhibits both
scalar and pseudo-scalar terms as given in Eq. (2.146). Such a coupling induces correlations among the
t and t̄ momenta and their spins. The most interesting of these correlations are the CP-odd ones which
are transferred to the t and t̄ decay products, e.g., to the energies and momenta of the electron and the
positron.

g

g

t

t̄

CP

Fig. 2.8: The underlying g + g → t+ t̄ reaction.

A necessary condition for having CP-violating Yukawa couplings, is that the mass matrix corre-
sponding to the three neutral Higgs bosons not be block diagonal in the weak basis, i.e., in terms of the
real and imaginary parts of the doublet fields Φ1 and Φ2. In the notation of [118] (see also section 2.1),
this requires one or more among λ5, λ6 and λ7 to be complex. The simplest case is to take λ5 to be com-
plex. Actually, the model considered in [118] takes λ6 = λ7 = 0. The Z2 symmetry is thus respected by
the quartic terms, and Flavour-Changing Neutral Couplings are naturally suppressed [18].

The resulting model can be parameterized in different ways. Let the top Yukawa coupling for a
particular Higgs boson Hj be written as

Hjtt̄ : [a+ iγ5ã] (j = 1, 2, 3) (2.146)

or as
mt

v

[
gL

1− γ5

2
+ gR

1 + γ5

2

]
. (2.147)

Then, a crucial quantity is the asymmetry between the left- and right-handed parts of the coupling

γCP = −aã = −i m
2
t

4v2
(g2
L − g2

R). (2.148)

In the Model II for Yukawa couplings, where only Φ2 couples to up-type quarks, and only Φ1 to
down-type quarks, the couplings a and ã are simply given in terms of elements of the rotation matrix that
diagonalizes the mass-squared matrixM2 of the neutral Higgs bosons. This rotation matrix R is defined
in (2.27) and (2.28). Relative to the SM coupling, the Yukawa couplings can then be written as

Hjtt̄ :
1

sinβ
[Rj2 − iγ5 cos βRj3], (2.149)
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with R the rotation matrix as defined in (2.28)

Unless the couplings are suppressed, the dominant contribution to the CP violation will come from
diagrams involving exchange of the lightest Higgs boson, H1. According to the above discussion, this
contribution will be proportional to R12R13 cos β/ sin2 β. Thus, in order to maximize the CP violation
in tt̄ production, we are interested in low values of tan β, and large values of |R12R13|. The latter
requirement means large | sinα1| and large | sin 2α2|.

2.8.1 A CP-violating observable

Among various CP-violating observables proposed by Bernreuther and Brandenburg, the quantity

A1 = E+ −E− (2.150)

was found to be rather promising [118]. Here, E+ and E− are the energies of the positron and electron
of Eq. (2.145), defined in the laboratory frame.

In order to have a significant observation, the expectation value 〈A1〉 must compare favourably
with the statistical fluctuations, which behave like

√
N , where N is the number of events. In order to

assess this, it is convenient to consider the “signal to noise” ratio [243],

S

N
=

〈A1〉√
〈A2

1〉 − 〈A1〉2
. (2.151)

The analytical expression for 〈A1〉 is entirely determined by the coefficients of the CP-odd correlations
between the momenta and the spins of the tt̄ pair [268]. This explicitly shows that the CP-violation
originating at the production level of the top pair manifests itself in the kinematics of their decay products.

2.8.2 Results

One can specify the Two-Higgs-Doublet Model in terms of the potential, plus additional parameters. We
found it convenient to follow a different approach. In order to more easily identify regions of large CP
violation, we take as input parameters those which are more directly related to the observables. Thus, we
take the angles of the rotation matrix and the lowest masses as part of the input:

Input: tanβ, α1, α2, α3, M1, M2, MH± , Rem2
12. (2.152)

With this input, the mass of the heaviest Higgs boson, M3, is determined, as well as the coefficients of
the potential, λ1, λ2, λ3, λ4, and λ5.

CP violation requires the mass-squared matrix not to be block diagonal. This, in turn, requires
sinα2 6= 0, and/or sinα3 6= 0. However, only a small part of the 8-dimensional parameter space (2.152)
yields viable models, when various physical constraints are taken into account. The constraints are of
different kinds, the most important of which are: (i) the potential must satisfy positivity and unitarity
(constraints most easily expressed in terms of the λs), (ii) the spectrum must be compatible with the
LEP searches (which essentially constrains a function of the lightest Higgs mass and its coupling to
the Z boson), and (iii) the charged Higgs must be compatible with constraints from direct searches at
LEP [232] and b→ sγ [83].

For a range of parameters, with the lightest Higgs mass of the order of 100 to 150 GeV, tanβ = 0.5
and the charged Higgs mass at 300 GeV, the “signal-to-noise” ratio was found to be of the order of 10−3.
Thus, a number of semileptonically decaying tt̄ events in excess of 106 will be required in order to
measure a significant CP-violating signal, for “optimal” parameters. This should be possible, after a few
years of running at high luminosity [269, 270].

We note from Eqs. (2.148) and (2.149) that in the limit of three degenerate Higgs masses, the CP
violation in the top Yukawa coupling vanishes, due to the orthogonality of the rotation matrix R. Also,
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Fig. 2.9: Sensitivity of A1 vs. lightest Higgs mass, M1, for M2 = 300 GeV, M3 = 500 GeV, MH± = 500 GeV
(from [271]).

due to the constraints inherent in the model (with λ6 = λ7 = 0), if two of the Higgs boson masses
approach each other (M1 → M2 or M2 → M3) then also the third one will approach this value, and the
CP violation will again vanish. Thus, “large” CP violation is only possible if one Higgs boson is fairly
light, and the other two are heavy and non-degenerate.

In a recent update of this study [271], more constraints have been imposed on the model. As a
result, the allowed regions of the parameter space shrink, and the detection of CP violation within the
2HDM thus becomes more challenging than found earlier, see Fig. 2.9.

2.9 Higgs CP measurement via tt̄φ partial reconstruction at the LHC

Justin Albert, Mikhail Dubinin, Vladimir Litvin, and Harvey Newman

In the Standard Model, if the Higgs mass is below 140 GeV, the “golden” channels φ → ZZ ∗ → 4`
and φ→ WW ∗ → 2`2ν have small branching fraction, thus the mode φ → γγ begins to become more
favorable for discovery. However, the latter does not, in general, encode information on Higgs properties
such as CP and spin. In order for information on Higgs CP and spin to be obtained from such decays,
the Higgs must be produced in association with two or more particles, such as bb̄ or tt̄. From an angular
analysis of such processes, one can obtain information, in a model-independent way, on the Higgs spin
and CP [272].

We consider here the process gg → tt̄φ. This process has a relatively small cross-section in
the SM (see the left plot of Fig. 2.10), however it has comparatively quite low background. In order
to increase the size of the sample of tt̄φ events, we reconstruct just one of the t or t̄, but not both,
i.e. a partial reconstruction of t(t̄)φ, as compared with a full reconstruction of both the t and t̄, as
well as the Higgs. For an efficiency for top reconstruction of 20%, partial reconstruction increases the
efficiency, relative to full reconstruction, from (20%)2 = 4% to 2 ∗ 20% − (20%)2 = 36%, nearly an
order of magnitude. This could potentially introduce backgrounds of the form tφ +X , however events
that contain both top and Higgs are dominated by tt̄ + X , so this technique does not add significant
irreducible background.

One may use both φ → γγ and φ → bb̄ channels for this process. We consider here the gg →
t(t̄)φ, φ → γγ channel, which has less background, although a far lower branching fraction, than φ →
bb̄. We select the φ→ γγ in a similar manner as for the CMS inclusive φ→ γγ analysis [273], and then
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Fig. 2.10: Standard Model cross-sections (left) of processes containing a Higgs at the LHC as a function of Higgs
mass, and branching fractions (right) of the Higgs, again as a function of Higgs mass.

add to that a top, reconstructed as a b-tagged jet and a high-pT (> 40 GeV) lepton. The events themselves,
and thus the background channels, are a subset of the inclusive φ → γγ analysis. Backgrounds are
dominated in this case by tt̄γγ, bb̄γγ, and Zγγ processes. As Higgs discovery and mass measurement
would likely be performed by the inclusive Higgs analysis prior to this analysis to determine Higgs spin
and CP, a selection on the Higgs mass can dramatically reduce these main “irreducible” backgrounds.

In order to consider the gg → t(t̄)φ process, the Yukawa Lagrangian can be divided into CP-even
and CP-odd components:

L = t̄(c+ idγ5)tφ, (2.153)

where 0 ≤ c ≤ 1 parametrizes the CP-even contribution and d = 1 − c parametrizes the CP-odd
fraction [272]. In the existing approaches to the MSSM with explicit CP violaton in the Higgs sector
[47, 274, 275] the parameters c and d are expressed by means of the matrix elements Rij of the Higgs
boson mixing matrix (see Eq. 2.27). For the lightest mass eigenstate h1 we have c = k (R21 sinα +
R11 cosα) and d = −k (R31 cos β) where k = −mtop/(sinβ v

2) and α,β are the standard mixing angles
of the CP-even/odd states. However, in the following we are not going to use any particular model of
explicit CP-violation but simply consider c and d as the model-independent weights parametrizing the
CP-even and the CP-odd components in the Yukawa Lagrangian [272].

Gunion and He define 6 CP-sensitive variables, as follows [272]:

a1 =
(~pt × n̂) · (~pt̄ × n̂)

|(~pt × n̂) · (~pt̄ × n̂)| , a2 =
pxt p

x
t̄

|pxt pxt̄ |

b1 =
(~pt × n̂) · (~pt̄ × n̂)

pTt p
T
t̄

, b2 =
(~pt × n̂) · (~pt̄ × n̂)

|~pt||~pt̄|
(2.154)

b3 =
pxt p

x
t̄

pTt p
T
t̄

, b4 =
pzt p

z
t̄

|~pt||~pt̄|
,

where n̂ is a unit vector in the +z direction along the collision axis. Using the partial reconstruction
technique, the information from the second top momentum must be replaced with the momentum of the
reconstructed Higgs (or potentially with the unreconstructed [missing] momentum, or some combina-
tion. Here we simply use the momentum of the reconstructed Higgs for the replacement.) As shown
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Fig. 2.11: Distributions of (as rows from top) the a1, a2, b1, b2, b3, and b4 variables. Within each row, the
leftmost plot shows the distribution for CP-even Higgs full reconstruction, left middle shows CP-odd with full re-
construction, right middle shows CP-even Higgs partial reconstruction, and rightmost shows CP-odd Higgs partial
reconstruction.
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Fig. 2.12: Projection of Higgs CP fit onto the β4 variable. Monte Carlo data are points with error bars (statis-
tical only). The line shows the projection of the fit to a sum of CP-even and CP-odd components (as well as
misreconstructed background).

in Fig. 2.11, the partial reconstruction has a similar overall per-event CP sensitivity to the full recon-
struction, along with the much higher efficiencies. We denote the partial-reconstruction versions of the
original Gunion-He variables with Greek letters: (ai, bj)→ (αi, βj).

In order to extract the CP-even and CP-odd fractions of the Higgs from reconstructed t( t̄)φ events,
we have implemented an unbinned maximum-likelihood fit, combining the information from each of the
CP-sensitive variables. For each event i and hypothesis j (CP-even signal, CP-odd signal, background)
we define the probability density function (PDF) as

Pij = Pj(αi1)Pj(αi2)Pj(βi1)Pj(βi2)Pj(βi3)Pj(βi4), (2.155)

accounting for correlations between the 6 variables. The likelihood function is

L =
e−
P
Yj

N !

N∏

i=1

∑

j

YjPij , (2.156)

where Yj is the yield of events of hypothesis j and N is the number of events in the sample.

We fit sets of 50, 100, 500, and 1000 partially-reconstructed t(t̄)φ events (corresponding to ap-
proximately 40, 80, 400, and 800 fb−1 of integrated luminosity respectively), in each case with the φ
generated as being 50% CP-odd and 50% CP-even. The resulting uncertainties on the CP (i.e. parame-
ters c and d of Eq. 2.153) are ±0.5 for the 50-event case, ±0.3 for 100 events, ±0.2 for 500 events, and
±0.1 for 1000 events. Fig. 2.12 shows a projection of the maximum-likelihood fit onto the β4 variable,
as compared with the data (the points with error bars). The CP-even component has a gentler exponential
slope, and smaller central Gaussian fraction, than the CP-odd component for this variable.

To improve measured uncertainties on the Higgs CP and spin, performing a combined analysis
of this gg → t(t̄)φ, φ → γγ channel together with related channels such as gg → t(t̄)φ, φ → bb̄;
gg → b(b̄)φ, φ→ γγ; and vector boson fusion Higgs production (for a light Higgs) and φ→ ZZ ∗ → 4`
and φ→WW ∗ → 2`2ν (for a heavier Higgs) is the most promising direction.
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2.10 Higgs + 2 jets as a probe for CP properties
Vera Hankele, Gunnar Klämke, and Dieter Zeppenfeld

At the LHC, one would like to experimentally determine the CP nature of any previously discovered
(pseudo)scalar resonance. Such measurements require a complex event structure in order to provide
the distributions and correlations which can distinguish between CP-even and CP-odd couplings. This
can either be done by considering decays, e.g. H → ZZ → l+l−l+l− and the correlations of the
decay leptons [93, 119], (see sections 2.12, 2.11 and 2.13), or one can study correlations arising in the
production process. Here the azimuthal angle correlations between the two additional jets in Hjj events
have emerged as a promising tool [98]. In the following we consider the prospects for using Φjj events
at the LHC, where Φ stands for a CP even boson, H, a CP odd state, A, or a mixture of the two. Two
production processes are considered. The first is vector boson fusion (VBF), i.e. the electroweak process
qQ → qQΦ (and crossing related ones) where Φ is radiated off a t-channel electroweak boson. The
second is gluon fusion where Φ is produced in QCD dijet events, via the insertion of a heavy quark loop
which mediates gg → Φ + 0, 1, 2 gluons.

The CP properties of a scalar field are defined by its couplings and here we consider interactions
with fermions as well as gauge bosons. Within renormalizable models the former are given by the
Yukawa couplings

LY = yf ψ̄Hψ + ỹf ψ̄Aiγ5ψ , (2.157)

whereH (andA) denote (pseudo)scalar fields which couple to fermions f = t, b, τ etc. In our numerical
analysis we consider couplings of SM strength, yf = ỹf = mf/v = ySM . Via these Yukawa couplings,
quark loops induce effective couplings of the (pseudo)scalar to gluons which, for (pseudo)scalar masses
well below quark pair production threshold, can be described by the effective Lagrangian

Leff =
yf
ySM

· αs
12πv

·HGaµν G
a µν +

ỹf
ySM

· αs
16πv

·AGaµν Gaρσεµνρσ . (2.158)

Similar to the Φgg coupling, Higgs couplings to W and Z bosons will also receive contributions from
heavy particle loops which can be parameterized by the effective Lagrangian

L5 =
fe

Λ5
H ~Wµν

~W µν +
fo

Λ5
A ~Wµν

~Wρσ
1

2
εµνρσ . (2.159)

For most models, one expects a coupling strength of order fi/Λ5 ∼ α/(4πv) for these dimension 5
couplings and, hence, cross section contributions to vector boson fusion processes which are suppressed
by factors α/π (for interference effects with SM contributions) or (α/π)2 compared to those mediated
by the tree level HV V (V = W, Z) couplings of the SM. However, together with the tree level
couplings, the effective Lagrangian of Eq. (2.159) has the virtue that it parameterizes the most general
ΦV V coupling which can contribute in the vector boson fusion process qQ → qQΦ and, thus, it is a
convenient tool for phenomenological discussions and for quantifying, to what extent certain couplings
can be excluded experimentally. Neglecting terms which vanish upon contraction with the conserved
quark currents, the most general tensor structure for the fusion vertex V µ(q1)V ν(q2)→ Φ is given by

T µν(q1, q2) = a1(q1, q2) gµν + a2(q1, q2) [q1 · q2g
µν − qµ2 qν1 ] + a3(q1, q2) εµναβq1αq2β . (2.160)

Here the ai(q1, q2) are scalar form factors, which, in the low energy limit, are given by the effective
Lagrangian of Eq. (2.159). One obtains, e.g. for the W +W−Φ coupling, a2 = −2fe/Λ5 and a3 =
2fo/Λ5, while a1 = 2m2

W /v is the SM vertex.

The CP-even and CP-odd couplings of Eqs. (2.158,2.159) lead to characteristic azimuthal angle
correlations of the two jets in Φjj production processes. Normalized distributions of the azimuthal angle
between the two jets, 4φjj , are shown in Fig. 2.13 for vector boson fusion (left panel) and for gluon
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Fig. 2.13: Left: Normalized distributions of the azimuthal angle between the two tagging jets, for the Φ→WW →
eµp�T signal in vector boson fusion at mΦ = 160 GeV, from Ref. [98]. Curves, after cuts as in Ref. [276], are for
the SM and for single D5 operators as given in Eq. (2.159), i.e. they each assume a single nonzero coupling ai of
Eq. (2.160). Right: The same for Higgs production in gluon fusion at mΦ = 120 GeV. Curves are for CP-even (i.e.
SM) and CP-odd Φtt couplings.

fusion processes (right panel) leading to Φjj events: A CP-odd coupling suppresses the cross section for
planar events because the epsilon tensor contracted with the four linearly dependent momentum vectors
of the incoming and outgoing partons disappears. For a CP-even coupling the dip, instead, appears at 90
degrees [98, 277]. Unfortunately, when both CP-even and CP-odd couplings are present simultaneously,
the two 4φjj distributions simply add, i.e. one does not observe interference effects. The dip-structure
which is present for pure couplings is, thus, washed out.

This behavior is demonstrated in Fig. 2.14. For CP-even and CP-odd couplings of the same
strength, i.e. fe = fo, the azimuthal angle distribution is very similar to the SM case. However, in
order to test the presence of anomalous couplings in such cases, other jet distributions can be used, e.g.
transverse momentum distributions. The4φjj distribution is quite insensitive to variations of form fac-
tors, NLO corrections and the like [278]. On the other hand, pT distributions depend strongly on form
factor effects. We study these effects for a particular parameterization of the momentum dependence:

a2(q1, q2) = a3(q1, q2) ∼M2 C0 ( q1, q2,M ) , (2.161)

where C0 is the familiar Passarino-Veltman scalar three-point function [279]. This ansatz is motivated by
the fact that the C0 function naturally appears in the calculation of one-loop triangle diagrams, where the
mass scale M is given by the mass of the heavy particle in the loop. As can be seen in the right panel of
Fig. 2.14, even for a mass scale M of the order of 50 GeV the anomalous couplings produce a harder pT
distribution of the tagging jets than is expected for SM couplings. Thus it is possible to experimentally
distinguish EW vector boson fusion as predicted in the SM from loop induced WWΦ or ZZΦ couplings
by the shape analysis of distributions alone.

Let us now consider the gluon fusion processes where, for Φtt couplings of SM strength, one
does expect observable event rates from the loop induced effective Φgg couplings [277]. In order to
assess the visibility of the CP-even vs. CP-odd signatures of the azimuthal jet correlations at the LHC,
we consider Higgs + 2 jet production with the Higgs decaying into a pair of W -bosons which further
decay leptonically, Φ → W+W− → `+`−νν̄. We only consider electrons and muons (` = e±, µ±) in
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Fig. 2.14: Normalized distributions of the tagging jets in EW vector boson fusion with anomalous couplings and
for a Higgs mass of mΦ = 120 GeV. Typical VBF cuts of pTj > 30 GeV, |ηj | < 4.5, |ηj1 − ηj2 | > 4.0, mjj >

600 GeV are applied. Left: Azimuthal angle distribution between the two tagging jets, for different strengths of
the operators of Eq. (2.159). Right: Transverse momentum distribution of the hardest tagging jet for fe = fo = 1

and a form factor as in Eq. (2.161). The “no formfactor” curve corresponds to the limit M → ∞, i.e. a constant
ai.

the final state. The Higgs-mass is set to mΦ = 160 GeV. From previous studies on Higgs production
in vector boson fusion [276] the main backgrounds are known to be top-pair production i.e. pp →
tt̄, tt̄j, tt̄jj [280]. The three cases distinguish the number of b quarks which emerge as tagging jets. The
tt̄ case corresponds to both bottom-quarks from the top-decays being identified as forward tagging jets,
for tt̄j production only one tagging jet arises from a b quark, while the tt̄jj cross section corresponds to
both tagging jets arising from massless partons. Further backgrounds arise from QCD induced W +W−

+ 2 jet production and electroweak W+W−jj production. These backgrounds are calculated as in
Refs. [281] and [282], respectively. In the EW W +W−jj background, Higgs production in VBF is
included, i.e. the VBF Higgs signal is considered as a background to the observation of Φjj production
in gluon fusion. We do not consider backgrounds from Zjj, Z → ττ and from bb̄jj production because
they have been shown to be small in the analyses of Refs. [276, 283].

The inclusive cuts in Eq. (2.162) reflect the requirement that the two tagging jets and two charged
leptons are observed inside the detector, and are well-separated from each other.

pTj > 30 GeV, |ηj | < 4.5, |ηj1 − ηj2 | > 1.0

pT` > 10 GeV, |η`| < 2.5, ∆Rj` > 0.7 (2.162)

The resulting cross sections for these cuts are shown in Table 2.5. The signal cross section of 121 fb
(which includes the branching ratios into leptons) is quite sizeable. The QCD WWjj cross section
is about 3 times higher whereas the VBF process reaches 2/3 of the signal rate. The worst source of
background arises from the tt̄ processes, with a total cross section of more than 17 pb.
In order to improve the signal to background ratio the following selection cuts are applied:

pT` > 30 GeV, m`` < 75 GeV, ∆R`` < 1.1

mWW
T < 170 GeV, m`` < 0.5 ·mWW

T . (2.163)
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Table 2.5: Signal rates and background cross sections for mΦ = 160 GeV. Results are given for the inclusive cuts
of Eq. (2.162), the additional selection cuts of Eq. (2.163) and b-quark identification as discussed in the text, and
with the additional ∆ηjj cut of Eq. (2.166) which improves the sensitivity to the CP nature of the Φtt coupling.
The events columns give the expected number of events for Lint = 30 fb−1.

inclusive cuts selection cuts selection cuts + Eq. (2.166)
process σ [fb] σ [fb] events / 30 fb−1 σ [fb] events / 30 fb−1

GF pp→ Φ + jj 121.2 39.2 1176 13.1 393
VBF pp→W+W− + jj 75.2 20.8 624 17.4 521

pp→ tt̄ 6832 29.6 888 2.0 60
pp→ tt̄+ j 9712 56.4 1692 15.6 468
pp→ tt̄+ jj 1200 8.8 264 3.2 97

QCD pp→W+W− + jj 364 15.2 456 3.9 116

Here, the transverse mass of the dilepton-~p�T system is defined as [276]

mWW
T =

√
(E�T +ET,``)2 − (~pT,`` + ~p�T )2 (2.164)

in terms of the invariant mass of the two charged lepton and the transverse energies

ET,`` = (p2
T,`` +m2

``)
1/2, E�T = (p�2

T +m2
``)

1/2. (2.165)

In addition to these cuts we make use of a b-veto to reduce the large top-background. We reject all events
where at least one jet is identified as a b-jet. Using numbers from Ref. [284], we assume b-tagging
efficiencies in the range of 60% − 75% (depending on b-rapidity and transverse momentum) and an
overall mistagging probability of 10% for light partons.
With the selection cuts (2.163) and the b-veto the backgrounds can be strongly suppressed. Table 2.5
shows the resulting cross sections and the expected number of events for an integrated luminosity of
Lint = 30 fb−1. The signal rate is reduced by a factor of 3 but the backgrounds now have cross sections
of the same order as the signal. The largest background still comes from the tt̄ processes, especially
tt̄+1j. For 30 fb−1 we get about 1000 signal events on top of 4000 background events. This corresponds
to a purely statistical significance of the gluon fusion signal of S/

√
B ≈ 18 and a sufficient number of

events to analyze the azimuthal jet correlations.

Figure 2.15 shows the expected 4φjj distribution for 30 fb−1. Plotted are signal events on top of
the various backgrounds. An additional cut on the rapidity gap between the jets

|ηj1 − ηj2 | > 3.0 (2.166)

has been applied. It enhances the shape of the distribution that is sensitive to the nature of the Φtt
coupling. Clearly visible, the distribution for the CP-even coupling has a slight minimum at4φjj = 90◦

whereas for the CP-odd case there is a pronounced maximum. In order to quantify this, we define the
fit-function

f(4φ) = C · (1 +A · cos 24φ+B · cos4φ) (2.167)

with free parameters A, B, C . The fit is shown as black curves in Fig. 2.15. The parameter A is now
a measure for the 4φjj asymmetry, i.e. whether there is a CP-even or CP-odd Φtt coupling. The fitted
values are A = 0.064 ± 0.035 for the CP-even and A = −0.157 ± 0.034 for the CP-odd case, while
AB = −0.039 ± 0.040 for the sum of all backgrounds. Defining a significance s as

s =
(AS+B −AB)

∆AS+B
, (2.168)
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Fig. 2.15: Distribution of the azimuthal angle between the tagging jets in Φjj events for a CP-even (left) and a CP-
odd (right) Φtt coupling. Shown are expected signal and background events per 10 degree bin for Φ→W +W− →
`+`−νν̄ and Lint = 30 fb−1 for the cuts of Eqs. (2.162, 2.163, 2.166) and an applied b-veto. Processes from top
to bottom: gluon fusion (signal), VBF, tt̄, tt̄j, tt̄jj, QCD WWjj. mΦ = 160 GeV is assumed.

we get s = 3.0 and s = −3.4 for the CP-even and CP-odd case, respectively. Thus, a distinction of
a CP-odd and CP-even Φtt coupling is possible at a 6σ level for the considered process and a Higgs
mass of 160 GeV. This implies that, at least for favorable values of the Higgs boson mass, (i) an effective
separation of VBF and gluon fusion sources of Φjj events is possible and (ii) the CP nature of the Φtt
coupling of Eq. (2.157) can be determined at the LHC.

2.11 CP-violating Higgs bosons decaying via H → ZZ → 4 leptons at the LHC
Rohini M. Godbole, David J. Miller, Stefano Moretti and Margarete M. Mühlleitner

In this contribution, we study the decay of a Higgs boson to a pair of real and/or virtual Z bosons
which subsequently decay into pairs of fermions, H → ZZ → (f1f̄1)(f2f̄2), where f1 and f2 are
distinguishable. This channel is particularly important at the LHC for Higgs masses MH > 2MZ , where
the Z bosons are produced on-shell, but is also of use for smaller Higgs boson masses where one of the
Z bosons must be virtual [285].

To do a model-independent analysis we examine the most general vertex for a spin-0 boson cou-
pling to two Z bosons, including possible CP violation, which can be written as

ig

mZ cos θW
[ a gµν + b (k2µk1ν − k1 · k2gµν) + c εµναβk1

αk2
β ], (2.169)

with k1 and k2 the four-momenta of the two Z bosons, and θW the weak-mixing angle, c.f. Eq. (2.63)
in the introduction. The form factors b and c may be complex, but since an overall phase will not effect
the observables studied here, we are free to adopt a convention where a is real. These form factors can
arise from radiative loop corrections or from new physics at the TeV scale, i.e. from higher dimensional
operators [98], and may themselves be functions of the momenta. The terms associated with a and b
are CP-even, while that associated with c is CP-odd. εµναβ is totally antisymmetric with ε0123 = 1. CP
violation will be realized if at least one of the CP-even terms is present (i.e. either a 6= 0 and/or b 6= 0)
and c is non-zero. In the following, for the sake of simplicity, we will always assume b = 0.
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Fig. 2.16: The definition of the polar angles θi (i = 1, 2) and the azimuthal angle ϕ for the sequential decay
H → Z(∗)Z → (f1f̄1)(f2f̄2) in the rest frame of the Higgs boson.

For b = 0 this differs from the vertex of Refs. [93, 136] in the CP-odd term by a factor of 2, and
differs from that of Refs [119, 286, 287] and section 2.12 in the choice of mZ as a normalization factor
instead of mH . For further related studies relevant to the LHC also see Refs. [98, 288, 289] and section
2.13; for those relevant to e+e− colliders see Refs. [94–97,134,151]; for a study at a photon collider see
Ref. [147] and section 2.14.

The Standard Model at tree-level is recovered for a = 1 and b = c = 0, which is obviously CP
conserving. Nevertheless, it is interesting to ask if the LHC will be sensitive to any exotic new physics
which might provide a CP violating HZZ vertex of this form.

2.11.1 The distributions sensitive to CP violation

In order to fully test for the occurance of CP violation in the HZZ vertex it is helpful to find asymmetries
which probe the real and imaginary parts of c. The real part of c is probed by any observable which is
CP odd and T̃ odd (where T̃ denotes pseudo-time-reversal, which reverses particle momenta and spin
but does not interchange initial and final states), while the imaginary part is probed by any observable
which is CP odd and T̃ even. The nonvanishing of the CPT̃ odd coefficients is related to the presence of
absorptive parts in the amplitude [290].

An observable sensitive to Im (c) can be found by looking at the polar angular distributions of the
process. We denote the polar angles of the fermions f1, f2 in the rest frames of the Z bosons by θ1 and
θ2 and define,

O1 ≡ cos θ1 =
(~pf̄1
− ~pf1) · (~pf̄2

+ ~pf2)

|~pf̄1
− ~pf1 ||~pf̄2

+ ~pf2 |
(2.170)

where ~pf are the three-vectors of the corresponding fermions with ~pf1 and ~pf̄1
in their parent Z’s rest

frame but ~pf2 and ~pf̄2
in the Higgs rest frame, see Fig. 2.16. The angular distribution in θi (i = 1, 2) for a

CP-odd state is∼ (1 + cos2 θi), corresponding to transversely polarized Z bosons, which is very distinct
from the purely CP-even distribution proportional to sin2 θi for longitudinally polarized Z bosons in the
large Higgs mass limit [97, 134]. Im (c) 6= 0 will introduce a term linear in cos θi leading to a forward-
backward asymmetry. The distribution for cos θ1 is shown in Fig. 2.17 for a Higgs mass of 200 GeV and
a purely scalar, purely pseudoscalar and CP-mixed scenario. The asymmetry is absent if CP is conserved
(for both CP-odd and CP-even states) but is non-zero if Im (c) 6= 0 while simultaneously a 6= 0. This
may then act as a definitive signal of CP violation in this vertex. However, note that this observable
requires one to distinguish between f1 and f̄1.
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Fig. 2.17: The normalized differential width for H → ZZ → (f1f̄1)(f2f̄2) with respect to the cosine of the
fermion’s polar angle. The solid (black) curve shows the SM (a = 1, b = c = 0) while the dashed (blue)
curve is a pure CP-odd state (a = b = 0, c = i). The dot-dashed (red) curve is for a state with a CP violating
coupling (a = 1, b = 0, c = i). One can clearly see an asymmetry about cos θ1 = 0 for the CP violating case.

To quantify this we define an asymmetry by

A1 =
Γ(cos θ1 > 0)− Γ(cos θ1 < 0)

Γ(cos θ1 > 0) + Γ(cos θ1 < 0)
. (2.171)

In the case of no CP violation A1 = 0, whereas any significant deviation from zero will be a sign that
CP is violated. Fig. 2.18 (left) shows the value of A1 for a Higgs mass of 200 GeV as a function of the
ratio Im (c)/a. The value Im (c)/a = 0 corresponds to the purely scalar state whereas Im (c)/a →∞
to the purely CP-odd case. It is clear from Eq. (2.171) that A1 is sentitive only to the relative size
of the couplings since any factor will cancel in the ratio. We find that the asymmetry is maximal for
Im (c)/a ∼ 1.4 with a value of about 0.077.

In order to get a first rough estimate whether this asymmetry can be measured at the LHC we
calculate the significance with which a particular CP violating coupling would manifest at the LHC. In
the purely SM case, we assumed that 100 fb−1 provide 180 signal events containing H → ZZ → 4
leptons after cuts to remove background [285] (all production channels). We then divide this number by
two to provide an estimate for H → ZZ → e+e−µ+µ− (since we need to distinguish the leptons) and
scaled this number up to 300 fb−1 (i.e. giving 270 events). The number of events for the CP violating
case has been obtained by multiplying the number of SM events by the ratio of CP violating to SM cross
sections. We are therefore assuming the SM value for the CP even coefficient, i.e. a = 1. For simplicity
we assume the charge of the particles is unambiguously determined.

Fig. 2.18 (right) shows the significance as a function of Im (c), calculated according to A1

√
N

where N is the number of expected events. The maximum of the curve is slighlty shifted to higher values
of Im (c)/a compared to Fig. 2.18 (left) due to the increasing Higgs decay rate with rising pseudoscalar
coupling. The curve shows that, even in a best case scenario, the signficance is always less than 3σ, so
evidence for CP violation cannot be obtained in this channel without more luminosity. However, since
one does not need to distinguish f2 and f̄2 one could also consider using jets instead of muons, i.e.
H → ZZ → l+l−jj, to increase the statistics. This process deserves further study.

To probe Re (c) we require an observable which is CP odd and T̃ odd, so we choose to define,

O2 ≡
(~pf̄1
− ~pf1) · (~pf̄2

× ~pf2)

|~pf̄1
− ~pf1 ||~pf̄2

× ~pf2 |
. (2.172)
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Fig. 2.18: Left: The asymmetry given by Eq. (2.171) as a function of the ratio Im (c)/a, for a Higgs boson of mass
200 GeV. Right: The number of standard deviations the asymmetry deviates from zero as a function of Im (c). The
inserts show the same quantities for a larger range of Im (c).
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Fig. 2.19: The normalized differential width for H → ZZ → (f1f̄1)(f2f̄2) with respect to the observableO2 (see
text). The solid (black) curve shows the SM (a = 1, b = c = 0) while the dashed (blue) curve is a pure CP-odd
state (a = b = 0, c = 1). The dot-dashed (red) curve is for a state with a CP violating coupling (a = 1, b = 0,
c = 1). Again one sees an asymmetry about zero for the CP violating case.

The dependence of the differential width on this observable is plotted in Fig. 2.19 but while an asymmetry
is indeed present, it is very small and will be difficult to see in practice. The corresponding asymmetry is

A2 =
Γ(O2 > 0)− Γ(O2 < 0)

Γ(O2 > 0) + Γ(O2 < 0)
, (2.173)

which is plotted in Fig. 2.20 (left) as a function of Re (c)/a. The significance (as calculated for A1

above) is shown in Fig. 2.20 (right). The significance is always very small, and it is difficult to see how
this could provide useful information. In this case one cannot exploit the decay of Higgs bosons to jets
since one must also distinguish f2 and f̄2.

Another distribution sensitive to CP violation is the azimuthal angular distribution dΓ/dϕ where
ϕ denotes the angle between the planes of the fermion pairs stemming from the Z boson decays, cf.
Fig. 2.16. Whereas the purely SM case shows a distribution

dΓ

dϕ
∼ 1 +A cosϕ+B cos 2ϕ, (2.174)
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Fig. 2.20: Left: The asymmetry given by Eq. (2.173) as a function of the ratio Re (c)/a, for a Higgs boson of mass
200 GeV. Right: The number of standard deviations the asymmetry deviates from zero as a function of Re (c). The
inserts show the same quantities for a larger range of Re (c).

where the coefficients A andB are functions of the Higgs and Z boson mass (see Ref. [93]), in the purely
pseudoscalar case

dΓ

dϕ
∼ 1− 1

4
cos 2ϕ. (2.175)

In the CP violating case we must include contributions from both the scalar and pseudoscalar cou-
plings which will alter this behaviour. Knowing the Higgs mass from previous measurements, any de-
viation from the predicted distribution in the scalar/pseudoscalar case will be indicative of CP violation.
This can be inferred from Fig.2.21 which shows the azimuthal angular distribution for MH = 200 GeV
in the SM case, for a CP-odd Higgs boson and two CP violating cases. The purely CP-odd curve will
always show the same behaviour independently of the value of c since the curves are normalized to unit
area. Therefore a special value of c could not fake the flattening of the curve appearing in the CP vio-
lating examples. This flattening even leads to an almost constant distribution in ϕ for the case c/a = 1.
It should be kept in mind, though, that this method cannot be applied for large Higgs masses where
the ϕ dependence disappears in the SM. One must also beware of degenerate Higgs bosons of opposite
CP; since one cannot distinguish which Higgs boson is in which event, one must add their contributions
together, possibly mimicking the effect seen above.

This procedure is similar to that of Sections 2.12 and 2.13 where log-likelihood functions were
constructed and minimised to extract the coefficients in the vertex or yield exclusion contours.

The next step will be to study in a more realistic simulation how well the ϕ distribution can be fitted
at the LHC and hence to which extent CP violation can be probed in the azimuthal angular distribution.

2.11.2 Summary and Outlook

We have studied the decays of Higgs bosons into a pair of Z bosons, which subsequently decay into
leptons, for a general HZZ coupling at the LHC. We examined CP violating asymmetries which probe
the real and imaginary couplings of the CP-odd term. We found that the asymmetries produced are small
and will not provide evidence of CP violation at the LHC without higher luminosity. However, it may
be possible to exploit other channels, such as Higgs decays to leptons and jets, to increase significances.
We also examined the dependence on the azimuthal angle between the lepton planes, which is similarly
indicative of CP violation. Further studies of this azimuthal angle and the extension to arbitrary higher
“Higgs” spin will be the subject of future work.
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Fig. 2.21: The normalized differential width for H → Z (∗)Z → (f1f̄1)(f2f̄2) with respect to the azimuthal angle
ϕ. The solid (black) curve shows the SM (a = 1, b = c = 0) while the dashed (blue) curve is a pure CP-odd
state (a = b = 0, c = 1). The dot-dashed (red) curve and the dotted (green) curve are for states with CP violating
couplings a = 1, b = 0 with c = 2 and c = 1, respectively.

2.12 Testing the spin and CP properties of a SM-like Higgs boson at the LHC
Claus P. Buszello and Peter Marquard

To confirm the properties of a Higgs-like particle found at the LHC, we study the angular distributions of
the final state particles in the decay H → ZZ → 4`. To this end we consider hypothetical couplings of
the Higgs with momentum k to Z bosons with momenta p, q reflecting the different spin/CP states. We
use a parametrisation of the couplings as follows

Lscalar = Xgµν + Ykµkν/m
2
H + iPεµνρσp

ρqσ/m2
H (2.176)

for the spin 0 Higgs and

Lvector = X(gρµpν + gρνqµ) + P(iεµνρσp
σ − iεµνρσqσ) (2.177)

for the spin 1 case where ε1234 = i. This parametrisation is discussed in detail in [119]. The scalar
couplings in Section 2.11 differ slightly from these by the choice of the masses used to normalize the
non-SM contributions. We choose mH over mZ as this is more convenient if one wants to use the same
parameterisation for HZZ and HWW vertices. We then study the distributions of the final state leptons
performing a one and a multi-dimensional analysis.

The analysis presented here is divided in two parts. First, we only consider pure states (i.e all
but one of the parameters X,Y and P are zero). The analysis of the feasibility of the exclusion of the
pure states is based on a the fast parameterised ATLAS detector simulation [291] . Next, we consider
the exclusion of admixtures of the CP-even and CP-odd non-SM contributions. This analysis - detailed
in [292] - is the first one that takes all interference terms into account and is based on the same cuts,
efficiencies and momentum resolutions as the first part. The event samples for these studies were gener-
ated using a new matrix element generator written by the authors implementing the complete couplings
including mixtures given above. It generates the decay H → ZZ(∗) → 4` with two on-shell Z bosons
in the narrow width approximation above the ZZ-threshold and one on-shell and one off-shell Z below.
In the following we give the main results of these analyses. The full results and details can be found
in [119, 292]. Another one dimensional analysis of the pure states has also been performed in [93] and a
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PYTHIA based study of CP properties at CMS can be found in Section 2.13. A similar analysis can be
carried out in other cases, where the Higgs vector boson vertex is present. In fact, in the ZZ→ 4` decay
the angular correlations are suppressed compared to W decays or ZZ → 2`2q. This makes exploiting
WBF and the Higgs decay to W pairs so interesting. In that case, one can use the forward jets and the
leptons from the W decay to determine the spin-parity of the Higgs (see e.g. [287] and Section 2.10).

2.12.1 Analysis and results

We study essentially two distributions. One is the distribution of the cosine of the polar angle, cos θ, of
the decay leptons relative to the Z boson. Because the heavy Higgs decays mainly into longitudinally
polarised vector bosons the cross-section dσ/d cos θ should show a maximum around cos θ =0. The
other is the distribution of the angle φ between the decay planes of the two Z bosons in the rest frame
of the Higgs boson. This distribution depends on the details of the Higgs decay mechanism. Within the
Standard Model, a behaviour roughly like 1 + β cos 2φ is expected. This last distribution is flattened in
the decay chain H → ZZ → 4`, because of the small vector coupling of the leptons, in contrast to the
decay of the Higgs Boson into W pairs or decay of the Z into quarks. The angles under investigation are
shown in Fig. 2.16.

I Pure states

The plane-correlation can be parametrised as

F (φ) = 1 + α · cosφ+ β · cos 2φ (2.178)

In all four cases discussed here, there is no sinφ or sin 2φ contribution. For the Standard Model Higgs,
α and β depend on the Higgs mass while they are constant over the whole mass range in the other cases.
The polar angle distribution can be described by

G(θ) = T · (1 + cos2 θ) + L · sin2 θ (2.179)

reflecting the longitudinal or transverse polarisations of the Z boson. We define the ratio

R :=
L− T
L+ T

(2.180)

of transversal and longitudinal polarisation.

Figure 2.22 (left) shows the expected values and errors for the parameter R, using an integrated
luminosity of 100 fb−1. It is clearly visible that for masses above 250 GeV the measurement of this
parameter allows the various non-SM hypotheses for the spin and CP-state of the “Higgs Boson” con-
sidered here to be unambiguously excluded. For a Higgs mass of 200 GeV only the pseudoscalar is
excluded. Fig. 2.22 (right) shows the expected values and errors for α and β for a 200 GeV Higgs and
an integrated luminosity of 100 fb−1.

The parameter α can be used to distinguish between a spin 1 and the SM Higgs particle, but its
use is statistically limited. The same applies to the parameter β. Measuring β, which is zero for spin
1 and > 0 in the SM case, can contribute only very little to the spin measurement even if mH is in the
range where β, in the SM case, is close to its maximum value. Nevertheless, β can be useful to rule out
a CP-odd spin 0 particle.

The significance of the parameter α can be improved by exploiting the correlation between the sign
of cos θ for the two Z Bosons and φ. In Fig. 2.23, we plot the parameters separately for sign(cos θ1) =
sign(cos θ2) and sign(cos θ1) = −sign(cos θ2). As can be seen, the difference in α becomes bigger for
J = 1 and CP-even. For higher masses α and β of the SM Higgs approach 0; thus only α can be used to
measure the spin. This is fortunately compensated by the measurement of R.
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Fig. 2.22: The parameter R for different Higgs massses (left) and α and β (right) for mH = 200 GeV using 100
fb−1. The error scales with the integrated luminosity as expected.

Fig. 2.25 shows the significance, i. e. the difference of the expected non-SM value and SM value
divided by the expected error of the SM Higgs. We add up the significance for α and β for the like-signed
und unlike-signed cos(θ) combinations and plot the resulting significance together with the one from the
polar angle measurement in Fig. 2.25 (left). For higher Higgs masses the decay plane angle correlation
contributes almost nothing, but the polarisation leads to a good measurement of the parameters spin and
CP-eigenvalue. For full luminosity (300 fb−1) the significance can simply be multiplied by

√
3 assuming

stable detector performance. This is especially interesting for a Higgs mass of 200 GeV. The spin 1, CP-
even hypothesis can then be ruled out with a significance of 6.4σ, while for the spin 1, CP-odd case the
significance is still only 3.9σ.
In principle, the same analysis can be done for Higgs masses below the ZZ threshold. In practice this is
complicated by the fact, that the cross-section for H → ZZ ∗ is a lot smaller and is further reduced by
additional combined impact parameter and isolation cuts needed to suppress the tt̄ and Zbb̄ backgrounds.
Due to this reduction in statistics, the decay plane correlation doesn’t yield any useful results, and we
limit the discussion to the polar angle and the spin 0 case. Furthermore we will always use an integrated
luminosity of 300 fb−1, the maximum foreseen for each of the LHC experiments. We use the number of
signal and background events published in the ATLAS TDR [115].
The distortion of the polar angle distribution is sizeable, and we have to introduce a statistical correction.
The correction reproducing the SM values properly will not necesarily correct the non-SM values back to
the theoretical values. In Fig. 2.24 (left) we present the expected values of R after applying the correction
to the distributions. The exclusion significance is shown in Fig. 2.25 (top right).
An additional distribution that is only available below the threshold, is the distribution of the off-shell
Z mass. Fig. 2.24 (right) shows this distribution for a Higgs of 150 GeV and the three different spin
0 couplings. The distributions are more robust against the cuts than the polar angle distribution. We
generate 300 data samples of the expected number of signal and background events including all cuts
for the three different hypothesis, and calculate the χ2 to the SM-distribution (again after all cuts are
applied) for each one of them. The means of these values along with the corresponding confidence levels
are plotted against the various Higgs masses in Fig. 2.25.

II Mixed states

In order to measure possible CP-violation in the Higgs to vector boson coupling, we consider the full
matrix element including the mixed terms (PX, PY and YX). As in the one dimensional case, we assume
the discovery of a signal in the H → ZZ channel. Since a significant deviation from the expected
number of events would rule out a SM Higgs in a trivial way, we further assume, that the number of
events seen is compatible with a SM Higgs. A deviation in the number of events would not allow to
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Fig. 2.23: The parameter α depends on the signs of the cos(θ) of the two Z bosons. The events where the signs
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pinpoint the coupling structure anyway, as it would be a possible combination of effects in production
and branching ratios. Instead, we use the angular correlations of the decay products to test for small non-
SM contributions to the SM coupling. To give a better physical interpretation to the notion of a small
coupling, we rescaled Y and P to Y′ and P′ such that now for the widths of the pure states ΓP ′ = ΓY ′ =
ΓX . The exact scaling factors can be found in Table 2.6. In this study we demonstrate how CP violation
in the H → ZZ coupling could be ruled out. Figure 2.26 and 2.27 show the exclusion significance for
Y’ and P’ admixtures to an SM Higgs. By turning this around we can interpret a measurement of P’ and
Y’ outside these boundaries as proof of a non-SM Higgs coupling to vector bosons.

We use the full information from the three fold differential cross-section by constructing the fol-
lowing likelihood function:

L(Y,P) =
∑

k∈events
log

|M|2(φk, θk1 , θ
k
2 ,P,Y,X = 1)∫

|M|2(φ, θ1, θ2,P,Y,X = 1)dφd cos θ1d cos θ2
(2.181)

where |M|2 is the squared matrix element evaluated at leading order. The value of X is always fixed
to the SM value of 1, since we want to measure small contributions from non-standard couplings. By
maximising the likelihood we expect to find a value of zero for P and Y. In order to demonstrate the
potential of measuring these parameters with ATLAS we show contour plots of the expected exclusion
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Fig. 2.25: Left: The overall significance for the exclusion of the non standard spin and CP-eigenvalue. The
significance from the polar angle measurement and the decay-plane-correlation are plotted separately. Right: The
exclusion significance for the non-SM cases for various Higgs masses. The top figure shows the exclusion using
the polarisation of the Z. The middle and bottom ones show the exclusion from the distribution of the off-shell Z
mass distribution for the pseudoscalar and the scalar non-SM couplings. NSM even refers to states with Y=1, P=0,
X=0. NSM odd refers to Y=0, P=1, X=0.

limits (see Fig. 2.26 and 2.27). The full luminosity of 300 fb−1 has been used for all plots. The back-
ground has been statistically subtracted where the distribution of the background considered in this study
was computed with PYTHIA [293]. The distortion of the signal is not negligible, but since the contri-
butions of the non standard model couplings are small the distortions don’t vary much. Therefore the
expected likelihood distributions are affected only slightly by the detector effects. We do not include
any corrections for this effect, which is visible as a small shift of the maximum in positive Y’ direction.
The plots were achieved by fitting to the whole dataset and as a check to many small samples with the
expected number of events (pseudo-experiments). The results from the two methods agree perfectly. A
remarkable feature of the contour-plots is the V-form in the Y −P plane. This form is understandable,
because some combinations of Y and P couplings behave very similar to the standard model coupling
X. Therefore, neglecting the Y term in the determination of CP violating contributions could lead to

Table 2.6: Ratio of the roots of the total widths of the pure states for various Higgs masses mH . These ratios can
be used to scale the constants P and Y such, that the non standard model couplings are of the same strength as the
standard model coupling.

mH [GeV] 130 140 150 160 170 180 200 250 300√
ΓY

ΓSM
0.093 0.106 0.116 0.092 0.106 0.066 0.102 0.284 0.368√

ΓP
ΓSM

0.106 0.117 0.125 0.123 0.126 0.102 0.146 0.156 0.121
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Fig. 2.26: Expected exclusion significance of P’/X and Y’/X for masses of the Higgs of 140 GeV and 150 GeV.
The quality of the measurement is mainly limited by statistics.
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Fig. 2.27: Expected exclusion significance of P’/X and Y’/X for masses of the Higgs of 200 GeV and 250 GeV.
The much higher number of events allows for a much better measurement of the coupling structure above the ZZ
threshold.

wrong results.

2.12.2 Conclusions

We have shown with our analyses that the angular correlations of the decay products of the Z bosons can
be used to distiguish the SM Higgs-boson from hypothetical particles with different spin and CP quantum
numbers. Furthermore, we have demonstrated how and to what extent CP violation in the scalar Higgs
decay to Z-pairs can be studied and excluded. The methods discussed work well for a Higgs-boson with
a mass above the Z boson pair production threshold. Even small contributions of CP-even and CP-odd
non SM couplings can be excluded in this case. Below, the analysis is statistically limited.
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2.13 Study of the CP properties of the Higgs boson in the Φ→ ZZ → 2e2µ process in CMS
Michał Bluj

We study a possible measurement of the CP-parity of the Higgs boson Φ at the LHC, using the CMS
detector. We consider a ,,golden channel” Φ→ZZ→2e2µ and angular correlations of leptons. The most
general ΦV V coupling (V =W±,Z0) for a spin-0 Higgs boson looks as follows [93, 119, 288, 294]:

CJ=0
ΦV V = κ · gµν +

ζ

m2
V

· pµpν +
η

m2
V

· εµνρσk1ρk2σ, (2.182)

where k1, k2 are four-momenta of vector bosons V and p≡k1+k2 is four-momentum of the Higgs boson.
In this analysis a simplified version of above ΦV V coupling (Eq. 2.182) is considered with a scalar and a
pseudoscalar contributions only (i.e. κ, η 6= 0 and ζ = 0). To study deviations from the Standard Model
ΦZZ coupling we take κ=114. The differential cross-section for the Φ→Z1Z2→(`1 ¯̀

1)(`2 ¯̀
2) process

consists now of three terms: a scalar one (denoted by H), a pseudoscalar one ∼ η2 (denoted by A) and
the interference term violating CP ∼η (denoted by I):

dσ(η) ∼ H + η I + η2A. (2.183)

This way the Standard-Model scalar (η = 0) and the pseudoscalar (in the limit |η|→∞) contributions
could be recovered. It is convenient to introduce a new parameter ξ, defined by tan ξ ≡ η, with values
between −π/2 and π/2. Expressions for H , A and I can be found in article [288].

To study the CP-parity of the Higgs boson we use two angular distributions. The first one is a
distribution of the angle ϕ (called a plane or an azimuthal angle) between the planes of two decaying Zs,
in the Higgs boson rest frame15. The second one is a distribution of the polar angle θ, in the Z rest frame,
between the momentum of the negatively charged lepton and the direction of motion of the Z boson in
the Higgs boson rest frame (Fig. 2.16).

2.13.1 MC samples

The Higgs-boson signal samples were generated using PYTHIA [295] for three masses of the Higgs boson
(mΦ =200, 300, 400 GeV). Generated events were required to contain e+e− and µ+µ− pairs within the
detector acceptance region (pet > 5 GeV, |ηe|< 2.7 and pµt > 3 GeV, |ηµ|< 2.5). The analysis was per-
formed for the scalar, pseudoscalar and CP-violating states (the latter for tan ξ=±0.1,±0.4,±1,±4).
Samples for the scalar, pseudoscalar and tan ξ=±1 states contain 10 000 events, while each of remain-
ing samples contains 5 000 events. The predicted production cross-sections: σΦ, σΦ ·BR(Φ→ 4`) and
σΦ ·ε ·BR(Φ→4`), where ε is the preselection efficiency for a the signal, are summarized in Table 2.7.
We assume the Standard Model cross-section [296] and the Standard Model branching ratio [297] for
each value of the ξ parameter (independently on the CP-parity of the Higgs boson). A dependence of the
analysis’ results on the assumed cross-section is discussed in Section 2.13.4. The following background

Table 2.7: Production cross-sections of the signal. Errors are statistical only.

mass (GeV) σΦ (fb) σΦ ·BR(Φ→4`) (fb) σΦ · ε ·BR(Φ→4`) (fb)
200 17.86 · 103 38.75 7.65 ± 0.09
300 9.41 · 103 24.03 5.08 ± 0.06
400 8.71 · 103 20.15 4.45 ± 0.05

processes were considered:
14The ΦV V coupling with κ=1 and arbitrary η is implemented in the PYTHIA generator.
15The negatively charged leptons were used to fix planes’ orientations.
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Table 2.8: Production cross-sections and number of used events for background processes. Errors are statistical
only.

process σbkg (fb) σbkg ·BR (fb) σbkg · ε ·BR (fb) # events
ZZ/γ∗ 28.9 · 103 730.27 39.75 ± 0.34 20k
tt̄ 840 · 103 87.2 ·103 775.08 ± 4.84 48k
Zbb̄ 525 · 103 9.49 ·103 116.38 ± 3.22 5k

Table 2.9: Selected cross-section for signal and background at chosen stages of the selection. All values in fb;
errors are statistical only.

level of signal background
selection ZZ/γ∗ tt̄ Zbb̄

selection for mΦ =200 GeV
trigger 6.45±0.09 30.30±0.30 305.04±3.11 81.17±2.69

reco. e+e− µ+µ− 5.46±0.08 22.57±0.26 164.04±2.29 32.77±1.73
Zs’ mass 3.89±0.07 12.57±0.19 0.09±0.06 <0.03
Φs mass 3.43±0.06 1.84±0.07 <0.02 <0.03

selection for mΦ =300 GeV
trigger 4.34±0.06 30.30±0.30 305.04±3.11 81.17±2.69

reco. e+e− µ+µ− 3.74±0.05 22.57±0.26 164.04±2.29 32.77±1.73
Zs’ mass 2.69±0.05 7.32±0.15 0.13±0.07 0.05±0.07
Φs mass 2.10±0.04 0.82±0.05 <0.02 <0.03

selection for mΦ =400 GeV
trigger 3.84±0.06 30.30±0.30 305.04±3.11 81.17±2.69

reco. e+e− µ+µ− 3.35±0.06 22.57±0.26 164.04±2.29 32.77±1.73
Zs’ mass 2.46±0.05 5.35±0.13 0.09±0.06 <0.03
Φs mass 2.02±0.04 0.66±0.05 <0.02 <0.03

1. ZZ/γ∗ → 2e2µ (irreducible background). The leading order cross-section for the qq̄→ZZ/γ ∗

process calculated using MCFM program [298] is equal to 18.7 pb. The next-to-leading order con-
tribution as well as the contribution from the gg→ZZ/γ∗ process, with estimated cross-section
of about 20% of the qq̄→ZZ/γ∗ cross-section at the leading order, was included as a four-lepton-
mass dependent K-factor. The K-factor is in average equal to 1.55 in four-lepton-mass range be-
tween 30 and 750 GeV, for example K=1.46, 1.66, 1.90 for m4`=200, 300, 400 GeV, respectively.

2. tt̄→W+W−bb̄→2e2µX . The tt̄ cross-section is equal to 840 pb [299].
3. Zbb̄→ 2e2µX . The Zbb̄ cross-section at the next-to-leading order, determined using MCFM pro-

gram [300–302] for pbt>1 GeV, |ηb|<2.5 and 81<mZ∗<101 GeV, is equal to 525 pb.

The information about the generated background samples are summarized in Table 2.8.
The minimum-bias pile-up events for the low LHC luminosity were added to each signal and background
sample.

2.13.2 Selection

We use selection criteria (for four isolated leptons) developed in the Standard-Model Higgs boson
searches at CMS for the H→ZZ→2e2µ process [303]. Values of the selection cuts depend on the
Higgs boson mass. The selected cross-section, at chosen stages of the selection, for the signal and
the background for three masses of the Higgs boson mΦ =200, 300, 400 GeV are shown in Table 2.9.
Fig. 2.28 shows the invariant mass of four reconstructed leptons before and after the off-line selection
(i.e. after lepton reconstruction and after cut on two Zs’ masses, respectively) for the Higgs boson sig-
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Fig. 2.28: Invariant mass distributions of four leptons before (left) and after (right) the off-line selection (normal-
ized to 60 fb−1). The signal of the Higgs boson with mΦ=300 GeV (empty histogram) and the background (filled
histograms).
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Fig. 2.29: The ϕ-distributions (left) and the θ-distributions (right) for various values of the parameter ξ after final
selection (normalized to 60 fb−1). The signal for mΦ=300 GeV and ξ = 0 (scalar), ξ = −π/4, ξ = +π/4 and
|ξ|=π/2 (pseudoscalar), respectively (empty histograms). The ZZ background - filled histogram.

nal, with mΦ=300 GeV, and for the background. The reconstructed angular distributions after the final
selection for the signal (with massmΦ=300 GeV) for various values of the parameter ξ, and for the back-
ground are shown in Fig. 2.29. Shape of the angular distributions for the background slightly depends
on the Higgs-mass-dependent selection. This effect is taken into account in our analysis.

2.13.3 Determination of the parameter ξ

The parameter ξ was determined by maximization of the likelihood function L(ξ,R), which was con-
structed, for both the signal and the background, from the angular distributions and invariant mass dis-
tribution of four leptons. The function depends on two parameters: ξ describing CP of the Higgs boson,
and R describing a fraction of the signal in the data sample. The function has the following form:

L(ξ,R)≡ 2
∑

xi∈data
logQ(ξ,R; xi), where Q(ξ,R; xi) ≡ R · PDFS(ξ; xi) + (1−R) · PDFB(xi).

(2.184)
PDFB(xi) and PDFS(ξ; xi) are Probability Density Functions for the background and the signal
respectively; {xi} are values of the measured quantities (angles and invariant mass) in the data event i.
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They are products of probability densities PM , Pϕ, Pcos θ1,2 of four leptons invariant mass and angles
ϕ and cos θ1,2 i.e. PDF ≡ PMPϕPcos θ1Pcos θ2 . PM , Pϕ, Pcos θ1,2 are obtained by the Monte Carlo
technique, using the normalized histograms of given quantities after the final selection.
A part of the function Q, which describes angular distributions of the signal depends on the parameter ξ.
From Eq. (2.183) we obtain:

P(ξ) ≡ (PϕS · Pcos θ1
S · Pcos θ2

S )(ξ) ≡ (H+ tan ξ · I + tan2 ξ · a2A)/(1 + a2 tan2 ξ), (2.185)

where: H ≡ PϕH · Pcos θ1
H · Pcos θ2

H and A ≡ PϕA · Pcos θ1
A · Pcos θ2

A are probability densities obtained
by the Monte Carlo technique for the scalar (H) and the pseudoscalar (A), respectively. The parame-
ter a2 is a (mass dependent) relative strength of the pseudoscalar and scalar couplings. For example
a2=0.51, 1.65, 1.79 for mΦ=200, 300, 400 GeV, respectively. I is a normalized product of angular dis-
tributions for the CP-violating term. Since I is not positive, and its integral is equal to zero, it is not
possible to simulate it separately. The I contribution can be obtained indirectly from the combined
probability density for the signal with a non-zero value of the parameter ξ. For example by introduc-
ing P+ ≡ P(π/4) = (H+I+a2A)/(1+a2) and P− ≡ P(−π/4) = (H−I+a2A)/(1+a2) we have
I= 1+a2

2 (P+−P−). Finally we obtain:

P(ξ) ≡ [H+ tan ξ · 1 + a2

2
· (P+ −P−) + tan2 ξ · a2A]/(1 + a2 tan2 ξ). (2.186)

2.13.4 Results

After selection all background contributions but ZZ/γ∗→2e2µ are negligible, therefore only such
events were used to construct the probability density function for the background. We use the ZZ/γ ∗

sample containing 15 000 events at the generator level. Signal probability density functions were con-
structed using samples of scalar Higgs boson (H), pseudoscalar (A) and P+, P− samples, each contain-
ing 8 000 events at the generator level. Likelihood functions were constructed independently for three
masses of the Higgs boson (mΦ=200, 300, 400 GeV).

For each value of parameter ξ and for each Higgs-boson mass we made 200 pseudoexperiments for
the integrated luminosity L=60 fb−1 (3 years of LHC at low luminosity). For each pseudoexperiment we
randomly selected events from the signal and background samples to form a test sample16. The number
of selected events was given by a Poisson probability distribution with mean defined by the process
cross-section and the examined luminosity. Then to obtain a value of the parameter ξ, we performed
a maximization of the likelihood function L(ξ,R) for the test sample. The expected and reconstructed
values of the parameter ξ (with its uncertainty), obtained for three masses of the Higgs boson are shown
in Fig. 2.30.

In our analysis the Standard-Model signal cross-section and branching ratio were used as a refer-
ence. However, both of them may change for other Higgs models. An influence of a possible suppression
(enhancement) factor C2 of the Standard Model signal on the reconstructed ξ were studied and we found
that its value slightly depends on size of suppression (enhancement). On the other hand, the uncertainty
of ξ is approximately ∼ 1/C (i.e. it depends on square-root of number of events, what one can expect),
namely:

∆ξ(ξ, C2) ≡ σ0(ξ)√
C2

. (2.187)

A value of σ0(ξ) (a precision factor) can be determined from the fit. Taking this into account we
parametrize a relative error of the difference between ξ and ξ0 as follows:

σ|ξ−ξ0|(C
2)

|ξ − ξ0|
=

∆ξ(ξ, C2)

|ξ − ξ0|
. (2.188)

16Samples used to select events, contain 2 000 and 5 000 events for the signal and the background, respectively. The samples
do not contain events used to construct probability densities for the likelihood function.
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Fig. 2.30: Reconstructed value of the parameter ξ as function of the generated value of the parameter ξ, for
L=60 fb−1, for Higgs boson mass mΦ=200, 300, 400 GeV. Uncertainties correspond to one standard deviation.
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Fig. 2.31: Exclusion contours for scalar Higgs boson as a function of the enhancement factor C 2 for the Higgs
boson masses mΦ=200, 300, 400 GeV (from left to right). Results were obtained for 60 fb−1.

The requirement of exclusion of ξ 6=ξ0 at the level of “N sigmas” could be written as σ|ξ−ξ0|(C
2)= |ξ−ξ0|/N :

C2(N) = N2 σ2
0(ξ)

(ξ − ξ0)2
. (2.189)

The exclusion contours for N=1, 3 and for ξ0 =0 (scalar) are shown in Fig. 2.31.

2.13.5 Summary

A possibility of a measurement of the CP-properties of the Higgs boson Φ in the Φ→ZZ→2e2µ process
at LHC with CMS detector was studied. It was shown that using angular correlations of the Higgs boson
decay products (leptons) the measurement of the parameter ξ, describing a general ΦZZ coupling, will
be feasible. Precision of this measurement is sufficient for determination of the CP-parity of the Higgs
boson, particularly it is sufficient to distinguish scalar from pseudoscalar.
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2.14 Higgs-boson CP properties from decays to WW and ZZ at the Photon Linear Collider

Piotr Nieżurawski, Aleksander Filip Żarnecki and Maria Krawczyk

The process of resonant Higgs boson production at the Photon Linear Collider (PLC), due to hγγ cou-
pling, is in the Standard Model sensitive to the Higgs boson couplings to both, the gauge-bosons and
up-type fermions. Moreover, as the phases of the two dominant contributions to the γγ → h amplitude,
from W± and top loops, differ, the process turns out to be very sensitive to the possible effects of the CP
violation.

In Ref. [304] we performed a realistic simulation of the Standard Model Higgs-boson production
at the PLC for W+W− and ZZ decay channels, for Higgs-boson masses above 150 GeV. From the
combined analysis of W+W− and ZZ invariant mass distributions the γγ partial width of the Higgs
boson, Γγγ , can be measured with an accuracy of 3 to 8% and the phase of γγ → h amplitude, φγγ ,
with an accuracy between 30 and 100 mrad. In Ref. [144] we extended this analysis to the generalized
Standard Model-like scenario Bh of the Two Higgs Doublet Model II, 2HDM(II), with and without CP-
violation. We also considered a general 2HDM (II) with CP violation, and found that only the combined
analysis of LHC, ILC and PLC measurements allows for a precise determination of the Higgs-boson
couplings and of CP-violating H–A mixing angle [305, 306]. Finally, we considered model with a
generic, CP-violating Higgs-boson couplings to vector bosons [93, 136, 307], which leads to different
angular distributions for a scalar- and pseudoscalar-type of couplings. From a combined analysis of the
invariant mass distributions and angular distributions of the W +W− and ZZ decay-products the CP-
parity of the observed Higgs state can be determined independently on a production mechanism [147].

In this contribution we summarize selected results of [144, 147, 305, 306], related to the determi-
nation of the Higgs-boson CP properties at the PLC.

2.14.1 Event simulation

In analyses we use the CompAZ parametrization [308] of the realistic luminosity spectra for a Photon
Linear Collider at TESLA [309, 310] and assume that the centre-of-mass energy of colliding electron
beams,

√
see, is optimized for the production of a Higgs boson with given mass. We consider the mass

range between 200 and 350 GeV, where W+W− and ZZ decays are expected to dominate. All results
presented in this paper were obtained for an integrated luminosity corresponding to one year of the PLC
running, as given by [309, 310], i.e. from 600 fb−1 for

√
see = 305 GeV (optimal beam energy choice

for M = 200 GeV) to about 1000 fb−1 for
√
see = 500 GeV (for M = 350 GeV).

Analyses described in this work were performed in two steps. In the first step we use samples
of events generated with PYTHIA 6.152 [295] to estimate selection efficiency, as well as resolutions
of the angular variable and of the invariant-mass reconstruction for γγ → W +W−/ZZ events, as a
function of the γγ centre-of-mass energy, Wγγ . We consider the direct vector-bosons production in γγ
interactions (background) as well as the signal γγ → h → W +W−/ZZ and the interference between
the signal and the background. To take into account effects which are not implemented in PYTHIA

(photon beam polarization, interference term contribution, direct γγ → ZZ production) we exploit
the standard method used in various experimental analyses called a reweighting procedure. To each
generated event a weight is attributed given by the ratio of the differential cross-section for a vector-
boson production in the polarized photon interactions [311–314] to the PYTHIA differential cross section
for given event. The fast simulation program SIMDET version 3.01 [315] is used to model the TESLA
detector performance.

For the W+W− events only qqq̄q̄ decay channel is considered, as without knowing the exact
beam-photon energies, which is a case for the Photon Linear Collider, the semileptonic W ± decays
can not be fully reconstructed. For the ZZ events, only l l̄qq̄ decay channel is considered, with one
Z decaying into e+e− or µ+µ−. Selection of the leptonic channel is crucial for a suppression of the
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background from the direct γγ →W+W− events.

The invariant-mass resolutions obtained from a full simulation of W +W− and ZZ events (based
on the PYTHIA and SIMDET programs), have been parametrized as a function of the γγ centre-of-mass
energy, Wγγ . This parametrization can then be used to obtain the parametric description of the expected
invariant mass distributions, for γγ → W+W− and γγ → ZZ events, avoiding the time consum-
ing event generation procedure. Resolutions expected in the reconstruction of angular variables are
very good and the measurement errors can be safely neglected. The measured angular distributions are
mainly affected by the detector acceptance and the corresponding selection cuts used in the analysis. The
corresponding acceptance corrections have also been parametrized as a function of the relevant angular
variables. For arbitrary model, and for arbitrary model parameters, we calculate the expected angular and
invariant mass distributions for ZZ and W+W− events by convoluting the corresponding cross-section
formula with the analytic photon-energy spectra CompAZ [308]. To take into account detector effects, we
convolute these distributions further with the function parameterising the invariant-mass resolution and
the acceptance function, which takes into account the angular- and jet-selection cuts. This approach has
been developed in [304].

2.14.2 Generic model

Following the analysis described in [93,136,307] we consider a generic model with a direct CP violation,
i.e. with tensor couplings of a Higgs boson, Φ, to ZZ and W +W− given by:

gΦZZ = ig
MZ

cos θW

(
λH · gµν + λA · εµνρσ

(p1 + p2)ρ (p1 − p2)σ
M2
Z

)
,

gΦWW = igMW

(
λH · gµν + λA · εµνρσ

(p1 + p2)ρ (p1 − p2)σ
M2
W

)
, (2.190)

where p1 and p2 are the 4-momenta of the vector bosons. The λH -terms have a structure of the CP-even
SM Higgs boson coupling,17 whereas the one with λA corresponds to a general CP-odd coupling for the
spin-0 boson. Coefficients λH and λA can be parametrized by:

λH = λ · cos ΦCP ,

λA = λ · sin ΦCP . (2.191)

The couplings of the Standard Model Higgs boson are reproduced for λ = 1 and ΦCP = 0 (i.e. λH = 1
and λA = 0). Below we will limit ourselves to λ ≈ 1 and |ΦCP | � 1 region, corresponding to a small
deviation from the respective Standard Model coupling. However, we do not make any assumptions
concerning Higgs-boson couplings to the fermions and we allow for deviations from SM predictions in
Γγγ and φγγ . Therefore our results do not depend on the Higgs-boson production mechanism and our
approach can be considered as a model-independent one.

The angular distributions of the secondary W+W− and ZZ decay products turn out to be very
sensitive to the CP properties of the Higgs-boson [93, 136, 307]. Angular variables which can be used in
the analysis are defined in Fig. 2.32 (see also Fig. 2.16). To test CP-properties of the Higgs-bosons the
distributions of the polar angles Θ1 and Θ2 as well as the ∆φ distribution, where ∆φ is the angle between
two Z- or two W -decay planes, are used. Here we propose to consider, instead of the two-dimensional
distribution in (cos Θ1, cos Θ2), the distribution in a new variable, defined as

ζ =
sin2 Θ1 · sin2 Θ2

(1 + cos2 Θ1) · (1 + cos2 Θ2)
. (2.192)

17Other possible CP-even tensor structure, ∼ (p1 + p2)µ(p1 + p2)ν , give the angular distributions similar to that of the SM
Higgs boson and therefore we will not consider this case separately. See also Section 2.12.
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Fig. 2.33: Normalised angular distributions in ∆φ (left plot) and ζ (right plot), expected for scalar (solid line) and
pseudoscalar (dashed line) Higgs boson decays H,A→ ZZ → l+l−jj, for the Higgs boson mass of 300 GeV.

The ζ-variable corresponds to the ratio of the angular distributions expected for the decay of a scalar and
a pseudoscalar (in a limit MΦ >> MZ ) [93, 136, 307]. It proves to be very useful and complementary to
the ∆φ variable.

The angular distributions in ∆φ and ζ , expected for decays of a scalar H (ΦCP = 0) and a
pseudoscalar A (ΦCP = π

2 ) Higgs boson with mass of 300 GeV, Φ→ ZZ → l+l−jj , are compared in
Fig. 2.33. Both distributions clearly distinguish between decays of scalar and pseudoscalar Higgs boson;
so it’s possible to distinguish the CP-even and CP-odd states without taking into account the production
mechanism. We point out the usefulness of the ζ distribution.

For the measurement of the ∆φ and ζ distributions we introduce an additional cut on the recon-
structed ZZ or W+W− invariant mass and, for W+W− events only, the cut on the Higgs-boson decay
angle ΘΦ, to suppress large background from the nonresonant W +W− production. The cuts were opti-
mised for the smallest relative error in the signal cross-section measurement.

The expected precision in the measurements of the ∆φ- and of the ζ-distributions, for γγ →
ZZ → l+l−jj events is illustrated in Fig. 2.34. The reconstructed ∆φ values range from 0 to π, since
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Fig. 2.34: Measurement of the angle ∆φZZ between two Z-decay planes (left plot) and of the variable ζZZ
calculated from the polar angles of the Z → l+l− and Z → jj decays (right plot) for ZZ → l+l−jj events. Error
bars indicate the statistical precision of the measurement after one year of PLC running at nominal luminosity,
for the scalar Higgs boson with mass of 300 GeV. The solid and dashed lines correspond to the predictions of
the model with pure scalar (ΦCP = 0) and pseudoscalar (ΦCP = π

2 ) Higgs-boson couplings, whereas dotted
and dash-dotted lines correspond to CP violating couplings with ΦCP = ±0.2. The gray line represents the SM
background of non-resonantZZ production.

we are not able to distinguish between quark and antiquark jet. Calculations were performed for the
primary electron-beam energy of 152.5 GeV and the Higgs-boson mass of 200 GeV. The results are
compared with the expectation for ΦCP = 0 (as in SM) and ΦCP = π

2 . We see, that even after taking
into account the beam spectra, detector effects, selection cuts and background influence, the differences
between shapes of the angular distributions for the scalar and pseudoscalar couplings are still significant.
Therefore we should be able to constrain Higgs-boson couplings from the shape of the distributions, even
if the overall normalisation related to the Higgs-boson production mechanism is not known.

Each of the considered angular distributions discussed above can be fitted with the model expec-
tations, given in terms of the parameters λ and ΦCP describing Higgs-boson couplings to gauge bosons,
the parameters Γγγ and φγγ describing the production mechanism, and an overall normalisation. We
calculate the expected statistical errors on the parameters λ and ΦCP , from the combined fit to angular
distributions measured for the ZZ and W+W− decays, and to the invariant mass distributions. Results
are shown in Fig. 2.35. The two photon width of the Higgs boson Γγγ , the phase φγγ and normalisations
of both samples are allowed to vary in the fit, so the results are independent on the production mecha-
nism. One observes that for Higgs-boson masses below 250 GeV, better constrains are obtained from
the measurement of W+W− events, whereas for masses above 300 GeV smaller errors are obtained
from the ZZ events. The error on ΦCP expected from the combined fit is below 50 mrad in the whole
considered mass range. The corresponding error on λ is about 0.05.

2.14.3 SM-like Two Higgs Doublet Model

Here we consider the CP violation in the Standard-Model scenario of the 2HDM. This is a generalization
of a CP conserving scenarioBh, introduced in [15,63,144]. In the following we consider the CP-violating
solution Bh, with a weak CP violation through a small mixing between H and A states.

In this scenario the Yukawa couplings of h (h ∼ h1) are equal (up to a sign) to the corresponding
SM Higgs-boson couplings. Then, it follows from Eqs. (2.43) and (2.54)–(2.56) that the coupling of h
to gauge bosons as well as the corresponding Yukawa and gauge boson couplings of H and A bosons
are uniquely determined by tanβ, as shown in Table 2.10 (for relative couplings). Note that the tensor
structure of all couplings is the same as in the Standard Model.
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Fig. 2.35: Statistical error in the determination of ΦCP (left plot) and λ (right plot), expected after one year of
Photon Linear Collider running, as a function of the Higgs-boson mass MΦ. Combined fits were performed to the
considered angular distributions and invariant mass distributions for ZZ events and W +W− events. Results were
obtained assuming small deviations from Standard Model predictions, i.e. λ ≈ 1 and ΦCP ≈ 0. The two photon
width of the Higgs boson Γγγ , the phase φγγ and normalisations of both samples are allowed to vary in the fit.

The couplings of the lightest mass-eigenstate h1 (with mass 120 GeV) are expected to correspond
to the couplings of the SM-like h boson, whereas couplings of h2 and h3 states can be described as the
superposition of H and A couplings. For the relative basic couplings we have:

χh1
X ≈ χhX ,

χh2
X ≈ χHX · cos ΦHA + χAX · sin ΦHA , (2.193)

χh3
X ≈ χAX · cos ΦHA − χHX · sin ΦHA ,

where X denotes a fermion or a vector boson, X = u, d, V and ΦHA is the H − A mixing angle
characterizing a weak CP violation.

We study the feasibility of ΦHA determination from the combined measurement of the invariant-
mass distributions18 in the ZZ and W+W− decay-channels for the Higgs-boson mass-eigenstate h2.
From such measurement the γγ partial width, Γγγ ×BR(h→W+W−/ZZ), and the phase of the γγh
amplitude, φγγ , can be extracted. Results obtained for h2 with mass Mh2 = 300 GeV are presented in
Fig. 2.36, for Mh1 = 120 GeV and MH± = 800 GeV. Error contours (1σ) on the measured deviation
from the Standard Model predictions are shown for ΦHA = 0, i.e. when CP is conserved, and for the
CP violation with ΦHA = ±0.3 rad. Even a small CP-violation can significantly influence the measured

18It should be stressed that in the considered case of CP violation via H − A mixing, contrary to the generic model studied
in Section 2.14.2, only the invariant mass distributions are sensitive to the mixing angle ΦHA.

Table 2.10: Couplings of the neutral Higgs-bosons to up- and down-type fermions, and to vector bosons, relative
to the Standard Model couplings, for the considered solution Bh of the SM-like 2HDM (II).

h H A

χu −1 − 1
tan β −i γ5

1
tan β

χd +1 − tan β −i γ5 tanβ

χV cos(2β) − sin(2β) 0
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Fig. 2.36: The deviation from the SM predictions for the SM-like 2HDM II (sol. Bh) with CP-violation, for the
heavy Higgs-boson h2 with mass 300 GeV. A light Higgs-boson has massMh1 = 120 GeV. Three values ofH−A
mixing angle ΦHA = −0.3, 0, 0.3 are considered.

two-photon width and two-photon phase allowing to determine precisely both the CP-violating mixing
angle ΦHA and the parameter tan β.

As a large sample of events is expected at PLC, especially in the γγ → W +W− channel, system-
atic uncertainties have to be taken into account, as they can significantly influence the final precision. In
case of scenario Bh with CP violation, a possible correlations between ΦHA and tanβ has to be con-
sidered if both parameters are to be constrained from the fit to the data. In this analysis the systematic
uncertainties from following sources were considered: the total integrated γγ luminosity, shape of the
luminosity spectra, energy and mass scale of the detector, reconstructed mass resolution, and in addition
the Higgs-boson mass and width from other measurements. In order to take these uncertainties into ac-
count we include additional parameters in the fit. Variations of these parameters allow us to account for
possible deviations of the invariant-mass distributions, from the nominal model expectation due to the
systematic uncertainties.

The total error in the determination of the H −A mixing angle ΦHA, as a function of tan β value,
is presented in Fig. 2.37, for four values of heavy Higgs-boson mass Mh2 , between 200 and 350 GeV.
The simultaneous fit of tan β and ΦHA to the observed W+W− and ZZ mass spectra is considered
assuming light Higgs-boson mass of 120 GeV, charged Higgs-boson mass of 800 GeV, and no H − A
mixing (ΦHA = 0). The error on ΦHA is below ∼100 mrad for tanβ ≤ 1 and increases rapidly for high
tan β values.

2.14.4 Two Higgs Doublet Model

In the CP violating 2HDM (II), couplings of the neutral Higgs-bosons to up- and down-type quarks (and
leptons), and to vector bosons can be expressed in terms of two mixing angles, α and β, as discussed
in Section 2.1.4. In the following we will consider production and decays of the heavy Higgs-boson H .
Instead of parameters of the model, angles α and β, we will use its basic relative couplings χHV and χHu , to
parametrize cross sections and branching ratios. Moreover, couplings of the other neutral Higgs-bosons
h and A are also uniquely defined by χHV and χHu . As in Section 2.14.3 we consider a scenario with a
weak CP violation, where the couplings of the lightest mass-eigenstate h1 correspond to the couplings of
h boson, whereas relative couplings of mass-eigenstates h2 and h3 can be described as the superposition
of H and A couplings (see Eq. 2.193). We study the feasibility of constraining the value of the mixing
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Fig. 2.37: The total error in the determination of the H − A mixing angle ΦHA, as a function of tanβ value, for
four values of heavy Higgs-boson mass Mh2 . The simultaneous fit of tanβ and ΦHA to the observed W+W−

and ZZ mass spectra is considered for the SM-like 2HDM II (sol. Bh), with light Higgs-boson mass of 120 GeV,
charged Higgs-boson mass of 800 GeV, and no H − A mixing (ΦHA = 0), Eq. 2.193. Systematic uncertainties
related to the luminosity spectra, Higgs boson mass and total width, energy scale and mass resolution are taken
into account.

angle ΦHA from the measurements of the heavy Higgs-boson H (i.e. Higgs-boson mass-eigenstate h2

for ΦHA = 0) production.

The Photon Linear Collider by itself can not uniquely determine the Higgs-boson couplings in
case of 2HDM (II) with CP-violation. Therefore, we consider determination of the heavy scalar Higgs-
boson properties from the combined analysis of LHC, ILC and Photon Linear Collider data. Fig. 2.38
shows the expected Higgs-boson production rates times the W +W−/ZZ branching ratios, at the LHC,
ILC and PLC, as a function of χV and χu. Cross section measurements at these machines are comple-
mentary, as they are sensitive to different combinations of the Higgs boson couplings. LHC, ILC and
PLC measurements are also complementary in providing an evidence for a weak CP violation, as shown
in Fig. 2.39.

An expected h2 production rates for h2 → W+W−/ZZ at LHC, ILC and PLC, are shown as
a function of χu (LHC) or χV (ILC and PLC) and the CP-violating H − A mixing angle ΦHA. For
ΦHA ≈ 0 LHC and ILC measurements weakly depend on the mixing angle ΦHA, as the cross section is
dominated by one of the basic couplings, and there is no direct dependence on the coupling phase. At the
Photon Linear Collider both couplings as well as their relative phase are important and the cross section
is sensitive to the H −A mixing angle (and its sign) even for small ΦHA.

In the simulation of LHC and ILC measurements we use approach similar to the method used for
PLC, described in Section 2.14.1. We use results of [316] for the expected invariant mass distribution of
the Higgs-boson signal (pp→ H → ZZ → 4l) and Standard Model background events at LHC, scaled
to integrated luminosity of 300 fb−1. For the Higgs-boson production via Higgs-strahlung and WW -
fusion at ILC, for

√
s = 500 GeV and the integrated luminosity of 500 fb−1, we use results of [317].

In both cases the signal distributions are obtained from a simple convolution of the Breit-Wigner mass
distribution for the Higgs-boson with a detector resolution function. With such an assumption we can
scale the SM signal expectations presented in [316, 317] to any scenario of the 2HDM (II).

For each simulated set of the LHC, ILC and PLC data, the Higgs-boson couplings and CP-violating
H-A mixing angle were used as the free parameters in the simultaneous fit of the expected distributions
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Fig. 2.39: Expected Higgs-boson h2 production rates times W+W−/ZZ branching ratios, relative to SM predic-
tions, as a function of basic relative coupling to vector bosons (χV ) or up fermions (χu), and the H − A mixing
angle ΦHA. Higgs-boson production at LHC, ILC and PLC is studied for Mh2 = 250 GeV. For ILC the plotted
ratio is multiplied by factor 10.

to all observed W+W− and ZZ mass spectra. To take into account systematic uncertainties additional
parameters are added to the fit, as in Section 2.14.3. For LHC we assume 10% systematic uncertainty
in the normalization of the background and 20% total systematic uncertainty in the expected signal
rate [318]. For ILC the uncertainties in both signal and background normalization are assumed to be 5%.
For PLC we take into account 5% uncertainty in the signal and 10% uncertainty in the background nor-
malization, as well as 10% uncertainty in the parameters describing the shape of the luminosity spectra.
The Higgs-boson mass is also used as a free parameter in the combined fit, since there will be no other
measurements to constrain its value.

In Fig. 2.40 the expected total error on the H −A mixing angle ΦHA, calculated assuming weak
CP violation (ΦHA ≈ 0), is shown as a function of the couplings χV and χu, for different heavy Higgs
boson masses from 200 to 350 GeV. An average error on ΦHA is about 150 mrad, although in most of the
considered parameter space it can be measured with accuracy better than 100 mrad. The corresponding
errors on the couplings χV and χu, averaged over the same parameter range are equal to 0.03 and 0.13,
respectively. No significant variations with the Higgs boson mass are observed.

The final step in verifying the coupling structure of the model is the comparison of the direct
heavy neutral Higgs boson measurements with constraints on the model parameters resulting from other
measurements in the Higgs sector. Assuming no CP violation, constraints on the couplings χHV and
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χHu , used to parametrize the model obtained from heavy Higgs-boson (with mass of 250 GeV) and light
Higgs-boson (with mass of 120 GeV) measurements at LHC, ILC and PLC, are compared in Fig. 2.41.
Measurements of the light Higgs-boson production result in constraints on the H couplings, comparable
with the precision of the direct measurements (indicated by the ellipse).
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2.14.5 Summary

An opportunity of measuring Higgs-boson CP properties at the Photon Linear Collider has been studied
in detail for Higgs boson masses between 200 and 350 GeV, using realistic luminosity spectra and detec-
tor simulation. We considered three different models with CP violation. For a generic model with the CP
violating Higgs tensor couplings to gauge bosons, the angle describing CP violation can be determined
with accuracy of about 50 mrad in a model independent way. In the so called solution Bh of the Standard
Model-like 2HDM (II), the H − A mixing angle describing the weak CP violation can be determined
to about 100 mrad, for low tanβ. For the Two Higgs Doublet Model, only the combined analysis of
LHC, ILC and PLC measurements allows for the determination of the CP-violating mixing angle ΦHA.
In most of the considered parameter space, ΦHA can be measured to better than 100 mrad. Our results
demonstrate that the Photon Linear Collider will be an unique place for a precise determination of the
CP properties of the neutral Higgs boson.
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3 THE MINIMAL SUPERSYMMETRIC STANDARD MODEL WITH CP PHASES

3.1 Introduction

Maarten Boonekamp, Marcela Carena, Seong Youl Choi, Jae Sik Lee and Markus Schumacher

One of the most theoretically appealing realizations of the Higgs mechanism for mass generation is
provided by supersymmetry (SUSY). The minimal supersymmetric extension of the standard model
(MSSM) has a number of interesting field–theoretic and phenomenological properties, if SUSY is softly
broken such that super–particles acquire masses not greatly exceeding 1 TeV. Specifically, within the
MSSM, the gauge hierarchy can be made technically natural [1–6]. Unlike the SM, the MSSM exhibits
quantitatively reliable gauge-coupling unification at the energy scale of the order of 1016 GeV [7–14].
Furthermore, the MSSM provides a successful mechanism for cosmological baryogenesis via a strongly
first-order electroweak phase transition [15–29], and provides viable candidates for cold dark matter [30–
37].

The MSSM makes a crucial and definite prediction for future high-energy experiments, that can
be directly tested at the Tevatron and/or the LHC. It guarantees the existence of (at least) one light
neutral Higgs boson with mass bounded from above at O(140 GeV) [38–44]. This rather strict upper
bound on the lightest Higgs boson mass is in accord with global analyses of the electroweak precision
data, which point towards a relatively light SM Higgs boson, with MHSM

<∼ 186 GeV at the 95 %
confidence level [45]. Furthermore, because of the decoupling properties of heavy superpartners, the
MSSM predictions for the electroweak precision observables can easily be made consistent with all the
experimental data [46, 47].

An important and interesting phenomenological feature of the MSSM Higgs sector is that loop
effects mediated dominantly by third-generation squarks may lead to sizeable violations of the tree-
level CP invariance of the MSSM Higgs potential, giving rise to significant Higgs scalar–pseudoscalar
transitions [48, 49], in particular. As a consequence, the three neutral Higgs mass eigenstates H1,2,3,
labeled in order of increasing mass such that MH1 ≤ MH2 ≤ MH3 , have no definite CP parities, but
become mixtures of CP-even and CP-odd states. In this case, the conventional CP-odd Higgs mass MA

is no longer a physical parameter. Instead, the charged Higgs mass is still physical and can be used as an
input.

Much work has been devoted to studying in greater detail this radiative Higgs–sector CP violation
in the framework of the MSSM [50–61]. In the MSSM with explicit CP violation, the upper bound
on the lightest Higgs boson mass is almost identical to the one obtained in the CP conserving case
[50]. The couplings of the Higgs bosons to the SM gauge bosons and fermions, to their supersymmetric
partners and to the Higgs bosons themselves may be considerably modified from those predicted in the
CP-conserving case. Consequently, radiative CP violation in the MSSM Higgs sector can significantly
affect the production rates and decay branching fractions of the Higgs bosons. In particular, the drastic
modification of the couplings of the Z boson to the two lighter Higgs bosons H1 and H2 might enable
a relatively light Higgs boson with a mass MH1 even less than about 70 GeV to have escaped detection
at LEP 2 [62]. The upgraded Tevatron collider and the LHC will be able to cover a large fraction of the
MSSM parameter space, including the challenging regions with a light Higgs boson without definite CP
parity [62–77]. Furthermore, complementary and accurate explorations of the CP-noninvariant MSSM
Higgs sector may be carried out using high-luminosity e+e− [78–82] and/or γγ colliders [83–93]. In
addition, a complete determination of the CP properties of the neutral Higgs bosons is possible at muon
colliders by exploiting polarized muon beams [94–102].

This introductory section is devoted to a short description of the key aspects and important exper-
imental implications of the MSSM Higgs sector with radiatively–induced CP violation.
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3.1.1 CP phases in the MSSM

Any phenomenologically viable SUSY model requires us to introduce terms which break SUSY softly,
without spoiling the supersymmetric mechanism solving the hierarchy problem. There are three kinds of
soft SUSY breaking terms in the framework of the MSSM:

– The gaugino mass terms:

1

2

(
M3 g̃

ag̃a +M2 W̃
iW̃ i +M1 B̃B̃ + h.c.

)
, (3.1)

where M3 is a gluino mass parameter of the gauge group SU(3)c and M2 and M1 are wino and
bino mass parameters of the gauge groups SU(2)L and U(1)Y , respectively.

– The trilinear A terms:

ũ∗R huAu Q̃H2 − d̃∗R hdAd Q̃H1 − ẽ∗R heAe L̃H1 + h.c. , (3.2)

where Q̃ and L̃ are SU(2)L doublet squark and slepton fields and ũR, d̃R, and ẽR are SU(2)L
singlet fields.

– The scalar mass terms:

Q̃†M2
eQ Q̃+ L̃†M2

eL L̃+ ũ∗RM
2
eu ũR + d̃∗RM

2
ed d̃R + ẽ∗RM

2
ee ẽR

+m2
2H
∗
2H2 +m2

1H
∗
1H1 − (m2

12H1H2 + h.c.) . (3.3)

One crucial observation is that all the massive parameters appearing in the soft SUSY breaking terms
can be complex with non-trivial CP-violating phases. Together with the phase of the Higgsino mass
parameter µ of the term −µH1H2 in the superpotential, all the physical observables depend on the CP
phases of the combinations Arg[Mi µ (m2

12)∗] and Arg[Af µ (m2
12)∗] [103, 104]. We have taken the

convention of Arg(m2
12) = 0 keeping the explicit dependence of µ. These new CP phases would lead to

various interesting phenomena and, moreover, reopen the possibility of explaining the baryon asymmetry
of the Universe in the framework of MSSM [16, 18, 20–22, 25–27, 29, 105, 106].

3.1.2 Loop-induced CP violation in the Higgs sector

Through the radiative corrections, the CP-violating mixing among the CP-even φ1,2 and CP-odd a states
is induced [48–54]. Due to large Yukawa couplings, the third generation scalar quarks contribute most
significantly at one-loop level. The size of the mixing is proportional to

3

16π2

Im (Afµ)

m2
f̃2
−m2

f̃1

(3.4)

with f = t, b. At two-loop level, the gluino mass parameter becomes relevant, for example, through
the possibly important threshold corrections to the top- and bottom-quark Yukawa couplings. More CP
phases become relevant by including other radiative corrections than those from the stop and sbottom
sectors [55–57].

A. Mass spectra and couplings
The most comprehensive calculation of the CP-violating mixing and Higgs-boson mass spectrum in full
consideration of the dependence on CP phases can be found in Refs. [53, 58] and [60, 61]. The Higgs-
boson pole masses are calculated and all leading two-loop logarithmic corrections are incorporated in
the one-loop RG–improved diagrammatic approach.
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Due to the loop-induced CP-violating mixing, the neutral Higgs bosons do not have to carry any
definite CP parities and the mixing among them is described by 3×3 real orthogonal matrix O instead of
2×2 one with a rotation angle α. The matrix O relates the Electroweak states to the mass eigenstates as:

(φ1 , φ2 , a)T = O (H1 ,H2 ,H3)T . (3.5)

We find the relation O = RT in which the rotation matrix R is given by Eq. (2.27) in Section 2.1. The
Higgs-boson couplings to the SM and SUSY particles could be modified significantly due to the CP
violating mixing. The most eminent example is the Higgs-boson coupling to a pair of vector bosons,
gHiV V , which is responsible for the production of Higgs bosons at e+e− colliders:

LHV V = gMW

(
W+
µ W

−µ +
1

2c2W
ZµZ

µ

) 3∑

i=1

gHiV VHi , (3.6)

where gHiV V = cβOφ1i + sβOφ2i which is normalized to the SM value and given by the weighted sum
of the CP-even components of the i-th Higgs mass eigenstate. Compared to the CP-conserving case, it’s
possible for the lightest Higgs boson to develop significant CP-odd component and its coupling to a pair
of vector bosons becomes vanishingly small. The interactions of a pair of Higgs bosons to a vector boson
are given by

LHHZ =
g

4cW

3∑

i,j=1

gHiHjZ Z
µ(Hi i

↔
∂ µ Hj) ,

LHH±W∓ = −g
2

3∑

i=1

gHiH+W−W
−µ(Hi i

↔
∂ µ H

+) + h.c. , (3.7)

where

gHiHjZ = sign[det(O)] εijk gHkV V and gHiH+W− = cβ Oφ2i − sβ Oφ1i − iOai (3.8)

leading to the following sum rules:

3∑

i=1

g2
HiV V = 1 and g2

HiV V + |gHiH+W− |2 = 1 for each i . (3.9)

The effective Lagrangian governing the interactions of the neutral Higgs bosons with quarks and
charged leptons is

LHif̄f = −
∑

f=u,d,l

gmf

2MW

3∑

i=1

Hi f̄
(
gSHif̄f + igPHif̄fγ5

)
f . (3.10)

At the tree level, (gS
Hif̄f

, gP
Hif̄f

) = (Oφ1i/cβ ,−Oai tanβ) and (gS
Hif̄f

, gP
Hif̄f

) = (Oφ2i/sβ ,−Oai cot β)

for f = (l, d) and f = u, respectively. We observe that all neutral Higgs bosons can couple to both scalar
and pseudoscalar fermion bilinear currents simultaneously (f̄f and f̄γ5f , respectively) in the presence
of CP-violating mixing. In the case of third-generation quarks, the couplings depend on the threshold
corrections induced by the exchanges of gluinos and charginos which modify the relations between quark
masses and the corresponding Yukawa couplings as:

hb =

√
2mb

v cos β

1

1 + (δhb/hb) + (∆hb/hb) tan β
,

ht =

√
2mt

v sinβ

1

1 + (δht/ht) + (∆ht/ht) cot β
. (3.11)
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We note that the corrections do not decouple in the limit of large SUSY breaking parameters and the
dominant contributions to hb are tanβ-enhanced. The relation between mτ and the Higgs–tau-lepton
Yukawa coupling hτ is also modified, but the corrections are expected to be smaller than those to hb.
The corrections depend on the combinations of µM3 and µAt, stop and sbottom masses, etc. We refer
to, for example, Ref. [58] for details of them.

The couplings of the charged Higgs bosons to quarks are of the form LH±tb̄ = b̄ (gL
H−tb̄PL +

gR
H−tb̄PR) tH− + h.c. with the couplings given by

gLH−tb̄ '
√

2mb

v
tan β − ∆hb

cos β
and gRH−tb̄ '

√
2mt

v
cot β − (∆ht)

∗

sinβ
. (3.12)

An explicit computation of the CP-violating H−tb̄ vertex can be found in Ref. [58].

For large values of the charged Higgs boson mass and for heavy supersymmetric particles, the ex-
pressions of the lightest neutral Higgs boson coupling to fermions reduce to those of the (CP-conserving)
SM Higgs boson, as expected for the decoupling limit. In contrast, the two heavy neutral Higgs bosons
are still admixtures of CP-even and CP-odd eigenstates; hence, CP-violating effects are still present in
the heavy neutral Higgs sector. However, due to the high degeneracy in mass of the heavy scalar sec-
tor (especially in the decoupling limit [107]), CP–violating effects may be difficult to observe without
precision measurements of the heavy neutral Higgs properties.

The so called CPX scenario has been defined as a benchmark point for studying the CP-violating
Higgs-mixing phenomena [54]. In this scenario, the parameters have been fixed as follows:

MQ̃3
= MŨ3

= MD̃3
= ML̃3

= MẼ3
= MSUSY ,

|µ| = 4MSUSY , |At,b,τ | = 2MSUSY , |M3| = 1 TeV . (3.13)

The parameter tanβ, the charged Higgs-boson pole mass MH± , and the common SUSY scale MSUSY

can be varied. For CP phases, taking Φµ = 0 convention and a common phase for A terms ΦA = ΦAt =
ΦAb = ΦAτ , we have two physical phases to vary: ΦA and Φ3 = Arg(M3).

Corrections to the MSSM Higgs boson sector have been evaluated in several approaches. At the
one loop level the complete result for radiative corrections to the masses and mixing angles in the MSSM
Higgs sector is known [38–44]. Concerning the two-loop effects, their computation is quite advanced
and has now reached a stage such that all the presumably dominant contributions are known [108–129]
with a remaining theoretical uncertainty on the light CP-even Higgs boson mass which is estimated to
be below ∼ 3 GeV [47,130]. The results of the radiative correction calculations have been implemented
into public codes.

The code CPsuperH [131] is based on the renormalization group (RG) improved effective po-
tential approach [109–111, 132–140] and it implements the results obtained in Refs. [53, 58, 141–143],
see Section 3.4. The program FeynHiggs [144–148] is based on the results obtained in the Feynman-
diagrammatic (FD) approach [113–115, 129, 130], see Section 3.5. For the MSSM with real parameters
the two codes can differ by up to ∼ 4 GeV for the light CP-even Higgs boson mass, mostly due to
subleading two-loop corrections that are included only in FeynHiggs. For the MSSM with complex pa-
rameters the phase dependence at the two-loop level is included in a more advanced way in CPsuperH,
but, on the other hand, CPsuperH does not contain all the subleading one-loop contributions that are
included in FeynHiggs. The plots of this Introduction have been obtained by use of CPsuperH.

Figure 3.1 shows the Higgs-boson pole massesMHi and the couplings squared g2
HiV V

as functions
of ΦA for the CPX scenario. When MH± = 120 GeV (left frames), around ΦA = 90◦, we observe
H1 becomes light with vanishingly small couplings. In other words, it becomes lighter than 50 GeV
and behaves almost like a CP-odd state. In this case, H1 production rate at LEP is very low and H2

dominantly decays into a pair of the lightest Higgs bosons which subsequently decays into 4 b quarks.
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Fig. 3.1: The Higgs-boson masses MHi (upper frames) in GeV and g2
HiV V

(lower frames) as functions of ΦA for
the CPX scenario when tanβ = 4, Φ3 = 0◦, and MSUSY = 0.5 TeV. Three values of the charged Higgs-boson
pole mass have been taken: 120 GeV (left frames), 160 GeV (middle frames), and 250 GeV (right frames).

This makes the Higgs detection at LEP difficult and the region with MH1 ≤ 50 GeV and tanβ = 4–
8 has not been excluded yet [149, 150]. In the middle frames with MH± = 160 GeV, we observe a
resonant-mixing behavior between H1 and H2 around ΦA = 90◦. The lightest Higgs becomes SM-like
Higgs boson and decouples from the 3×3 mixing when the charged Higgs boson becomes heavy, see
the right frames of Fig. 3.1. Nevertheless, there still can be significant mixing between the two heavier
neutral mass eigenstates due to their highly–degenerate masses.

The Higgs-boson decay patterns strongly depend on the CP-violating mixing. For this we show
the branching fractions and decay widths of the MSSM Higgs bosons in Figs. 3.2 and 3.3. In the CP-
conserving case (Fig. 3.2), the decay channels H2 → H1H1,WW,ZZ and H3 → H1Z are forbidden.
In the CP-violating case (Fig. 3.3), on the other hand, all the decay channels are open for the heavier
Higgs bosons. We note that, in the CP-violating case, both heavier Higgs bosons H2 and H3 dominantly
decay into the lightest Higgs-boson pairs where the decay widths drastically increase. Also there, the
decay width of the charged Higgs boson increases and it mainly decays into W ±H1.

The phenomenological implication of the CP-violating couplings of the charged Higgs boson to
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Fig. 3.2: The branching fractions and decay widths of the MSSM Higgs bosons for the CPX scenario with tanβ =

4 and MSUSY = 0.5 TeV as functions of their masses. Here, we are taking the CP-conserving case (ΦA = Φ3 =

0◦). See Fig. 3.3 for the CP-violating case.

quarks can be found in Ref. [68].

B. Low–energy constraints
Low-energy observables provide indirect constraints on the soft SUSY breaking parameters. The ob-
servables are particularly useful for identifying the favoured range of parameter space when the SM pre-
dictions for them are strongly suppressed and/or precise experimental measurements of them have been
performed. Such observables include EDMs, (g − 2)µ, BR(b → sγ), ACP(b → sγ), BR(B → Kl l)
and BR(Bs,d → l+l−).

Currently, the EDM of the thallium atom provides one of the best constraints on the CP-violating
phases, depending on the SUSY scale. The main contributions to the atomic EDM of 235Tl come from
two terms. One of them is the electron EDM de and the other is the coefficient CS of a CP-odd electron-
nucleon interaction. The coefficient CS is essentially given by the gluon-gluon-Higgs couplings and
the two-loop Higgs-mediated electron EDM [151, 152] is given by the sum of contributions from third-
generation quarks and squarks and charginos. As can be seen for example in Ref. [153], the two kinds
of dominant contributions could cancel each other allowing narrow region compatible with the EDM

102

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

102



BR(H1)

MH1[GeV]

bb

ττ

cc

gg

γγ

WW

BR(H2)

5×102

MH2[GeV]

bb

ττ

cc

tt

gg

H1 Z

H1 H1

H1 H1

WW

ZZ

BR(H3)

5×102

MH3[GeV]

bb tt

ττ

gg

H1 H1
H1 H1

H1 Z

WW

ZZ

Γ(H) [GeV]

5×102

MH[GeV]

H1

H2
H3

H±

10
-3

10
-2

10
-1

1

60 80 100 120
10

-3

10
-2

10
-1

1

10
2

10
-3

10
-2

10
-1

1

10
2

10
-3

10
-2

10
-1

1

10

10
2

Fig. 3.3: The same as in Fig. 3.2 but with ΦA = Φ3 = 90◦.

constraint but with sizable CP phases. If no cancellations take place, the allowed CP-phases are highly
constrained, in particular for large values of tanβ and small values of the CP-odd Higgs mass. However,
they may be large enough to allow for the possibility of electroweak baryogenesis in the MSSM [154–
156]. The Thallium EDM constraint can be evaded more easily by assuming cancellations between the
two-loop and possible one-loop contributions. This shows that the possibility of large CP phases which
can induce significant CP-violating mixing in the Higgs sector cannot be excluded a priori.

3.1.3 Coupled channel analysis

In the presence of non-trivial CP violating phases, the MSSM neutral Higgs bosons have a tendency to
show strong mixing among them, with small mass differences comparable to their widths. When the
charged Higgs boson is heavy, the two heavier Higgs bosons mix significantly. On the other hand, all
three neutral Higgs bosons show strong three-way mixing acquiring significant CP-even and CP-odd
components when the charged Higgs boson is light and, especially, when the values of tan β is large.
In this case, when considering Higgs boson production at colliders, each Higgs boson can not be treated
separately and all three neutral Higgs boson should be considered as a coupled system. The characteristic
feature of the coupled–channel analysis lies in the off-diagonal absorptive parts in the inverse of the full
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3×3 propagator matrix [157–159]. For an explicit example, see Ref. [160] that shows the effects of
including the off-diagonal absorptive parts in the Higgs-boson propagators based on a scenario in which
all three neutral Higgs bosons are nearly degenerate in mass, around 120 GeV, and with widths of the
order of 1–3 GeV.

3.1.4 Experimental signatures

A. The Large Electron-Positron Collider

At LEP, CP violating scenarios are probed via a re-interpretation of the usual (CP-conserving) MSSM
or 2HDM searches [149, 161, 162]. Compared to the MSSM, the mass and coupling constraints are
relaxed, leading to an often richer mixture of final states. The results of Refs. [149, 161, 162] exploit the
earlier searches for the e+e− → hA, hZ processes (in CP-conserving nomenclature), now accounting for
the possible presence of more than two neutral Higgs bosons in the spectrum, and for generally diluted
cross-sections and modified branching fractions.

The considered modes include the familiar Hi → bb, ττ [163], but also gluonic or photonic decays
(so-called flavour-blind and fermiophobic searches, respectively) [164–168]. Details concerning the
analyses and the statistical combination procedure are given in Section 3.2.

B. The Large Hadron Collider

At the LHC, via gluon fusion, we probe loop-induced Higgs-boson couplings to two gluons. The di-
agrams with top and bottom quarks inside loops can induce both scalar S gi and pseudoscalar P gi form
factors simultaneously for a specific Hi when CP is violated. We refer to Sec. 3.4 for specific forms of
the form factors. Also, note that the CP-odd component of each Higgs boson can contribute to the scalar
form factor in the presence of non-vanishing CP phases.

The s-channel production cross section of a neutral Higgs boson Hi in gg fusion is given by

σ(pp→ Hi) = K
α2
s

256πv2

(
|Sgi |2 + |P gi |2

)
τ
dLgg
dτ

, (3.14)

where the factor K ≈ 1.5-1.7 for QCD corrections and the Drell-Yan variable τ = M 2
Hi
/s with s

being the invariant hadron collider energy squared. The gluon-gluon luminosity τdLgg/dτ ∼ 500 when
MHi ∼ 100 GeV at the LHC and α2

s/256πv2 ∼ 0.1 pb.

Even the absolute values of the scalar and pseudoscalar form factors depend strongly on the CP
phases [62–74], we need observables which vanish in the CP-conserving limit to establish CP-violating
Higgs mixing at the LHC. The product Re e(Sgi P

g
i )/(|Sgi |2 + |P gi |2) might be measured by examining

the azimuthal angular distribution of the tagged forward protons [75]. On the other hand, when the Higgs
bosons decay into τ leptons, one can construct CP-odd observables if the polarizations of the τ leptons
can be determined reasonably. Even the production rates are known to be low in general, the exclusive
double diffractive process, thanks to a clean environment due to the large rapidity gap and a good Higgs-
mass resolution of the order of 1 GeV, may offer unique possibilities for exploring Higgs physics in ways
that would be difficult or even impossible in inclusive Higgs production at the LHC [76].

The inclusion of supersymmetric threshold corrections to the b-quark mass [124–126, 128, 169–
176] has significant consequences in scenarios with large CP-mixing effects in the Higgs sector. De-
pending on the size of Arg(At,b µ), Arg(M3 µ), and the details of the spectrum, the lightest sbottom
squark becomes tachyonic and, possibly, the b-quark Yukawa coupling nonperturbative for values of
tanβ ranging from intermediate up to large or very large [77]. In this case, the main production mech-
anism of Higgs bosons at the LHC is not gluon fusion but b-quark fusion. Inability of distinguishing
gluon fusion from b-quark fusion leads us to consider W +W− fusion into Higgs bosons and subsequent
decays of Higgs bosons into tau leptons [158]. It would be a promising channel for studying signature
of Higgs-sector CP violation at the LHC.
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Finally, we note that the existing MSSM Higgs CP studies at the LHC are mostly at the parton
level and still in need of a detailed experimental validation including detector simulations.

C. The International Linear Collider
At the international linear collider (ILC), the neutral Higgs bosons are produced via Higgs couplings to
vector boson pairs, gHiV V , and vector-boson couplings to Higgs boson pairs, |gHiHjZ | = |εijk gHkV V |.
This relation, together with the sum rule Eq. (3.9), leads to the selection rule that only two CP-even
Higgs bosons can appear in the Higgs–strahlung process and only two pairs of CP-even and CP-odd
Higgs bosons can be produced in CP-invariant MSSM framework. In other words, if one observe three
Higgs bosons in Higgs–strahlung and/or all the three pairs of Higgs bosons, H1H2,H2H3, and H1H3, in
pair productions, this is a signal of CP violation in the MSSM framework [78,79]. But in the non-minimal
supersymmetric extension(s) of the SM, there can be additional Higgs singlet(s) and/or doublets(s) im-
plying the observation made above does not necessarily mean a signal of CP violation.

Higgs-boson production via the Higgs–strahlung process e+e− → Hi Z , where the Z boson
decays into electron or muon pairs, offers a unique environment for determining the masses and widths
of the neutral Higgs bosons by the recoil-mass method [80–82]. Thanks to the excellent energy and
momentum resolution of electrons and muons coming from the Z-boson decay, the recoil mass against
the Z boson, p2 = s− 2 · √s ·EZ +M2

Z , can be reconstructed with a precision as good as 1 GeV. Here
s and EZ are the the collider centre-of-mass energy squared and the energy of the Z boson, respectively.
It is shown [153] that the production lineshape of a coupled system of neutral Higgs bosons decaying
into bb̄ quarks is sensitive to the CP-violating parameters. When the Higgs bosons decay into τ −τ+, two
CP asymmetries can be defined using the longitudinal and transverse polarizations of the τ leptons.

D. Photon Linear Collider

By means of Compton back–scattering of laser light, almost the entire energy of electrons/positrons at
ILC can be transferred to photons [83] so that eγ and γγ processes can be studied for energies close to
the ILC energy scale [84, 177, 178]. The luminosities are expected to be about one third of the e+e−

luminosity in the high energy regime. Especially, the photon–photon collision is an ideal option to
look for the signatures of neutral Higgs bosons. The γγ formation allows us to generate heavy Higgs
bosons [179, 180] in a wedge centered around medium tan β values, in which neither the LHC nor
the ILC give access to the spectrum of heavy Higgs bosons. Various options of choosing the photon
polarization, circular and linear, allow unique experimental analyses of the properties and interactions of
Higgs bosons. For example, more than 20 independent observables, half of which are CP-odd, can be
constructed by exploiting the controllable photon beam polarization and the possibly measurable final–
state fermion polarizations.

In the narrow-width approximation, the s-channel Higgs-boson production γγ → Hi can be ex-
pressed in the simple form,

σ(γγ → Hi) =
α2

em

32πv2

(
|Sγi |2 + |P γi |2

)
δ(1 −M2

Hi/s) , (3.15)

where s is the c. m. energy squared of two colliding photons and α2
em/32πv2 ∼ 4 fb. For the scalar Sγi

and pseudoscalar P γi form factors, we again refer to Section 3.4. The s-channel production of neutral
Higgs bosons and its decays into several final states have been studied by many authors taking account of
possible interference effects with the tree-level t- and u-channel continuum amplitudes [85–92,159]. Re-
cently, a comprehensive study has been done taking into account µ+µ−, τ+τ−, b̄b and t̄t final states [93].
Some signatures of the resonant CP–violating Higgs mixing due to near degeneracy of heavy Higgs
bosons in the decoupling limit [107] have been investigated as well [159], cf. Section 3.12.

E. Muon colliders and other experimental probes
The main physics advantage of the muon collider is that the larger Yukawa coupling of muons in many
cases admits copious production of Higgs bosons as s-channel resonances. Moreover, with controllable
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energy resolution and beam polarizations, the muon collider provides a powerful probe of the Higgs
sector CP violation [94–100, 181]. Several detailed studies considering fermion and/or sfermion final
states can be found, for example, in Refs. [101, 102].

3.2 Search for CP-violating neutral Higgs bosons in the MSSM at LEP

Philip Bechtle

In this section, the results from the combination of the Higgs boson searches of the four LEP collab-
orations [149, 182–184] at

√
s = 91–209 GeV in model-independent cross-section limits on various

MSSM-Higgs-like topologies and in exclusion of CP-violating MSSM benchmark scenarios are pre-
sented. Because of the different Higgs boson production and decay properties outlined in the previous
sections, the experimental exclusions published so far for the CP-conserving MSSM scenario are partly
invalidated by CP-violating effects.

3.2.1 Higgs boson searches at LEP

In the CP-conserving MSSM, the two dominant production mechanisms Higgsstrahlung (e+e− → hZ ,
σhZ ∝ sin2(β − α)) and pair production (e+e− → hA, σhA ∝ cos2(β − α)) are complementary and
ensure the coverage of the whole kinematically accessible plane of Higgs boson masses, because for
large cos2(β − α) the two Higgs bosons h (CP-even) and A are close to each other in mass.

In the CP-violating MSSM, the experimental coverage of the mass plane is lost, since first all
three Higgs bosons can be produced in Higgsstrahlung (and hence the direct complementary of two
modes is lost), and second, because there can be large mass differences between MH1 and MH2 over
the whole parameter space. Additionally, the cascade decay H2 → H1H1 is dominant in large areas of
the parameter space. Hence, the coverage of non-diagonal pair production mechanisms and the coverage
of cascade decays is crucial for the experimental access to the CP-violating models. This is shown in
Fig. 3.4. In (a), the 95 % confidence level (CL) exclusion limits on σ × BR in the process e+e− →
H2Z → H1H1Z → bb̄bb̄Z relative to the nominal 2HDM cross-section is shown. For MH2 up to
105 GeV and all MH1 , models which predict a σ×BR value of more than 40 % of the SM cross-section
can be excluded. In (b), the coverage for the process e+e− → H2H1 → H1H1H1 → bb̄bb̄bb̄ is shown,
with limits relative to the nominal pair-production cross-section with cos2(β − α) = 1.
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Fig. 3.4: Model independent limits on σ ×BR relative to the nominal 2HDM cross-sections for sin2(β − α) = 1

in (a) and cos2(β − α) = 1 in (b). The scale on the right side of the figures shows the fraction of the nominal
cross-section which can be excluded at the 90 % CL.
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Fig. 3.5: Model predictions for σ × BR values of dominant Higgs boson production mechanisms in the CPX
scenario for 30 GeV < MH1 < 40 GeV at the average center-of-mass energy of LEP in the last two years of
data-taking.

3.2.2 MSSM models with additional CP violation

The benchmark model used in the combination of the LEP data is the CPX scenario [54]. It is character-
ized by large mixing between CP-even and CP-odd states in the mass eigenstates. The CP-even/CP-odd
mixingM2

SP is characterized by

M2
SP ∝

m4
t

v2

Im (At,bµ)

M2
SUSY

. (3.16)

Therefore, large values of the top quark mass mt, the Higgsino mixing parameter µ and the imaginary
part of the trilinear couplings in the stop and sbottom sector At,b (argAt,b,τ = Φ3 = 90◦), coupled with
a not too large scale of the squark masses MSUSY is chosen. Effects of the variation of these parameters
are studied. Detailed calculations on the two-loop order [60, 144] or on the one-loop renormalization-
improved order [54] are used to calculate the model predictions.

The resulting predictions for selected processes in the CPX scenario are shown in Fig. 3.5 for
lightest Higgs masses of 30 GeV < MH1 < 40 GeV. For low tanβ ∼ 2, the SM-like production
mechanism H1Z → (bb̄, τ+τ−)Z is dominant and has a large production cross-section. For intermediate
tan β ∼ 4, however, all production cross-sections are reduced with respect to the area at tanβ ∼ 2,
since the kinematically accessible H1 decouples from the Z because it becomes entirely CP-odd, hence
no Higgsstrahlung occurs, and since MH2 ≈ 110 GeV is close to the kinematic limit. Additionally,
the experimentally more difficult cascade decay H2 → H1H1 becomes dominant. For large tan β the
production cross-sections increase and finally H1H2 → bb̄bb̄ becomes the dominant mode at tan β > 15.

3.2.3 Interpretation of the LEP data in the CPV MSSM

The statistical combination of all Higgs boson searches from all four LEP collaborations uses the modi-
fied frequentist approach as implemented in [185, 186]. The result of this combination shows no statisti-
cally significant excesses of the data over the expected background. Hence, limits on the parameter space
are computed [162]. These limits are shown in Fig. 3.6, 3.7 and 3.8 for the CPX scenario. In each case,
the full set of MSSM parameters is fixed to the values chosen for the scenario (as given in [54, 162]),
apart from tanβ and the charged Higgs boson mass MH± , which are scanned. The result is then shown
in the tanβ,MH1 projection.
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Fig. 3.6: Exclusion areas in the (a) (MH2 ,MH1), (b) (tanβ,MH2), (c) (tanβ,MH1) and (d) (tanβ,MH±) planes
in the CPX scenario for mt = 174.3 GeV. Theoretically inaccessible regions are shown in yellow, experimentally
excluded areas in light green (CL = 95 %) and dark green (CL = 99.7 %).

Fig. 3.6 shows the excluded region in the CPX scenario for four different projections and mt =
174.3 GeV. The reduction of production cross-sections for intermediate tan β described in Section 3.2.2
causes unexcluded regions for low values of the lightest Higgs boson mass MH1 . No absolute limit on
MH1 can be set. In Fig. 3.7 the results in the CPX scenario are shown for different top quark masses mt.
The present experimental value of mt = 172.7 GeV [187] lies between the values used for Fig. 3.7 (a)
and the nominal CPX scenario shown in Fig. 3.6 (c). For larger values of mt the unexcluded region
increases, since mt strongly influences the mixing of the mass eigenstates (see (3.16)) and increases the
mass splitting between MH1 and MH2 , hence further decreasing the production cross-sections of ZH2

states for intermediate tan β.

The effect of unexcluded regions in the parameter space for low MH1 is clearly connected to the
CP-violating imaginary phase of the trilinear couplings At,b. This is shown in Fig. 3.8. Only for large
phases (and hence large mixings in (3.16)) the effect of large inaccessible regions is strong.

3.2.4 Conclusions

The results from neutral Higgs bosons searches in the context of the MSSM described in this paper
are based on data collected by the four LEP collaborations, ALEPH, DELPHI, L3 and OPAL at

√
s =
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Fig. 3.7: Exclusion areas in the (tanβ,MH1) plane in the CPX scenario formt = 169.3 GeV and 179.3 GeV. For
the corresponding exclusion areas for mt = 174.3 GeV please see Fig. 3.6 (c). Theoretically inaccessible regions
are shown in yellow, experimentally excluded areas in light green (CL = 95 %) and dark green (CL = 99.7 %).
The phase is set to argA = Φ3 = 90◦.
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Fig. 3.8: Exclusion areas in the (tanβ,MH1) plane for different values of the phase argA = Φ3 = 30◦, 60◦ of
the trilinear coupling parameters in the stop and sbottom sector. a value of mt = 174.3 GeV is chosen and the
unvaried parameter values are identical to those of the CPX scenario. For the corresponding plot of the nominal
CPX phase of argA = Φ3 = 90◦ see Fig. 3.6 (c).

91− 209 GeV. No significant excess of data over the expected backgrounds has been found. From these
results, upper bounds are derived for the cross sections of a number of Higgs event topologies. These
upper bounds cover a wide range of Higgs boson masses and are typically much lower than the largest
cross sections predicted within the MSSM framework. In the CP-violating benchmark scenario CPX and
the variants which have been studied, the combined LEP data show large unexcluded domains, down to
the smallest masses; hence, no absolute limits can be set for the Higgs boson masses. On the other hand,
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Fig. 3.9: Model predictions for σ × BR values of dominant Higgs boson production mechanisms in the CPX
scenario for 30 GeV < MH1 < 40 GeV at

√
s = 250 GeV.

tanβ can be restricted to values larger than 2.9 for mt = 174.3 GeV. While the excluded mass domains
vary considerably with mt, the bound in tan is barely sensitive to the precise choice of the top quark
mass.

Fig. 3.9 shows a selection of the same cross-sections as in Fig. 3.5, this time for a center-of-mass
energy of 250 GeV instead of 202 GeV. At higher energies, the ZH2 Higgsstrahlung channel is kinemat-
ically open and no suppression of the cross-sections at intermediate tanβ can be seen. Therefore it is
expected that in this model the ILC will have the same access to the Higgs sector as in a CP conserving
MSSM model.

3.3 The ATLAS discovery potential for Higgs bosons in the CPX scenario
Markus Schumacher

The investigation of the discovery potential for Higgs bosons of the MSSM at the LHC has so far concen-
trated on the CP conserving case with real SUSY breaking parameters. Here we discuss a preliminary
investigation of the discovery potential of the ATLAS experiment for Higgs bosons in the CPX sce-
nario [58] of the CP violating MSSM. The soft SUSY breaking parameters have been fixed according
to Eq. 3.13 with the common SUSY scale chosen to be MSUSY = 500 GeV, the SU(2) gaugino mass
parameter M2 = 500 GeV and M1, the U(1) gaugino mass parameter, is derived from M2 using the GUT
relation. The mass of the top quark used in this study is 175 GeV. The two parameters tanβ and MH± ,
which determine the Higgs sector at Born level, have been scanned between 1 to 40 and 50 to 1000 GeV,
respectively.

3.3.1 Experimental peculiarities

The results of the published ATLAS Monte Carlo (MC) studies, shown in Table 3.1, are used for the
investigation of the discovery potential. The key performance figures for e.g. lepton identification and
isolation, b-tagging, τ identification, trigger efficiencies and mass resolutions have been obtained from
studies using a full simulation of the ATLAS detector. The number of expected signal and background
events have been estimated then using a fast simulation of the ATLAS detector.

In order to evaluate the discovery potential of a search channel in a specific (tan β,MH± ) parame-

110

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

110



ter point, the number of expected signal and background events after all selection cuts need to be derived
for this parameter set. This is done in the following way:

3.3.1.1 Masses, coupling and branching ratios

The masses of the Higgs bosons, their coupling strength and branching ratios are calculated with FeynHiggs
2.1 [145]. Preliminary checks have also been performed using an alternative program CPsuperH [131].
The differences in the predictions among the two programs are significant for certain areas of the param-
eter space e.g. a shift in the mass of H1 of about 5 GeV can be achieved. This results in a change of the
contribution of a particular search channel, however the basic conclusions stay the same. In this report
results are only shown which were obtained with FeynHiggs.

3.3.1.2 Production cross sections

Leading order cross sections are used for all production processes. All cross sections are calculated using
the CTEQ5L parton distribution functions [188]. For the production of neutral Higgs bosons via gluon
fusion, weak boson fusion1 and heavy quarks (ttHi and bbHi) the SM like cross sections are calculated
using the programs from reference [189]2 and then applying the appropriate correction factors to obtain
the MSSM cross section values as detailed below:

Gluon fusion : σGGFMSSM =
ΓHi→gluons(MSSM)

ΓH→gluons(SM)
× σGGFSM (3.17)

Weak Boson Fusion : σWBF
MSSM =

(
gHiV V (MSSM)

gHV V (SM)

)2

× σWBF
SM (3.18)

ffHi : σffHiMSSM =

(
gSHiff (MSSM)

gSHff (SM)

)2

× σHffSM

+

(
gPHiff (MSSM)

gSffH(SM)

)2

× σffA2HDM,tanβ=1 (3.19)

Here gHiV V denote the coupling to weak gauge bosons and gPHiff and gSHiff the scalar and pseudoscalar
coupling to fermions, respectively. The SM values are equal to unity in our convention. For heavy
charged Higgs bosons (M±H > 180 GeV) production via the process gb → tH± is considered. For a
light Higgs boson (M±H < 170 GeV) the production in the decay of a top quark in a charged Higgs boson
and b quark are investigated. The intermediate mass region is for now excluded from the evaluation
of the discovery potential. A discussion of a proper handling of this transition region may be found in
[190–192] and is awaiting a detailed experimental MC study.

The cross section σPseudo−SM for gb → H±t as a function of the charged Higgs boson mass is
calculated with the program of [193]. Here “pseudo” means that the factor (Mb tanβ)2 + (Mt/ tan β)2,
which enters the cross section, is set to one. The cross section for each parameter point is then scaled
according to:

σMSSM = [(Mb( in GeV ) tan β)2 + (Mt( in GeV )/ tan β)2)]σPseudo−SM (3.20)

Here Mb and Mt denote the running quark masses at the scale (MH± +Mt)/4 as recommended in [190,
193].

1Hi here and in the following denotes a general neutral Higgs boson mass eigenstate. Only its CP even component couples
to W and Z boson. Associated production with weak gauge bosons (W (Z)Hi) is not considered as a discovery channel at the
LHC.

2The codes for HIGLU, VV2H and HQQ are accessible via http://people.web.psi.ch/spira/proglist.html.
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Table 3.1: Channels contributing to the ATLAS discovery potential. Shown are the production mechanisms, decay
channels, mass ranges considered and references for the analysis.

Production process Decay mode Mass range (GeV) Reference
Inclusive Hi → γγ 60 to 400 [196]

Gluon Fusion Hi → ZZ → 4 leptons 100 to 450 [196]
Gluon Fusion Hi →WW → lνlν 140 to 200 [196]

Weak Boson Fusion Hi →WW → lνν(qqlν) 110 (130) to 250 [197]
Weak Boson Fusion Hi → ττ → ll4ν, lhad.3ν 110 to 180 [197]

ttHi Hi → bb 70 to 150 [198]
Gluon Fusion/bbHi Hi → µµ 70 to 1000 [199, 200]
Gluon Fusion/bbHi Hi → ττ → l had.(had. had.) 110(450) to 1000 [201, 202] ( [203])

Gluon Fusion Hi → HjHk → γγbb 100(40) to 360(130) [196]
Gluon Fusion Hi → HjZ → bbll 100(40) to 360(130) [196]
Gluon Fusion Hi → tt 350 to 500 [196]
tt→ H±bWb H± → τν,W → qq(lν) 70 to 170 [204] ( [196])
gb→ H±t H± → τν 180 to 1000 [192]

The cross section for charged Higgs boson production in top quark decay is calculated in the
following way. A leading order top quark pair production cross section of 492 pb is used and multiplied
with the t → H±b branching ratio as obtained from PYTHIA [194, 195] depending on tanβ and the
charged Higgs boson mass.

3.3.1.3 Signal and background rates

The expected background rates are independent from the MSSM parameter point and their values for a
given Higgs boson mass are taken directly from the published ATLAS MC studies. The expected signal
rate Nsignal is calculated according to:

Nsignal = σMSSM ×BR×L× ε , (3.21)

where L denotes the integrated luminosity and σMSSM ×BR the product of cross section times branch-
ing ratio for the particular MSSM parameter. The signal efficiency ε for a given Higgs boson mass is
taken from published detailed ATLAS MC studies. However two type of corrections are applied to the
efficiencies as discussed below.

Most experimental MC studies have been performed for a light SM like Higgs boson or for the
heavy Higgs bosons for particular choice of the MSSM parameters. These parameter choices include e.g.
the following assumptions: (i) the natural total decay width of the Higgs bosons is negligible compared
to the mass resolution, (ii) the mass degeneracy between e.g. H2 and H3 is perfect i.e. the masses are
exactly the same, which means the signal contributions can be simply added. During the scan of the
MSSM parameter space these assumption might no be fulfilled for all points. Deviations from the above
assumptions have been corrected for in the following way.

The effect of an increased total decay width leading to a broadening of the reconstructed mass
peak and therefore to a reduced signal efficiency when using the standard mass window cuts are taken
into account by multiplying the signal efficiency with the following correction factor Kwidth:

Kwidth =

∫M+∆M
M−∆M BW (ΓMSSM

total )⊗G(σM )
∫M+∆M
M−∆M BW (ΓMC study

total )⊗G(σM )
(3.22)
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The integration borders M −∆M and M + ∆M are the mass window cuts in the standard MC study.
ΓMC study
total denotes the total decay width assumed in the ATLAS MC study, ΓMSSM

total the total decay
width in the particular MSSM point and σM the mass resolution for the signal. BW (Γtotal) is the Breit-
Wigner distribution which is folded (⊗) with the Gaussian mass resolution G(σM ). The correction factor
is calculated and applied for each individual search channel and each MSSM parameter point separately.
In the case that ΓMSSM

total is smaller than ΓMCstudy
total no correction factor, which would be larger than 1, is

applied.

Depending on the MSSM parameter point the masses of two of the neutral Higgs bosons might be
closer than the expected mass resolution or the mass window cut applied. Then the partially overlapping
signal will lead to an increased discovery potential. Examples of such channels are: production via weak
boson fusion, associated production with b-quarks and Higgs boson production with decay to a pair of
top quarks. In such cases the signal rate of the two contributing mass states are combined in the following
way. Consider that the masses of the two bosons are M1 and M2. The expected signal and background
rate for the Higgs boson with mass M1 have been evaluated. In addition the signal rate of the boson
with mass M2 leaking into the mass window around M1 is evaluated and added to the expected signal
rate. The same procedure is repeated interchanging the role of the two Higgs bosons. For both cases
the significance for observation of a signal excess is evaluated and the one yielding the larger value is
retained.

Two luminosity scenarios are distinguished: (i) low luminosity running at L = 1033 cm−2s−1

yielding an integrated luminosity of 10 fb−1 per year, (ii) high luminosity running at L = 1034 cm−2s−1

yielding an integrated luminosity of 100 fb−1 per year. At high luminosity running several performance
numbers are degraded e.g. b-tagging performance, mass resolutions etc. This change in the detector
performance is taken into account when deriving the signal and background rates and from those the
discovery potential.

3.3.2 ATLAS discovery potential in the CPX benchmark scenario

The evaluation of the discovery potential is based on Poissonian statistics requiring that the probability
of a background fluctuation to the number of expected signal+background events is less than 2.85×10−7.
In the case of combining different final states the likelihood ratio method [205] is applied. The results
are shown for integrated luminosities of 30 fb−1 and 300 fb−1. In the latter case 30 fb−1 collected during
low luminosity running and 270 fb−1 collected at high luminosity running are assumed. The weak boson
channels, charged Higgs boson channels for the Higgs boson mass below the top quark mass and the
decay Hi → ττ have only been studied for low luminosity running. Hence all results for these channels
are only shown for an integrated luminosity of 30 fb−1.

The discovery potential for the lightest neutral Higgs boson H1 after collecting an integrated lumi-
nosity of 30 and 300 fb−1 for the two projections (MH± , tan β) and (MH1 , tanβ) is shown in Fig. 3.10.
In the (MH± , tanβ) projection the discovery potential for 30 fb−1 is dominated by the weak boson fu-
sion channels which cover a large area left over by the LEP experiments [206]. Additional small areas of
parameter space are covered by associated production with b and top quarks. With 300 fb−1 the coverage
of the latter two channels is increased and furtheron a large fraction of parameter space is covered also
by the decay into a pair of photons and a pair of Z bosons. Masses below 60 GeV have been not stud-
ied up to now. In the weak boson fusion channels only masses above 110 GeV have been investigated.
Therefore a significant area in the (MH1 , tanβ) plane has not been investigated yet.

The discovery potential for the heavier neutral Higgs boson H2 and H3 and the charged Higgs
bosons in the projection (MH± , tan β) are shown in Fig. 3.11. For the heavy neutral Higgs bosons
the area of large tanβ is covered by the associated production with b quarks. Areas of low MH± are
covered by the production of H2/3 in weak boson fusion with subsequent decay into tau leptons and
the associated production with top quarks. The area of small tanβ, which to large extent has already
excluded by the LEP searches, is covered by one ore more of several search channels as indicated in the

113

THE M INIMAL SUPERSYMMETRICSTANDARD MODEL WITH CP PHASES

113



1

2

3

4

5
6
7
8
9

10

20

30

100 200 300 400 500 600 700 800 900 1000

MH+- (GeV)

ta
nβ

ATLAS preliminary

excluded by LEP

theoretically inaccessible

VBF: H1 → WW
VBF: H1 → ττ
bbh: H1 → µµ
tth: H1 → bb

1

2

3

4

5
6
7
8
9

10

20

30

0 20 40 60 80 100 120 140

MH1 (GeV)
ta

nβ

ATLAS preliminary

theoretically inaccessible

1

2

3

4

5
6
7
8
9

10

20

30

100 200 300 400 500 600 700 800 900 1000

MH+- (GeV)

ta
nβ

ATLAS preliminary

excluded by LEP

theoretically inaccessible

H1 → γγ
H1 → ZZ → 4 lep.
VBF: H1 → ττ
bbh: H1 → µµ
tth: H1 → bb

1

2

3

4

5
6
7
8
9

10

20

30

0 20 40 60 80 100 120 140

MH1 (GeV)

ta
nβ

ATLAS preliminary

theoretically inaccessible

Fig. 3.10: Top row: discovery potential for the lightest neutral Higgs boson H1 after collecting 30 fb−1 In the
black area observation via bbH1, H1 → µµ is expected, in the medium grey (green) area via WBF H1 → ττ , in
the single hatched (blue) area via WBF, H1 →WW and in dark grey (red) area via ttH1, H1 → bb.
Bottom row: discovery potential for the lightest neutral Higgs boson H1 after collecting 300 fb−1, for the WBF
channels only 30 fb−1 are used. In the black area observation via bbH1, H1 → µµ is expected, and in the hori-
zontally lined (red) area at low tanβ via ttH1, H1 → bb, in the horizontally lined (magenta) area at large tanβ

via H1 → ZZ → 4 leptons, in the vertically lined (blue) area via H1 → γγ, and in the remaining solid area
surrounded by the green line via WBF, H1 → ττ .
The light grey (yellow) area is theoretically inaccessible. The cross hatched (magenta) area is excluded by the LEP
experiments [206].

figure. At intermediate tan β and charged Higgs boson masses above 700 GeV no discovery potential is
found with the current analysis and an integrated luminosity of 300 fb−1. Light charged Higgs bosons
below the top quark mass are expected to be observed in the tau lepton decay mode produced in top
quark pair productions. Heavy charged Higgs bosons can be discovered via gb → tH± and subsequent
decay to τν for large values of tan β.
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Fig. 3.11: Left: discovery potential for the heavy neutral Higgs bosons. In the black area at small tanβ one or
both Higgs boson are expected to be observed in the decays H2/3 → tt, ZHi, HiHj , ZZ,WW, γγ or in ttH2/3

production with H2/3 → bb after collecting 300 fb−1. In the area surrounded by the dark gray (blue) line the WBF
channel with H → ττ contributes, shown for 30 fb−1 only. In the left bottom to top right hatched (yellow) area
discovery is expected via bbH2/3, H2/3 → µµ after collecting 300 fb−1 and in the right bottom to left top hatched
(red) area discovery is expected via bbH2/3, H2/3 → ττ after collecting 30 fb−1.
Right: discovery potential for the charged Higgs bosons. In the area at large tanβ withMH± >180 GeV discovery
is expected via gb → tH±, H± → τν. The dashed and solid line show the expected sensitivity after collecting
30 and 300 fb−1, respectively. For MH± <170 GeV observation is expected via charged Higgs bosons produced
in top decays with H± → τν. The expected sensitivity for the leptonic and hadronic decay of the W boson after
collecting 30 fb−1 is shown in the blue hatched and red solid area, respectively.
The cross hatched (magenta) area is excluded by the LEP experiments [206]. The light grey (yellow) area is
theoretically inaccessible.

The overall ATLAS discovery potential after collecting an integrated luminosity of 300 fb−1 for
the two projections (MH± , tan β) and (MH1 , tan β) are shown in Fig. 3.12. Almost the whole param-
eter space in the projection (MH± , tan β) is covered by the observation of at least one Higgs boson
(see Fig. 3.12 top left). In the intermediate tanβ regime only the lightest neutral Higgs boson H1 is
expected to be observable. The zoom in for small charged Higgs boson masses and moderate tan β
in the projection (MH± , tan β) shows a small yet uncovered and not yet by LEP excluded region (see
Fig. 3.12 top right). The same uncovered region is visible in the (MH1 , tan β) projection (see Fig. 3.12
bottom). Using FeynHiggs 2.1 for the calculations and assuming a top quark mass of 175 GeV the
uncovered region corresponds to the following mass values: MH1 < 50 GeV, 105 < MH2 < 115 GeV,
140 < MH3 < 180 GeV and 130 < MH± < 170 GeV. Preliminary studies with CPsuperH and a differ-
ent top quark mass indicate that the size and location of the uncovered region depends on the calculation
used, but that this region is existing in all investigations performed. So far the LHC collaborations have
not investigated the discovery potential for such a light Higgs boson.

3.3.3 Conclusions

The discovery potential of the ATLAS experiment for Higgs bosons in the CPX scenario of the CP
violating MSSM based on current MC studies has been discussed. Almost all of the model parameter
space is covered by the observation of at least one Higgs boson. However a “small” corner of the
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Fig. 3.12: Overall ATLAS discovery potential for Higgs bosons after collecting 300 fb−1. The lightest neutral
Higgs boson H1 is expected to be seen in the solid medium gray (cyan) area. One or both of the heavier neutral
Higgs bosons H2 and H3 are expected to be observed in in the right top to left bottom hatched (blue ) area.
The charged Higgs bosons H± are expected to be observed in in the right bottom to left top hatched (red) area.
The cross hatched (magenta) area is excluded by the LEP experiments [206]. The light grey (yellow) area is
theoretically inaccesible.

model parameter space is uncovered by the current MC studies. This area corresponds to small values
for the lightest Higgs boson of less than 50 GeV, which is not yet excluded by the LEP searches and
the sensitivity of the ATLAS experiment has not yet been studied. The most promising channel for
simultaneous observation of the charged and the lightest neutral Higgs boson in this area of parameter
space seems to be top quark pair production with the following decay chain: t → bW → blν, t →
bH± → bWH1 → bqqbb [73]. An ATLAS MC study in this channel is in preparation.
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3.4 Higgs phenomenology with CPsuperH

John Ellis, Jae Sik Lee and Apostolos Pilaftsis

The Fortran code CPsuperH [131] is a powerful and efficient computational tool for understanding
quantitatively phenomenological subjects within the framework of the MSSM with explicit CP viola-
tion. It calculates the mass spectrum and decay widths of the neutral and charged Higgs bosons in the
most general MSSM including CP-violating phases. In addition, it computes all the couplings of the
neutral Higgs bosons H1,2,3 and the charged Higgs boson H+. The program is based on the results
obtained in Refs. [141–143] and the most recent renormalization-group-improved effective-potential ap-
proach, which includes dominant higher-order logarithmic and threshold corrections, b-quark Yukawa-
coupling resummation effects, and Higgs-boson pole-mass shifts [53, 58]. The masses and couplings of
the charged and neutral Higgs bosons are computed at a similar high-precision level. Even in the CP-
conserving case, CPsuperH is unique in computing the neutral and charged Higgs-boson couplings and
masses with equally high levels of precision, and is therefore a useful tool for the study of MSSM Higgs
phenomenology at present and future colliders.

3.4.1 Introduction to CPsuperH

The tarred and gzipped program file CPsuperH.tgz can be downloaded from 3:

http://www.hep.man.ac.uk/u/jslee/CPsuperH.html

Typing tar -xvzf CPsuperH.tgz will create a directory called CPsuperH containing files : 0LIST,
ARRAY, COMMON, cpsuperh.f, fillpara.f, fillhiggs.f, fillcoupl.f, fillgambr.f,

makelib, compit, and run. A library file libcpsuperh.a will be created by ./makelib from the
four Fortran files of fillpara.f, fillhiggs.f, fillcoupl.f, and fillgambr.f and the shell-script
compit compiles cpsuperh.f linked with the library file. Input values are supplied by the shell-script
file run. Straightforwardly, type ‘./makelib’ and ‘./compit’ followed by ‘./run’:

Run CPsuperH: ./makelib → ./compit → ./run

and then one can see some outputs depending on input values. For a full description of the input param-
eters SMPARA H(IP), SSPARA H(IP), IFLAG H(NFLAG), see Ref. [131].

In CPsuperH, the main numerical output is stored in arrays. The masses of the three neutral Higgs
bosons, labelled in order of increasing mass such that MH1 ≤MH2 ≤MH3 , are stored in HMASS H(3).
Since the neutral pseudoscalar Higgs bosons mixes with the neautral scalars in the presence of CP vi-
olation, the charged Higgs boson mass MH± is used as an input parameter. The array OMIX H(3,3)

yields the 3 × 3 Higgs mixing matrix, Oαi: (φ1, φ2, a)Tα = Oαi(H1,H2,H3)Ti . All the couplings of
the neutral and charged Higgs bosons are stored in NHC H(NC,IH) and CHC H(NC), respectively. These
include Higgs couplings to leptons, quarks, neutralinos, charginos, stops, sbottoms, staus, tau sneutrinos,
gluons, photons, and massive vector bosons. The array SHC H(NC) contains Higgs-boson self-couplings.
We note that the masses and mixing matrices of the stops, sbottoms, staus, charginos, and neutralinos
are also calculated and stored in corresponding arrays. For the decay widths and branching fractions, the
arrays GAMBRN(IM,IWB,IH) and GAMBRC(IM,IWB) are used for the neutral and charged Higgs bosons.
For a full description, we refer again to Ref. [131]. The masses and branching fractions of the Higgs
bosons and its couplings to a pair of vector bosons obtained by use of CPsuperH are shown in Sec. 3.1.

3Some new features appearing in this write-up, for example, the propagator matrix DH(3,3) and some low-energy observ-
ables, will be implemented in the forthcoming version of CPsuperH.
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3.4.2 Collider signatures

To analyze CP-violating phenomena in the production, mixing and decay of a coupled system of multiple
CP-violating MSSM neutral Higgs bosons at colliders, we need a “full” 3 × 3 propagator matrix D(s),
given by [158]

D(ŝ) = ŝ




ŝ−M2
H1

+ i Im mΠ̂11(ŝ) i Im mΠ̂12(ŝ) i Im mΠ̂13(ŝ)

i Im mΠ̂21(ŝ) ŝ−M 2
H2

+ i Im mΠ̂22(ŝ) i Im mΠ̂23(ŝ)

i Im mΠ̂31(ŝ) i Im mΠ̂32(ŝ) ŝ−M 2
H3

+ i Im mΠ̂33(ŝ)




−1

,

(3.23)
where ŝ is the center-of-mass energy squared, MH1,2,3 are the one-loop Higgs-boson pole masses, and
the absorptive parts of the Higgs self-energies Im mΠ̂ij(ŝ) receive contributions from loops of fermions,
vector bosons, associated pairs of Higgs and vector bosons, Higgs-boson pairs, and sfermions. The
calculated propagator matrix has been stored in the array DH(3,3).

The so called tri-mixing scenario has been taken for studying the production, mixing and decay
of a coupled system of the neutral Higgs bosons at colliders. This scenario is different from the CPX
scenario and characterized by large value of tan β = 50 and the light charged charged Higgs boson
Mpole
H± = 155 GeV. All the three-Higgs states mix significantly in this scenario in the presence of CP-

violating mixing. Without CP violation, only two CP-even states mix. For details of the scenario, see
Refs. [76, 93, 153, 158].

A. LHC

At the LHC, the matrix element for the process g(λ1)g(λ2) → H → f(σ)f̄(σ̄) can conveniently be
represented by the helicity amplitude

Mgg(σσ̄;λ1λ2) =
αs gf

√
ŝ δab

4πv
〈σ;λ1〉gδσσ̄δλ1λ2 , (3.24)

where a and b are indices of the SU(3) generators in the adjoint representation and σ, σ̄, and λ1,2 denote
the helicities of fermion, antifermion, and gluons, respectively. The amplitude 〈σ;λ〉g is defined as

〈σ;λ〉g ≡
∑

i,j=1,2,3

[Sgi (
√
ŝ) + iλP gi (

√
ŝ)]Dij(ŝ) (σβfg

S
Hj f̄f

− igPHj f̄f ) , (3.25)

where

Sgi (
√
ŝ) =

∑

f=b,t

gfg
S
Hif̄f

v

mf
Fsf (τf )−

∑

f̃j=t̃1,t̃2,b̃1,b̃2

gHif̃∗j f̃j
v2

4m2
f̃j

F0(τf̃j ) ,

P gi (
√
ŝ) =

∑

f=b,t

gfg
P
Hif̄f

v

mf
Fpf (τf ) , (3.26)

where τx = ŝ/4m2
x and ŝ-dependent Sgi and P gi are scalar and pseudoscalar form factors 4, respectively.

The Higgs-boson couplings to quarks gS ,P
Hif̄f

and squarks gHif̃∗j f̃j , and the explicit forms of the functions

Fsf,pf,0 are coded in CPsuperH [131]. When f = τ , t , χ0 , χ±, etc, one can construct CP asymmetries
in the longitudinal and/or transverse polarizations of the final fermions which can be observed at the
LHC. For other production mechanisms such as b-quark and weak-boson fusions, the CP asymmetries
can be defined similarly as in the case of gluon fusion.

When tan β is large and MH± ∼ 150 GeV, b-quark fusion is a dominant production mechanism
and the CP asymmetries in gluon fusion can be diluted. In this case, the most promising channel for
probing Higgs-sector CP violation may be the weak-boson fusion process and subsequent decays into

4These ŝ-dependent gluon-gluon-Higgs couplings are stored in arrays SGLUE(3) and PGLUE(3).
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Fig. 3.13: The cross section σWW
tot [pp(WW ) → τ+τ−X ] (upper-left panel) at the LHC and its associated total

CP asymmetry AWW
CP ≡ [σWW

RR − σWW
LL ]/[σWW

RR + σWW
LL ] (upper-right panel) as functions of ΦA = ΦAt =

ΦAb = ΦAτ , where σWW
RR(LL) ≡ σ(pp (WW ) → τ+

R(L)τ
−
R(L)X). We have considered a tri-mixing scenario with

Φ3 = −10◦ (dotted lines) and −90◦ (solid lines). For details of the scenario and the CP asymmetry, see [158].
The lower frames are for Higgs bosons produced in diffractive collisions at the LHC. The lower-left frame shows
the hadron-level cross sections when the Higgs bosons decay into b quarks, as functions of the invariant mass M
with ΦA = 90◦ and rapidity y = 0 . The vertical lines indicate the three Higgs-boson pole-mass positions. The
lower-right frame shows the CP-violating asymmetry when the Higgs bosons decay into τ leptons. See [76] for
details.

tau leptons: W+W− → H1,2,3 → τ+τ−. The cross section σ[pp(W+W−) → H → τ+τ−X] lies
between 0.2 and 0.6 pb and the CP asymmetry is large for a wide range of CP phases, see the two upper
frames of Fig. 3.13.

Higgs-boson production in an exclusive diffractive collision p + p → p + Hi + p offers unique
possibilities for exploring Higgs physics in ways that would be difficult or even impossible in inclusive
Higgs production [76]. In spite of the low and theoretically uncertain luminosity of the process, what
makes diffraction so attractive compared to the inclusive processes are the clean environment due to the
large rapidity gap and the good Higgs-mass resolution of the order of 1 GeV which may be achievable
by precise measurements of the momenta of the outgoing protons in detectors a long way downstream
from the interaction point. It may be possible to disentangle nearly-degenerate Higgs bosons by exam-
ining the production lineshape of the coupled system of neutral Higgs bosons, see lower-left frame of
Fig. 3.13. Moreover, the CP-odd polarization asymmetry can be measured when the polarization infor-
mation of Higgs decay products is available, see the lower-right frame of Fig. 3.13. For more studies
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of the diffractive production and decay of Higgs bosons in the MSSM scenario with CP violation, see
Section 3.8.

B. ILC
A future e+e− linear collider, such as the projected ILC, will have the potential to probe the Higgs sector
with higher precision than the LHC. At the ILC, the Higgs-boson coupling to a pair of vector bosons,
gHiV V = cβOφ1i+sβOφ2i, plays a crucial role. There are three main processes for producing the neutral
Higgs bosons: Higgs strahlung, WW fusion, and pair production. The cross section of each process is
given by

σ(e+e− → ZHi) = g2
HiV V σSM(MHSM

→MHi) ,

σ(e+e− → ννHi) = g2
HiV V σ

WW
SM (MHSM

→MHi) ,

σ(e+e− → HiHj) = g2
HiHjV

G2
FM

4
Z

6πs
(v2
e + a2

e)
λ3/2(1,M2

Hi
/s,M2

Hj
/s)

(1−M2
Z/s)

2
, (3.27)

where gHiHjV = sign[det(O)]εijk gHkV V , ve = −1/4 + s2
W , ae = 1/4 and σ(WW )

SM denotes the cor-
responding production cross section of the SM Higgs boson. As is well known, the WW fusion cross
section grows as ln(s) compared to the Higgs strahlung and becomes dominant for large center-of-mass
energy

√
s. In the decoupling limit, MH±

>∼ 200 GeV, the couplings for heavier Higgs bosons gH2,3V V

are suppressed, see Fig. 3.1 of Sec. 3.1. In this case, for the production of H2 and H3, the pair produc-
tion mechanism is active since |gH2H3V | = |gH1V V | ∼ 1. When MH±

<∼ 200 GeV, the excellent energy
and momentum resolution of electrons and muons coming from measurements of the Z boson in Higgs
strahlung may help to resolve a coupled system of neutral Higgs bosons by analyzing the production
lineshape, see the two upper panels of Fig. 3.14.

As noted in the previous section, if one observes three Higgs bosons in Higgsstrahlung and WW
fusion and/or all three pairs of Higgs bosons in pair production, this can be interpreted as a signal of CP
violation in the MSSM framework. However, such an interpretation relies on the hypothesis that there
exist no additional singlet or doublet Higgs fields. To confirm the existence of genuine CP violation,
one needs to measure other observables such as CP asymmetries. In this light, the final fermion spin-
spin correlations in Higgs decays into tau leptons, neutralinos, charginos, and top quarks need to be
investigated. See the lower panels of Fig. 3.14 for an example when Higgs bosons are are produced in
Higgs strahlung and decay into τ leptons. The two CP asymmetries aτL and aτT are defined in terms of
the longitudinal and transverse polarizations of final τ leptons, see [153] for details.

C. γLC

The two-photon collider option of the ILC, the γLC, offers unique capabilities for probing CP violation
in the MSSM Higgs sector, because one may vary the initial-state polarizations as well as measure the
polarizations of some final states in Higgs decays [93]. The amplitude contributing to γ(λ1)γ(λ2) →
H → f(σ)f̄(σ̄) is given by

MH =
αmf

√
ŝ

4πv2
〈σ;λ1〉Hδσσ̄δλ1λ2 , (3.28)

where the reduced amplitude

〈σ;λ〉H =

3∑

i,j=1

[Sγi (
√
ŝ) + iλP γi (

√
ŝ)] Dij(ŝ) (σβfg

S
Hj f̄f

− igPHj f̄f ), (3.29)

is a quantity given by the Higgs-boson propagator matrix Eq. (3.23) combined with the production and
decay vertices. The one-loop induced complex couplings of the γγHi vertex, Sγi (

√
ŝ) and P γi (

√
ŝ),

get dominant contributions from charged particles such as the bottom and top quarks, tau leptons, W ±
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Fig. 3.14: The differential total cross section dσ̂ftot(e
−e+ → ZHi → Zf̄f)/d

√
p2 multiplied byB(Z → l+l−) =

B(Z → e+e−) + B(Z → µ+µ−) as functions of the invariant mass of the Higgs decay products
√
p2 in units of

fb/GeV when f = b (upper-left panel) and f = τ (upper-right panel). The CP-conserving two-way mixing (P0)
and three CP-violating tri-mixing (P1-P3) scenarios have been taken. The lower two frames show the CP-violating
asymmetries when Higgs bosons decay into tau leptons. See [153] for details.

bosons, charginos, third-generation sfermions and charged Higgs bosons 5 :

Sγi (
√
ŝ) = 2

∑

f=b,t,χ̃±1,2

NC Q
2
f gfg

S
Hif̄f

v

mf
Fsf (τf ) −

∑

f̃j=t̃1,2,b̃1,2,τ̃1,2

NC Q
2
fgHif̃∗j f̃j

v2

2m2
f̃j

F0(τf̃j )

−g
HiV V

F1(τW )− g
HiH

+H−
v2

2M2
H±

F0(τH±) ,

P γi (
√
ŝ) = 2

∑

f=b,t,χ̃±1,2

NC Q
2
f gfg

P
Hif̄f

v

mf
Fpf (τf ) , (3.30)

where τx = ŝ/4m2
x, NC = 3 for (s)quarks and NC = 1 for staus and charginos, respectively. For the

explicit forms of F1 and couplings, see [131].

One advantage of γLC over the e+e− option at the ILC is that one can construct CP asymmetries
even when Higgs bosons decay into muons and b quarks, by exploiting the controllable beam polariza-
tions of the colliding photons, see Fig. 3.15.

5The arrays SPHO(3) and PPHO(3) are used for the ŝ-dependent γ-γ-Higgs couplings.
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Fig. 3.15: The cross sections (left column) and the CP asymmetries Af0 (right column) for the processes γγ → b̄b

(upper) and γγ → µ+µ− (lower). The QED continuum contributions to the cross sections are also shown. The
tri-mixing scenario with Φ3 = −10◦ and ΦA = 90◦ has been considered, making the angle cuts θbcut = 280 mrad
and θµcut = 130 mrad. The three Higgs masses are indicated by vertical lines. See [93] for details.

One can investigate all possible spin-spin correlations in the final states such as tau leptons, neu-
tralinos, charginos, top quarks, vector bosons, etc., with the goal of complete determination of CP-
violating Higgs-boson couplings to them. The cases of tau-lepton and top-quark final states are demon-
strated in [93].

For the complete determination of CP-violating Higgs-boson couplings to SM as well as Super-
symmetric particles, a muon collider is even better than the γLC. At a muon collider, it is possible to con-
trol the energy resolution and polarizations of both the muon and the anti-muon. Compared to the γLC
case, the center-of-mass frame is known and it has much better resolving power for a nearly-degenerate
system of Higgs bosons [100].

3.4.3 Low-energy observables

Low-energy observables such as EDMs, (g − 2)µ, BR(b → sγ), ACP(b → sγ), BR(B → Kl l),
BR(Bs,d → l+l−), etc. provide indirect constraints on the soft SUSY breaking parameters. Specifically,
we show in [153] that it is straightforward to obtain the expressions of the coefficient CS and the Higgs-
mediated de for the thallium EDM by use of couplings calculated by CPsuperH. Fig. 3.16 shows that one
can implement the thallium EDM constraint on the CP-violating phases and demonstrate that they leave
open the possibility of large CP-violating effects in Higgs production at the ILC.
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Fig. 3.16: The Thallium EDM d̂Tl ≡ dTl × 1024 e cm in the tri-mixing scenario. The upper-left frame displays
|d̂Tl| in the (ΦA,Φ3) plane. The unshaded region around the point Φ3 = ΦA = 180o is not theoretically allowed.
The different shaded regions correspond to different ranges of |d̂Tl|, as shown: specifically, |d̂Tl| < 1 in the narrow
region denoted by filled black squares. In the upper-right frame, we show |d̂Tl| as a function of ΦA for several
values of Φ3. In the lower-left frame, we show |d̂Tl| as a function of Φ3 for four values of ΦA. In the lower-right
frame, we show the CS (dotted line) and de (dash-dotted line) contributions to d̂Tl separately as functions of Φ3

when ΦA = 60o. As shown by the dashed line, the chargino contribution is negligible. See [153] for details.

The code CPsuperHwill be extended in near future to include CP-violating effective FCNC Higgs-
boson interactions to up- and down-type quarks [207–210]. The determination of these effective inter-
actions may be further improved in the framework of an effective potential approach, where the most
significant subleading contributions to the couplings can be consistently incorporated. At large values
of tan β, Higgs-mediated interactions contribute significantly to the B-meson observables mentioned
above and so may offer novel constraints on the parameter space of constrained versions of the MSSM,
such as the scenario of minimal flavour violation.
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3.5 Higgs phenomenology in the Feynman-diagrammatic approach / FeynHiggs
Thomas Hahn, Sven Heinemeyer, Wolfgang Hollik, Heidi Rzehak, Georg Weiglein and Karina Williams

In this contribution we present recent higher-order corrections to the Higgs boson masses and decay
widths involving complex phases that have been obtained in the Feynman diagrammatic (FD) approach.
A precise prediction for the masses of the Higgs bosons, their couplings, and their production and decay
processes in terms of the relevant SUSY parameters is necessary in order to determine the discovery
and exclusion potential of the Tevatron [211–214], and for physics at the LHC [196, 215–219] and the
ILC [220–225].

In the following we discuss the two-loop corrections of O(αtαs) to the Higgs boson masses and
mixings. We give a short description of the calculation and show numerical examples, comparing the
phase dependence at the one-loop and the two-loop level. We furthermore present the vertex correc-
tions to the decay H2 → H1H1, which plays an important role for the Higgs search in the CP-violating
MSSM [162]. We discuss some details of the calculation and present the numerical results, showing
the impact of higher-order corrections and the dependence on the complex phase. The new results dis-
cussed in this contribution are currently implemented into the Fortran code FeynHiggs. We provide a
brief description of this code, including a summary of the evaluated observables and instructions for its
installation and use.

3.5.1 Higher-order corrections to the Higgs boson masses and mixings

The current status can be summarized as follows: after the first more general investigations [48, 49],
one-loop calculations have been performed in the effective potential (EP) approach [51, 52], and leading
two-loop contributions have been incorporated with the renormalisation-group (RG) improved one-loop
EP method [50, 53]. These results have been restricted to the corrections coming from the (s)fermion
sector and some leading logarithmic corrections from the gaugino sector. Within the FD approach the
leading one-loop corrections have been calculated in Ref. [59], and the complete one-loop result has been
obtained in Refs. [60, 61, 148]. Within the FD approach the two-loop corrections in the t/t̃ sector had
so far been restricted to the MSSM with real parameters [113–115, 118]. The FD result in the MSSM
with real parameters contains subleading two-loop corrections that go beyond the result obtained in the
EP/RG approach, leading to a shift in the lightest Higgs boson mass of about 4 GeV [132]. It is clearly
desirable to extend the FD two-loop result to the CP-violating MSSM.

In this section we present the O(αtαs) corrections to Higgs boson masses and mixings including
the full phase dependence at the two-loop level.

3.5.1.1 Calculation of two-loop corrections

In order to compute the Higgs boson masses and mixings up to O(αtαs) the determinant of the inverse
propagator matrix Γ has to be evaluated,

Γ(k2) = k21−




(M
(0)
H )2 − Σ̂HH(k2) −Σ̂hH(k2) −Σ̂AH(k2)

−Σ̂hH(k2) (M
(0)
h )2 − Σ̂hh(k2) −Σ̂Ah(k2)

−Σ̂AH(k2) −Σ̂Ah(k2) (M
(0)
A )2 − Σ̂AA(k2)


 . (3.31)

The Higgs masses are given by the roots of det(Γ). The tree-level masses are denoted by M (0). The
renormalized self-energies, Σ̂φφ(k2) with φ = H,h,A, contain a one-loop and a two-loop part,

Σ̂φφ = Σ̂
(1)
φφ + Σ̂

(2)
φφ . (3.32)

In our calculation we have evaluated the dominant part of the two-loop self-energies, i.e. the contribu-
tions of O(αtαs), taking into account the full complex phase dependence. To extract this dominant part
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Fig. 3.17: Sample of two-loop diagrams for the Higgs-boson self-energies (φ = h,H,A; i, j, k, l = 1, 2).
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Fig. 3.18: Sample diagrams for the Higgs self-energies with counterterm insertion (φ = h,H,A; i, j, k = 1, 2).

the generic self-energy diagrams (see Fig. 3.17) and the corresponding diagrams with counterterm in-
sertions (see Fig. 3.18) have been evaluated applying the approximation of vanishing electroweak gauge
couplings and vanishing external momenta. The Feynman diagrams have been generated with the pack-
age FeynArts [226–229] and the tensor reduction has been performed with the package TwoCalc [230].

In the calculation of the renormalised self-energies the input parameter MH± enters and has to be
defined at the two-loop level. We use the on-shell renormalisation for the charged Higgs boson,

ReΣ̂H+H−(M2
H±) = 0 , (3.33)

where as explained above the external momentum is neglected in the two-loop contribution. The on-shell
condition ensures that MH± corresponds to the physical (pole) mass. Also the SM gauge bosons are
renormalized on-shell. The tadpole coefficients must vanish in order not to shift the vacuum expectation
values,

Tφ + δTφ = 0 (φ = h,H,A) . (3.34)

The counterterm expressions enter the the renormalised Higgs self-energies in Eq. (3.31).

The parameters of the t̃ sector have to be defined at the one-loop level. The top quark mass, mt, as
well as the two t̃ masses, mt̃1

and mt̃2
, are defined as pole masses. The mixing is fixed by (generalizing

the condition used in Ref. [231])

R̃eΣ̂t̃12
(m2

t̃1
) + R̃eΣ̂t̃12

(m2
t̃2

) = 0 , (3.35)

where R̃e gives the real part of the loop functions and does not act on complex parameters.

3.5.1.2 Numerical results

At the two-loop level the phases of the t̃ sector, ΦAt and Φµ, and of the gluino mass parameter, Φ3, enter
the prediction of the Higgs boson masses and mixings. The phase of the Higgs mixing parameter, Φµ,
is tightly constrained by the measurements of the electric dipole moments [232] (we use the convention
where ΦM2 = 0), and we therefore do not consider non-zero values of this phase.

125

THE M INIMAL SUPERSYMMETRICSTANDARD MODEL WITH CP PHASES

125



 90

 100

 110

 120

 130

 140

 150

 0  0.5  1  1.5  2

PSfrag replacements

M
H

1
[G

eV
]

ΦAt/π

ΦXt/π

|At| = 2.6 TeV

|Xt| = 2.5 TeV

MH± = 500 GeV

O(α)
O(α+ αtαs)  90

 100

 110

 120

 130

 140

 150

 0  0.5  1  1.5  2

PSfrag replacements

M
H

1
[G

eV
]

ΦAt/π

ΦXt/π

|At| = 2.6 TeV
|Xt| = 2.5 TeV

MH± = 500 GeVO(α)
O(α+ αtαs)

Fig. 3.19: Dependence of the mass of the lightest Higgs boson, MH1 , on the phase ΦAt (left) and the phase ΦXt

(right). The mass prediction is shown includingO(α) (one-loop) andO(α + αtαs) (two-loop) corrections.

 106

 108

 110

 112

 114

 116

 118

 120

 200  400  600  800  1000 1200 1400 1600 1800 2000

PSfrag replacements
MH1 [GeV]

ΦAt/π
ΦXt/π

|At| = 2.6 TeV
|Xt| = 2.5 TeV

MH± = 500 GeV
O(α)

O(α+ αtαs)

mg̃ [GeV]

M
H

1
[G

eV
]

Φ3 = 0
Φ3 = π/2

Φ3 = π

Fig. 3.20: Dependence of MH1 on mg̃ for Φ3 = 0, π/2, π with MSUSY = 500 GeV.

The following default values for the parameters have been used unless indicated otherwise: mt =
174.3 GeV, MH± = 500 GeV, tanβ = 10, µ = 1000 GeV, M1 = 5/3 tan2 θWM2, M2 = 500 GeV,
M3 = 1000 GeV, MSUSY = 1000 GeV (the soft SUSY-breaking parameters in the diagonal entries in
the sfermion mass matrices), |Af | = 1000 GeV (the trilinear sfermion-Higgs couplings), and ΦAf = 0.

In Fig. 3.19 two numerical examples are shown. In the left plot the dependence of MH1 on the
phase of the trilinear coupling, ΦAt , is shown, taking into account the one-loop and the one- and two-loop
contributions, respectively. The phase dependence is much stronger in the case of the two-loop corrected
mass. This is related in particular to the two-loop contributions with gluino exchange, see Fig. 3.17.
Varying ΦAt also changes the amount of t̃ mixing, Xt := At − µ∗ cot β, and hence also the values of
the t̃ masses. In the right plot of Fig. 3.19 the phase of the squark mixing ΦXt is varied, which keeps the
t̃ masses constant. The parameters are chosen such that for vanishing phases the Higgs masses in both
plots in Fig. 3.19 are equal. In the right plot the phase dependence is negligible for the one-loop mass
but still sizeable in the two-loop case. This behaviour is related to the fact that the one-loop result in the
MSSM is symmetric w.r.t. changing the sign of Xt, while the FD two-loop result contains contributions
proportional to odd powers of Xt that amount to several GeV in MH1 , see e.g. Ref. [132].

In Fig. 3.20 we show the dependence of MH1 on mg̃ ≡ |M3| for three different values of the
gluino phase, Φ3 = 0, π/2, π. The plot shows that both the variation of mg̃ (see also Ref. [115]) and
the impact of the complex phase Φ3 can lead to shifts in the prediction for MH1 of several GeV. The
dependence on Φ3 is most pronounced in the threshold region seen in Fig. 3.20, where m g̃ ≈ mt̃1

+mt.
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The numerical examples shown above demonstrate that the effects of complex phases at the two-
loop level are relevant for a precise prediction of the Higgs masses and thus for confronting SUSY
theories with present and future experimental results from the Higgs searches. The implementation of
the new two-loop corrections into the program FeynHiggs is in progress.

3.5.2 Higher-order corrections to the decay H2 → H1H1

Due to the two Higgs-doublet structure of the MSSM, the on-shell decay of a heavier Higgs boson to
two lighter Higgs bosons is possible. For real parameters this can be h → AA in a small parameter
region with very light MA [233] or H → hh for large values of MA. The former decay leads to small
unexcluded parameter regions in the MA–tan β plane from LEP Higgs searches [162] (especially in the
“no-mixing” scenario [234]).

Within the CP-violating MSSM, where all three neutral Higgs bosons can mix, the decaysH2,H3 →
H1H1 can be important. In the parameter region of the CPX scenario [54] probed by the LEP Higgs
searches the decay H2 → H1H1 can be large, leading to unexcluded areas in the MH±–tanβ parameter
plane for tan β ∼ 4 and MH1 values of ∼ 40 GeV [162]. A precise prediction of this decay in the
CP-violating MSSM is crucial in order to translate the experimental limits into reliable bounds on the
SUSY parameter space.

In the following we present results for the leading vertex corrections to the decay H2 → H1H1,
obtained in the FD approach. The results for the genuine vertex contributions are combined with the
propagator corrections for the external Higgs bosons (evaluated with FeynHiggs [60,115,130,144,147,
148, 235], see Section 3.5.3).

3.5.2.1 Calculation

φ

φ

φ

t

t

t
φ

φ

φ

t̃i

t̃j

t̃k
φ

φ

φ

t̃i

t̃j

φ

φ

φ

t̃i
t̃j

Fig. 3.21: Leading vertex corrections to the decay H2 → H1H1, involving t/t̃ loops. (φ = h,H,A; i, j, k = 1, 2)

The first step in the calculation is the evaluation of the leading one-loop vertex contributions.
They consist of the Yukawa-enhanced terms (i.e. those proportional to m4

t ) of the diagrams with t/t̃
loops depicted in Fig. 3.21. In order to extract the leading contributions it is sufficient to neglect the
gauge couplings and the external momentum. The contributions obtained in this way form a UV-finite
subclass. The diagrams were evaluated using the packages FeynArts [226–229] and FormCalc [236].

The vertex corrections are supplemented with the external propagator corrections, evaluated up
to the two-loop level [59–61, 115, 130, 147, 148]. These contributions are incorporated using the the
elements of the matrix U , see Eq. (3.37). The elements of the mixing matrix and the masses MH1 , MH2

of the external particles were obtained from FeynHiggs (see Section 3.5.3). Accordingly, the amplitude
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Fig. 3.22: Decay width Γ(H2 → H1H1) in the CPX scenario (using the CPX values as on-shell parameters) as
function of MH± for tanβ = 4 (left) and as function of tanβ for MH± = 150 GeV (right). The genuine vertex
contributions are supplemented with the external propagator corrections evaluated with FeynHiggs incorporating
the one-loop t, t̃, b, b̃ contributions for vanishing external momentum (dotted lines), the full one-loop result (dashed
lines), and the two-loop result (solid lines).

for the decay can be written as:

A(H2 → H1H1) = U21U
2
11Γhhh + U2

13U23ΓAAA +
(
U21U

2
13 + 2U11U23U13

)
ΓhAA

+
(
U22U

2
13 + 2U12U23U13

)
ΓHAA +

(
U23U

2
11 + 2U13U21U11

)
ΓhhA

+(2U12U13U21 + 2U11U13U22 + 2U11U12U23)ΓhHA

+
(
U23U

2
12 + 2U13U22U12

)
ΓHHA +

(
U22U

2
11 + 2U12U21U11

)
ΓhhH

+
(
U21U

2
12 + 2U11U22U12

)
ΓhHH + U2

12U22ΓHHH , (3.36)

with

U = OT



−sα cα 0
cα sα 0
0 0 1


 , (3.37)

where O is defined in Eq. (3.5), and Γ denotes the genuine one-loop vertex contributions. α is the angle
diagonalizing the CP-even Higgs-boson mass matrix at tree-level.

3.5.2.2 Numerical results

Results for the decay width Γ(H2 → H1H1) are shown in Figs. 3.22, 3.23. As described above, our
numerical results for Γ(H2 → H1H1) are obtained by supplementing the genuine one-loop vertex con-
tributions with the external propagator corrections according to Eq. (3.36). These external propagator
corrections are evaluated with the program FeynHiggs incorporating different sets of higher-order con-
tributions. The dotted lines in Figs. 3.22, 3.23 indicate the result where only the one-loop t, t̃, b, b̃ contri-
butions for vanishing external momentum are taken into account, the dashed lines correspond to the full
one-loop result for the propagator corrections, while the full lines indicate the results incorporating also
the two-loop propagator corrections.

Fig. 3.22 shows the prediction for the decay width Γ(H2 → H1H1) as function of MH± (left
plot) and as a function of tan β (right plot). The parameters are those of the CPX scenario as defined in
Eq. (3.13), with MSUSY = 500 GeV and ΦAt = π/2. Once two-loop corrections are taken into account,
the renormalisation scheme for the parameters in the stop sector needs to be specified. For simplicity,
we interpret |At| and MSUSY as on-shell parameters in Fig. 3.22. The figure illustrates the fact that the
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Fig. 3.23: Decay width Γ(H2 → H1H1) in the CPX scenario as function of the complex phase ΦAt for MH± =

500 GeV, tanβ = 10 (using the CPX value of |At| as DR parameter). Our results are shown including the
genuine vertex contributions, supplemented with the external propagator corrections evaluated with FeynHiggs in
different approximations (dotted, dashed and solid line, as in Fig. 3.22). They are compared with the result of the
program CPsuperH (dot–dashed line).

decay H2 → H1H1 can be important in the CPX scenario for tan β ≈ 4 and relatively low MH± . The
dependence on both MH± and tan β is very pronounced in this region. While the three implementations
of the external propagator corrections lead to the same qualitative behaviour of Γ(H2 → H1H1), they
give rise to a sizeable shift in MH± and tan β.

In Fig. 3.23 our result for Γ(H2 → H1H1) is shown as a function of the complex phase ΦAt in the
CPX scenario with MSUSY = 500 GeV in comparison with the result of the program CPsuperH [131].
While in FeynHiggs, based on the FD approach, the on-shell scheme is used (see Section 3.5.3 for
details), the input parameters of the program CPsuperH, based on the EP/RG approach, correspond to
the DR scheme. In order to be able to compare the results of the two programs, the relevant input
parameters have to be appropriately converted. We have used the CPX value of |At| as DR parameter
at the scale MS ≡ (M2

SUSY + m2
t )

1/2. This value has been taken as input for CPsuperH, while for our
FD result we have used the corresponding on-shell parameter as obtained from the simple conversion
relations given in Ref. [132].

Fig. 3.23 shows that the dependence of the decay width Γ(H2 → H1H1) on the complex phase
ΦAt is very pronounced. The three implementations of the external propagator corrections evaluated
with FeynHiggs yield very similar results. The qualitative behaviour of the result obtained from the
program CPsuperH is similar to our FD result. A sizeable difference occurs, however, in particular in
the region of small values of ΦAt .

The implementation of the genuine vertex corrections for the decays of a Higgs boson into two
other Higgses into the program FeynHiggs is in progress. While the numerical results shown above are
based on the leading Yukawa corrections in the t/t̃ sector, the full one-loop vertex corrections in the CP-
violating MSSM are currently being evaluated. Combining these with the most up-to-date propagator
corrections should prove valuable in order to arrive at an accurate prediction for these decay processes.
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3.5.3 The Code FeynHiggs

FeynHiggs [60, 115, 130, 144, 147, 148, 235]6 is a Fortran code for the evaluation of the masses, decay
properties and production processes of Higgs bosons in the MSSM with real or complex parameters. The
calculation of the higher-order corrections is based on the FD approach [59]. The renormalisation has
been performed in a hybrid DR/on-shell scheme. For the masses and mixings, the one-loop contributions
incorporate the complete set of MSSM corrections, including the full momentum and phase dependence
and the full 6× 6 non-minimal flavor violation (NMFV) contributions [237, 238]. At the two-loop level
all existing corrections from the real MSSM have been included (see Ref. [130] for a review). They
are supplemented by the resummation of the leading effects from the (scalar) b sector including the full
complex phase dependence.

3.5.3.1 Evaluation of observables

The evaluation of the Higgs-boson masses and mixing angles is supplemented with an estimate of the
theory uncertainties from unknown higher-order corrections. The estimate for the total uncertainty is ob-
tained as the sum of deviations from the central value7, ∆X =

∑3
i=1 |Xi−X|withX = {Mh1,h2,h3,H± ,

sinαeff , Uij}, where αeff is the loop corrected mixing angle in the CP-even Higgs sector (in the absence
of CP-violating phases) and Uij is defined in Eq. (3.37). The Xi are calculated as follows:

– X1: varying the renormalization scale (entering via the DR renormalization) within 1/2mt ≤ µ ≤
2mt,

– X2: using mpole
t instead of the running mt in the two-loop corrections,

– X3: using instead of a resummation in the (scalar) b sector an unresummed bottom Yukawa cou-
pling, yb, i.e. an yb including the leading O(αsαb) corrections, but not resummed to all orders.

Besides predictions for the masses and mixing angles, FeynHiggs2.4 contains the evaluation of all
relevant Higgs-boson decay widths and hadron collider production cross sections. These are in particular:

– the total width for the three neutral and the charged Higgs bosons,
– the couplings and branching ratios of the neutral Higgs bosons to

– SM fermions (see also Ref. [239]), hi → f̄f ,
– SM gauge bosons (possibly off-shell), hi → γγ, ZZ∗,WW ∗, gg,
– gauge and Higgs bosons, hi → Zhj , hi → hjhk,
– scalar fermions, hi → f̃ †f̃ ,
– gauginos, hi → χ̃±k χ̃

∓
j , hi → χ̃0

l χ̃
0
m,

– the couplings and branching ratios of the charged Higgs boson to
– SM fermions, H− → f̄f ′,
– a gauge and Higgs boson, H− → hiW

−,
– scalar fermions, H− → f̃ †f̃ ′,
– gauginos, H− → χ̃−k χ̃

0
l ,

– the neutral Higgs boson production cross sections at the Tevatron and the LHC for all relevant
channels (in an effective coupling approximation [240]).

For comparisons with the SM, the following quantities are also evaluated for SM Higgs bosons with the
same mass as the three neutral MSSM Higgs bosons:

– the total decay width,
– the couplings and BRs of a SM Higgs boson to SM fermions,
– the couplings and BRs of a SM Higgs boson to SM gauge bosons (possibly off-shell),

6Current version: FeynHiggs2.4.0.
7Note that in FeynHiggs we use hi instead of Hi as symbols for the Higgs boson states.
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– the production cross sections at the Tevatron and the LHC for all relevant channels [240].
FeynHiggs2.4 furthermore provides results for electroweak precision observables that give rise to con-
straints on the SUSY parameter space (see Ref. [47] and references therein)

– the leading corrections to the observables MW and sin2 θeff entering via the quantity ∆ρ, evaluated
up to the two-loop level [241–246],

– an evaluation of MW and sin2 θeff (via ∆ρ) including at the one-loop level the dependence on
complex phases from the scalar top/bottom sector [247] and NMFV effects [237],

– the anomalous magnetic moment of the muon, including a full one-loop calculation [248] as well
as leading and subleading two-loop corrections [249–251],

– the evaluation of BR(b→ sγ) including NMFV effects [238].
Some further features of FeynHiggs2.4 are:

– Transformation of the input parameters from the DR to the on-shell scheme (for the scalar top and
bottom parameters), including the full O(αs) and O(αt,b) corrections.

– Processing of SUSY Les Houches Accord (SLHA 2) data [252–254]. FeynHiggs2.4 reads the
output of a spectrum generator file and evaluates the Higgs boson masses, branching ratios etc.
The results are written in the SLHA format to a new output file.

– Predefined input files for the SPS benchmark scenarios [255] and the Les Houches benchmarks for
Higgs boson searches at hadron colliders [234] are included.

– Detailed information about all the features of FeynHiggs2.4 are provided in man pages.

3.5.3.2 New features in FeynHiggs2.4

The main new features in FeynHiggs2.4 as compared to older versions are summarized as follows:

– The imaginary parts of the Higgs-boson self-energies are taken into account in determining the
poles of the propagators. The Higgs-boson pole masses are derived as the real parts of the complex
poles of the complex propagator matrix.

– The mixing matrix (for internal Higgs bosons) is derived from the real part of the complex propa-
gator matrix. This is also taken into account in the Higgs-boson couplings and decay widths.

– Neutral Higgs boson decays are evaluated with the full rotation to on-shell Higgs bosons. The
corresponding rotation matrix for external Higgs bosons, derived from the complex propagator
matrix, is provided.

– At the one-loop level the full 6 × 6 NMFV effects for the Higgs boson masses and mixings are
included [237, 238].

– Negative entries are allowed for the squares of the soft SUSY-breaking parameters (for the diagonal
entries for the sfermion mass matrices). The input is given as a negative mass, −m, that is then
internally converted to −(m2).

– The two-loop corrections to (g − 2)µ have been extended, see Refs. [250, 251].
– The evaluation of BR(b→ sγ) has been incorporated, including NMFV effects [238].

3.5.3.3 Installation and use

The installation process is straightforward and should take no more than a few minutes:
– Download the latest version from www.feynhiggs.de and unpack the tar archive.
– The package is built with ./configure and make. This creates the library libFH.a and the

command-line frontend FeynHiggs.
– To build also the Mathematica frontend MFeynHiggs, invoke make all.
– make install installs the files into a platform-dependent directory tree,

for example i586-linux/{bin,lib,include}.
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– Finally, remove the intermediate files with make clean.
FeynHiggs2.4 has four modes of operation:

1. Library Mode: The core functionality of FeynHiggs2.4 is implemented in a static Fortran 77
library libFH.a. All other interfaces are ‘just’ frontends to this library.
The library provides the following functions:

– FHSetFlags sets the flags for the calculation.
– FHSetPara sets the input parameters directly, or
FHSetSLHA sets the input parameters from SLHA data.

– FHSetCKM sets the elements of the CKM matrix.
– FHSetNMFV sets the off-diagonal soft SUSY-breaking parameters that induce NMFV effects.
– FHSetDebug sets the debugging level.
– FHGetPara retrieves (some of) the MSSM parameters calculated from the input parameters,

e.g. the sfermion masses.
– FHHiggsCorr computes the corrected Higgs masses and mixings.
– FHUncertainties estimates the uncertainties of the Higgs masses and mixings.
– FHCouplings computes the Higgs couplings and BRs.
– FHConstraints evaluates further electroweak precision observables.

These functions are described in detail on their respective man pages in the FeynHiggs package.
2. Command-line Mode: The FeynHiggs executable is a command-line frontend to the libFH.a

library. It is invoked at the shell prompt as
FeynHiggs inputfile [flags] [scalefactor]

where
– inputfile is the name of a parameter file (see below).
– flags is an (optional) string of integers giving the flag values, e.g. 40030211. If flags is

not specified, 40020211 is used.
– scalefactor is an optional factor multiplying the renormalization scale.

FeynHiggs understands two kinds of parameter files:
– Files in SUSY Les Houches Accord (SLHA) format [252] (using Ref. [253]). In this case
FeynHiggs adds the Higgs masses and mixings to the SLHA data structure and writes the
latter to a file inputfile.fh.

– Files in its native format, for example
MT 172.5

MSusy 500

MA0 200

TB 5

Abs(Xt) 1000

...

Complex quantities can be given either in terms of absolute value Abs(X) and phase Arg(X),
or as real part Re(X) and imaginary part Im(X). Abbreviations, summarizing several param-
eters (such as MSusy) can be used, or detailed information about the various soft SUSY-
breaking parameters can be given. Furthermore, it is possible to define loops over parameters
in order to scan parts of parameter space. The output is written in a human-readable form to
the screen. The output can also be piped through the table filter to yield a machine-readable
version appropriate for plotting etc.

3. WWW Mode: The FeynHiggsUser Control Center (FHUCC) is a WWW interface to the command-
line executable FeynHiggs. It provides a convenient way to play with parameters, but is of course
not suited for large-scale parameter scans or extensive analyses. To use the FHUCC, point your
favorite Web browser at www.feynhiggs.de/fhucc. adjust the parameters, and submit the form
to see the results.
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4. Mathematica Mode: The MFeynHiggs executable provides access to the FeynHiggs functions
from Mathematica via the MathLink protocol. This is particularly convenient both because FeynHiggs
can be used interactively this way and because Mathematica’s sophisticated numerical and graph-
ical tools, e.g. FindMinimum, are available. After starting Mathematica, install the package with

In[1]:= Install["MFeynHiggs"]

which makes all FeynHiggs subroutines available as Mathematica functions.

3.5.4 Conclusions

We have presented new results on higher-order corrections in the MSSM with complex phases obtained in
the Feynman diagrammatic approach. The Fortran code FeynHiggs provides the evaluation of masses,
decay properties and production processes of Higgs bosons in the CP-violating MSSM. We have de-
scribed the features of the program and its installation and use.

We have analysed the dependence of the two-loop corrections of O(αtαs) to the Higgs boson
masses and mixings on the phases ΦAt and Φ3, i.e. the complex phase of the trilinear coupling in the
stop sector and the gluino phase. The two-loop corrections significantly enhance the impact of ΦAt

compared to the one-loop case. The gluino phase, which enters the Higgs-mass predictions only at the
two-loop level, can give rise to a shift of the lightest Higgs-boson mass of several GeV.

A prediction for the decay H2 → H1H1 has been obtained by combining genuine vertex con-
tributions with external propagator corrections evaluated with FeynHiggs. The decay width depends
sensitively on higher-order corrections. Varying the complex phase ΦAt has a very large effect on
Γ(H2 → H1H1). The comparison with the program CPsuperH based on the EP/RG approach shows
qualitative agreement in the phase dependence, while a sizeable difference occurs in the maximum value
of Γ(H2 → H1H1).

3.6 Self-couplings of Higgs bosons in scenarios with mixing of CP-even/CP-odd states

Elza Akhmetzyanova, Mikhail Dolgopolov and Mikhail Dubinin

The effective two-doublet Higgs potential of the MSSM at the energy scalemtop has the form of a general
two-Higgs-doublet potential, see Eq. (2.1), with four real parameters λ1-λ4 and three complex-valued
parameters λ5, λ6, λ7 which explicitly violate CP invariance in the Higgs sector. The parameters λ1-λ7

can be calculated [50, 110, 256, 257] and expressed through the parameters of the MSSM in the sector
of scalar quarks–Higgs bosons interaction. In this sense the MSSM Higgs sector as an effective field
theory at the scale mtop can be embedded in a general two-Higgs-doublet model, providing possibilities
to interpret some special MSSM features in the language of the THDM parameter space.

In the following we are using the formalism described in [256,258]. First the THDM mass eigen-
states of CP conserving limit Imλ5,6,7 =0 which are h, H (CP-even scalars), A (CP-odd scalar) and H±

(charged scalar), see Eqs. (2.23), (2.25) and (2.29), are defined using the two mixing angles α and β.
There is no CP violation at the scale MSUSY , where λi are real-valued, at the scale mtop it is radiatively
induced. The evaluation of λ1−7 parameters is based on the effective field theory approach [257] using
the MSSM potential of the Higgs bosons - scalar quarks interaction and including the contributions from
the F-terms, leading and nonleading D-terms, the wave-function renormalization terms, and the leading
two-loop Yukawa QCD-corrections.

In this section we calculate the trilinear and the quartic couplings of physical Higgs bosons in the
CPX scenario [54] of the MSSM. Continious interest to the self-interactions of Higgs bosons both in
the case of CP conservation [259–263] and the case of CP violation [131, 256, 258] is motivated by the
experimental accessibility of the two and three Higgs bosons production signals [62, 64, 65, 78, 89, 91,
264, 265] providing possibilities to reconstruct experimentally the effective Higgs potential.
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Fig. 3.24: The mixing matrix elements Ri1 (i =1,2,3) as a two-dimensional functions of the mass MH± (GeV)
and the phase ΦA (rad) calculated at the one-loop approximation for λ1,...7 parameters of the MSSM two-doublet
potential, CPX500 scenario. With the discontinuities of Ri1 at MH± =184 GeV and the discontinuites of Ri2,
which are also introduced at the same charged scalar mass, the eigenvector basis is left-handed at any {ΦA,MH±}.

The effective trilinear and quartic couplings of physical Higgs bosons H1, H2 and H3, Eq. (2.35)
(i.e. their mass term M 2

ijHiHj in the two-doublet potential is diagonal in the local minimum) can be
written in a compact form, see [131]. For example, the trilinear couplings

L3H = v

3∑

i≥j≥k=1

gHiHjHk
1

N ijk
S

HiHjHk + v

3∑

i=1

g
HiH

+H− HiH
+H− (3.38)

where NS are the combinatorial factors and

g
HiHjHk

=

3∑

α≥β≥γ=1

{RαiRβjRγk} gαβγ , g
HiH

+H− =

3∑

α=1

Rαi gαH+H− . (3.39)

where curly brackets denote the symmetrization in the i, j, k indices. Couplings gαβγ and gαH+H− are an
intermediate expressions defined in the unphysical basis. Our mixing matrix R = RT

2 R
T
3 is specified by

Eq. (2.35), (h,H,A)T = ‖Rij‖ (H1,H2,H3)T . The matrix elements Rij are defined in the orthonormal
basis for eigenvectors, R ij = R

′
ij /nj :

R
′
11 = ((M2

H −M2
H1

)(M2
A −M2

H1
)−M ′4

23), R
′
21 = M

′2
13M

′2
23, R

′
31 = −M ′2

13(M2
H −M2

H1
), (3.40)

R
′
12 = −M ′2

13M
′2
23, R

′
22 = −((M2

h −M2
H2

)(M2
A −M2

H2
)−M ′4

13), R
′
32 = M

′2
23(M2

h −M2
H2

), (3.41)

R
′
13 = −M ′2

13(M2
H −M2

H3
), R

′
23 = −M ′2

23(M2
h −M2

H3
), R

′
33 = (M2

h −M2
H3

)(M2
H −M2

H3
), (3.42)

where ni = ki

√
(R
′2
1i +R

′2
2i +R

′2
3i) and the sign factors ki are introduced to ensure definitely cho-

sen (left-handed, det‖Rij‖ =1) orientation of the eigenvector basis at any phase ΦA = arg(µAt) =
arg(µAb) and charged scalar mass MH± , together with matching to the states h, H and A of the CP
conserving limit.

For the two-Higgs doublet potential the off-diagonal mass matrix elementsM
′2
13 andM

′2
23, Eq. (2.30),

depend on the imaginary parts of λ5, λ6 and λ7, see Eqs. (2.33–2.34) [256]. In the framework of MSSM
the λi, i=1,...7 are calculated [50,110,256,257] by means of the effective potential method, taking into ac-
count the one-loop triangle and box squark insertions to the quartic vertices of the two-doublet potential.
If the universal phase of complex parameters arg(µAt) = arg(µAb) is introduced, the phases of λ5,6,7
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Fig. 3.25: The mixing matrix elements Ri1 as a function of the charged scalar mass MH± (GeV) at the phases
ΦA = π/2 (left plot) and ΦA = 7π/12 (right plot) calculated in the one-loop approximation for λ1,...7 parameters
of the MSSM two-doublet potential, CPX500 scenario. Both pictures are the superimposed cross sections of the
two-dimensional plots in Fig. 3.24 by a plane orthogonal to the ΦA axis. The discontinuities of Ri1 at MH± =184
GeV are introduced at the phase π/2 < ΦA < 3π/2. Then the eigenvector basis is left-handed at any {ΦA,MH±}
.

respect the constraint arg(λ5) = 2 arg(λ6,7). In this way the off-diagonal mass matrix elements M
′2
13

andM
′2
23 can be fixed at a given point of the MSSM parameter space {ΦA, tanβ,MH± , µ,At,b,MSUSY }.
The squared masses of Higgs bosons are (M 2

H1
≤M2

H2
≤M2

H3
)

M2
H1

= p cos

(
Θ + 2π

3

)
− a2

3
,M2

H2
= p cos

(
Θ− 2π

3

)
− a2

3
,M2

H3
= p cos

(
Θ

3

)
− a2

3
, (3.43)

where p = 2
√

(−q), cos Θ = r/
√

(−q3), r = (9a1a2 − 27a0 − 2a3
2)/54, q = (3a1 − a2

2)/9,
a1 = M2

hM
2
H + M2

hM
2
A + M2

HM
2
A − M

′4
13 − M

′4
23, a2 = −M2

h − M2
H − M2

A, a0 = M
′4
13M

2
H +

M
′4
23M

2
h − M2

hM
2
HM

2
A. Squared masses of Higgs bosons M 2

Hi
are the roots of the cubic equation

(M2
Hi

)3 + a2(M2
Hi

)2 + a1M
2
Hi

+ a0 = 0 which can be rewritten in the equivalent form

(M2
h −M2

Hi)[(M
2
H −M2

Hi)(M
2
A −M2

Hi)−M
′4
23]−M ′4

13(M2
H −M2

Hi) = 0. (3.44)

If i = 1 then Eq. (3.44) takes the form (M 2
h−M2

H1
)R′11+M

′2
13R

′
31 = 0, so ifM

′2
13 = 0 then either

R′11 = 0 or MH1 = Mh precisely. The special case of degenerate masses MH1 = MH2 takes place
when Θ =0, see Eq. (3.43). For CPX scenario at MSUSY =500 GeV, tanβ =5 (denoted by CPX500

everywhere in the following) Θ =0 at MH± = 184 GeV. The case M
′2
13 =0, when the mixing matrix

elements R′31 and R′21 change their sign crossing zero, is distinguished in mixing scenarios. Such
property of the off-diagonal mass matrix is inherent to the MSSM. In other nonstandard models it may
not take place. In the CPX500 scenario of the MSSM M

′2
13(ΦA) =0 at the phase very close to π/2. For

example, the normalized matrix element R11(ΦA), see Fig. 3.24 and Fig. 3.25, decreases with increasing
ΦA, but reaches zero R11(ΦA) =0 only if MH± < 184 GeV. The cubic equation (3.44) for eigenvalues
is respected in this case because R′11 = 0. The negative sign of R11(ΦA) (i.e. k1 =-1 above) must be
taken to keep proper orientation of the eigenvector basis (always left-handed). In the case MH± > 184
GeV R′11 does not reach zero, remaining always positive. The cubic equation (3.44) for eigenvalues is
then respected because Mh = MH1 . No change of sign for R11 is possible here. Different parametric
behaviour of Rij(ΦA) at MH± less or greater than 184 GeV leads to discontinuities of matrix elements
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Ri1 and Ri2 as a functions of MH± in the vicinity of MH±=184 GeV (Fig. 3.24,3.25). With the two-
loop calculation of λi the situation remains qualitatively the same, but discontinuites of Ri1 and Ri2 are
shifted to lower charged Higgs boson mass MH± =162 GeV. Discontinuites are not a special feature of
our approach. They take place in the CPsuperH [131] and FeynHiggs [60] packages, which are using
different sign conventions for the basis, so other pattern of discontinuites exists there. Our convention is
implemented in CompHEP [266].

The effective trilinear and quartic Higgs boson self-couplings of the general two-Higgs-doublet
model can be written down in two equivalent representations. First one uses λi parameters and the
second representation expresses the effective couplings by means of Higgs boson masses in the CP
conserving limit ΦA =0. The effective charged Higgs boson triple couplings, see Eq. (3.38), in the
λi representation and the mass representation can be found in [256]. In the MSSM CPX500 scenario
the coupling gH+H−H1

goes through zero at ΦA ∼ π/2, see Fig. 3.26, with the overall variation range
approximately from -100 GeV to 100 GeV. The Θ parameter (3.43) is close to maximum in the vicinity
of weak self-interaction, when MH1 ∼ MH2 . Representations of quartic self-couplings in the λi basis
are more complicated. For example (using compact notation sinα ≡ sα and so on)

g
H1H1H1H1

=
4∑

i=1

li λ i +
7∑

i=5

Ri Reλ i +
7∑

i=5

Ii Imλ i , (3.45)

l1 = −3(1 + (−R2
11 +R2

21)c2α −R2
31c2β − 2R11R21s2α)2/4,

l2 = −3(1 + (R2
11 −R2

21)c2α +R2
31c2β + 2R11R21s2α)2/4,

l3 = l4 = 3(−(R2
11 +R2

21)2 − 4(R2
11 +R2

21)R2
31 −R4

31 + (R4
11 − 6R2

11R
2
21 +R4

21)c4α +R4
31c4β

+4R2
31c2β((R2

11 −R2
21)c2α + 2R11R21s2α) + 4R11(R2

11 −R2
21)R21s4α)/4, (3.46)

R5 = 3(−(R2
11 +R2

21)2 + 4(R2
11 +R2

21)R2
31 −R4

31 + (R4
11 − 6R2

11R
2
21 +R4

21)c4α

+R4
31c4β + 4R11(R2

11 −R2
21)R21s4α + 4R2

31c2α((−R2
11 +R2

21)c2β + 4R11R21s2β)

−8R2
31s2α(R11R21c2β + (R2

11 −R2
21)s2β))/4,

R6 = (−6R2
31c2β(−2R11R21c2α + (R2

11 −R2
21)s2α)− 6(−1 + (R2

11 −R2
21)c2α

+2R11R21s2α)(−2R11R21c2α + (R2
11 −R2

21)s2α)

+6R2
31(1 + (−R2

11 +R2
21)c2α − 2R11R21s2α)s2β − 3R4

31s4β)/2,

R7 = (6R2
31c2β(−2R11R21c2α + (R2

11 −R2
21)s2α) + 6(1 + (R2

11 −R2
21)c2α

+2R11R21s2α)(−2R11R21c2α + (R2
11 −R2

21)s2α)

+6R2
31(1 + (R2

11 −R2
21)c2α + 2R11R21s2α)s2β + 3R4

31s4β)/2, (3.47)

I5 = −6R31(R21cα−β −R11sα−β)(−2R11R21c2α + (R2
11 −R2

21)s2α +R2
31s2β),

I6 = 6R31(1 + (−R2
11 +R2

21)c2α −R2
31c2β − 2R11R21s2α)(R21cα−β −R11sα−β),

I7 = 6R31(1 + (R2
11 −R2

21)c2α +R2
31c2β + 2R11R21s2α)(R21cα−β −R11sα−β). (3.48)

Various physical self-couplings in the CPX500 scenario are shown in Fig. 3.26-3.28. Note that in
the CPX500 large contributions to them come from the terms with λ6 ∼0.5. The λ6 parameter has the
Yukawa coupling h4

top in front of the main power term µ3At/M
4
SUSY .

Our calculations demonstrate that the structure of Higgs boson self-interactions for the two-
doublet model with complex parameters in the CP violating potential is extremely strongly sensitive to
radiative corrections and phases of effective parameters. Some detailed numerical evaluations illustrating
this sensitivity were performed in the framework of the CPX scenario at the SUSY scale MSUSY =500
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Fig. 3.26: The triple Higgs boson interaction vertex v · gH+ H−H1
(GeV) vs the phase arg(µAt,b) (left figure

for 1-loop approximation and the right figure with additional leading QCD Yukawa corrections to λi included) at
parameter values MSUSY = 500 GeV, tgβ =5, At,b =1000 GeV, µ = 2000 GeV. Solid line – MH± = 300 GeV,
long dashed line – MH± = 200 GeV, short dashed line – MH± = 190 GeV, rare dotted line – MH± = 180 GeV.
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Fig. 3.27: The triple Higgs boson interaction vertex v · gH1H1H2 (GeV) vs the phase arg(µAt,b) at parameter
values MSUSY = 500 GeV, tgβ = 5, At,b = 1000 GeV, µ = 2000 GeV. Solid line – MH± = 300 GeV, long
dashed line – MH± = 200 GeV, short dashed line – MH± = 190 GeV, dotted line – MH± = 180 GeV. (a) – the
case of effective one-loop potential, (b) – leading two-loop corrections included.
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Fig. 3.28: The quartic interaction vertices gH1H1H1Hi , i =1,2, vs the phase arg(µAt,b) at parameter values
MSUSY = 500 GeV, tgβ = 5, At,b = 1000 GeV, µ = 2000 GeV. Solid line – MH± = 300 GeV, long dashed
line – MH± = 200 GeV, short dashed line – MH± = 190 GeV, dotted line – MH± = 180 GeV. (a) – effective
one-loop approximation, (b) – with leading two-loop corrections included.

GeV and tanβ =5 (CPX500). A lot of self-couplings of physical scalars are very small at the phase
ΦA = arg(µAt,b) ∼ π/2, which is related to vanishing off-diagonal Higgs boson mass matrix element
M
′2
13(ΦA), and mass degeneracy of the states h,H1 and H2, that takes place in the vicinity of Θ =0, see

Eq. (3.43). The availability of zero for the mass matrix element M
′2
13(ΦA) is connected with the relation

between phases arg(λ5) =2 arg(λ6,7), inherent to the MSSM. In other representations of the THDM or
other MSSM mixing scenarios the situation may be different. Mass degeneracy of the states H1 and H2

takes place in the MSSM, CPX500 scenario, for the charged scalar mass MH± =184 GeV at the one-
loop approximation for λi. We point out an interesting property of the CPX500 scenario, namely, definite
(always left-handed, det‖Rij‖ =1) orientation of the eigenvector basis for scalars H1,2,3 is respected in
the (ΦA,MH±) parameter space (together with the mass ordering and matching to the (h,H ,A) states
in the CP-conserving limit), if the discontinuity of the matrix elements Rij(ΦA,MH±) at MH± =184
GeV is introduced (see Fig. 3.24 and Fig. 3.25). The two-dimensional functions Rij(ΦA,MH±), if taken
continious, define different orientations of the eigenvector basis for H1,2,3 states inside the three inter-
vals of phase variation. A discontinuity of the mixing matrix elements Rij leads to a discontinuity in
the couplings, see for example Eq. (3.39), where terms linear in Rij appear. Such property could be
relevant for systems that evolve in the phase and charged scalar mass, related to the phase transitions in

138

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

138



cosmological models. Toy model with phase transitions can be found in [267]. Within the perturbation
theory the discontinuites do not show up in the amplitudes (with the sign compensation in the product
Ri1 Rj1 for each H1 propagator), however, this could be not the case for the nonperturbative insertions
to diagrams. Specific features of self-interactions in the case of complex λ5,6,7 in the THDM technically
appear as a consequence of the eigenvalue and eigenvector problems for the 3×3 neutral Higgs bosons
mixing matrix, dependent on several parameters. In such schemes very small radiative corrections to the
input parameters may lead to large changes of a physical observables evaluated.

3.7 Production of neutral Higgs bosons through b-quark fusion in CP-violating SUSY scenarios
Francesca Borzumati and Jae Sik Lee

The bb̄ fusion process can be one of the leading production channels of the two heaviest neutral Higgs
bosons at the Tevatron and at the LHC for values of tan β ranging from intermediate up to large or very
large. In scenarios with large CP-violating mixing among the neutral Higgs states [48–58], this channel
can be relevant also for the lightest neutral Higgs boson. Moreover, the vertex andmb corrections induced
by supersymmetric particles [124–128,169–176] can affect substantially the size of the production cross
sections of all three neutral Higgs bosons [77].

To illustrate these effects, we consider the CPX scenario defined in Eq. (3.13) of Section 3.1,
that is in general used to highlight CP-violating effects in the Higgs sector. We choose the two free
parameters MSUSY and tan β to be: MSUSY = 0.5 TeV and tan β = 10. (We shall comment later on
the rational for this choice of tan β.) Moreover, after we fix the phases ΦA ≡ Arg(Atµ) = Arg(Abµ)
and Φ3 ≡ Arg(M3µ), the charged Higgs-boson mass is solved to give MH1 = 115 GeV. Our numerical
analyses make use of the program CPsuperH [131].

We show in Fig. 3.29 masses and widths of the three neutral Higgs bosons obtained in such a
scenario, as functions of ΦA for three different values of Φ3: 0◦, 90◦, 180◦. We observe that all three
neutral Higgs bosons are relatively light and widths reaching few GeV for Φ3 = 180◦.

The effective Lagrangian for the interaction of these neutral Higgs bosons to b quarks can be
written as

L = −mb

v
b̄
(
gSHi b̄b + igPHi b̄bγ5

)
bHi , (3.49)

where the couplings gS,P
Hi b̄b

are gS,P
Hib̄b

=
∑

αOαi g
S,P
α with α = (φ1, φ2, a) and the 3×3 matrix O describ-

ing the CP-violating neutral Higgs-boson mixing. After including vertex and mb corrections induced by
supersymmetric particles, the couplings gS,Pα are given by [152]

gSφ1
=

1

cos β
Re e

(
1

Rb

)
, gPφ1

=
tanβ

cos β
Im m

(
κb
Rb

)
,

gSφ2
=

1

cos β
Re e

(
κb
Rb

)
, gPφ2

= − 1

cos β
Im m

(
κb
Rb

)
,

gSa = (tan2 β + 1) Im m

(
κb
Rb

)
, gPa = −Re e

(
tan β − κb

Rb

)
. (3.50)

Here Rb and κb are defined through:

hb =

√
2mb

v cos β

1

Rb
=

√
2mb

v cos β

1

1 + κb tanβ
, (3.51)

with v ' 254 GeV. (Corrections not enhanced by tanβ are also included in our numerical analysis.) In
the above expression, the finite corrections to the b-quark mass are collected in κb = εg + εH in which
the contributions from the sbottom-gluino exchange diagram and those from the stop-Higgsino diagram,
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Fig. 3.29: The masses (top) and widths (middle) of the neutral Higgs bosons as functions of ΦA for the spectrum in
Eq. (3.13) with MSUSY = 0.5 TeV and tanβ = 10, for three different values of Φ3: 0◦ (left column), 90◦ (central
column), and 180◦ (right column). The solid lines are for H1, the dashed ones for H2, and the long-dashed ones
for H3. The bottom frames are for the mass difference between H2 and H1.

respectively εg and εH , are

εg =
2αs
3π

M∗3µ
∗I(m2

b̃1
,m2

b̃2
, |M3|2) , εH =

|ht|2
16π2

A∗tµ
∗I(m2

t̃1
,m2

t̃2
, |µ|2) . (3.52)

The one-loop function I(a, b, c) is well known and can be found, for example, in Ref. [172].

Note that, in general, κb is complex due to the CP phases of the combinations M3µ and/or Atµ.
In particular, the value Φ3 ∼ 180◦ plays an important role in the CPX scenario. While it does not affect
considerably the masses of the three neutral Higgs bosons, and modifies their widths only by a factor
2-3, see Fig. 3.29, it can have consequences for the positivity of the lightest sbottom squark squared
mass. Indeed, for Φ3 ∼ 180◦ ± 30◦, the mass eigenstate b̃1 is tachyonic at values of tanβ ranging from
intermediate to large, depending on the value of ΦA. See Ref. [77] for details. In this study, we choose
tanβ = 10, at which all values of Φ3 and ΦA are allowed.

For values of tan β such that |κb| tan β ∼ 1, with Re e(κb) tanβ ∼ 1 and/or Im m(κb) tanβ ∼ 1
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Fig. 3.30: Couplings gS,Pφ2
and gS,Pa vs. Φ3, for the spectrum in Eq. (3.13) withMSUSY = 0.5 TeV and tanβ = 10.

The dashed lines are for ΦA = 0o, the solid ones for ΦA = 180o. The horizontal lines indicate the values of the
uncorrected couplings.

(tan β = 10 is one of those), the expressions for the couplings gS,Pα reduce to

gSφ1
=

tanβ

|Rb|2
[1 + Re e(κb) tan β] , gPφ1

=
tan β

|Rb|2
[ Im m(κb) tanβ] ,

gSφ2
=

1

|Rb|2
[

Re e(κb) tanβ + |κb|2 tan2 β
]
, gPφ2

= − 1

|Rb|2
[ Im m(κb) tan β] ,

gSa =
tanβ

|Rb|2
[ Im m(κb) tan β] , gPa = −tanβ

|Rb|2
[1 + Re e(κb) tan β] .(3.53)

If no threshold corrections are included, the only nonvanishing couplings are gSφ1
= 1/ cos β and

gPa = − tanβ. The inclusion of these corrections affects these two couplings mainly through the factor
Re e(1/Rb), which is a suppression or an enhancement factor, depending on the value of Arg(κb), and
varies between 1/(1 + |κb| tan β) and 1/(1− |κb| tan β). Note that the factor Re e(1/Rb) is larger than
1 for cos(Arg(κb)) <∼ −|κb| tan β. The other four couplings are loop-induced. Among these, gSφ2

is the
only one present if there are no CP-violating phases, and the couplings gSa ≈ gPφ1

have an overall tan β

enhancement factor compared to the couplings gS,Pφ2
. We show explicitly in Fig. 3.30 the couplings gS,Pφ2

and gS,Pa . The remaining two, in the same approximation of Eq. (3.53), are gSφ1
= −gPa and gPφ1

= gSa ,

respectively. This figure shows clearly that the couplings gS,Pφ2
and gS,Pa have a dependence on the CP

phase ΦA weaker than that on Φ3. This is because |εg| is about one order of magnitude larger than |εH |
for the scenario under consideration.

We are now in position to discuss the production cross sections of the neutral Higgs bosons Hi via
b-quark fusion at hadron colliders. These cross sections can be expressed as:

σ(had1had2 → bb̄→ Hi) = σ(bb̄→ Hi)

∫ 1

τi

dx
[τi
x
bhad1(x,Q) b̄had2

(τi
x
,Q
)

+ (b↔ b̄)
]
, (3.54)
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Fig. 3.31: The sums O2
φ1i

+ O2
ai vs. ΦA, for the spectrum of Eq. (3.13), with MSUSY = 0.5 TeV, tanβ = 10 and

Φ3 = 180o. The dashed lines show O2
ai, the dotted ones, O2

φ1i
.

where bhadi(x,Q) and b̄hadi(x,Q) are the b- and b̄-quark distribution functions in the hadron hadi, Q is
the factorization scale, and τi the Drell–Yan variable τi = M2

Hi
/s, with s the invariant hadron-collider

energy squared. The partonic cross section is

σ(bb̄→ Hi) =
m2
b

v2

π

6M2
Hi

[
(gSHi b̄b)

2 + (gPHi b̄b)
2
]
≈ m2

b

v2

π

6M2
Hi

[
O2
φ1i +O2

ai

] [
(gSa )2 + (gPa )2

]
.

(3.55)
where the last approximation is valid when gS,Pφ2

can be neglected. See discussion in Ref. [77]. The
sums O2

φ1i
+ O2

ai are shown explicitly in Fig. 3.31, for the value Φ3 = 180◦. This is sufficient since
the dependence of these sums on Φ3 is rather weak, coming from the two-loop corrections to the Higgs
potential. Notice that, for ΦA ≈ 100o, H1 is predominantly the CP-odd a boson, whereas H2 and H3

are mainly φ2 and φ1, respectively.

The hadronic cross sections for the Tevatron (
√
s = 1.96 TeV) and the LHC (

√
s = 14 TeV)

are obtained using the leading-order CTEQ6L [268] parton distribution functions, with the factorization
scale fixed at Q = MHi/4. This has been suggested in most of the papers in Ref. [269–275] as the scale
that minimizes the next-to-leading-order QCD corrections to these cross sections when no threshold cor-
rections to mb are kept into account. Although this should be explicitly checked, we believe that the
inclusion of these corrections should not affect substantially this result. We notice also that these super-
symmetric threshold corrections capture the main part of all supersymmetric corrections to the produc-
tion cross sections of neutral Higgs bosons through b-quark fusion. Other corrections, with a nontrivial
dependence on the momenta of the Hi bosons are of decoupling nature, and therefore subleading.

The cross sections are shown in Fig. 3.32 vs. ΦA, for two values of Φ3: 0o (dashed lines) and
180o (solid lines). These two curves delimit all cross sections obtained for all values of Φ3 between
0◦ and 180◦. We observe that these cross section can deviate substantially from those obtained in CP
conserving scenarios, thanks to the nontrivial role played by the threshold corrections to mb and the CP-
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Fig. 3.32: Cross sections for the b-fusion production of H1, H2, and H3 vs. ΦA, for Φ3 = 180o (solid lines) and
0o (dashed lines), at the LHC with

√
s = 14 TeV (two upper lines) and at the Tevatron with

√
s = 1.96 TeV (two

lower lines). The symbol had1had2 indicates pp for the LHC, pp̄ for the Tevatron.

violating mixing effects. The largest deviations in the case of H1 and H2 are around ΦA = 100◦, with
a large enhancement for the production cross section of H1 and a large suppression for that of H2. The
former is due to the fact that the component of the field a in H1 around these values of ΦA is large, where
it is depleted by the same large amount in H2. The cross section for H3 can also deviate substantially
from that in CP conserving scenarios, but this deviation is roughly independent of ΦA.

The region of maximal enhancement or suppression of the production cross sections, around ΦA =
100◦, is also the region in which H1 and H2 are nearly degenerate. Compare with Fig. 3.29. Thus, we
should worry about the fact that a further transition H1 ↔ H2 may occur during propagation (before
decays) due to the off-diagonal absorbitive parts in the 3×3 matrix for the neutral Higgs boson propagator
considered in Ref. [158]. In the present case, we observe that

√
ΓH1ΓH2 is much smaller than twice the

H1–H2 mass difference. This may imply that such a transition does not occur. We have numerically
checked that this is the case [276].

The mass difference between H1 and H2 is, however, still small enough to question whether it is
possible to disentangle the two corresponding peaks in the invariant mass distributions of the H1- and
H2-decay products. There is no similar problem for the H3 eigenstate, that has a mass always larger
than ∼ 160 GeV, and therefore a splitting from H2 always larger than ∼ 10 GeV. Having a width smaller
than ∼ 2 GeV, H3 can be easily separated from H2, and therefore also from H1. In the case of H1 and
H2, on the contrary, the mass difference can be as small 2 GeV around ΦA = 100◦. It will therefore be
very challenging to disentangle H2 from H1 experimentally. An analysis of the decay modes and their
resolution can help in this sense. At the LHC, the best energy and momentum resolution is for the Higgs-
boson decays into muon and photon pairs, with δMγγ ∼ 1 GeV and δMµµ ∼ 3 GeV, respectively [196].
Thus, it is presumably by combining the analyses of these two decay modes that H2 can be disentagled
from H1 when the mass difference is as small as the resolution for the dimuon invariant mass [276].
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3.8 CP-violating Higgs in diffraction at the LHC
Valery A. Khoze, Alan D. Martin and Mikhail G. Ryskin

Recently much attention has focussed on the use of forward proton tagging as a way to discover new
physics at the LHC; see, for example, [277–281]. This method promises to provide an exceptionally
clean environment to search for, and to identify the nature of, new objects at the LHC. A key motivation
behind the recent proposal [282] to add forward proton taggers to the CMS and ATLAS detectors is the
study of the central exclusive diffractive (CED) Higgs production process: pp → p + H + p, where
the + signs denote the presence of large rapidity gaps.

In some MSSM Higgs scenarios, CED processes provide an opportunity for lineshape analyses
[281, 283] and offer a way for direct observation of a CP-violating signal in the Higgs sector [279, 281].
Here, following Ref. [279] we illustrate the phenomenological consequences of CED Higgs production,
using a benchmark scenario of maximal CP-violation (called CPX) which was introduced in Ref. [284].
The parameters are fixed according to Eq. (3.13) As shown in [284] the LEP2 data do not exclude the
existence of a light Higgs boson with mass MH < 60 GeV (40 GeV) in the model with tan β ∼ 3–4
(2–3) and CP phase ΦA = Φ3 = 90◦(60◦).

As discussed in [279, 281, 285], CED production (which we show in Fig. 3.33) has unique advan-
tages in hunting for CP-violating Higgses as compared to the traditional non-diffractive processes. For
numerical estimates, we use the formalism of [277, 286] to describe CED production, together with the
Higgs parameters given by the code CPsuperH [287], where we choose ΦA = Φ3 = 90◦, tan β = 4,
MSUSY = 0.5 TeV, (that is |Af | = 1 TeV, |µ| = 2 TeV, |M3| = 1 TeV) and MH± = 135.72 GeV, so that
the mass of the lightest Higgs boson, H1, is MH1 = 40 GeV. The cross section is written [277, 286] as

Fig. 3.33: Schematic diagram for the exclusive central diffractive (CED) production of a Higgs boson.

the product of the effective gluon–gluon luminosity L, and the square of the matrix element of the sub-
process gg → H . Note that the hard subprocess is mediated by the quark/squark triangles in Fig. 3.33.
For a CP-violating Higgs the gg → H matrix element contains two terms

M = gS · (e⊥1 · e⊥2 )− gP · εµναβe1µe2νp1αp2β/(p1 · p2) (3.56)

where e⊥ are the gluon polarisation vectors and εµναβ is the antisymmetric tensor. In forward CED
production, the gluon polarisations are correlated, in such a way that the effective luminosity satisfies
the P-even, Jz = 0 selection rule [277, 288] . Therefore only the first term contributes to the strictly
forward cross section. However, at non-zero transverse momenta of the recoil protons, p⊥1,2 6= 0, there is
an admixture of the P-odd Jz = 0 amplitude of order p⊥1 p

⊥
2 /Q

2
⊥, on account of the gP term becoming

active. For non-zero recoil proton transverse momenta, the interference between the CP-even (gS ) and
CP-odd (gP ) terms leads to left-right asymmetry in the azimuthal distribution of the outgoing protons.

3.8.1 Exclusive diffractive H1 production followed by bb̄ decay

Let us consider the CED process
pp→ p+ (H → bb̄) + p . (3.57)
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The signal-to-background ratio is given by the ratio of the cross sections for the hard subprocesses, since
the effective gluon–gluon luminosity L cancels out. The cross section for the gg → H subprocess8 [277]

σ̂(gg → H) =
2π2Γ(H → gg)

M3
H

δ

(
1−

M2
bb̄

M2
H

)
∼ constant × δ

(
1−

M2
bb̄

M2
H

)
, (3.58)

On the other hand, at leading order, the QCD background is given by the gg → bb̄ subprocess

dσ̂QCD

dE2
T

∼ m2
b

E2
T

α2
S

M2
bb̄
E2
T

, (3.59)

where ET is the transverse energy of the b and b̄ jets. At leading order (LO), the cross section is sup-
pressed by the Jz = 0 selection rule in comparison with the inclusive process. It was shown in [278]
that it is possible to achieve a signal-to-background ratio of about 1 for the detection of a SM Higgs with
MH ∼ 120 GeV, by selecting bb̄ exclusive events where the polar angle θ between the outgoing jets lies
in the interval 60◦ < θ < 120◦ if the mass window ∆mmissing = 3 GeV. The situation is much worse
for a light Higgs, since the signal-to-background ratio behaves as

∫
dL

d lnM2
bb̄

σ̂(gg → H) d lnM 2
bb̄

∫
dL

d lnM2
bb̄

σ̂QCD d lnM2
bb̄

∼ M5
bb̄ (3.60)

where we have used ∆ lnM 2
bb̄

= 2∆Mbb̄/Mbb̄. The M5 behaviour comes just from dimensional count-
ing. Thus, in going from MH ∼ 120 GeV to MH ∼ 40 GeV, the expected LO QCD bb̄ background
increases by a factor of 240 in comparison with that for Mbb̄ = 120 GeV.

Strictly speaking, there are other sources of background [278]. However, for MH1 ∼ 40 GeV, the
LO bb̄ contribution dominates. Finally, with the cuts of Ref. [278], we predict that the cross section of
the H1 signal is

σCED(pp→ p+ (H1 → bb̄) + p) ' 14 fb

as compared to the QCD background cross section, with the same cuts, of

σCED(pp→ p+ (bb̄) + p) ' 1.4
∆M

1 GeV
pb.

That is the signal-to-background ratio is only S/B ∼ 1/300, and so even for an integrated luminosity
L = 300 fb−1 for ∆M = 3 GeV the significance of the signal is too low. Therefore, to identify a light
Higgs, it is desirable to study a decay mode other than H1 → bb̄. The next largest mode is H1 → ττ ,
with a branching fraction of about 0.07.

The dependence of the results on the mass of the H1 Higgs boson is illustrated in Table 3.2.
Clearly the cross section decreases with increasing mass. On the other hand the signal-to-background
ratio increases.

3.8.2 The ττ decay mode

At the LHC energy, the expected CED cross section for H1 production, followed by ττ decay, is

σ (pp→ p+ (H → ττ) + p) ∼ 1.1 fb, (3.61)

8In [277] we denoted the initial state by ggPP to indicate that each of the incoming gluons belongs to colour-singlet Pomeron
exchange. Here this notation is assumed to be implicit.
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Table 3.2: The cross sections (in fb) of CED production of Hi neutral Higgs bosons, together with those of the
QCD(bb̄) and QED(ττ ) backgrounds. The acceptance cuts applied are (a) the polar angle cut 60◦ < θ(b or τ) <

120◦ in the Higgs rest frame, (b) p⊥i > 300 MeV for the forward outgoing protons and (c) the polar angle cut
45◦ < θ(b) < 135◦. The azimuthal asymmetries Ai are defined in Eq. (3.63).

M(H1) GeV cuts 30 40 50
σ(H1)× Br(bb̄) a 45 14 6
σQCD(bb̄) a 48000 4200 600
Abb̄ 0.14 0.07 0.04
σ(H1)× Br(ττ) a, b 1.9 0.6 0.3
σQED(ττ) a, b 0.6 0.3 0.12
Aττ b 0.2 0.1 0.05

M(H2) GeV 103.4 104.7 106.2
σ × Br(H2 → 2H1 → 4b) c 0.5 0.5 0.5
σ × Br(H2 → 2b) a 0.1 0.1 0.2
M(H3) GeV 141.9 143.6 146.0
σ × Br(H3 → 2H1 → 4b) c 0.14 0.2 0.18
σ × Br(H3 → 2b) a 0.04 0.07 0.1

where the 60◦ < θ < 120◦ polar angle cut has already been included. Despite the low Higgs mass, we
note that the exclusive cross section is rather small. As we already saw in (3.58), the cross section of the
hard subprocess σ̂(gg → H) is approximately independent of MH . Of course, we expect some enhance-
ment from the larger effective gluon–gluon luminosity L for smaller MH . This gives an enhancement of
about 20 (for MH = 40 GeV in comparison with that for MH = 120 GeV).

On the other hand, in the appropriate region of SUSY parameter space, the CP-even H → gg
vertex, gS , is almost 2 times smaller [285, 287] than that of a SM Higgs, giving a suppression of 4. Also
the ratio B(H → ττ)/B(H → bb̄) gives a further suppression of about 12. Although the ττ signal
has the advantage that there is practically no QCD background, exclusive τ+τ− events may be produced
by γγ fusion. To suppress this QED background, one may select events with relatively large transverse
momenta of the outgoing protons. For example, if p⊥1,2 > 300 MeV, then the cross section for the QED
background, for Mττ = 40 GeV, is about

σQED(pp→ p+ ττ + p) ' 0.1
∆M

1 GeV
fb, (3.62)

while the signal (3.61) contribution is diminished by the cuts, p⊥1,2 > 300 MeV, down to 0.6 fb. Thus,
assuming an experimental resolution of ∆M ∼ 3 GeV, we obtain a signal-to-background ratio of S/B ∼
2 for MH1 ∼ 40 GeV.

Note that in all the estimates given above, we include the appropriate soft survival factors S 2—that
is the probabilities that the rapidity gaps are not populated by the secondaries produced in the soft rescat-
tering [290]. Moreover, here we account for the fact that only events with proton transverse momenta
p⊥1,2 > 300 MeV were selected.

3.8.3 Azimuthal asymmetry of the outgoing protons

A specific prediction, in the case of a CP-violating Higgs boson, is the asymmetry in the azimuthal ϕ
distribution of the outgoing protons, caused by the interference between the two terms in (3.56). The
polarisations of the active gluons are aligned along their respective transverse momenta, Q⊥ − p⊥1 and
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Q⊥ + p⊥2 . Hence the contribution caused by the second term, gP , is proportional to the vector product

~n0 · (~p⊥1 × ~p⊥2 ) ∼ sinϕ,

where ~n0 is a unit vector in the beam direction, ~p1. The sign of the angle ϕ is fixed by the four-
dimensional structure of the second term in (3.56). Of course, due to the selection rule, this contribution
is suppressed in the amplitude by p⊥1 p

⊥
2 /Q

2
⊥, in comparison with that of the gS term. Note that there is

a partial compensation of the suppression due to the ratio gP /gS ∼ 2. Also the soft survival factors S2

are higher for the pseudoscalar and interference terms, than for the scalar term.

An observation of the azimuthal asymmetry may therefore be a direct indication of the existence
of CP-violation in the Higgs sector. Neglecting rescattering effects, we find, for example, an asymmetry

A =
σ(ϕ < π)− σ(ϕ > π)

σ(ϕ < π) + σ(ϕ > π)
= 2Re(gSg

∗
P )rS/P (2/π)/(|gS |2 + |rS/P gP |2/2). (3.63)

Here the parameter rS/P reflects the suppression of the P-odd contribution. At the LHC energy A ' 0.09
for MH1 = 40 GeV. However we find soft rescattering tends to wash out the azimuthal distribution, and
to weaken the asymmetry. Besides this the real part of the rescattering amplitude multiplied by the
imaginary part of the pseudoscalar vertex gP (with respect to gS) gives some negative contribution. So
finally we predict9 A ' 0.07.

The asymmetries expected at the LHC, with and without the cut p⊥1,2 > 300 MeV, are shown for
different H1 masses in Table 1. The asymmetry decreases with increasing Higgs mass, first, due to the
decrease of |gP |/|gS | ratio in this mass range and, second, due to the extra suppression of the P-odd
amplitude arising from the factor p⊥1 p

⊥
2 /Q

2
⊥ in which the typical value of Q⊥ in the gluon loop increases

with mass.

3.8.4 Heavy H2 and H3 Higgs production with H1H1 decay

Another possibility to study the Higgs sector in the CPX scenario is to observe CED production of the
heavy neutral H2 and H3 Higgs bosons, using the H2,H3 → H1 + H1 decay modes. For the case we
considered above (tanβ = 4, φCPX = 90◦, MH1 = 40 GeV), the masses of the heavy bosons bosons
are MH2 = 104.7 GeV and MH3 = 143.6 GeV. At the LHC energy, the CED cross sections of the H2

and H3 bosons are not too small – σCED = 1.5 and 0.9 fb respectively. When the branching fractions,
Br(H2 → H1H1) = 0.84, Br(H3 → H1H1) = 0.54 and Br(H1 → bb̄) = 0.92, are included, we find

σ(pp→ p+ (H → bb̄ bb̄) + p) = 1.1 and 0.4 fb

for H2 and H3 respectively. Thus there is a chance to observe, and to identify, the CED production of all
three neutral Higgs bosons, H1,H2 and H3, at the LHC. The QCD background for exclusive diffractive
production of four b-jets is significantly less than the signal.

3.8.5 Central Higgs production with double diffractive dissociation

To enhance the Higgs signal we study a less exclusive reaction in which we allow both of the incoming
protons to dissociate. In Ref. [277] it was called double diffractive inclusive production (here denoted
CDD), and was written

pp→ X +H + Y. (3.64)

Typical results, for the LHC energy, are shown in Table 3.3.

Of course, the missing mass method cannot be used to measure the mass of the Higgs for CDD
production. Therefore the mass resolution will be not so good as for CED. Moreover, with the absence

9We expect a similar asymmetry in the tri-mixing scenario of Ref. [281].
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Table 3.3: The cross sections (in fb) for the central production of Hi neutral Higgs bosons by inclusive double
diffractive dissociation (CDD), together with that of the QED(ττ ) background. A polar angle acceptance cuts of
60◦ < θ(b or τ) < 120◦ (45◦ < θ(b) < 145◦) in the Higgs rest frame is applied for the case of H1 (H2, H3)
bosons. The numbers in brackets correspond to the imposition of the additional cut of E⊥i > 7 GeV for the proton
dissociated systems.

M(H1) GeV 30 40 50
σ(H1)×Br(ττ) 19 (4) 6 (2) 2.6 (0.8)
σQED(ττ) 66 (2.2) 30 (1.5) 15 (0.9)
M(H2) GeV 103.4 104.7 106.2
σ × Br(H2 → 2H1 → 4b) 4 (2) 4 (2) 3.5 (2)
M(H3) GeV 141.9 143.6 146.0
σ × Br(H3 → 2H1 → 4b) 1.5 (0.8) 2.2 (1.2) 2 (1.1)

of the selection rule, the LO QCD bb̄-background is not suppressed. Hence we study only the ττ decay
mode for the light boson, H1, and the four b-jet final state for the heavy H2 and H3 bosons.

The background to the H1 → ττ signal arises from the γγ → ττ QED process. It is evaluated
in the equivalent photon approximation. From Table 2 we see that the H1 signal for CDD production,
(3.64), exceeds the exclusive signal by more than a factor of ten. On the other hand the signal-to-
background ratio is worse; S/BQED is about 1/5. Moreover there could be a huge background due the
misidentification of a gluon dijet as a ττ -system.

For the four b-jet signals of the heavy H2 and H3 bosons, the QCD background can be suppressed
by requiring each of the four b-jets to have polar angle in the interval (45◦, 135◦), in the frame where
the four b-jet system has zero rapidity. However in the absence of a good mass resolution, that is with
only ∆M = 10 GeV, we expect the four b-jet background to be 3-5 times the signal. Nevertheless these
signals are still feasible, with cross sections of the order of a few fb. For example, with an integrated
luminosity of L = 300 fb−1 and an efficiency of 4b-tagging of (0.6)2 [278], we predict about 400 H2

events and 200 H3 events.

The CDD kinematics allow a study of CP-violation, and the separation of the contributions coming
from the scalar and pseudoscalar couplings, gS and gP of (3.56), respectively. Indeed, the polarizations
of the incoming active gluons are aligned along their transverse momenta, ~Q⊥−~p⊥1 and ~Q⊥+~p⊥2 . Hence
the gg → H fusion vertices take the forms

VS = ( ~Q⊥ − ~p⊥1 ) · ( ~Q⊥ + ~p⊥2 )gS (3.65)

VP = ~n0 · [( ~Q⊥ − ~p⊥1 )× ( ~Q⊥ + ~p⊥2 )]gP , (3.66)

where gS and gP are defined in (3.56).

For the exclusive (CED) process the momenta p⊥1,2 were limited by the proton form factor, and
typically Q2 � p2

1,2. Thus

VS = gS Q
2
⊥ while VP = gP (~n0 · [~p⊥2 × ~p⊥1 ]). (3.67)

On the contrary, for double diffractive dissociation production (CDD) Q2 < p2
1,2. In this case

VS = gS p
⊥
1 p
⊥
2 cosϕ and VP = gP p

⊥
1 p
⊥
2 sinϕ. (3.68)

Moreover we can select events with large outgoing transverse momenta of the dissociating systems, say
p⊥1,2 > 7 GeV, in order to make reasonable measurements of the directions of the vectors ~p⊥1 = ~E⊥1

148

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

148



Table 3.4: The coefficients in the azimuthal distribution dσ/dϕ = σ0(1 + a sin 2ϕ + b cos 2ϕ), where ϕ is the
azimuthal angle between the E⊥ flows of the two proton dissociated systems. If there were no CP-violation, then
the coefficients would be a = 0 and |b| = 1.

M(H1) GeV 30 40 50
a b a b a b

H1 −0.53 −0.73 −0.56 −0.55 −0.53 −0.33
H2 0.44 0.90 0.41 0.91 0.37 0.92
H3 −0.38 0.92 −0.40 0.91 −0.42 0.90

and ~p⊥2 = ~E⊥2 . Here E⊥1,2 are the transverse energy flows of the dissociating systems of the incoming
protons. At LO, this transverse energy is carried mainly by the jet with minimal rapidity in the overall
centre-of-mass frame. The azimuthal angular distribution has the form

dσ

dϕ
= σ0(1 + a sin2ϕ+ b cos2ϕ), (3.69)

where the coefficients are given by

a =
2Re(gSg

∗
P )

|gS |2 + |gP |2
and b =

|gS |2 − |gP |2
|gS |2 + |gP |2

. (3.70)

Note that the coefficient a arises from scalar-pseudoscalar interference, and reflects the presence of a
T-odd effect. Its observation would signal an explicit CP-violating mixing in the Higgs sector.

The predictions for the coefficients are given in Table 3.4 for different values of the Higgs mass,
namely MH1 = 30, 40 and 50 GeV. The coefficients are of appreciable size and, given sufficient luminos-
ity, may be measured at the LHC. Imposing the cuts E⊥i > 7 GeV reduces the cross sections by about
a factor of two, but does not alter the signal-to-background ratio, S/BQCD. However the cuts do give
increased suppression of the QED ττ background and now, for the light H1 boson, the ratio S/BQED
exceeds one. We emphasize here that, since we have relatively large E⊥, the angular dependences are
quite insensitive to the soft rescattering corrections.

3.8.6 Conclusions

We have evaluated the cross sections, and the corresponding backgrounds, for the central double-diffractive
production of the (three neutral) CP-violating Higgs bosons at the LHC using, for illustration, the CPX
scenario of Ref. [284]. We have studied the production of the three states, H1,H2,H3, both with exclu-
sive kinematics, pp → p + H + p which we denoted CED, and in double-diffractive reactions where
both the incoming protons may be destroyed, pp→ X+H+Y which we denoted CDD. Proton taggers
are required in the former processes, but not in the latter. Typical results are summarised in Tables 1
and 2, respectively. The cross sections are not large, but should be accessible at the LHC. The azimuthal
asymmetries of the outgoing protons, induced by CP-violation, are quite sizeable, of order 10%.

It would be very informative to measure the azimuthal angular dependence of the outgoing proton
systems, for both the CED and CDD processes. Such measurements would reveal explicitly any CP-
violating effect, via the interference of the scalar and pseudoscalar gg → H vertices.
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3.9 CP violation in supersymmetric charged Higgs production at the LHC

Jennifer Williams

We investigate the possibility of observing CP violation in the production of MSSM charged Higgs
bosons at the LHC. The CP violation arises from allowing the trilinear scalar couplings in the soft break-
ing Lagrangian to be complex, leading to complex phases. We have chosen to investigate the effect of a
complex At, leaving the other phases zero. Initially, we set the phase of At, ΦAt , to be maximal (π2 ) and
vary the magnitudes of At and Ab, with |At| = |Ab|. In a study which is currently in preparation [291]
we also consider fixing the magnitudes of the trilinear couplings and vary the phases of At and Ab.

The main production modes for charged Higgs bosons at the LHC are through b quark induced
processes, due to the large coupling of the Higgs bosons to heavy quarks. The dominant production
process is b quark – gluon fusion, in which a charged Higgs boson is produced in association with a t
quark, this is shown in Fig. 3.34. The cross section for this process was found using HERWIG [292] to be
135× 10−3 pb. The cross section for the gluon – gluon fusion was found to be 8.24× 10−3 pb. For this
reason this investigation only considers charged Higgs boson production by b quark – gluon fusion.

b̄

g

H+

t̄
b̄

b̄

g

H+

t̄

t

Fig. 3.34: Tree level production of charged Higgs bosons.

In order for the CP violation which is present in the complex phases to be manifest, it is necessary
for there to be interference between the tree level and loop level processes. This is because we require
the matrix element squared for the two CP conjugate processes (one producing H+ and the other H−

bosons) to be different. If there is no interference term, then |M|2 = |tree|2 + |loop|2 which must be the
same for both CP conjugate processes.

Since there is no CP violation in the tree level process (At does not enter at tree level), it is also
necessary for the loop level matrix element to be complex in order for the tree – loop interference term to
be different for the two CP conjugate processes. It is an intermediate result of the Optical Theorem that
the matrix element at one loop level will have an imaginary part if the energy of the process is sufficient
for the particles in the loop to be produced on mass shell.

At one loop level, the loops which contribute to the asymmetry are those involving stop and sbot-
tom squarks. A selection of these loops is shown in Fig. 3.35. In later figures they are referred to in
groups, with TB t̃b̃g̃ referring to the triangle and box diagrams containing stop and sbottom squarks and
gluinos, SE t̃b̃ referring to the self energy diagrams containing stop and sbottom squarks and TB t̃b̃χ̃0

referring to the triangle and box diagrams containing stop and sbottom squarks and neutralinos.

The CP asymmetry in the production of H+ and H− bosons at the parton level was calculated
using FormCalc [228, 236] as

Aparton =
σ(H+)− σ(H−)

σ(H+) + σ(H−)
. (3.71)

The MSSM parameters which were used as input for FormCalc were chosen to give parameter
space points based on SPS 1a [255], similar to that used in a study of the decay of charged Higgs bosons
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Fig. 3.35: A selection of diagrams contributing to the CP violating asymmetry in charged Higgs boson production
at one loop level.

by Christova et al. [68]. The MSSM parameters used are given in Table 3.5. The Standard Model
parameters used were the default parameters in FormCalc.

The CP asymmetry at parton level is shown in Fig. 3.36, both versus the partonic centre of mass
energy,

√
ŝ and versus changing Higgs mass, MH± . The very clear thresholds (marked with vertical

lines) that can be seen occur at values of the partonic centre of mass energy or charged Higgs boson mass
when the loop particles can be produced on mass shell, thus increasing the imaginary part of the loop
matrix element. For example the thresholds in

√
ŝ for the loop containing a gluino and stop and sbottom

squarks occurs at values of Mg̃ + Mb̃j
and the thresholds in MH± for the self energy loop containing

stop and sbottom squarks occurs at values of Mt̃i
+Mb̃j

.

Up to this point we have considered the b quark and the gluon as free on shell particles. In reality
they are constituents of the protons and it is the protons that will be collided at the LHC. We now
convolute the parton level results with the parton distribution functions; this effectively integrates over
the partonic centre of mass energy. We used the 2004 MRST pdfs at next-to-leading order at a q2 value of
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Table 3.5: Constrained Minimal Supersymmetric Standard Model parameters used for this study.

Parameter Value
SPS 1a SPS 1b

tanβ 10 30

|µ| 352.39 GeV 501.08 GeV
M2 192 GeV 311.38

|At| varied 250→ 1000 GeV
usually 500 or 1000 GeV

ΦAt
π
2

|Ab| = |At|
ΦAb 0

MSUSY 490 GeV 707.06 GeV
MQ̃3

535 GeV 767 GeV
MŨ3

340 GeV 672 GeV
MD̃3

490 GeV 788 GeV

(MH± +Mt)
2 [293]. The CP violating asymmetry for the hadronic production of charged Higgs bosons

is given by

Ahadron =
σ(pp→ b̄g → H+t̄+X)− σ(pp→ bg → H−t+X)

σ(pp→ b̄g → H+t̄+X) + σ(pp→ bg → H−t+X)
. (3.72)

The results for the CP asymmetry at hadron level are shown in Fig. 3.37. The thresholds marked
in Fig. 3.37a are thresholds in the charged Higgs boson mass at values of M t̃i

+Mb̃j
.

We combined our results for the CP asymmetry in the production of charged Higgs bosons with
those of Christova et al [68] for the decay after correcting a conjugation error in their decay results. The
combined asymmetry for the production and the decay is given by

Atotal =

σ
(
pp→ b̄g → H+t̄+X

)
Γ
(
H+ → tb̄

)
− σ (pp→ bg → H−t+X) Γ (H− → t̄b)

σ
(
pp→ b̄g → H+t̄+X

)
Γ
(
H+ → tb̄

)
+ σ (pp→ bg → H−t+X) Γ (H− → t̄b)

.
(3.73)

Because the loop contributions are small compared to the tree level this can be approximated as

Atotal = Ahadron +Adecay. (3.74)

The results for combining the production and decay asymmetries are shown in Fig. 3.38.

Finally, we consider the possibility of observing this asymmetry at the LHC. The number of
charged Higgs events which will be seen in the detector is given by

N = σ
(
pp→ bg → H±t

)
BR
(
H± → tb

)
× acceptance × luminosity. (3.75)

We consider an optimistic acceptance of 0.05 and an integrated luminosity of 300 fb−1. The acceptance
is based on the acceptance given in the ATLAS TDR for b quarks [196]. The significance of the signal
over the background, measured in standard deviations is then, f =

√
NA. This significance is shown in

Fig. 3.39. The significance is reduced by the poor acceptance to an insignificant level, meaning that it
will not be possible to observe this asymmetry at the LHC.

It should be born in mind however, that we have only considered one production method and one
decay in this study. The inclusion of other processes could increase the CP asymmetry. It is also possible
to investigate the variation of other phases in the soft supersymmetry breaking Lagrangian. This has
been done in [291]. It would also be worthwhile to investigate the possibility of observing a CP violating
asymmetry in a similar process at an e+e− collider which is a cleaner environment.
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ŝ / GeV

30002500200015001000500

0

−0.001

−0.002

−0.003

−0.004

−0.005

−0.006

−0.007

−0.008

−0.009

−0.01

Total

TB t̃b̃χ̃0

TB t̃b̃g̃

SE t̃b̃Aparton

MH± / GeV

140012001000800600400200

0.025

0.02

0.015

0.01

0.005

0

−0.005

−0.01

Fig. 3.36: CP asymmetry at parton level, for ΦAt = π
2 and ΦAb = 0. a) Plotted vs

√
ŝ, for MH± = 402 GeV and

several values of |At| = |Ab|. b) Plotted vs MH± , for
√
ŝ = 2000 GeV, showing the contribution from different

loops with |At| = |Ab| = 1000.
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Fig. 3.37: The CP violating asymmetry at hadron level, plotted versus MH± , for ΦAt = π
2 and ΦAb = 0. a)

contributions from different loops, with |At| = |Ab| = 1000. b) asymmetry for a range of trilinear couplings,
|At| = |Ab|.
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Fig. 3.38: Combined asymmetry for the production and decay, for ΦAt = π
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Fig. 3.39: The significance of the CP violating asymmetry expected to be seen in the ATLAS detector, for ΦAt = π
2

and ΦAb = 0 and |At| = |Ab| = 1000.
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3.10 Exploring CP phases of the MSSM at future colliders
Sven Heinemeyer and Mayda Velasco

Measuring the phases of the CP-violating MSSM will be one of the important tasks of future high-energy
colliders. We discuss the impact of complex phases within the MSSM on various Higgs boson production
and decay channels (entering via loop corrections [48–53, 55, 56, 59–61]). Results are compared for the
LHC, the ILC, and a γγ collider (γC). While the precision of the branching ratio measurement at the
LHC is not accurate enough, both the ILC and the γC could in principle be sensitive to the effects of
complex phases (depending on the scenario). The precisions for the various Higgs boson decay channels
at the three colliders are summarized in Table 3.6. The Higgs boson mass is set to “typical” values below
the upper bound of Mh

<∼ 135 GeV [115, 130], which is valid in the real as well as in the complex
MSSM.

3.10.1 Comparison of different colliders

We compare the sensitivity of a future γC with that of the LHC and the ILC. The comparison is based
on two different physics scenarios:

The CPX scenario:
This scenario has been designed to give maximum effects of CP-violating phases [54]. The definition is
given in Eq. (3.13). For the sake of comparison with the BGX scenario, the parameters are

MSUSY = 500 GeV, |At| = 1000 GeV, At = Ab = Aτ

M2 = 500 GeV, |M3| = 1000 GeV, µ = 2000 GeV (3.76)

Φ = ΦAt,b,τ = Φ3 .

MSUSY denotes a common soft SUSY-breaking mass in the sfermion mass matrices. Af is the trilinear
Higgs-Sfermion coupling with the phase ΦAf . M2 is a gaugino mass parameter, M3 denotes the gluino
mass parameter, and µ is the Higgs mixing parameter.

The BGX scenario:
This scenario is motivated by baryogenesis. It has been shown in [154] that in this scenario (depending
on the Higgs sector parameters) baryogenesis in the early universe could be possible. It is thus a physics
motivated scenario, not emphazising possible effects of complex phases. The parameters are

MQ̃3
= 1.5 TeV,MŨ3

= 0,MQ̃1,2
= 1.2 TeV,ML̃1,2

= 1.0 TeV

|Xt| = 0.7 TeV, At = Ab = Aτ

M2 = 220 GeV,M3 = 1 TeV, µ = 200 GeV (3.77)

Φ = ΦAt,b,τ = Φ3

Here MQ̃3,Ũ3
are the soft SUSY-breaking parameters in the scalar top mass matrix. MQ̃1,2

are the
corresponding parameters for the squarks of the first two generations, while ML̃1,2

refer to the slep-
tons of the first two generations. mtXt is the off-diagonal entry in the scalar top mass matrix with
Xt = At − µ∗/ tan β.

The results presented here have been obtained with the code FeynHiggs2.2 [59,115,130,144,148,
235]. It should be noted that the higher-order uncertainties in these evaluations are somewhat less under
control as compared to the real case, see e.g. Ref. [61]. The same applies to the parametric uncertainties
due to the experimental errors of the input parameters [47,61,294,295]. Results for branching ratios ob-
tained with an alternative code, CPsuperH [131], can differ quantitatively to some extent from the results
shown here. A main difference between the two codes is the more complete inclusion of real two-loop
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Table 3.6: Expected experimental precision of the branching ratio measurement of h → X at the LHC, the ILC
operating at

√
s = 500, 1000 GeV, and the γC (based on the CLICHE design [297]). “—” means that no analysis

exists or that the channel is not accessible.

Study Mh bb̄ WW ∗ τ+τ− cc̄ gg γγ

LHC [216, 217] 120 GeV ∼ 20% ∼ 10% ∼ 15% — — —

ILC (
√
s = 500 GeV) [220, 298] 120 GeV 1.5% 3% 4.5% 6% 4% 19%

ILC (
√
s = 1000 GeV) [220, 299] 120 GeV 1.5% 2% — — 2.3% 5.4%

γC [297, 300] 115 GeV 2% 5% — — — 22%

corrections in FeynHiggs2.2, resulting in somewhat higher values for the lightest Higgs boson mass.
While the complex phase dependence at the one-loop level is included completely in FeynHiggs2.2, at
the two-loop level it is more complete in CPsuperH, which makes it difficult to disentangle the source of
possible deviations. A more complete discussion can be found in [296].

3.10.1.1 The CPX scenario

We start our analysis by the investigation of the CPX scenario, see Eq. (3.76). We first show the results
for the γC in Fig. 3.40 for the decay channel h→ bb̄, which has the best sensitivity at this collider. The
variation of Γγγ × BR(h → bb̄) is shown in the ΦAt,b–tan β plane. The strips correspond to constant
values of the lightest Higgs mass, while the color code shows the deviation from the corresponding SM
value. It should be kept in mind that the Higgs boson mass will be measured to very high accuracy so
that one will be confined to one of the strips. We are neglecting the parametric errors from the imperfect
knowledge of the input parameters. In reality these parametric errors would widen the strips. The future
intrinsic error of ∼ 0.5 GeV [47], however, is included in the width of the strips. One can see that this
channel can be strongly enhanced as compared to the SM. The variation along each strip is much larger
than the anticipated precision of ∼ 2% for this channel. This would allow to constrain the values of
the complex phases. The picture becomes of course more complicated if the complex phases are varied
independently. Various channels will have to be combined to disentangle the different effects.

Results for the LHC are shown in Fig. 3.41. The left plots gives the results for the channel gg →
h → γγ, while the right plots depicts WW → h → τ+τ−. The latter channel (like h → bb̄) is usually
somewhat enhanced in the MSSM, the BR(h→WW ∗) (not shown) and BR(h→ γγ) (see the left plot
of Fig. 3.41) are normally suppressed in this scenario. The precision of the LHC will not be good enough
to obtain information about complex phases in this way.

Finally in Fig. 3.42 shows the ILC results in the CPX scenario. The left plot shows the BR(h →
bb̄), while the right plot depicts BR(h→ τ+τ−). Both channels are enhances as compared to the SM in
this scenario. The high precision of the ILC (see Table 3.6) shows that this collider has a good potential
to disentangle the complex phases.

Since in the examples shown here for the γC and the ILC the largest deviations occur for different
regions of the parameter space, the results from both colliders could be combined in order to extract the
maximum information on ΦAt,b .

3.10.1.2 The BGX scenario

Now we turn to the investigation of the baryogenesis motivated BGX scenario, see Eq. (3.77). The
effects in this scenario are expected to be smaller than in the CPX scenario that had been designed to
give maximum effects of the complex phases.
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Fig. 3.40: The deviations of Γγγ × BR(h → bb̄) within the CPX scenario from the SM value is shown in the
ΦAt,b–tanβ plane. The corresponding precision obtainable at a γC is ∼ 2%.

3 
Φ = 

τt,b,AΦ
-150 -100 -50 0 50 100 150

β
ta

n 

0

2

4

6

8

10

12

14

16

18

20
C

M
S

S
M

/S
M

0.4

0.5

0.6

0.7

0.8

0.9

) FeynHiggsγγ →BR(h ggΓCPX 

3 
Φ = 

τt,b,AΦ
-150 -100 -50 0 50 100 150

β
ta

n 

0

2

4

6

8

10

12

14

16

18

20

C
M

S
S

M
/S

M

0.9

1

1.1

1.2

1.3

) FeynHiggsττ →BR(h WWΓCPX 

Fig. 3.41: The deviations of Γgg × BR(h → γγ) (left) and of ΓWW × BR(h → τ+τ−) (right) within the CPX
scenario from the SM value is shown in the ΦAt,b–tanβ plane. The corresponding experimental precision can be
found in Table 3.6.
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Fig. 3.45: The deviations of g2
ZZh × BR(h → bb̄) (left) and of g2

ZZh × BR(h → τ+τ−) (right) within the BGX
scenario from the SM value is shown in the ΦAt,b–tanβ plane. The corresponding experimental precision can be
found in Table 3.6.
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In Fig. 3.43 we show the h → bb̄ channel at the γC. A substantial suppression with respect to
the SM can be observed. However, the variation of Γγγ × BR(h → bb̄) for fixed Higgs boson mass
(which will be known with high precision) with the complex phase ΦAt,b is very small. Thus a precise
measurement of this channel at the γC will not reveal any information about the complex phases entering
the MSSM Higgs sector.

The two LHC channels in the BGX scenario are shown in Fig. 3.44, while the two ILC channels
are given in Fig. 3.45. As for the CPX scenario no phase determination can be expected from he LHC
measurements. The situation at the ILC in the BGX scenario is similar to the γC. A deviation from the
SM value can be measured, but the variation of g2

ZZh × BR(h → bb̄, τ+τ−) is too small to reveal any
information on ΦAt,b .

3.10.2 Conclusions

We have compared the LHC, the ILC and the γC in view of their power to determine the complex phases
of the CP-violating MSSM. We have focused on the Higgs sector, where the complex phases enter
via radiative corrections. Especially we have investigated the most promising combinations of Higgs
production and decay (σ × BR) for each collider.

The analysis has been performed in two scenarios: The CPX scenario designed to maximize the
effect of complex phases in the MSSM Higgs sector. The other scenario (BGX) is based on a part of the
CP-violating MSSM that is motivated by baryogenesis.

The CPX scenario may offer good prospects for the γC and the ILC to determine ΦAt,b via Higgs
branching ratio measurements. On the other hand, the BGX scenario will only show a deviation from the
SM. The variation of the analyzed channels is too small to give information on the complex phases.

It should be kept in mind that we have neglected the future parametric errors on the SUSY param-
eters (see e.g. Ref. [224] and references therein). These uncertainties will further widen the bands shown
in Figs. 3.40–3.45.

3.11 Probing CP-violating Higgs contributions in γγ → f f̄

Rohini M. Godbole, Sabine Kraml, Saurabh D. Rindani and Ritesh K. Singh

At a photon collider, fermion-pair production proceeds through the QED diagrams of Figs. 3.46(a,b) as
well as through s-channel Higgs mediation, Fig. 3.46(c). Here φ denotes a generic Higgs boson which
may or may not be a CP eigenstate; in the MSSM with CP phases we have of course φ = H1,2,3. The
QED vertex γf f̄ conserves chirality, whereas the φf f̄ coupling mixes different chiralities. In the absence
of the Higgs contribution, the fermion mass mf is the only source of chirality-mixing. With unpolarized
photons in the initial state, the QED contribution leads to unpolarized fermions in the final state. The
same is true for the Higgs exchange should the Higgs boson(s) be a CP eigenstate; CP violation (CPV)
in the Higgs sector leads to a net, though very small, polarization of the fermions. With polarized initial-
state photons, the QED contribution alone gives rise to a finite polarization. The additional chirality-
mixing contribution from the Higgs boson exchange diagram causes a change in this polarization in both
the CP-conserving and the CP-violating case. It is thus possible to construct observables involving the
polarizations of the initial-state photons and those of the final-state fermions (τ/t), which can probe the
Higgs boson couplings, including possible CP violation in the Higgs sector.
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Fig. 3.46: Feynman diagrams contributing to γγ → f f̄ production.

Table 3.7: Combinations of form factors that occur in the helicity amplitudes of Eqs. (3.78) and (3.79).

Combination Alias CP Combination Alias CP
sf Re e(Sγ) x1 even sf Imm(Sγ) x2 even
sf Re e(Pγ) y1 odd sf Imm(Pγ) y2 odd
pf Re e(Sγ) y3 odd pf Imm(Sγ) y4 odd
pf Re e(Pγ) x3 even pf Imm(Pγ) x4 even

3.11.1 Helicity amplitudes

The helicity amplitudes for the fermion-pair production in the t/u- and s-channels are [90, 91]

MQED(λ1, λ2;λf , λf̄ ) =
−i4παQ2

1− β2 cos2 θf

[
4mf√
s

(λ1 + λfβ) δλ1,λ2δλf ,λf̄

− 4mf√
s
λfβ sin2 θf δλ1,−λ2δλf ,λf̄ − 2β (cos θf + λ1λf ) sin θf δλ1 ,−λ2δλf ,−λf̄

]
, (3.78)

Mφ(λ1, λ2;λf , λf̄ ) =
−ieαmf

4πMW

s

s−m2
φ + iMφΓφ

× [Sγ(s) + iλ1Pγ(s)] [λfβsf − ipf ] δλ1,λ2δλf ,λf̄ , (3.79)

respectively. Here, λ1,2 are the helicities of the incoming photons and λf,f̄ those of the produced

fermions; β =
√

1− 4m2
f/s and θf is the scattering angle. The form factors Sγ and Pγ are com-

plex, whereas sf and pf may be taken to be real without loss of generality. In fact, only some specific
combinations of these form factors occur as listed in Table 3.7. Only five of these eight combinations are
independent, the other three can be obtained by inter-relations such as x1x3 = y1y3, etc. Simultaneous
existence of sf and pf , or Sγ and Pγ , signifies CP violation and leads to non-vanishing values of yi
(i = 1, ..., 4). Even if no CPV is present, so that only the xi’s are nonzero, the Higgs-boson contribution
still alters the polarization of the fermions f from that predicted by pure QED. CP violation, giving rise
to nonzero yi’s, gives an additional contribution to this fermion polarization.

3.11.2 Fermion polarization

The fermion polarization is defined as the fractional surplus of positive helicity fermions over negative
helicity ones,

P ijf =
N ij

+ −N ij
−

N ij
+ +N ij

−
, (3.80)

where the superscript ij stands for the polarizations of the parent e+e− beams (Pe, Pē) of the ILC.
N+ and N− stand for the number of fermions with positive and negative helicities, respectively. The
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Table 3.8: Polarization observables, interactions and the form-factor combinations that they can probe.

Observable Type of interaction Combinations probed
PUf P/CP violating yi’s

δP+
f = P++

f − (P++
f )QED chirality mixing xi’s, yi’s

δP−f = P−−f − (P−−f )QED chirality mixing xi’s, yi’s
δPCPf = P++

f + P−−f P/CP violating yi’s

polarization of anti-fermions, P̄ ijf , is defined analogously; conservation of linear and angular momenta

implies P ijf = P̄ ijf .

From Eqs. (3.79) and (3.78) we see that the chirality mixing amplitudes, containing δλf ,λf̄ , are
proportional to the fermion mass mf . Hence these are small for light fermions. Further, the Higgs-
exchange diagram contributes only when the helicities of the colliding photons are equal; at the same
time the QED contribution can be suppressed by choosing λ1 = λ2. For the case of the polarized, peaked
photon spectrum [83] this amounts to choosing (Pe, Pē) = (±,±) for the parent e+/e− beams.

The final state fermion polarization with unpolarized initial state, P U
f , is zero should the Higgs

boson have a definite CP quantum number. Nonzero values of P U
f only arise for yi 6= 0, thus being a

signal of CP violation in the Higgs sector. For polarized initial states, the final-state fermion polarization
is always nonzero. Regardless whether CP is violated or not, any deviation of P ++

f and P−−f from their
QED predictions probes the Higgs boson contribution. Moreover, since P-invariance implies P ++

f =

−P−−f for the QED contribution, P++
f + P−−f 6= 0 is a signal of CP violation. The polarization

observables are summarized in Table 3.8. Here note that δP CP
f = δP+

f + δP−f . In the following,
we choose δP−f and δPCPf as the independent observables.

In order to test the relevance of our polarization observables, we perform a numerical analysis
for γγ → τ+τ− and γγ → tt̄ in the CPX scenario, Eq. (3.13). We vary MH± = 150–500 GeV and
tan β = 3–40 and consider different phases ΦA, keeping Φ3 = 90◦ fixed. The Higgs boson masses,
couplings and widths are computed with both CPsuperH [131] and FeynHiggs [59]. For the polarized
photon beams, we use the ideal Compton-backscattered photon spectrum of [83]. The beam energy
Eb for the parent e+e− collider is chosen such that the peak in the spectrum of the γγ invariant mass
corresponds to the relevant Higgs boson mass(es). This choice explores the ultimate potential of the
polarization observables; we call it the “peak EB” choice. In general, P U

f 6= 0 would be a clear signal of
CPV. However, PUf is found to be very small, well below experimental sensitivity. So we have to work
with polarized beams and consider δP−f and δPCPf .

Let us start with f = τ . Due to the small τ mass, the contribution to the τ polarization from
the Higgs boson exchange diagram is very small unless one puts a cut on the τ+τ− invariant mass. We
use a cut |mττ − MH1 | ≤ max(dEm, 5 ΓH1) with dEm = 1 GeV. In Fig. 3.47 we show δP−τ for
both CPsuperH and FeynHiggs for zero and maximal phase ΦA. The e± beam energy is chosen such
that
√
sγγ at the peak of the photon spectrum is equal to the mass of the lightest Higgs boson H1. The

deviation in the polarization due to the H1 exchange is large for both ΦA = 0 and 90◦. δP−τ increases
with tanβ because the τ Yukawa coupling increases. However, it turns out that δP +

τ ' −δP−τ , so
that δPCPτ ' 0 over all the tanβ–MH± plane. The difference between CPsuperH and FeynHiggs in
Fig. 3.47 can be traced to somewhat different predictions of the masses, couplings and decay widths as a
result of the different approximations used in the two programs.

In the case of tt̄ production, it is the heavier Higgs bosons H2,3 which contribute. Since the
masses of H2,3 are in general close to each other, we choose the beam energy such that the mean value
(MH2 +MH3)/2 matches with

√
sγγ at the peak of the photon spectrum. We find that the top polarization
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Fig. 3.47: Contours of constant δP−τ in units of 10−2 in the (tanβ–MH±) plane for the CPX scenario with
ΦA = 0◦ (top panel) and ΦA = 90◦ (bottom panel) with dEm = 1 GeV. The left panels show the results obtained
with CPsuperH, the rights panels those obtained with FeynHiggs.

is sensitive not only to the Higgs contribution in general (δP ±t ) but also to CP violation (δP CP
t ). In

Fig. 3.48 we show contours of constant δP CP
t in the tan β–MH± plane for ΦA = 90◦. Of course one

needs MH± ≥ 2mt. Since the top Yukawa coupling decreases with tanβ, δP CP
t is only sizable for

small values of tanβ. Note that due to the large top-quark mass, no cut on the tt̄ invariant mass is
needed to increase the sensitivity. The difference in the sign of δP CP

t in the two panels in Fig. 3.48 is
due to different conventions in CPsuperH and FeynHiggs leading to the opposite signs of yi, i = 1...4,
for the same input MSSM parameters.

3.11.3 Leptonic asymmetries

The polarization of τ leptons can be measured using the energy distribution of the decay pions [301–305].
The polarization of top quarks can be measured using energy distribution of b quarks [306] or the angular
distribution of decay leptons [307–309]. This kind of analysis requires the full reconstruction of the top
momentum. Such a reconstruction may not always be possible for the semi-leptonic decay of the t (or
t̄) quark. On the other hand, it is possible to construct simple asymmetries involving the polarization of
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Fig. 3.48: Contours of constant δPCPt in units of 10−2 in the (tanβ–MH±) plane for the CPX scenario with
ΦA = 90◦. The left panel shows the results obtained with CPsuperH, the right panel obtained with FeynHiggs.

the initial-state e± (and hence of the photons) and the charge of the final-state lepton, which are sensitive
to CP violation. We denote the integrated cross-section for the process γγ → tt̄ → l+νbt̄ (tl−ν̄b̄) by
σ(λe− , Ql), where λe− is the polarization of the electron beam in the parent collider and Ql the charge of
the secondary lepton coming from the t/(t̄) decay. The polarizations of all the other beams are adjusted
to get a peaked spectrum and equal helicities for the incident photons. With this setup, we can define the
following asymmetries [91]:

A1 =
σ(+,+)− σ(−,−)

σ(+,+) + σ(−,−)
, A2 =

σ(+,−)− σ(−,+)

σ(+,−) + σ(−,+)
,

A3 =
σ(+,+)− σ(−,+)

σ(+,+) + σ(−,+)
, A4 =

σ(+,−)− σ(−,−)

σ(+,−) + σ(−,−)
. (3.81)

Only one of the above asymmetries is independent [91] if no cut is put on the lepton’s polar angle in the
laboratory frame. Even with a finite cut on the polar angle, theA1...4 have almost identical sensitivities to
the Higgs couplings. We use a 20◦ beam-pipe cut on the lepton. Figure 3.49 shows contours of constant
A3 for ΦA = 30◦ and 90◦, as obtained with CPsuperH. The asymmetry is large for large values of ΦA

and decreases rapidly as ΦA decreases. Hence Ai can probe large regions in the tanβ −MH+ plane
should ΦA be large.

Last but not least we note that, as shown in [91], the lepton asymmetries of Eq. (3.81) are sensitive
only to the CP-odd combinations of the form factors, i.e. to the yi’s. This should be contrasted with the
polarization observables δP±f , which are sensitive to both the CP-odd and CP-even combinations.

3.11.4 Summary

In summary, the polarization of heavy fermions is a good probe of the coupling of the Higgs boson
including CP-violation. We have analyzed this in the MSSM with CPV in the CPX scenario . We
find that the polarization of τ -leptons may be used to probe the couplings of the lightest Higgs boson,
especially in the large tanβ region. The t-quark polarization, which is sensitive to the contribution of the
two heavier Higgs bosons, can be used in the low tan β and large MH± region of the MSSM parameter
space. The leptonic asymmetries constructed using the secondary t/t̄ decay leptons, which involve only
a simple number counting experiment, can probe CPV contributions in γγ → tt̄.
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Fig. 3.49: Contours of constant A3 for ΦA = 30◦ and 90◦; computed with CPsuperH.

3.12 Resonant H and A mixing in the CP-noninvariant MSSM

Seong Youl Choi, Jan Kalinowski, Yi Liao and Peter M. Zerwas

In CP-noninvariant extensions of the MSSM the three neutral Higgs boson states mix to form a triplet
with both even and odd components in the wave–functions under CP transformations [48–53,78,159,181,
310]. The mixing can become very large if the states are nearly mass–degenerate [159]. This situation is
naturally realized for supersymmetric theories in the decoupling limit [107] in which two of the neutral
states are heavy.

In the present section we describe a simple quantum mechanical (QM) formalism for the CP-
violating resonant H/A mixing in the decoupling limit. Subsequently we discuss some experimental
signatures of CP-violating mixing in Higgs production and decay processes at a photon collider with
polarized photon beams [178].

3.12.1 Mixing formalism

The self–interaction of two Higgs doublets in a CP-noninvariant theory is described by the potential
given in Eq. (2.1), where the coefficients are in general all non–zero and m2

12, λ5,6,7 can be complex. The
complex Y = 1, SU(2)L iso–doublet fields can be rotated by an angle β [where tanβ = v2/v1 is the
ratio of the vev’s of the original neutral fields] to a new basis in which only one doublet field acquires a
non–zero vev. The real matrixM2

0 of the three neutral physical Higgs fields in this basis, Ha,Hb and A,
can be written in the form

M2
0 = v2




λ −λ̂ −λ̂p
−λ̂ λ− λA +M2

A/v
2 −λp

−λ̂p −λp M2
A/v

2


 (3.82)

The mass matrix is hermitian and symmetric by CPT invariance. The parameters λ, λ̂ and λA are combi-
nations of the real parts of the coefficients of bilinear and quartic terms in the Higgs potential, while λp
and λ̂p are given by the imaginary parts of the coefficients; their explicit form can be found in Ref. [159].
The auxiliary parameter M 2

A is also a derivative of the real parts of bilinear and quartic coefficients in
the Higgs potential; it plays a crucial rôle in characterizing the mass scale of the Higgs system.
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In a CP-invariant theory all quartic couplings in the Higgs potential are real and the off–diagonal
elements λp, λ̂p vanish. Thus the neutral mass matrix breaks into the CP-even 2× 2 part, and the [stand–
alone] CP-odd part. The 2 × 2 part gives rise to two CP-even neutral mass eigenstates h and H , while
MA is identified as the mass of the CP-odd Higgs boson A. In the CP-violating case, however, all three
states mix leading to H1,2,3 mass eigenstates with no definite CP parities.

For small mass differences, the mixing of the states is strongly affected by their widths. This
is a well–known phenomenon for resonant mixing [311] and has also been recognized for the Higgs
sector [96, 157, 312–314]. The hermitian mass matrix (3.82) has therefore to be supplemented by the
anti–hermitian part −iMΓ incorporating the decay matrix [315]

M2 =M2
0 − iMΓ (3.83)

This matrix includes the widths of the Higgs states in the diagonal elements as well as the transition
elements within any combination of pairs. Following from the uncertainty principle, they are particularly
important in the case of nearly mass–degenerate states. All these elements MΓ are built by loops of
virtual particles in the self–energy matrix of the Higgs fields.

In general, the light Higgs boson, the fermions and electroweak gauge bosons, and in supersym-
metric theories, gauginos, higgsinos and scalar states may contribute to the loops in the propagator
matrix. In the physically interesting case of decoupling, the mixing structure simplifies considerably,
allowing a simple and transparent analysis [159]. Alternatively a full coupled–channel analysis may be
applied [76, 93, 153, 158].

3.12.1.1 Decoupling limit

The decoupling limit [107] is defined by the inequality M 2
A � |λi| v2 with the quartic couplings in the

Higgs potential |λi| . O(1). In this limit the Ha state becomes the CP-even light Higgs boson h and
decouples from H = Hb and A. The heavy states H and A are nearly mass degenerate, which turns
out to be crucial for large mixing effects between H and A. It is therefore sufficient to consider the
lower–right 2× 2 submatrix of the matrix (3.82) for the heavy H/A states which we write as follows

M2
HA =

(
M2
H − iMHΓH ∆2

HA

∆2
HA M2

A − iMAΓA

)
(3.84)

The mixing element ∆2
HA includes a real dissipative part and an imaginary absorptive part. The couplings

of the heavy Higgs bosons to gauge bosons and their supersymmetric partners are suppressed. In the case
in which all supersymmetric particle contributions are suppressed either by couplings or by phase space
in MΓ, it is sufficient to consider only loops built by the light Higgs boson and the top quark; the explicit
form of the light Higgs and top contributions to the matrix MΓ is presented in Ref. [159]. The loops
also contribute to the real part of the mass matrix, either renormalizing the λ parameters of the Higgs
potential or generating such parameters if not present yet at the tree level.

3.12.1.2 Physical masses and states

The symmetric complex mass–squared matrix M2
HA in Eq. (3.84) can be diagonalized 10 through a

complex rotation

M2
HiHj =

(
M2
H2
− iMH2ΓH2 0

0 M2
H3
− iMH3ΓH3

)
= CM2

HAC
−1 (3.85)

10The states H2 and H3 are in general not ordered in ascending mass values. Thus, if MH2 > MH3 the indices may be
interchanged ad hoc to comply with the convention in the Introduction.
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where the mixing matrix and the mixing angle are given by

C =

(
cos θ sin θ
− sin θ cos θ

)
, X =

1

2
tan 2θ =

∆2
HA

M2
H −M2

A − i [MHΓH −MAΓA]
(3.86)

A non–vanishing (complex) mixing parameter X 6= 0 requires CP-violating transitions between H and
A either in the real mass matrix, λp 6= 0, or in the decay mass matrix, (MΓ)HA 6= 0, [or both]. How-
ever, even for nearly degenerate masses, the mixing could be suppressed if the widths are significantly
different. As a result, the mixing phenomena are strongly affected by the form of the decay matrix MΓ.
Since the difference of the widths enters through the denominator in X , the modulus |X| becomes large
for small mass differences and small widths.11

The mixing shifts the Higgs masses and widths in a characteristic pattern [311]. The two complex
mass values after and before diagonalization are related by the complex mixing angle θ:

M2
H3
−M2

H2
− i (MH3ΓH3 −MH2ΓH2) =

[
M2
A −M2

H − i(MAΓA −MHΓH)
]
×
√

1 + 4X2 (3.87)

Since the eigenstates of the complex, non–hermitian matrixM2
HA are no longer orthogonal, the ket and

bra mass eigenstates have to be defined separately: |Hi〉 = Ciα|Hα〉 and 〈H̃i| = Ciα〈Hα| (i = 2, 3
and Hα = H,A). The final state F in heavy Higgs formation from the initial state I is described by the
amplitude

〈F |H|I〉 =
∑

i=2,3

〈F |Hi〉
1

s−M2
Hi

+ iMHiΓHi
〈H̃ i|I〉 (3.88)

where the sum runs only over diagonal transitions in the mass–eigenstate basis.

3.12.2 Experimental signatures

To illustrate the general QM results in a realistic example, we adopt a specific MSSM scenario with the
source of CP-violation localized in the complex trilinear coupling At of the soft supersymmetry breaking
part involving the stop.12 All other interactions are assumed to be CP-conserving. For complex At the
stop–loop corrections induce CP-violation in the effective Higgs potential. The effective λ i parameters
have been calculated in Ref. [50] to two–loop accuracy; to illustrate the crucial points we focus on the
dominant one–loop t/t̃ contributions.

More specifically, we take a typical set of parameters from Ref. [131],

MSUSY = 0.5 TeV, |At| = 1.0 TeV, µ = 1.0 TeV; tanβ = 5 (3.89)

and change the phase ΦA of the trilinear parameter At. With ΦA = 0 we find the following values of the
light and heavy Higgs masses and decay widths, and the stop masses:

Mh = 129.6 GeV, MH = 500.3 GeV, MA = 500.0 GeV

ΓH = 1.2 GeV, ΓA = 1.5 GeV; mt̃1/2
= 372/647 GeV

Clearly, with the mass splitting of 0.3 GeV, the heavy Higgs states are not distinguishable. When the
phase ΦA is turned on,13 the CP composition, the masses and the decay widths of heavy states are

11Though H,Amasses and widths are very close in the decoupling regime of supersymmetric models, they are not expected
to be exactly identical if artificially large fine–tuning of unrelated parameters is disregarded; for comments see Ref. [157].

12This assignment is compatible with the bounds on CP-violating SUSY phases from experiments on electric dipole moments
[232, 316–321].

13With one phase ΦA, the complex mixing parameter X obeys the relation X(2π −ΦA) = X∗(ΦA), implying all CP-even
quantities to be symmetric and all CP-odd quantities to be anti–symmetric about π.
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Fig. 3.50: The ΦA dependence of (a) the mixing parameter X and of the shifts of (b) masses and (c) widths with
the phase ΦA evolving from 0 to π for tanβ = 5, MA = 0.5 TeV and couplings as specified in the text; in
(b,c) the mass and width differences without mixing are shown by the broken lines. Re e/ Im mX(2π − ΦA) =

+ Re e/− Im mX(ΦA) for angles above π.

strongly affected, as shown in Figs. 3.50(a), (b) and (c), while the mass of the light Higgs boson h is not.
The heavy two–state system shows a very sharp resonant CP-violating mixing, purely imaginary a little
above ΦA = 3π/4, Fig. 3.50(a). The mass shift ∆M = MH2 −MH3 is enhanced by more than an order
of magnitude if the CP-violating phase rises to non–zero values14 , reaching a maximal value of ∼ 5.3
GeV; the shift of the width ∆Γ = Γ2 − Γ3 changes from −0.3 GeV to a range extending up to +0.4
GeV. As a result, the two mass–eigenstates should become clearly distinguishable at future colliders, in
particular at a photon collider [179]. Moreover, both states have significant admixtures of CP-even and
CP-odd components in the wave–functions. Since γγ colliders offer unique conditions for probing the
CP-mixing [85,90–92,95,159,322–328], we discuss two experimental examples: (a) Higgs formation in
polarized γγ collisions and (b) polarization of top quarks in Higgs decays, where spectacular signatures
of resonant mixing can be expected.

(a) The amplitude of the reaction γγ → Hi → F is a superposition of H2 and H3 Higgs ex-
changes. For equal helicities λ = ±1 of the two photons, the amplitude reads

MF
λ =

∑

i=2,3

〈F |Hi〉
1

s−M2
Hi

+ iMHiΓHi
[Sγi (s) + iλP γi (s)] (3.90)

where
√
s is the γγ energy. The loop–induced γγHi scalar and pseudoscalar form factors, Sγi (s) and

P γi (s), are related to the well–known conventional γγH/A form factors, SγH,A and P γH,A (explicit form
in Refs. [159] and [131]). In our scenario the Higgs–tt couplings are assumed to be CP-conserving,
implying negligible top–loop contributions to P γ

H and SγA since the gluino mass is sufficiently heavy
compared with the stop masses, while the t̃1 loop generates a non–negligible CP-violating amplitude
SγA. In the region of strong mixing on which we focus, the CP-violating vertex corrections have only a
small effect however on the experimental asymmetries compared with the large impact of CP-violating
Higgs–boson mixing.

Polarized photons provide a very powerful tool to investigate the CP properties of Higgs bosons.
With linearly polarized photons one can project out the CP-even and CP-odd components of the Hi

wave–functions by arranging the photon polarization vectors to be parallel or perpendicular. On the
other hand, circular polarization provides us with direct insight into the CP-violating nature of Higgs

14Note that in this illustrative example H2 is heavier than H3 across the entire ΦA range. To avoid confusion with the
elaborate paper Ref. [159], we have chosen not to relabel the states in this report.
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Fig. 3.51: The ΦA dependence of the CP-even and CP-odd correlators, Alin (leftmost panel) and Ahel (center
panel), at the poles of the heavy Higgs bosons H2 and H3, respectively; and the γγ energy dependence (rightmost
panel) of the correlators, Alin,hel, for ΦA = 3π/4 in the production process γγ → Hi in the limit in which H/A
mixing is the dominant CP-violating effect. The same parameter set as in Fig. 3.50 is employed. The vertical lines
on the right panel mark positions of the two mass eigenvalues,MH3 and MH2 .

bosons. Two asymmetries are of interest

Alin =
σ‖ − σ⊥
σ‖ + σ⊥

, Ahel =
σ++ − σ−−
σ++ + σ−−

(3.91)

where σ‖, σ⊥ and σ++, σ−− are the corresponding total γγ fusion cross sections for linear and circular
polarizations, respectively. Though CP-even, the asymmetry Alin can serve as a powerful tool never-
theless to probe CP-violating admixtures to the Higgs states since |Alin| < 1 requires both Sγi and P γi
couplings to be non–zero. A more direct probe of CP-violation due to H/A mixing is provided by the
CP-odd asymmetry Ahel.

In Fig. 3.51 the ΦA dependence of the asymmetries Alin and Ahel is shown at the poles of the
heavy Higgs bosons H2 and H3 for the same parameter set as in Fig. 3.50 and with the common SUSY
scale MQ̃3

= MŨ3
= MSUSY = 0.5 TeV for the soft SUSY breaking stop mass parameters. By varying

the γγ energy from below MH3 to above MH2 , the asymmetries, Alin (blue solid line) and Ahel (red
dashed line), move from −0.39 to 0.34 and from −0.29 to 0.59, respectively, as shown in the rightmost
panel of Fig. 3.51 with ΦA = 3π/4, a phase value close to resonant CP-mixing.

(b) A second observable of interest is the polarization of the top quarks in H2,3 → tt̄ decays
produced by γγ fusion or elsewhere in various production processes at an e+e− linear collider and LHC.
Even if the H/Att couplings are [approximately] CP-conserving, the complex rotation matrix C may
mix the CP-even H and the CP-odd A states, leading to CP-violation. In the production–decay process
γγ → Hi → tt̄, two CP-even and CP-odd correlators between the transverse t and t̄ polarization vectors
s⊥ and s̄⊥,

C‖ = 〈s⊥ · s̄⊥〉 and, C⊥ = 〈p̂t · (s⊥ × s̄⊥)〉 (3.92)

can be extracted from the azimuthal–angle correlation between the two decay planes t → bW + and
t̄→ b̄W− [322, 323].

Fig. 3.52 shows the ΦA dependence of the CP-even and CP-odd asymmetries, C‖ and C⊥, at the
poles of H2 and of H3 (leftmost and center panels, respectively). If the invariant tt̄ energy is varied
throughout the resonance region, the correlators C‖ (blue solid line) and C⊥ (red dashed line) vary char-
acteristically from−0.43 to−0.27 and from 0.84 to−0.94, respectively, as shown in the rightmost panel
of Fig. 3.52.
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Fig. 3.52: The ΦA dependence of the CP-even and CP-odd correlators, C‖ (leftmost panel) and C⊥ (center panel),
at the pole of H2 and H3, and the invariant tt̄ energy dependence (rightmost panel) of the correlators C‖,⊥ for
ΦA = 3π/4 in the production–decay chain γγ → Hi → tt̄. [Same SUSY parameter set as in Fig.3.51.]

3.12.3 Conclusions

Exciting mixing effects can occur in the supersymmetric Higgs sector if CP-noninvariant interactions are
realized. In the decoupling regime these effects can become very large, leading to interesting experimen-
tal consequences. Higgs formation in γγ collisions with polarized beams proves particularly exciting
for observing such effects. However, valuable experimental effects are also predicted in such scenarios
for tt̄ final–state analyses in decays of the heavy Higgs bosons at LHC and in the e+e− mode of linear
colliders.

Detailed experimental simulations would be needed to estimate the accuracy with which the asym-
metries presented here can be measured. Though not easy to measure, the large magnitude and the rapid
and significant variation of the CP-even and CP-odd asymmetries through the resonance region with
respect to both the phase ΦA and the γγ energy would be a very exciting effect to observe in any case.

3.13 Higgs boson interferences in chargino and neutralino production at a muon collider

Hans Fraas, Olaf Kittel and Federico von der Pahlen

A muon collider is an excellent tool to study the masses, widths and couplings of the heavy neutral
MSSM Higgs bosons, since they are resonantly produced in s-channels [100,102,329–335]. In particular,
interference effects of two nearly degenerate Higgs bosons can give valuable information on their CP
properties [101, 336]. For the production of neutralinos [337] and charginos [338] with longitudinally
polarized beams, it has been shown recently that energy distributions of their decay products can be used
to analyze the CP-even and CP-odd Higgs boson couplings in the CP-conserving MSSM. We extend
these studies [337,338] to the CP-violating MSSM with a nonvanishing physical phase ΦA of the trilinear
scalar coupling A = At = Ab = Aτ , which induces CP violation in the Higgs sector at loop level. In the
decoupling limit the heavier neutral Higgs bosons are nearly degenerate and CP-violating effects may be
resonantly enhanced [93, 96, 157–159, 311–314]. In this report we define CP-sensitive polarization and
charge asymmetries, which we analyze in CP-violating MSSM scenarios.

For chargino χ̃i = χ̃±i or neutralino χ̃i = χ̃0
i production

µ+ + µ− → χ̃i + χ̃j (3.93)
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via Higgs exchange Hk with k = 1, 2, 3, the effective CP-violating MSSM interaction Lagrangians are

Lµ+µ−H = µ̄ [gSHkµµ + iγ5gPHkµµ]µHk, (3.94)

Lχ̃χ̃H = κχ̃ ¯̃χi[g
S
Hkχiχj

+ iγ5gPHkχiχj ]χ̃jHk, (3.95)

with κχ̃± = 1 and κχ̃0 = 1/2. The effective Higgs couplings to the initial muons and the final
charginos/neutralinos are obtained from their tree level couplings gS,Pφαµµ and gS,Pφαχiχj , respectively [6],

gS,PHkµµ = Ckαg
S,P
φαµµ

, (3.96)

gS,PHkχiχj = Ckαg
S,P
φαχiχj

, φα = h,H,A, (3.97)

where C is a complex orthogonal matrix which diagonalizes the complex Weisskopf-Wigner mass matrix
M2 in the h,H,A basis, in analogy to Eq. (3.85) in Section 3.12. The leading radiative corrections are
thus included into the Higgs couplings, as well as their masses and widths. In particular, observables can
be defined which are sensitive to the off-diagonal absorptive parts of the Higgs-boson self energies [158],
see Eq. (3.23) in Section 3.4. These CPT̃-odd observables, where T̃ denotes naive time reversal, depend
strongly on the mass difference and widths of the overlapping Higgs bosons.

To analyze the longitudinal polarizations of the produced charginos or neutralinos, we consider
their subsequent CP-conserving but P-violating leptonic two-body decays [337, 338]

χ̃±j → `± + ν̃
(∗)
` , χ̃0

j → `± + ˜̀∓
a , a = 1, 2. (3.98)

In the center-of-mass system the differential cross section in the energy E` of the decay lepton `± is

dσ`±

dE`
=

σ(µ+µ− → χ̃iχ̃j)BR(χ̃j → `± . . .)
Emax
` −Emin

`

[
1 + η`±

Σ̄3

P̄

2(E` − Ê`)
Emax
` −Emin

`

]
, (3.99)

with the mean lepton energy Ê` = (Emax
` +Emin

` )/2 and the kinematical end-points Emax
` andEmin

` [337,
338]. The coefficient |η`± | ≤ 1 is a measure of parity violation in the chargino/neutralino decay [337,
338]. The coefficients P̄ and Σ̄3 of the production spin-density matrix are averaged over the char-
gino/neutralino production solid angle, indicated by a bar in our notation. The cross section σ(µ+µ− →
χ̃iχ̃j) is proportional to P̄ , whereas the longitudinal chargino/neutralino polarization is proportional to
Σ̄3. Both coefficients have resonant (res) contributions from Higgs H1,2,3 exchange, and continuum
(cont) contributions from gauge boson and slepton exchange

P̄ = Pres + P̄cont, Σ̄3 = Σ3
res + Σ̄3

cont. (3.100)

The dependence of the isotropic resonant contributions Pres and Σ3
res on the longitudinal µ+ and µ−

beam polarizations P+ and P−, respectively, is given by

Pres = (1 + P+P−)a0 + (P+ + P−)a1, (3.101)

Σ3
res = (1 + P+P−)b0 + (P+ + P−)b1, (3.102)

with

an =
∑

Hk,Hl(k≤l)
(2− δkl)akln , bn =

∑

Hk,Hl(k≤l)
(2− δkl)bkln ; n = 0, 1; k, l = 1, 2, 3 (3.103)

and, suppressing the chargino/neutralino indices i and j of the couplings,

akl0 =
s

2
|∆(kl)|

[
|c+µ ||c+χ |fij cos(δ+

µ + δ+
χ + δ∆)− |c+µ ||cRLχ |mimj cos(δ+

µ + δRLχ + δ∆)
]

(kl)
(3.104)

akl1 =
s

2
|∆(kl)|

[
|c−µ ||c+χ |fij cos(δ−µ + δ+

χ + δ∆)− |c−µ ||cRLχ |mimj cos(δ−µ + δRLχ + δ∆)
]

(kl)
(3.105)

bkl0 = −s
2
|∆(kl)|

[
|c+µ ||c−χ |gij cos(δ+

µ + δ−χ + δ∆)
]

(kl)
(3.106)

bkl1 = −s
2
|∆(kl)|

[
|c−µ ||c−χ |gij cos(δ−µ + δ−χ + δ∆)

]
(kl)

(3.107)
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We have defined the products of couplings,

c+λ(kl) = gSHkλλg
S∗
Hlλλ

+ gPHkλλg
P∗
Hlλλ

=
[
|c+λ | exp(iδ+

λ )
]

(kl)
, λ = µ, χ, (3.108)

c−λ(kl) = −i(gSHkλλg
P∗
Hlλλ

− gPHkλλg
S∗
Hlλλ

) =
[
|c−λ | exp(iδ−λ )

]
(kl)

, λ = µ, χ, (3.109)

cRLχ(kl) = gSHkχχg
S∗
Hlχχ

− gPHkχχg
P∗
Hlχχ

=
[
|cRLχ | exp(iδRLχ )

]
(kl)

, (3.110)

the product of the Higgs boson propagators,

∆(kl) = ∆(Hk)∆(Hl)
∗ =

[
|∆| exp(iδ∆)

]
(kl)

, (3.111)

and the kinematical functions fij = (s−m2
i −m2

j)/2 and gij =
√
λ(s,m2

i ,m
2
j)/2 of the chargino/neu-

tralino masses mi, mj , and the center of mass energy s. For longitudinally polarized muon beams,
the two combinations a1, Eq. (3.101), and b1, Eq. (3.102), of products of Higgs boson couplings to
the muons and charginos/neutralinos can be determined, e.g., by polarization asymmetries. A muon
collider provides a good beam energy resolution and thus will be the ideal tool to analyze the strong

√
s

dependence of these observables.

3.13.1 Asymmetries of the chargino and neutralino production cross section

For the cross section σij of chargino σ(µ+µ− → χ̃+
i χ̃
−
j ) or neutralino σ(µ+µ− → χ̃0

i χ̃
0
j) pair produc-

tion, Eq. (3.93), we define for equal beam polarizations P+ = P− ≡ P the asymmetries

Apol±
prod =

[σij(P)− σij(−P)]± [i↔ j]

[σij(P) + σij(−P)] + [i↔ j]
. (3.112)

The asymmetry Apol +
prod is CP-odd and CPT̃-odd, with T̃ naive time reversal t → −t, and is thus non-

zero only for complex transition amplitudes with absorptive phases. It is therefore sensitive to the CP
phases of the Higgs boson couplings to the charginos/neutralinos and to the muons, and is largest if
the mass difference of the two heavy Higgs bosons is of the order of their widths. In Fig. 3.53 we
show, for χ̃+

1 χ̃
−
1 production, Apol +

prod and σ11 for P = 0.3, P = −0.3 and ΦA = 0.2π. We obtain
an asymmetry of 30% which can be measured at a muon collider with longitudinally polarized beams.
For neutralino production µ+µ− → χ̃0

1χ̃
0
2, the asymmetry Apol +

prod reaches 16%, for the parameters as
given in the caption of Fig. 3.53, and the neutralino production cross section σ12 is of the order of
400 fb. The asymmetries are proportional to a1/a0, Eq. (3.101), if the continuum contributions P̄cont

are subtracted, e.g., through extrapolation of the cross section around the resonances [339], or by char-
gino/neutralino cross section measurements at the ILC [220]. The CP-even asymmetry Apol−

prod vanishes
for the production of neutralinos, due to their Majorana character, as well as for the production of equal
charginos. For the production of unequal charginos χ̃+

i χ̃
−
j , with i 6= j, measurements of Apol±

prod allow to
separate the CP-even and CP-odd parts of the coefficient a1.

Similarly, for χ̃+
i χ̃
−
j production with i 6= j, the coefficients a0, b0 and b1 can be separated into

their symmetric and antisymmetric parts under exchange of i and j, to obtain CP-even and CP-odd
observables. We define the charge asymmetry

ACprod =
σ12(P)− σ21(P) + σ12(−P)− σ21(−P)

σ12(P) + σ21(P) + σ12(−P) + σ21(−P)
(3.113)

of the chargino production cross sections σij . This asymmetry is CP-odd and CPT̃-even. In Fig. 3.54
we show ACprod for two scenarios with different scalar mass parameters MSUSY and trilinear coupling
parameters |A| for unpolarized beams P = 0. The production of t̃1 pair production strongly suppresses
one chargino production amplitude of the Higgs boson, enhancing ACprod.
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Fig. 3.53: Chargino production asymmetry Apol +
prod , Eq. (3.112), and cross section σ11 = σ(µ+µ− → χ̃+

1 χ̃
−
1 ) for

ΦA = 0.2π, P+ = P− = P = 0.3 (solid), P = −0.3 (dotted), and for ΦA = 0, P = ±0.3 (dash-dotted), with
MA = 500 GeV (MH± = 506.9 GeV), tanβ = 10, µ = 500 GeV, M2 = 220 GeV, |A| = 2MSUSY = 1 TeV,
evaluated using FeynHiggs2.3 [144]. The Higgs masses and widths for ΦA = 0.2π are MH2,3 = 499.4 GeV,
500.7 GeV and ΓH2,3 = 1.3 GeV, respectively, and mχ±1

= 210 GeV.

3.13.2 Asymmetries of the energy distributions for the chargino and neutralino decay products

For the cross section σ`± of chargino/neutralino production, Eq. (3.93), followed by their subsequent
decay into a lepton `±, Eq. (3.98), we define the asymmetry of the leptonic energy distribution, Eq. (3.99),

A`± =
∆σ`±

σ`±
=

1

2
η`±

Σ̄3

P̄
, (3.114)

with ∆σ`± = σ`±(E` > Ê`) − σ`±(E`<Ê`). Since A`± is proportional to the averaged longitudinal
chargino/neutralino polarization Σ̄3/P̄ it allows to determine the coefficients b1 and b0, Eq. (3.102),
with, respectively, the polarization asymmetries

Apol
`± =

∆σ`±(P)−∆σ`±(−P)

σ`±(P) + σ`±(−P)
= η`±

Pb1
(1 + P2)a0 + P̄cont

, (3.115)

A′pol
`± =

∆σ`±(P) + ∆σ`±(−P)

σ`±(P) + σ`±(−P)
=

1

2
η`±

(1 + P2)b0 + Σ̄3
cont

(1 + P2)a0 + P̄cont
, (3.116)

for equal muon beam polarizations P+ = P− ≡ P . The asymmetry Apol
`± measures the correlation

between initial and final longitudinal polarizations, and is CP-even for the production of neutralinos or
equal charginos. Large values ofApol

`± are obtained if both resonances are degenerate and their amplitudes
are of the same magnitude. As in the CP-conserving MSSM [337, 338], the relative phase of the inter-
fering resonances is approximately π/2 in the Higgs decoupling limit. However, resonantly enhanced
CP violation tends to widen the mass difference of the heavy Higgs bosons [159] and thus suppress this
asymmetry, as can be observed on the left hand side of Fig. 3.55, where we show the asymmetry Apol

`+

for light chargino pair production, both for ΦA = 0.2π and for ΦA = 0. The corresponding asymmetry
A′pol
`+

, Eq. (3.116), depends on the continuum contributions of the chargino polarization Σ̄3
cont, which can

be eliminated in the charge asymmetry

A′C`+ =
1

2
(A′pol

`+
−A′pol

`− ) =
1

2
η`±

(1 + P2)b0
(1 + P2)a0 + P̄cont

, (3.117)

shown on the r.h.s. of Fig. 3.55. For neutralino production the continuum Σ̄3
cont = 0 vanishes naturally

due to their Majorana character [340], thus A′C`+ = A′pol
`+

. For the production of neutralinos, µ+µ− →
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Fig. 3.54: Chargino production asymmetry ACprod, Eq. (3.113), and cross section σ12 = σ(µ+µ− → χ̃+
1 χ̃
−
2 ) for

|A| = 500 GeV, MSUSY = 300 GeV (solid), and for |A| = 2MSUSY = 1 TeV (dashed), with P+ = P− = 0,
ΦA = 0.2π,MA = 500 GeV (MH± = 505.7 GeV), tanβ = 10, µ = 320 GeV,M2 = 120 GeV, evaluated using
FeynHiggs2.3 [144]. The Higgs masses and widths are MH2,3 = 500 GeV, 500.3 GeV, ΓH2,3 = 7.5 GeV,
3.2 GeV (solid), and MH2,3 = 499.8 GeV, 500.3 GeV, ΓH2,3 = 3.2 GeV (dashed), and mχ±1

= 108 GeV,
mχ±2

= 344 GeV.
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Fig. 3.55: Polarization asymmetry Apol
`+ , Eq. (3.115), and A′C`+ , Eq. (3.117), for µ+µ− → χ̃+

1 χ̃
−
1 with subsequent

leptonic chargino decay, for ΦA = 0.2π (solid), ΦA = 0 (dashed), with P+ = P− = P = −0.3, evaluated using
FeynHiggs2.3 [144]. For cross sections and other parameters, see Fig. 3.53. The Higgs masses and widths for
ΦA = 0 are MH2,3 = 499.0 GeV, 500.0 GeV and ΓH2,3 = 1.1 GeV, 1.4 GeV.

χ̃0
1χ̃

0
2, with subsequent leptonic decay, Eq. (3.98), the asymmetry A′pol

`+
reaches 8%, for the scenario as

given in the caption of Fig. 3.55. The asymmetry Apol
`+

, Eq. (3.115), is similar in size and shape as the
corresponding asymmetry for chargino production, see Fig. 3.55.

3.13.3 Summary and conclusions

We have studied chargino and neutralino production and their leptonic decays at the muon collider with
longitudinally polarized beams. We have defined polarization and charge asymmetries to study the in-
terference of the heavy neutral CP-violating MSSM Higgs bosons with CP violation, radiatively induced
by the common phase ΦA of the trilinear scalar couplings. For nearly degenerate neutral Higgs bosons,
with mass differences comparable to their decay widths, the asymmetries for chargino production can be
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as large as 30% with cross sections of the order of several hundred fb. In addition, we have defined and
analyzed asymmetries of the energy distributions of the chargino and neutralino decay products which
probe the longitudinal chargino/neutralino polarizations. Their dependence on the Higgs interference
and mixing effects can be used, in addition to the polarization and charge asymmetries of the production
cross sections, to study the CP-violating effects in the MSSM Higgs sector at the muon collider.

3.14 Impact of Higgs CP mixing on the neutralino relic density
Geneviève Bélanger, Fawzi Boudjema, Sabine Kraml, Alexander Pukhov and Alexander Semenov

In supersymmetric models with R-parity conservation the lightest supersymmetric particle (LSP), typ-
ically the lightest neutralino χ̃0

1, is an excellent cold dark matter candidate [30, 31] (see e.g. [341] for
a recent review). With the precision measurements by WMAP [342, 343] the relic density of cold dark
matter can be constrained to 0.0945 < Ωh2 < 0.1287 at 2σ. This in turn puts strong constraints on
the neutralino LSP as a thermal relic from the Big Bang. In particular, some efficient mechanism for
χ̃0

1 annihilation has to be at work to ensure Ωh2 ∼ 0.1. One such mechanism is annihilation through
s-channel Higgs exchange near resonance. In this contribution, we investigate this case in the context of
the MSSM with CP violation. This topic has been studied recently in [344, 345], and we here discuss
it in more detail. An extensive analysis of the neutralino relic density in the presence of CP phases for
various scenarios of neutralino (co)annihilation is given in [346].

We consider the general MSSM with parameters defined at the weak scale. In general, one can
have complex parameters in the neutralino/chargino sector with Mi = |Mi|eiΦi , µ = |µ|eiΦµ as well as
for the trilinear couplings, Af = |Af |eiΦAf . The phase of M2 can be rotated away. Among the trilinear
couplings, At has the largest effect on the Higgs sector, with the loop-induced CP mixing proportional
to Imm(Atµ)/(m2

t̃2
− m2

t̃1
). Since the phase of µ is the most severely constrained by electric dipole

moment (EDM) measurements, we set it to zero, hence being left with only two relevant phases, Φ1 and
Φt ≡ ΦAt .

Owing to Fermi statistics, the s-wave state of two identical Majorana fermions has CP = −1.
The p-wave state has CP = +1. In the CP-conserving MSSM, the annihilation of two LSP’s through the
scalar h orH is hence p-wave suppressed at small velocities, while annihilation through the pseudoscalar
A is preferred. For mass-degenerate H and A, the scalar exchange therefore only amounts to O(10%)
of the pseudoscalar exchange at 2mχ̃0

1
∼MA,H .

In the presence of CP-violating phases, the interaction of the lightest neutralino with a Higgs H i,
i = 1...3, which now does not have definite CP properties any more, is given by

LHiχ̃0
1χ̃

0
1

=
g

2

3∑

i=1

χ̃0
1(gSHiχ̃0

1χ̃
0
1

+ iγ5g
P
Hiχ̃0

1χ̃
0
1
)χ̃0

1Hi (3.118)

with the scalar part of the coupling

gSHiχ̃0
1χ̃

0
1

= Re e [(N ∗12 − tWN∗11) (O1iN
∗
13 −O2iN

∗
14 − iO3i(sβN

∗
13 − cβN∗14))] , (3.119)

where N is the neutralino mixing matrix in the SLHA notation [252] and O is the Higgs mixing matrix
defined in Eq. (3.5). The pseudoscalar coupling gP

Hiχ̃0
1χ̃

0
1

corresponds to the imaginary part of the same
expression. From Eqs. (3.118) and (3.119) it is clear that the neutralino relic density, being inversely
proportional to the thermally averaged annihilation cross section, Ωχ ∼ 1/〈σv〉, will be affected both
by Φt, which induces scalar-pseudoscalar mixing in the Higgs sector, as well as by Φ1, which modifies
the neutralino mixing. Here note that not only the couplings but also the masses depend on the phases.
In what follows it will therefore be important to disentangle effects due to CP violation in the couplings
from purely kinematic effects. Note also that there is a kind of sum rule relating the couplings squared of
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Fig. 3.56: WMAP-allowed bands in the MH+–M1 plane for (a) µ = 1 TeV and (b) µ = 2 TeV with Φt = 90◦,
MSUSY = 0.5 TeV, |At| = 1.2 TeV and tanβ = 5. In the narrow green (dark grey) bands 0.0945 < Ωh2 <

0.1287, while in the yellow (light grey) regions Ωh2 < 0.0945. The positions of the WMAP-allowed bands for
Φt = 0 are shown as dashed lines.

the Higgses to neutralinos. Therefore, for the two heavy eigenstates which are in general close in mass,
we do not expect a huge effect on the resulting relic density from Higgs mixing alone. A noteworthy ex-
ception occurs when, for kinematical reasons, one of the resonances completly dominates the neutralino
annihilation. That is for instance the case for MH2 < 2mχ̃0

1
'MH3 , or when the mass splitting between

the heavy Higgs bosons becomes very large.

For the numerical analysis, we are using an extension [347] of micrOMEGAs [348,349] that allows
for complex parameters in the MSSM. Using LanHEP [350], a new MSSM model file with complex
parameters was rebuilt in the CalcHEP [351] notation, thus specifying all relevant Feynman rules. For
the Higgs sector, an effective potential is written in order to include in a consistent way higher-order
effects. To compute masses, mixing matrices and parameters of the effective potential the program
is interfaced to CPsuperH [131]. All cross sections for annihilation and coannihilation processes are
computed automatically with CalcHEP, and the standard micrOMEGAs routines are used to calculate the
effective annihilation cross section and the relic density of dark matter. This CPV-MSSM version of
micrOMEGAs has first been presented in [344].

Let us now turn to the numerical results. In order not to vary too many parameters, we choose
tan β = 5, MSUSY ≡ MQ̃3,Ũ3,D̃3

= 0.5 TeV and |At| = 1.2 TeV throughout this study. Moreover,
we assume GUT relations for the gaugino masses, hence M2 ' 2M1. EDM constraints are avoided
by setting Φµ = 0 and pushing the masses of the 1st and 2nd generation sfermions to 10 TeV. Last
but not least in this contribution we are interested in the influence of CP violation in the Higgs sector.
Therefore we also choose Φ1 = 0 and concentrate on the effect of Φt. The effect of Φ1 6= 0 is discussed
in [344, 346].

Figure 3.56 shows the WMAP-allowed regions in the MH+–M1 plane for this choice, maximal
phase of At (Φt = 90◦) and two values of µ: µ = 1 TeV and µ = 2 TeV. The regions for which
0.094 < Ωh2 < 0.129 are shown in green, and those for which Ωh2 < 0.094 in yellow. In addition,
the positions of the WMAP-allowed strips for Φt = 0 are shown as dashed lines. In the CP-conserving
case, H3 is a pure pseudoscalar and H2 a pure scalar, while for Φt = 90◦ it is just the opposite and
H2 is dominantly pseudoscalar. The crossovers of 50% scalar-pseudoscalar mixing of H2,3 occur at
Φt ∼ 15◦ and 145◦. For µ = 1 TeV, Fig. 3.56a, the mass splitting between H2,3 is about 10 GeV for
Φt = 90◦, as compared to about 2 GeV for Φt = 0. Masses and the pseudoscalar content of H2,3 are
depicted in Fig. 3.57 as functions of Φt. Here note that it is H2, i.e. the state which changes from scalar

175

THE M INIMAL SUPERSYMMETRICSTANDARD MODEL WITH CP PHASES

175



0 30 60 90 120 150 180
Φt

315

320

325

330MHi
[GeV]

M
H

i
[G

eV
]

H3

H2

0 30 60 90 120 150 180
Φt

0.2

0.4

0.6

0.8

1.0pseudoscalar content

p
se

u
d
o
sc

a
la

r
co

n
te

n
t

H2

H3

Fig. 3.57: Masses and pseudoscalar content of H2 and H3 as function of Φt for MH+ = 335 GeV, µ = 1 TeV,
|At| = 1.2 TeV, MSUSY = 0.5 TeV and tanβ = 5. The light Higgs H1 has a mass of MH1 ' 117 GeV and a
pseudoscalar content of ≤ 10−4.

to pseudoscalar with increasing Φt, which shows the more pronounced change in mass. For M1 values
up to 250 GeV, we therefore find in both the CP-conserving and the CP-violating case two narrow bands
where 0.094 < Ωh2 < 0.129. For Φt = 0 (and also for Φt = 180◦) both these bands are mainly
due to pseudoscalar H3 exchange, with one band just below and the other one above the pseudoscalar
resonance. For Φt = 90◦ the situation is different: in the lower WMAP-allowed band the LSP annihilates
through the scalar H3, with the pseudoscalar H2 not accessible because MH2 < 2mχ̃0

1
' MH3 , while

in the upper band both H2 and H3 contribute (with H2 exchange of course dominating). In between the
two WMAP-allowed green bands one is too close to the pseudoscalar resonance and Ωh2 falls below the
WMAP bound; this holds for both Φt = 0 and Φt = 90◦. The positions of the WMAP-allowed bands
for Φt = 0 and Φt = 90◦ are not very different from each other. Still the difference in the relic density
between Φt = 0 and Φt = 90◦ is typically a factor of a few in the WMAP-bands, and can reach orders
of magnitudes at a pole. For M1

>∼ 250 GeV and Φt = 90◦, one enters the region of coannihilation with
stops, leading to a vertical WMAP-allowed band. For Φt = 0, the t̃1 is 55 GeV heavier, so the stop
coannihilation occurs only at M1 ∼ 305 GeV (for Φt = 180◦ on the other hand, mt̃1

' 230 GeV and
coannihilation already sets in at M1 ∼ 200 GeV).

For µ = 2 TeV, Fig. 3.56b, there is an even stronger CP-mixing of H2,3 and the mass splitting
between the two states becomes ∼ 45 GeV for Φt = 90◦. The pseudoscalar contents are similar to
those in Fig. 3.57 with the 50% cross-over at Φt ∼ 20◦. Moreover, because the LSP has less higgsino
admixture, one has to be closer to resonance to obtain the right relic density. As a result, the scalar and
pseudoscalar funnels become separated by a region where Ωh2 is too large. In fact both the H2 and H3

exchange each lead to two WMAP-allowed bands, one above and one below the respective resonance.
For the H3 (scalar) exchange, however, these two regions are so close to each other that they appear as
one line in Fig. 3.56b. This is in sharp contrast to the CP-conserving case, Φt = 0, where the scalar and
pseudoscalar states are close in mass, hence leading to only two WMAP-allowed bands. These are again
shown as dashed lines in Fig. 3.56b and origin dominantly from the pseudoscalar resonance, the scalar
resonance being ‘hidden’ within.

We next study the explicit dependence on Φt, disentangling the effects due to scalar-pseudoscalar
mixing from those due to changes in the Higgs masses. For this aim we fix M1 = 150 GeV and
µ = 1 TeV. This gives mχ̃0

1
= 149 GeV with the LSP being 99.8% bino. Figure 3.58 shows the

corresponding WMAP-allowed bands in the MH+–Φt plane. We observe a strong dependence on the
phase of At, leading to huge shifts of up to two orders of magnitude in the relic density for constant
MH+ . To understand these huge effects, let us first discuss the upper WMAP-allowed band at MH+ ∼
335 GeV, shown in Fig. 3.58a, in more detail. As has been pointed out in [352, 353], the relic density
is very sensitive to mass difference ∆Mχ̃0

1Hi
= MHi − 2mχ̃0

1
, i.e. to the distance from the Higgs poles.

176

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

176



(a) (b)

0 45 90 135 180
Ft HdegL330

332

334

336

338

340

342

344

M
H

+
HGeVL

∆Mχ1
0  H2

= 26 GeV

∆Mχ1
0  H3

= 28 GeV

0 45 90 135 180
Ft HdegL300

302

304

306

308

M
H

+
HGeVL

∆Mχ1
0  H3

= 0

Fig. 3.58: The WMAP-allowed bands (green/dark grey) in the MH+–Φt plane for M1 = 150 GeV, µ = 1 TeV,
|At| = 1.2 TeV, MSUSY = 0.5 TeV and tanβ = 5. Contours of constant mass differences ∆Mχ̃0
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≡ MHi −
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1

are also displayed. In the yellow (light grey) regions, Ωh2 is below the WMAP range.

At MH+ = 335 GeV, the neutral Higgs masses range between MH2 ' 325–319 GeV and MH3 '
327–330 GeV for Φt = 0–90◦. The LSP annihilates more efficiently through the Higgs which has
the larger pseudoscalar content. For Φt

<∼ 15◦ (Φt
>∼ 145◦) this is H3, while for maximal phase it is

H2. Consequently in Fig. 3.58a agreement with WMAP is reached for ∆Mχ̃0
1Hi
∼ 26–28 GeV with

Hi = H3 at Φt = 0 and 180◦, and Hi = H2 at Φt = 90◦. When considering the Higgs–LSP couplings,
we find (gS , gP )H2χ̃0

1χ̃
0
1
' (0.02,−10−5) and (gS , gP )H3χ̃0

1χ̃
0
1
' (−10−5,−0.02) at MH+ = 335 GeV

and Φt = 0, while at Φt = 90◦ (gS , gP )H2χ̃0
1χ̃

0
1
' (10−4, 0.02) and (gS , gP )H3χ̃0

1χ̃
0
1
' (0.02,−10−4).

We see that in the case where both H2 and H3 are accessible, the phase dependence of Ωh2 is directly
linked to the position of the (dominantly) pseudoscalar resonance. For Φt = 0 – 90◦ and Φt ' 180◦, in
the WMAP-allowed green band the dominant annihilation channels are about 75–80% into bb̄ and about
10% into τ+τ−, corresponding to the pseudoscalar branching ratios. For Φt > 90◦, where the WMAP-
allowed band deviates from the contour of constant ∆Mχ̃0

1Hi
, there is also a sizeable, up to ∼ 25%,

contribution from χ̃0
1χ̃

0
1 → H1H1 with a constructive interference between s-channel H3 and t-channel

neutralino exchange. This is acompanied by roughly 10% annihilation into WW and ZZ . For constant
∆Mχ̃0

1Hi
, the variation in Ωh2 due to changes in the Higgs couplings alone can be O(100%).

When the LSP mass is very near the heaviest Higgs resonance one finds another region where
the relic density falls within the WMAP range. This is shown in Fig. 3.58b (corresponding to the phase
dependence of the lower WMAP-allowed band in Fig. 3.56a). In the real case one needs MH+ =
305 GeV, giving a mass difference ∆Mχ̃0

1H3
= −1.5 GeV. Note that annihilation is efficient enough

even though one catches only the tail of the pseudoscalar resonance. For the same charged Higgs mass,
the mass of H3 increases when one increases Φt, so that neutralino annihilation becomes more efficient
despite the fact that H3 becomes scalar-like and gP

H3χ̃0
1χ̃

0
1

decreases. When Φt ∼ 75◦–90◦, the coupling

gP
H3χ̃0

1χ̃
0
1

becomes very small and one needs ∆Mχ̃0
1H3

= 0–1.5 GeV to achieve agreement with WMAP.
Here we are in the special case where MH2 < 2mχ̃0

1
'MH3 , so that only H3 contributes significantly to

the relic density. Figure 3.59 shows the χ̃0
1χ̃

0
1 → bb̄ annihilation cross section as a function of MH+ and

various values of Φt. As can be seen, not only the position but also the hight of the peak changes with
Φt, corresponding to the change in the pseudoscalar content of H3. In fact, at MH+ = 305 GeV and
Φt = 0, the LSP annihilates to about 80% into bb̄, 10% into ττ and 10% into ZH1, while at Φt = 90◦, it
annihilates to about 50% into bb̄, 30% into H1H1 and 10% into WW/ZZ . At Φt = 180◦, the rates are
about 70% bb̄, 10% ττ and 20% ZH1,
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Fig. 3.59: σv(χ̃0
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0
1 → bb̄) as a function of MH+ and various values of Φt; other parameters as in Fig. 3.58.

In conclusion, CP-violating phases can lead to huge variations in the neutralino relic density. For
fixed MH+ , we find shifts in Ωh2 of up to two orders of magnitude, which agrees with the observations
in [35] (although in that paper only σv and not Ωh2 was computed). From the discussion above it is
clear that a large part of this can be attributed to changes in the Higgs masses. When disentangling the
kinematic effects, we still find a significant dependence of Ωh2 on the CP-mixing in the Higgs sector.
For example, for ∆Mχ̃0

1H3
= −1.5 GeV in Fig. 3.58b, we get an increase in Ωh2 relative to the Φt = 0

case by almost an order of magnitude. Also the relative importance of different final states depends on
the CP phases. To infer the relic density of the LSP it is therefore important to pin down the Higgs sector
with good precision. This includes not only precise measurements of the Higgs masses and decay widths
but also of a possible CP mixing. Last but not least note that loop corrections to neutralino annihilation
processes will also be important for a precise prediction of Ωh2. For more details and other scenarios of
neutralino annihilation and coannihilation, see [346].

3.15 Decays of third generation sfermions into Higgs bosons

Alfred Bartl, Stefan Hesselbach, Keisyo Hidaka, Thomas Kernreiter and Werner Porod

A precise knowledge of third generation sfermion parameters is important for Higgs physics as the dom-
inant loop corrections to the masses of the MSSM Higgs bosons are due to stops and sbottoms [354].
Moreover, if the parameters µ, Aτ , At, Ab are complex, they induce a mixing between neutral scalar
Higgs bosons and the pseudoscalar Higgs boson which within the MSSM is impossible at tree-level.
Furthermore, these parameters enter in the mixing matrices of the sfermions as well as in the couplings
of sfermions to Higgs bosons. This leads to strong effects on sfermion decay widths and branching ratios
which have been analyzed in [355, 356] for the stau sector and in [357–359] for the stop/sbottom sector.
Thus sfermion production and subsequent decays into Higgs bosons are an additional source of Higgs
bosons at future colliders with a potentially strong dependence on the SUSY CP phases.

3.15.1 SUSY CP phases in sfermion mixing and Higgs-sfermion couplings

The left-right mixing of the stops and sbottoms is described by a hermitian 2 × 2 mass matrix which in
the basis (q̃L, q̃R) reads

Lq̃M = −(q̃†L, q̃
†
R)

(
M2
q̃LL

M2
q̃LR

M2
q̃RL

M2
q̃RR

)(
q̃L

q̃R

)
, (3.120)
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with

M2
q̃LL = M2

Q̃3
+ (Iq3L − eq sin2 θW ) cos 2β m2

Z +m2
q, (3.121)

M2
q̃RR

= M2
Q̃′3

+ eq sin2 θW cos 2β m2
Z +m2

q, (3.122)

M2
q̃RL = (M2

q̃LR)∗ = mq

(
|Aq|eiΦAq − |µ|e−iΦµ(tanβ)−2Iq3L

)
, (3.123)

where mq, eq and Iq3L are the mass, electric charge and weak isospin of the quark q = b, t. θW denotes
the weak mixing angle, tanβ = v2/v1 with v1 (v2) being the vacuum expectation value of the Higgs
field H0

1 (H0
2 ) and MQ̃′3

= MD̃3
(MŨ3

) for q = b (t). MQ̃3
, MD̃3

, MŨ3
, Ab and At are the soft SUSY-

breaking parameters of the top squark and bottom squark system. In the case of complex parameters µ
and Aq the off-diagonal elements M 2

q̃RL
= (M2

q̃LR
)∗ are also complex with the phase

Φq̃ = arg
[
M2
q̃RL

]
= arg

[
|Aq|eiΦAq − |µ|e−iΦµ(tan β)−2Iq3L

]
. (3.124)

The mass eigenstates are (
q̃1

q̃2

)
= Rq̃

(
q̃L
q̃R

)
(3.125)

with the q̃-mixing matrix

Rq̃ =

(
eiΦq̃ cos θq̃ sin θq̃
− sin θq̃ e−iΦq̃ cos θq̃

)
, (3.126)

cos θq̃ =
−|M2

q̃LR
|

√
|M2

q̃LR
|2 + (m2

q̃1
−M2

q̃LL
)2
, sin θq̃ =

M2
q̃LL
−m2

q̃1√
|M2

q̃LR
|2 + (m2

q̃1
−M2

q̃LL
)2

(3.127)

and the mass eigenvalues

m2
q̃1,2 =

1

2

(
M2
q̃LL

+M2
q̃RR
∓
√

(M2
q̃LL
−M2

q̃RR
)2 + 4|M2

q̃LR
|2
)
, mq̃1 < mq̃2 . (3.128)

The respective mass and mixing matrices in the stau sector are obtained from those of the sbottoms by
the replacement of the soft SUSY-breaking parameters (MQ̃3

,MD̃3
, Ab)→ (ML̃3

,MẼ3
, Aτ ).

The q̃i − q̃′j −H± couplings are defined by

Lq̃q̃H± = g
(
CH
t̃j b̃i

H+t̃†j b̃i + CH
b̃j t̃i

H−b̃†j t̃i
)

(3.129)

with
CH
t̃i b̃j

= (CH
b̃j t̃i

)∗ =
1√

2mW

(Rt̃GRb̃
†
)ij (3.130)

and

G =



m2
b tan β +m2

t cot β −m2
W sin 2β mb (|Ab|e−iΦAb tanβ + |µ|eiΦµ)

mt (|At|eiΦAt cot β + |µ|e−iΦµ)
2mtmb

sin 2β


 . (3.131)

For the couplings of squarks to neutral Higgs bosons we have the Lagrangian

Lq̃q̃H = −g C(q̃†kHiq̃j) q̃
†
kHiq̃j (k, j = 1, 2) (3.132)

with

C(q̃†kHiq̃j) = Rq̃ ·




C(q̃†LHiq̃L) C(q̃†LHiq̃R)

C(q̃†RHiq̃L) C(q̃†RHiq̃R)


 · Rq̃†, (3.133)
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where for q̃ = t̃

C(t̃†LHit̃L) =
m2
t

mW sinβ
O2i +

mZ

cos θW

(
1

2
− et sin2 θW

)
(cos βO1i − sinβO2i) , (3.134)

C(t̃†RHit̃R) =
m2
t

mW sinβ
O2i +

etmZ

cos θW
sin2 θW (cos βO1i − sinβO2i), (3.135)

C(t̃†LHit̃R) = [C(t̃†RHit̃L)]∗ =
mt

2mW sinβ
{−i

(
cos β|At|e−iΦAt + sinβ|µ|eiΦµ

)
O3i

−
(
|µ|eiΦµO1i − |At|e−iΦAtO2i

)
}, (3.136)

while for q̃ = b̃

C(b̃†LHib̃L) =
m2
b

mW cos β
O1i +

mZ

cos θW

(
−1

2
− eb sin2 θW

)
(cos βO1i − sinβO2i) , (3.137)

C(b̃†RHib̃R) =
m2
b

mW cos β
O1i +

ebmZ

cos θW
sin2 θW (cos βO1i − sinβO2i), (3.138)

C(b̃†LHib̃R) = [C(b̃†RHib̃L)]∗ =
mb

2mW cos β
{−i

(
sinβ|Ab|e−iΦAb + cos β|µ|eiΦµ

)
O3i

−
(
|µ|eiΦµO2i − |Ab|e−iΦAbO1i

)
}. (3.139)

The 3 × 3 matrix O denotes the mixing matrix of the neutral Higgs bosons as defined in Eq. (3.5). The
couplings of the staus to neutral Higgs bosons can be obtained from Eqs. (3.137)–(3.139) by replacing b
by τ .

3.15.2 Numerical results

In [357–359] the effects of the phases of the parameters At, Ab, µ and M1 on the phenomenology
of the third generation squarks, the stops t̃1,2 and the sbottoms b̃1,2 in the complex MSSM have been
studied. The third generation squark sector is particularly interesting because of the effects of the large
Yukawa couplings. The phases of Af and µ enter directly the squark mass matrices and the squark-
Higgs couplings, which can cause a strong phase dependence of observables. The off-diagonal mass
matrix element M 2

q̃RL, which describes the mixing between the left and right squark states, is given in
Eq. (3.123). In the case of stops the µ term is suppressed by 1/ tan β, hence the phase Φ t̃ of M2

t̃RL
is

dominated by ΦAt . Therefore, the phase in the mixing matrix is in practice given by ΦAt and appears
in several couplings due to the strong mixing in the stop sector. In the case of sbottoms the mixing is
smaller because of the small bottom mass. It is mainly important for large tanβ, when the µ term is
dominant in M 2

b̃RL
. Hence the phase of Ab has only minor impact on the sbottom mixing in a large part

of the SUSY parameter space. However, in the squark-Higgs couplings, for example in the H±t̃Lb̃R
couplings, Eq. (3.131), the phase ΦAb appears independent of the sbottom mixing. This can lead to a
strong ΦAb dependence of sbottom and stop partial decay widths into Higgs bosons. The stau sector
behaves similar to the sbottom sector.

In the following we give examples where a strong dependence on phases occurs. We want to
stress, that this is a general feature provided the decays into Higgs bosons are kinematically allowed.
The masses and mixing matrix O of the neutral Higgs bosons have been calculated with the program
FeynHiggs2.0.2 [59,60]. In Fig. 3.60 we show branching ratios of t̃2 decays. As can be seen, the sum
of the branching ratios into Higgs bosons is about 30% implying that stop decays serve as an additional
source for Higgs bosons. As discussed in detail in [359], the partial widths for decays into fermions
and the Z-boson have a 1 ± cos ΦAt dependence. In the case of the Higgs bosons the dependence on
the phases is much more involved as the parameters Af and µ appear directly in the couplings, see
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Fig. 3.60: ΦAt dependence of branching ratios of the decays (a) t̃2 → χ̃+
1/2b (solid, black/gray), t̃2 → χ̃0

2/3/4t

(dashed, black/gray/light gray) and (b) t̃2 → Zt̃1 (dashdotdotted), t̃2 → H1/2/3 t̃1 (long dashed, black/gray/light
gray) for tanβ = 6, M2 = 300 GeV, |µ| = 500 GeV, |Ab| = |At| = 500 GeV, Φµ = Φ1 = ΦAb = 0,
mt̃1 = 350 GeV, mt̃2 = 800 GeV, mb̃1

= 170 GeV and mH± = 350 GeV, assuming MQ̃3
> MŨ3

. Only the
decay modes with B & 1 % are shown. The shaded areas mark the region excluded by the experimental limit
B(b→ sγ) < 4.5× 10−4. From [359].

Eqs. (3.131), (3.136) and (3.139). Part of the phase dependence is due to the change of the Higgs masses
as they depend on the phases. However, this effect is very small. As a test we have kept the Higgs
masses constant and the lines in the plots are only shifted in the order of the line-thickness. In Figs. 3.61
and 3.62 it is demonstrated that (i) also the sbottom and stau decay branching ratios show a pronounced
dependence on the phases and (ii) the branching ratios into Higgs bosons can be sizable and, thus, serve
as an additional source for Higgs bosons. In contrast to the stop sector this dependence is mainly caused
by the variations of the partial widths into Higgs bosons. For this reason it is also important if tanβ is
larger than ∼ 20.

3.15.3 Parameter determination via global fit

In order to estimate the precision, which can be expected in the determination of the underlying SUSY
parameters, a global fit of many observables in the stop/sbottom sector has been made in [359]. In order
to achieve this the following assumptions have been made: (i) At the ILC the masses of the charginos,
neutralinos and the lightest Higgs boson can be measured with high precision. If the masses of the
squarks and heavier Higgs bosons are below 500 GeV, they can be measured with an error of 1 % and
1.5 GeV, respectively. (ii) The masses of the squarks and heavier Higgs bosons, which are heavier than
500 GeV, can be measured at a 2 TeV e+e− collider like CLIC with an error of 3 % and 1 %, respectively.
(iii) The gluino mass can be measured at the LHC with an error of 3 %. (iv) For the production cross
sections σ(e+e− → t̃i

¯̃tj) and σ(e+e− → b̃i
¯̃
bj) and the branching ratios of the t̃i and b̃i decays we have

taken the statistical errors, which we have doubled to be on the conservative side. We have analyzed
two scenarios, one with small tanβ = 6 and one with large tan β = 30. In both scenarios we have
found that Re(At) and |Im(At)| can be determined with relative errors of 2–3%. For Ab the situation
is considerably worse because of the weaker dependence of the observables on this parameter. Here the
corresponding errors are of the order of 50–100%. For the squark mass parameters MQ̃3

,MŨ3
,MD̃3

the
relative errors are of order of 1%, for tan β of order of 3 % and for µ and the other fundamental SUSY
parameters of order of 1–2%. In a similar analysis in the stau sector [356] it has been found that for
tan β = 3 (30) the relative errors of Re(Aτ ) and |Im(Aτ )| are 22% and 7% (7% and 3%), respectively,
whereas the errors of ML̃3

, MẼ3
are of the order of 1%. In particular the expected precision in the

stop sector will be necessary for the comparison of the theoretical calculations in the Higgs sector and

181

THE M INIMAL SUPERSYMMETRICSTANDARD MODEL WITH CP PHASES

181



0 0.5 1 1.5 2
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
B

ΦAb
/π

(a)

0 0.5 1 1.5 2
0

0.02

0.04

0.06

0.08

0.1

0.12

B

ΦAb
/π

(b)

Fig. 3.61: ΦAb dependences of the branching ratios of the bosonic decays (a) b̃2 → W−t̃1/2 (dashdotted,
black/gray), b̃2 → H−t̃1/2 (solid, black/gray) and (b) b̃2 → Zb̃1 (dashdotdotted), b̃2 → H1/2/3b̃1 (long dashed,
black/gray/light gray) for tanβ = 30, M2 = 200 GeV, |µ| = 350 GeV, |Ab| = |At| = 600 GeV, Φµ = ΦAt = π,
Φ1 = 0, mb̃1

= 350 GeV, mb̃2
= 700 GeV, mt̃1 = 170 GeV and mH± = 150 GeV, assuming MQ̃3

< MD̃3
.

From [359].
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Fig. 3.62: Branching ratios of τ̃2 → H1,2,3τ̃1, τ̃2 → Zτ̃1, τ̃2 → χ̃0
1,2τ and τ̃2 → χ̃−1 ντ as a function of ΦAτ for

a) Φµ = 0 and b) Φµ = π/2, with the other parameters mτ̃1 = 240 GeV, mτ̃2 = 500 GeV, mH± = 160 GeV,
|µ| = 600 GeV, M2 = 450 GeV, Φ1 = 0, tanβ = 30, and |Aτ | = 900 GeV, assuming ML̃3
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. From [356].

experimental data.
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4 SUPERSYMMETRIC MODELS WITH AN EXTRA SINGLET

4.1 Introduction
Stephanie Baffioni, John F. Gunion, David J. Miller, Apostolos Pilaftsis and Dirk Zerwas

The Minimal Supersymmetric Standard Model (MSSM) suffers from a serious theoretical flaw known
as the “µ-problem”. The dimensionful parameter µ is required in the MSSM in order to have mixing
between the two chiral Higgs doublet superfields. The difficulty is that µ has no a priori knowledge
of electroweak symmetry breaking, but must, for phenomenological reasons, be around the electroweak
scale. The very simplest means for resolving this problem is the introduction of a singlet Higgs chiral
superfield. It is easy to arrange for the scalar component of the singlet superfield to acquire a vacuum
expectation value of electroweak or SUSY breaking magnitude, and this automatically generates an ef-
fective µ with electroweak magnitude. The resulting models are very attractive and not only succeed
in solving the µ problem but do not encounter the various problems of the MSSM associated with the
LEP lower bounds on the masses of Higgs bosons. For instance, unlike the MSSM, the singlet-extended
scenarios with low values of tanβ <∼ 3 are viable due to additional tree-level contributions to the the-
oretical upper bound on the Higgs-boson mass. A SM-like Higgs boson with mass of order 100 GeV
is also a possibility, evading conflict with LEP limits by virtue of Higgs to Higgs-pair decays. In addi-
tion, the parameters of the singlet models can be chosen so that the so-called “little hierarchy” problem
can be significantly alleviated and electroweak baryogenesis is successful. In general, the Higgs sector
phenomenology of the singlet models is much less constrained than that of the MSSM, leading to a far
greater range of possible experimental signatures and needed search strategies.

In section 4.1.1 we begin by describing the µ problem in more detail and in section 4.1.2 show
how it can be solved by the introduction of a new Higgs singlet chiral superfield. In section 4.1.3 we then
outline the major variants of such models that emerge when cosmological issues associated with domain
walls in the early universe are taken into consideration. In section 4.1.4, a summary of the main model
and phenomenological features of the two simplest models, the NMSSM and the MNSSM, is provided.
Experimentalists may wish to focus on this summary section.

4.1.1 The µ-problem

Any renormalizable supersymmetric model can be completely specified by a choice of particle content,
gauge symmetries and a superpotential. The gauge symmetries dictate the form of the gauge interactions
in the Lagrangian, while the superpotential yields non-gauge interaction terms proportional to its second
derivatives with respect to the scalar fields. A superpotential W results in terms,

L ⊃ −1

2

(
∂2W

∂φi∂φj
ψiψj +

∂2W ∗

∂φ∗i ∂φ
∗
j

ψ†iψ
†
j

)
− ∂W

∂φi

∂W ∗

∂φ∗ i
, (4.1)

where φi are the scalar fields, ψi are their fermion partners, and summation over repeated indices is
understood. The scalar and fermion fields have dimension [mass] and [mass]3/2 respectively, and the
Lagrangian is dimension [mass]4, so it is easy to see that the superpotential has dimension [mass]3.
Since supersymmetry (SUSY) is broken, one must also introduce soft SUSY breaking terms, which
generally include soft mass terms in addition to terms of the same form as those in the superpotential
multiplied by arbitrary (but O(MSUSY)) dimensionful coefficients.

The superpotential of the MSSM can be written as,1

WMSSM = Q̂ĤuhuÛ
C + ĤdQ̂hdD̂

C + ĤdL̂heÊ
C + µĤuĤd . (4.2)

Here and in the following, fields with a hat denote superfields, whilst those without a hat stand for scalar
superfield components. In addition to the Yukawa couplings of the two Higgs doublets to quarks and

1Our notation of the Higgs superfields with respect to the one given in Section 3 is: bHu ≡ bH2 and bHd ≡ bH2.
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leptons, Eq. (4.2) contains a term involving a dimensionful parameter µ. This performs two essential
functions in the MSSM. Firstly, it provides a contribution to the masses of the Higgs bosons and their
higgsino partners (for this reason µ is often called the “Higgs-higgsino mass parameter”). Without
this contribution the lightest chargino, which is a mixture of a higgsino and a gaugino, would have a
mass of order M 2

W/MSUSY which is small enough to be excluded by experimental searches. Secondly,
the accompanying soft supersymmetry breaking term BµHuHd provides a mixing between the two
Higgs doublets. Without this term, any electroweak symmetry breaking generated in the up-quark sector
(caused by M 2

Hu
< 0) could not be communicated to the down-quark sector; the field Hd would not gain

a vacuum expectation value (vev) and the down-type quarks and leptons would remain massless. It is
therefore essential that µ be non-zero and of order the electroweak or supersymmetry breaking scales.

However, since the parameter µ appears in the superpotential it does not break supersymmetry
and is present when supersymmetry is unbroken. Its value is therefore completely unrelated to the elec-
troweak or supersymmetry breaking scales. In fact, within a supergravity (SUGRA) framework, the
µ-parameter is naturally expected to be of order MPlanck. This huge disparity between the natural and
phenomenologically needed scales of µ is known as the “µ-problem”.

4.1.2 Solving the µ-problem with an extra singlet

Many scenarios, all based on extensions of the MSSM, have been proposed in the existing literature [1–5]
to provide a natural explanation of the µ-term. The simplest approach, and that which concerns us here,
is to introduce an extra Higgs iso-singlet superfield, Ŝ, into the model. If we replace the µ-term of the
MSSM with a term coupling this new superfield to the Higgs boson doublets, i.e.

Wλ = Q̂ĤuhuÛ
C + ĤdQ̂hdD̂

C + ĤdL̂heÊ
C + λŜĤuĤd , (4.3)

where λ is some dimensionless coupling, then an effective µ-term will be generated if the real scalar
component of Ŝ develops a vacuum expectation value (vev). The effective µ parameter is given by

µ = µeff = λ〈S〉. (4.4)

The constraints which arise when the resulting Higgs potential is minimized to find the vacuum state
relate the vevs of the three neutral scalars, H 0

u, H0
d and S, to their soft supersymmetry breaking masses.

Therefore, in the absence of fine tuning, one expects that these vevs should all be of order MSUSY , and
the µ problem is solved. These three vevs are usually then replaced by the phenomenological parameters
µeff , MZ and tanβ.

Additionally, one must introduce soft supersymmetry breaking terms into the Lagrangian. These
must be of the same form as for the MSSM except that the term involving the supersymmetry breaking
parameter B must be removed (since it was associated with the µ-term) and instead a soft mass for the
new singlet should be added, together with soft supersymmetry breaking terms for the extra interactions.
The soft supersymmetry breaking terms associated with the Higgs sector are then,

−Lsoft ⊃ m2
Hu |Hu|2 +m2

Hd
|Hd|2 +m2

S |S|2 +
(
λAλSHuHd + h.c.

)
, (4.5)

where Aλ is a dimensionful parameter of order ∼MSUSY.

The new singlet superfield provides an additional scalar Higgs field, a pseudoscalar Higgs field,
and an accompanying higgsino. The new Higgs fields will mix with the neutral Higgs fields from the
usual Higgs doublets, and so the model will in total have five neutral Higgs bosons (three scalars and
two pseudoscalars if CP is conserved). The extra higgsino will mix with the higgsinos from the doublets
and the gauginos to provide an extra neutralino state, for a total of five. The charged Higgs and chargino
mass spectrum remain unchanged.
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However, the superpotential presented in Eq. (4.3), and its derived Lagrangian, contain an extra
global U(1) symmetry, known as a Peccei-Quinn (PQ) Symmetry [6]. Assigning PQ charges, QPQ,
according to

Q̂ : −1, ÛC : 0, D̂C : 0, L̂ : −1, ÊC : 0, Ĥu : 1, Ĥd : 1, Ŝ : −2,
(4.6)

the model is invariant under the global U(1) transformation Ψ̂i → eiQ
PQ
i θΨ̂i, where

Ψ̂i ∈ {Q̂, ÛC , D̂C , L̂, ÊC , Ĥu, Ĥd, Ŝ} .

The PQ symmetry will spontaneously break when the Higgs scalars gain vevs, and a pseudo2-Nambu-
Goldstone boson, known as the PQ axion (it is actually one of the pseudoscalar Higgs bosons), will be
generated. For values of λ ∼ O(1), this axion would have been detected in experiment and this model
ruled out. There are three ways that this model can be saved.

Firstly, one can simply decouple the axion by making λ very small [7–12]. One finds that astro-
physical constraints from the cooling of stars in globular clusters are most restrictive, requiring λ . 10−6.
Interestingly, since the singlet vev is always multiplied by λ, i.e. appears as λ〈S〉, in the minimization
equations which set the vevs, in the absence of fine tuning µeff will still naturally be of order the elec-
troweak scale. Additionally, the presence of an axion automatically solves the strong CP problem via
its effective coupling to the gluon. However, since there is no good explanation of why λ should be so
small, we are really just replacing one problem with another.

There is also an issue of how much dark matter is present in this model. Usually in R-parity con-
serving supersymmetry, the lightest supersymmetric partner (LSP) will, if neutral, provide a contribution
to dark matter. In this case the LSP is the supersymmetric partner of the axion, often called the axino (it
is actually a neutralino). It is very light, typically ∼ 10−6eV, and, like its partner state, is very decoupled.
Therefore its annihilation rate in the early universe would be very small and it should naively provide a
dark matter contribution so large that the model can be ruled out. However, the axino is so decoupled
that it may never have come into equilibrium in the early universe. In this case, there would be no need
to have a large annihilation cross-section to reduce its dark matter contribution; one could simply have
very few axinos before annihilation starts.

A second possibility is to promote the PQ symmetry to a local symmetry. This requires the intro-
duction of a new gauge boson, traditionally called Z ′, mediating a new force, which will gain a mass
when the PQ symmetry is broken. As usual, the Goldstone boson will be “eaten” by the gauge boson
to provide the extra degree of freedom needed for its longitudinal polarization, and consequently there
would be no axion to be found in low energy experiments.

The existence of additional U(1) gauge groups at TeV energies is well motivated by GUT and
string models [13–16]. In particular, compactification of the extra dimensions in string theories of-
ten leads to large gauge groups such as E6 or E8. These gauge groups can then break down to the
gauge groups of the SM with extra (local) U(1)’s. For example, one possible breaking would be E6 →
SO(10)×U(1)φ followed by SO(10)→ SU(5)×U(1)χ . In general, the gauge bosons of these two new
U(1) symmetries mix, and one can arrange the symmetry breaking such that one combination maintains
a GUT scale mass, while the other is manifest at (just above) the electroweak scale and becomes the Z ′.

The existence of an extra Z ′ is already strongly constrained by experiment [17]. Direct searches
at the Tevatron [18, 19] constrain the Z ′ mass by looking for its decay to leptons or jets. These direct
searches typically require a Z ′ of the form described above to be heavier than a few hundred GeV.
Indirect searches for virtual Z ′ exchange and/or Z-Z ′ mixing yield similar limits. Models with extra
gauge groups are discussed in Section 6.

2The axion is only a “pseudo”-Nambu-Goldstone boson since the PQ symmetry is explicitly broken by the QCD triangle
anomaly. The axion then acquires a small mass from its mixing with the pion.
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4.1.3 Breaking the Peccei-Quinn symmetry

The last (but by no means least) way of avoiding the PQ axion constraints is to explicitly break the
PQ symmetry. The new superfield Ŝ has no gauge couplings but has a PQ charge, so one can naively
introduce any term of the form Ŝn with n ∈ Z into the superpotential in order to break the PQ symmetry.
However, since the superpotential is of dimension 3, any power with n 6= 3 will require a dimensionful
coefficient naturally of the GUT or Planck scale, naively making the term either negligible (for n > 3)
or unacceptably large (for n < 3). For this reason, it is usual to postulate some extra discrete symmetry,
e.g. Z3, in order to forbid terms with dimensionful coefficients. The superpotential of the model then
becomes,

WNMSSM = Wλ +
1

3
κŜ3 , (4.7)

where κ is a dimensionless constant which measures the size of the PQ breaking.

Additionally, one must also introduce an extra soft supersymmetry breaking term to accompany
the new trilinear self coupling. The complete soft SUSY-breaking Higgs sector becomes then,

−Lsoft ⊃ m2
Hu|Hu|2 +m2

Hd
|Hd|2 +m2

S |S|2 +
(
λAλSHuHd +

1

3
κAκS

3 + h.c.
)
, (4.8)

where, like Aλ, Aκ is a dimensionful coefficient of order ∼MSUSY .

This model is known as the Next-to-Minimal Supersymmetric Standard Model (NMSSM) and has
generated much interest in the literature [13, 15, 20–31]. Just as for the PQ symmetric model discussed
above, the neutral Higgs sector will consist of three scalars and two pseudoscalars. The masses and
singlet contents of the physical fields depend strongly on the parameters of the model, in particular how
well the PQ symmetry is broken. Also, there will be five neutralinos instead of the usual four. The
charged Higgs sector and the chargino sector remain unchanged. Some aspects of the phenomenology
of the NMSSM will be summarized later and in separate contributions.

Phenomenologically, this model is rather interesting. Notice that we have introduced extra fields
with no gauge couplings and mixed them with the usual fields of the MSSM. This will dilute the cou-
plings of the Higgs bosons and neutralinos when compared to the MSSM. Furthermore, it is possible to
have a rather light pseudoscalar Higgs boson, which is a bit more difficult to have in the MSSM. Po-
tentially, heavier Higgs bosons may decay into this light pseudoscalar rather than via more conventional
decays to, say, b quarks. Therefore, one may find that the usual search channels at the LHC are not as
successful as they are for the MSSM. Some of the related phenomenological issues will be summarized
later and some will be discussed in separate contributions.

Here, we focus on the solution to a possible cosmological problem for the NMSSM. The Z3

symmetry, which we enforced on the model to ensure the absence of dimensionful couplings, cannot be
completely unbroken. If it were, a “domain wall problem” would arise. In particular, if Z3 symmetry is
exact, observables are unchanged when we (globally) transform all the fields according to Ψ→ ei2π/3Ψ.
Therefore the model will have three separate but degenerate vacua, and which one of these ends up being
the “true” vacuum is a random decision taken at the time of electroweak symmetry breaking. However,
one expects that causally disconnected regions of space would not necessarily choose the same vacuum,
and our observable universe should consist of different domains with different ground states, separated
by domain walls [32]. Such domain wall structures create unacceptably large anisotropies in the cosmic
microwave background [33]. Historically, it was always assumed that the Z3 symmetry could be broken
by an appropriate type of unification with gravity at the Planck scale. Non-renormalizable operators
will generally be introduced into the superpotential and Kähler potential which break Z3 and lead to
a preference for one particular vacuum, thereby solving the problem. However, the same operators
may give rise at the loop level to quadratically divergent tadpole contributions in the Lagrangian, of the
form [34–41]

Lsoft ⊃ tS S ∼
1

(16π2)n
MP M

2
SUSY S , (4.9)
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where n is the number of loops. Clearly, this tadpole breaks the Z3 symmetry as desired. But, if n < 5,
tS is several orders of magnitude larger than the soft-SUSY breaking scale MSUSY. This leads to an
unacceptably large would-be µ-term since tS S combines with the∼M 2

SUSYS
∗S soft mass term to yield

a shift in the vev of S to a value of order 〈S〉 ∼ tS
M2

SUSY
∼ 1

(16π2)n
MP and corresponding µeff ∼ λ〈S〉.

For example, if the tadpole were generated at the one-loop level, the effective µ-term would be huge,
of order 1016–1017 GeV i.e. close to the GUT scale, whereas µ should be of order of the electroweak
scale to realize a natural Higgs mechanism. Hence, it was argued in [42] that the NMSSM is either
ruled out cosmologically or suffers from a naturalness problem related to the destabilization of the gauge
hierarchy. However, there are at least two simple escapes.

One obvious way out of this problem would be to gauge the U(1)PQ symmetry [13–16]. In this
case, the Z3 symmetry is embedded into the local U(1) symmetry. The would-be PQ axion is then eaten
by the longitudinal component of the extra gauge boson. However, from a low-energy perspective, the
price one has to pay here is that the field content needs to be extended by adding new chiral quark and
lepton states in order to ensure anomaly cancellation related to the gauged U(1)PQ symmetry.

The second approach is to find symmetry scenarios [43] where all harmful destabilizing tadpoles
are absent. This can be achieved by imposing a discrete ZR

2 symmetry under which all superfields
and the superpotential flip sign. To avoid destabilization while curing the domain wall problem, this
symmetry has to be extended to the non-renormalizable part of the superpotential and to the Kähler
potential. As happens to all R-symmetries, ZR

2 symmetry is broken by the soft-SUSY breaking terms,
giving rise to harmless tadpoles of order 1

(16π2)n
M3

SUSY , with 2 ≤ n ≤ 4. Although these terms are
phenomenologically irrelevant, they are entirely sufficient to break the global Z3 symmetry and make
the domain walls collapse.

Another potentially interesting alternative for breaking the PQ symmetry is the realization of the
so-called Minimal Nonminimal Supersymmetric Standard Model (MNSSM) [44]. The basic idea is to
find discrete R symmetries, such that the destabilizing tadpoles do appear but are naturally suppressed
because they arise at loops higher than 5 [45]. In particular, these symmetries may lead to a superpo-
tential whose renormalizable part has exactly the form Wλ in (4.3). Hence, the effective renormalizable
superpotential of such a model reads [44]:

W eff
MNSSM = Wλ + tF Ŝ . (4.10)

where tF is a radiatively induced tadpole of the electroweak scale. In addition, there will be a soft SUSY-
breaking tadpole term tSS as given in (4.9). The key point in the construction of the renormalizable
MNSSM superpotential is that the simple form (4.10) can be enforced by discrete R-symmetries [44–47].
These discrete R-symmetries govern the complete gravity-induced non-renormalizable superpotential
and Kähler potential. Within the SUGRA framework of SUSY-breaking, it has then been possible to
show [44] that the potentially dangerous tadpole tS will appear at a loop level n higher than 5. From (4.9),
the size of the tadpole parameter tS can be estimated to be in the right ballpark, i.e. |tS | <∼ 1–10 TeV3

for n = 6, 7, such that the gauge hierarchy does not get destabilized. To be specific, the tadpole tS S
together with the soft SUSY-breaking mass term m2

SS
∗S ∼ M2

SUSYS
∗S lead to a vacuum expectation

value (VEV) for S,
〈
S
〉

= 1√
2
vS , of order MSUSY ∼ 1 TeV. The latter gives rise to a µ-parameter at the

required electroweak scale. Thus, another natural explanation for the origin of the µ-parameter can be
obtained.

4.1.4 Model features and phenomenological highlights of the NMSSM and the MNSSM

In the following, we summarize the basic field-theoretic, phenomenological and cosmological features
of the NMSSM and the MNSSM, and how these compare with the MSSM.

(i) Even though the mechanisms are different, both the NMSSM and the MNSSM can provide a
minimal and an elegant solution to the µ-problem of the MSSM. The µ-parameter arises from the
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superpotential term λŜĤuĤd, through the vev of the scalar component S of the singlet superfield
Ŝ, i.e. λ〈S〉ĤuĤd = µeffĤuĤd. Such a term is essential for acceptable phenomenology.

(ii) The difference between the NMSSM and MNSSM arises from the symmetries imposed upon the
superpotential and Kähler potential within a SUGRA framework. In the NMSSM case, they are
such as to allow an additional superpotential component of form 1

3κŜ
3 and disallow all superpo-

tential terms with dimensionful parameters, with the result that the scale of electroweak symmetry
breaking is generated by the scale of SUSY breaking only. In the MNSSM case, symmetries are
chosen so as to forbid the cubic singlet superpotential term but allow a linear tadpole term tS S
(tF Ŝ) where tS (tF ) is dimensionful. The symmetries in the two cases are set up so that the tad-
pole term proportional to S coming from multi-loop-induced operators arising from physics above
the unification scale is phenomenologically irrelevant in the NMSSM case, whereas it is crucial in
the MNSSM case. In both cases, however, these symmetries play an important role in naturally
solving the cosmological domain wall and visible axion problems.

(iii) After employing the minimization conditions for the Higgs potential and demanding the known
value of the Z mass, the parameters specifying the Higgs sectors in the two models are as follows.
In the NMSSM a convenient set is

λ, κ, Aλ, Aκ, µ = µeff , tan β . (4.11)

In the case of the MNSSM, a convenient parameter set is

λ, Aλ (or MH+), µ = µeff , tanβ, λ tS/µ , (4.12)

whereas the extra parameter tF can be ignored as it appears usually suppressed in generic SUGRA-
mediated SUSY-breaking scenarios. In addition, the stop squark masses strongly influence the
Higgs boson masses and mixings through radiative corrections.

(iv) Since the NMSSM and the MNSSM introduce only a singlet superfield Ŝ which is uncharged under
the SM gauge group, the good property of gauge coupling unification in the MSSM is preserved.
In the same context, the radiative electroweak symmetry breaking mechanism remains natural in
both cases.

(v) The “little fine tuning problem”, which results in the MSSM due to the fact that LEP II failed to
detect a CP-even Higgs boson, is less severe within the NMSSM and the MNSSM. In particular,
the scenarios that arise from the requirement of minimal fine tuning point to certain phenomenolo-
gies [48, 49]. For example, one might have complete absence of the fine-tuning problem, if the
lightest CP-odd Higgs particle A1 is light enough to allow for the decay H1 → A1A1 [48, 49].
Indeed, the models with absolute minimum fine tuning and withA1 mass below 2mb are especially
interesting since they predict a rate for ZH1 with H1 → bb, which is also consistent with a pos-
sible event excess in the LEP data for Higgs mases in the vicinity of 100 GeV. Such a possibility
of a light ‘CP-odd’ Higgs may arise within the MSSM [50], which can also describe possible LEP
excesses, but the associated scenarios are not related with reduced fine tuning in the Higgs sector.

(vi) In the NMSSM and the MNSSM, the upper bound on the mass of the lightest SM-like Higgs
boson, e.g. H1, increases by an amount of ∼ 30 GeV with respect to the MSSM, for small values
of tanβ, i.e. MH1

<∼ 145 GeV, for maximal stop mixing and tanβ = 2. Notice that MSSM
scenarios using such low values of tan β have already been ruled out by LEP data or are at the
verge of being ruled out at the Tevatron.

(vii) The NMSSM and the MNSSM both predict the existence of stable or quasi-stable light neutralinos
that could be responsible for the Dark Matter (DM) of the universe [51–54]. There are many new
possibilities as compared to the MSSM. In particular, in the NMSSM and MNSSM it is possible
that the lightest neutralino is extremely light (100 MeV to 10 GeV) and can annihilate sufficiently
through a light A1 that the correct DM relic density is obtained. In general, the parameter regions
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for which correct DM relic abundance can be obtained in the NMSSM and MNSSM are far more
extensive as compared to the MSSM and each such region will have interesting and significant
consequences for the phenomenology to be expected at colliders.

(viii) Finally, an important cosmological feature of the MNSSM and the NMSSM is that they can com-
fortably explain the Baryon Asymmetry in the Universe by means of a strong first order elec-
troweak phase transition [51, 55–57]. In contrast, baryogenesis considerations leave the MSSM
in slight disfavor, requiring the right handed stop squark to be lighter than the top quark and the
Higgs lighter than about 117 GeV [58, 59]. In these scenarios, the heavier stop quark is extremely
heavy, leading to large fine-tuning.

Apart from the common features listed above, the two models, the NMSSM and the MNSSM,
have some characteristic phenomenological differences, especially when compared with the MSSM.
More explicitly, the following points can be made:

(a) Unlike the NMSSM, the MNSSM satisfies the tree-level mass sum rule [44]:

M2
H1

+ M2
H2

+ M2
H3

= M2
Z + M2

A1
+ M2

A2
, (4.13)

where H1,2,3 and A1,2 are the three CP-even and two CP-odd Higgs fields, respectively. The tree-
level mass sum rule (4.13) is very analogous to the corresponding one of the MSSM [60,61], where
the two heavier Higgs states H3 andA2 are absent in the latter. Radiative effects may violate (4.13)
by an additional term of order M 2

Z . Hence, possible observation of a large violation of the sum
rule (4.13) can rule out the MNSSM, pointing explicitly towards the NMSSM.

(b) The decoupling properties of a large tadpole in the MNSSM open up further possibilities in the
Higgs-boson mass spectrum. In particular, the charged Higgs boson H+ can be much lighter
than the neutral Higgs boson with a SM-type coupling to the Z boson. In fact, the H+ boson
could be as light as 80 GeV, so it could be the lightest particle in the entire Higgs spectrum. The
planned colliders, i.e. the upgraded Tevatron collider and the LHC, are expected to be able to to
test scenarios with a relatively light H+, e.g. through the top-quark decay channel t→ H+b [62].
It is crucial to notice that such light charged Higgs-boson scenarios, with MH+

<∼ 100–120 GeV,
are very difficult to obtain both in the MSSM and the NMSSM, for phenomenologically favoured
values of the µ-parameter, i.e. for µ > 100 GeV.

(c) A clear phenomenological distinction of the NMSSM from the MNSSM and the MSSM as well
can be obtained by means of the complementarity relations of the Higgs-boson couplings to the Z
boson:

g2
H1ZZ = g2

H2A1Z , g2
H2ZZ = g2

H1A1Z . (4.14)

Specifically, the above relations (4.14) are not generically valid in the NMSSM [44]. A fu-
ture e+e− linear collider will have the capability to experimentally determine the H1,2ZZ- and
H2,1A1Z- couplings to a precision as high as 3% and so test, to a high degree of accuracy, the
complementarity relations (4.14) which are an essential phenomenological feature of the MNSSM
(with an unsuppressed tS) and the MSSM.

The following sections will shed more light upon the field-theoretic, cosmological and phenomeno-
logical properties and implications of the NMSSM and the MNSSM.
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4.2 The NMSSM Higgs mass spectrum
David J. Miller

We have seen in the introduction that the NMSSM provides an elegant solution to the µ problem of the
MSSM by introducing an extra complex scalar Higgs superfield. After explicity breaking the Peccei-
Quinn symmetry, the NMSSM results in the superpotential of Eq. (4.7) and the corresponding Higgs
potential of Eq. (4.8). The Higgs sector consists of three scalars, H1, H2 and H3, two pseudoscalars,
A1 and A2, and two charged Higgs bosons, H±, while the gaugino/higgsino sector consists of five
neutralinos, χ̃0

i , i = 1..5, and four charginos χ̃±i , i = 1, 2.

The first question to ask is, what is the mass spectrum of these particles, and how does it change
as we alter the parameters of the model? In general, one would like to answer this question directly
from the analytic formulae for the masses. However, even in the MSSM, these formulae are sufficiently
complicated that it is difficult to untangle the effects of the different paramaters, and one must resort
to numerical analysis. Principally, this is due to the large top quark Yukawa couplings which cause the
Higgs masses to have large radiative corrections that must be taken into account.

This complicated nature largely carries over to the NMSSM, so that one must also include radiative
corrections to get a complete picture of the mass hierarchy. However, the extra singlet fields introduced
have no initial couplings to top quarks, and only gain a coupling through mixing with the other Higgs
states. If the extra Higgs states are rather decoupled then their coupling to the top quark will be small and
radiative corrections can be ignored for an approximate first look at their masses. Indeed, even if they
are not decoupled, the top quark coupling will still be ‘shared out’ amongst the larger number of Higgs
bosons and diluted. Since the radiative corrections are to the mass-squared rather than the mass, this will
lead to a decrease in their importance. Therefore, neglecting radiative corrections in the NMSSM Higgs
sector does a better job of approximating the masses than one would otherwise first suppose [30].

4.2.1 The Higgs sector

Since no new charged states have been added, the charged Higgs boson field content remains exactly
the same as in the MSSM. Once the extra singlet field obtains a vev, the charged Higgs mass terms in the
Higgs potential will be identical to the MSSM for both the D-terms and the soft-supersymmetry breaking
terms. However, the term in the superpotential λSH+

u H
−
d provides an interaction between the charged

Higgs bosons and the new singlet, so it will lead to slightly different F-terms. This causes a slightly
altered parameterisation of the charged Higgs mass as compared to the MSSM,

M2
H± =

2µeff

sin 2β

(
Aλ +

κµeff

λ

)
+M2

W −
1

2
λ2v2. (4.15)

Of course, since the overall scale is an input (via Aλ), one can regard the charged Higgs mass spectrum
as being identical to that of the MSSM, and reparameterize the other Higgs masses accordingly. Indeed,
this is what is normally done in the MNSSM and we will ocasionally follow the same approach here and
regard MH± as an input replacing Aλ.

The pseudoscalar Higgs bosons now have a 2× 2 mass matrix, which rather easily lends itself to
an analytic solution. However, the expression is still rather opaque, and it is useful to further approximate
the masses by expanding in the (usually) small ratios v/MH± and 1/ tan β. This gives, for the two mass
states,

M2
A1
≈ −3

κµeff

λ
Aκ, (4.16)

M2
A2
≈ 2µeff

sin 2β

(
Aλ +

κµeff

λ

)(
1 + λ2 v2

8µ2
eff

sin2 2β

)
. (4.17)

The ordering of the solutions, normally in order of ascending mass, clearly depends on the choice of
parameters, but one can see that one of the pseudoscalar Higgs bosons has a mass of order MH± , while
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the other depends on the root of the magnitude of the supersymmetry breaking term corresponding to the
Peccei-Quinn breaking term in the supersopential, i.e. κAκ. Notice that vacuum stability requires that
the quantity Aκ should be (approximately) negative in order to keep M 2

A1
> 0.

The scalar Higgs bosons have a 3 × 3 mass matrix, so the exact tree-level masses are rather
complicated, but again simplify considerably when we make our approximation. This gives,

M2
H1/2

≈ 1

2

[
M2
Z cos2 2β +

κµeff

λ

(
Aκ + 4

κµeff

λ

)
∓
{(

M2
Z cos2 2β − κµeff

λ

(
Aκ + 4

κµeff

λ

))2

+2λ2v2
(

2µeff −
(
Aλ + 2

κµeff

λ

)
sin 2β

)2
}1/2

]
, (4.18)

M2
H3
≈ 2µeff

sin 2β

(
Aλ +

κµeff

λ

)(
1 + λ2 v2

8µ2
eff

sin2 2β

)
. (4.19)

Again, the distinction of which scalar is H1, H2 or H3 depends on the values of the parameters. We can
see that H3 is approximately degenerate with A2 and H±, which is directly analagous to the degeneracy
of the heavy Higgs sector of the MSSM. All of these masses increase with increaing Aλ.

The dependence of the lighter scalars on Aλ is entirely in the last term under the square root of
Eq.(4.18). One finds that if this term becomes too large, i.e. if Aλ deviates too far from 2µeff/ sin 2β −
2κµeff/λ, then the lightest Higgs boson will become tachyonic and the vacuum unstable. When this term
is minimised, at Aλ = 2µeff/ sin 2β − 2κµeff/λ, the two lightest scalars will take masses,

M2
H1
≈ κµeff

λ

(
Aκ + 4

κµeff

λ

)
, M2

H2
≈M2

Z cos2 2β. (4.20)

Similarly to the lightest pseudoscalar, the lightest scalar mass depends on the square-root of Aκ. How-
ever, notice the opposite sign compared with Eq.(4.16). This effectively sets a constraint on the values
which Aκ for which the vacuum is stable,

−4
κµeff

λ
. Aκ . 0. (4.21)

A small value of |Aκ| is phenomenologically interesting [48] since it leads to a very light pseudoscalar
but a moderately heavy lightest scalar. Even if the scalar is still significantly below the current LEP
Higgs boounds, it may have escaped detection by decaying into the light pseudoscalar. See Section 4.3
for further details.

The one-loop masses of H1 and A1 are shown in Fig.(4.1) as a function of Aκ for a typical
scenario. Increasing or decreasing κµeff/λ allows one to increase or decrease the masses of H1 and
A1 simultaneously, while changing Aκ allows one to shift mass from one state to the other. These effects
are nicely summarized by the approximate sum rule (at Aλ = 2µeff/ sin 2β − 2κµeff/λ),

M2
H1

+
1

3
M2
A1
≈ 4

(κµeff

λ

)2
. (4.22)

The approximate expressions are also plotted (dotted curves) and show at least a qualitative agreement
with the one-loop results.

The approximate tree-level mass of the second lightest scalar (for this critical Aλ value) should
look familiar; it is the same as the tree-level approximation to the lightest scalar mass in the MSSM, and
will similarly gain large radiative corrections.

Fig. 4.2 (left) shows the one-loop Higgs masses for the same scenario as Fig. 4.1 but now as a
function of MH± , with Aκ = 100 GeV. As predicted, the heaviest scalar and pseudoscalar are approx-
imately degenerate with the charged Higgs boson, and one scalar is roughly of the mass one would
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Fig. 4.1: The lightest scalar (solid) and pseudoscalar (dashed) Higgs masses at one-loop, as a function of Aκ, for
λ = 0.3, κ = 0.1, tanβ = 3, µeff = 150 GeV, Aλ = 450 GeV and MSUSY = 1 TeV. Also shown by the dotted
curves are the corresponding approximate expressions given in Eqs.(4.16) and (4.20).

expect of h in the MSSM. The other two Higgs bosons are predominantly singlets, with masses set by
the size of the Peccei-Quinn breaking terms, as previously discussed. Also shown (dotted) are the ap-
proximate masses of Eqs. (4.16-4.19). These approximate masses do very well indeed at predicting the
pseudoscalar masses and the heaviest scalar mass. They do not do so well with the two lighter scalars,
which is entirely due to the radiative corrections. If one were to plot the tree-level Higgs masses, one
would see that the approximate solutions match the tree-level result almost perfectly. It is interesting to
note that the lightest scalar mass is very well predicted at its maximal value (which is why the curves in
Fig. 4.1 match so well). At this point, the lightest scalar is almost entirely the new singlet state, which
has no coupling to top quarks and therefore no sizable radiative corrections. The second lightest scalar
is, for this value of MH± , almost identical to the lightest scalar h of the MSSM, and so will gain the
same large radiative corrections from top/stop loops. As one moves away from this point, to the left or
right, the Higgs bosons mix, the lightest scalar inherits a top quark coupling and the radiative corrections
are shared out between them.

In Fig. 4.2 (right) we show the same masses for a larger value of κ = 0.4. As predicted, the
increased size of the Peccei-Quinn breaking terms raises the masses of the singlet dominated fields.
The singlet dominated scalar is now the heaviest scalar for low values of MH± and the second lightest
for high values of MH± . The increased mass contribution from the enhanced Peccei-Quinn breaking
terms also reduces its mixing with the ‘h-like’ scalar, and therefore its radiative corrections. In fact,
now both scalar and pseudoscalar singlet dominated fields have masses which match very well with
the approximate expressions (apart from where they become approximately degenerate with the other
states). Once again, we can reduce the singlet dominated scalar mass while increasing the pseudoscalar
mass, or vice versa, by altering the parmeter Aκ. Note that the charged Higgs mass is contrained by the
requirement that the lightest scalar mass-squared be positive (i.e. vacuum stability).

4.2.2 The Neutralino Sector

The Neutralinos do not suffer from the same large radiative corrections seen in the Higgs sector. How-
ever, the Neutralino mass matrix is now 5 × 5, so analytic expressions for the tree-level masses cannot
be obtained in closed form. In order to get a handle on the behaviour of the masses with respect to varia-
tions in the parameters we must again resort to approximate expressions [31]. The Chargino masses and
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Fig. 4.2: The scalar (solid) and pseudoscalar (dashed) Higgs masses at one-loop, as a function of MH± , for
λ = 0.3, tanβ = 3, µeff = 150 GeV, Aκ = 100 GeV, MSUSY = 1 TeV and κ = 0.1 (left) or 0.4 (right). Also
shown by the dotted curves are the corresponding approximate expressions given in Eqs. (4.16-4.19).

mixings are unaffected by the additional fields (although they may have extra decays if kinematically
allowed) so we will not discuss them further here.

When considering the neutralino sector we can forget about the soft supersymmetry breaking
parameters Aλ and Aκ, which have no effect, but must instead include the soft supersymmetry breaking
gaugino masses M1 and M2. The relevant parameters are then λ, κ, µeff , tanβ, M1 and M2. For
illustrative purposes we will here consider the case where M1,2 � |µeff | � MZ , and |µeff | � λv/

√
2

(this last condition is saying that the vev of the new field should be substantially larger than that of the
usual doublets, i.e. 〈S〉 � v/

√
2). With this approximation, we find,

m1 ≈M1 +
M2
Z

M1
s2
W ,

m2 ≈M2 +
M2
Z

M2
c2W ,

m3 ≈ −µeff −
M12

2M1M2
M2
Z(1− sin 2β) − λ2v2

4µeff
(1 + sin 2β),

m4 ≈ µeff −
M12

2M1M2
M2
Z(1 + sin 2β) +

λ2v2

4µeff
(1− sin 2β),

m5 ≈ 2
κµeff

λ
+
λ2v2

2µeff
sin 2β, (4.23)

where sW and cW are the sine and cosine of the Weinberg angle and M12 = M1c
2
W +M2s

2
W . As in the

Higgs sector, one would normally reorder these states in order of ascending mass (and, unlike the Higgs
sector, include phase rotations to render them positive), depending on the parameters. One finds that
the singlet dominated neutralino is that labeled ‘5’ above with a mass which grows as the Peccei-Quinn
breaking (i.e. κ) is increased. For particularly low values of κ, the second term may dominate.

The tree-level neutralino masses are plotted in Fig. 4.3 as a function of κ, together with the ap-
proximate expressions. We see that two of the neutrinos match the input soft supersymmetry breaking
gaugino masses very well, with two more slightly above and below µeff . The last neutralino is singlet
dominated and increases linearly with κ. The approximate forms match rather well with the exact (though
tree-level) results, except when the states are nearly degenerate, and with the proviso that one must re-
lable the approximate expressions depending on the hierarchy. Only the prediction for the lightest state
is rather low. For other hierarchies of the paremeters e.g. µeff � M1,2 � Mz , different approximations
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Fig. 4.3: The tree-level neutralino masses (solid) as a function of κ withM1 = 250 GeV, M2 = 500 GeV, λ = 0.3,
µeff = 120 GeV, tanβ = 3. Also shown (dashed) are the approximate forms of Eq. (4.23).

are more appropriate but give similar results [31].

4.3 Low fine-tuning scenarios in the NMSSM and LHC/ILC implications
Radovan Dermisek and John F. Gunion

In this contribution, we describe how the NMSSM can achieve extremely low fine-tuning and how it is
that low fine-tuning scenarios can provide a very nice explanation of the LEP Higgs event excess in the
vicinity of Higgs mass ∼ 100 GeV. In these highly preferred scenarios, e+e− collisions produce a CP-
even Higgs boson (generically denoted by H) with SM-like ZZ,WW couplings in association with the
Z , but the Higgs decays predominantly to two light CP-odd Higgs bosons (generically denoted by A),
where each CP-odd Higgs boson decays to τ+τ− or jets (because its mass is below 2mb). This serves to
suppress the decays of the CP-even Higgs to bb to more or less exactly the right level to describe the LEP
event excess in the Z + bb channel. Implications of such scenarios for future colliders are reviewed.

Recall from the introduction that the Higgs sector of the NMSSM contains the CP-even Higgs
bosons H1,H2,H3, the CP-odd Higgs bosons A1, A2 and the usual charged Higgs pair H±, and that the
properties of the Higgs bosons are fixed by the six parameters

λ, κ, Aλ, Aκ, tan β, µeff . (4.24)

along with input values for the gaugino masses and for the soft terms related to the (third generation)
squarks and sleptons that contribute to the radiative corrections in the Higgs sector and to the Higgs decay
widths. Exploration of the NMSSM Higgs sector is greatly simplified by employing the NMHDECAY [63,
64] program. All available radiative corrections are implemented therein.

In general, an important issue for NMSSM Higgs phenomenology is the mass and nature of the
lightest CP-even and CP-odd Higgs bosons. In particular, if the A1 is very light or even just moderately
light there are are dramatic modifications in the phenomenology of Higgs discovery at both the LHC and
ILC [30, 63–72]. A light A1 is natural in the context of the model. Indeed, the NMSSM can contain
either an approximate global U(1) R-symmetry in the limit that the Higgs-sector trilinear soft SUSY
breaking terms are small (κAκ, λAλ → 0), or a U(1) Peccei-Quinn symmetry in the limit that the cubic
singlet term in the superpotential and its soft partner vanish (κ, κAκ → 0) [66, 67]. In either case, one
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ends up with the lightest CP-odd Higgs boson, A1, as the pseudo-Nambu-goldstone boson of this broken
symmetry, implying that it can naturally be light. If one of these symmetries were unbroken, it would
lead to a massless CP-odd A1 which is ruled out. However, a very light A1 is not ruled out. The low
fine-tuning scenarios are associated with a small breaking of the U(1) R-symmetry that can arise from
explicit non-zero values for Aλ and Aκ and/or radiative corrections to Aλ and to the pseudoscalar Higgs
mass-squared matrix that are present even when Aκ and Aλ are zero at tree-level.

4.3.1 Fine-tuning in the MSSM and NMSSM

We begin with a discussion of how it is that in the NMSSM, adding a Higgs singlet superfield allows one
to reduce [48, 55] the fine tuning problem, which is present in the case of the MSSM due to the fact that
LEP II excludes a SM-like CP-even Higgs boson with mass below 114 GeV that decays primarily to bb.

One standard measure of fine-tuning is [73]

F = MaxpFp ≡ Maxp

∣∣∣∣
d logMZ

d log p

∣∣∣∣ , (4.25)

where the parameters p comprise all GUT-scale soft-SUSY-breaking parameters. We will show that F
can be much smaller in the NMSSM than in the MSSM [48,55]. In particular, in the NMSSM, fine-tuning
can even be eliminated if the lightest CP-odd Higgs is light enough to allow H1 → A1A1 decays [48]
and the A1 has mass below 2mb so that it decays to τ+τ−, qq and/or gg.

In the MSSM model constraints are such that the lightest CP-even Higgs boson (h) is most natu-
rally very SM-like, in which case Mh

>∼114 GeV is required by LEP limits (except for a small window in
parameter space where the CP-odd MSSMA has mass between ∼ 90 GeV and ∼ 114 GeV and tan β is
large). Such a large Mh is not easily obtained without having a very substantial value for the root-mean
stop mass, √met1met2 and/or large stop mixing (parameterized by the soft stop mixing parameter At),
upon which the radiative corrections to Mh in the MSSM primarily depend. As a result, the MSSM is
very fine-tuned and the associated hierarchy problem is substantial (see, for example, [48]).

The NMSSM can be much less fine-tuned in several interesting ways. Let us recall the formula
for the maximum tree-level mass-squared of a SM-like Higgs boson in the NMSSM:

[MH
2]tree ≤M2

Z

(
cos2 2β +

2λ2

g2 + g′ 2
sin2 2β

)
, (4.26)

where typically this applies to H = H1 or H = H2, depending upon which is SM-like. To this tree-level
result one must add the radiative corrections from the stop squarks and top quark loops. For small λ
and/or large tan β, Eq. (4.26) reduces to the MSSM result of [MH

2]tree ≤M2
Z cos2 2β. However, if λ is

taken large compared to g, g′, and tan β is not far from unity, the 2nd term can dominate and a value of
MH

2 > (114 GeV)2 is possible without having to employ extreme √met1met2 or stop mixing parameter
At values. The result is a lower level of fine-tuning [29, 55] as compared to the MSSM. However, to
get values substantially below those found in the MSSM requires λ (at scale MZ ) to be O(1), above the
limit λ ≤ 0.7 for which λ remains perturbative under evolution all the way up to the GUT scale MU .

The alternative [48] is to choose parameters for which fine-tuning is “automatically” minimized.
The lowest fine-tuning is achieved for scenarios in which the lightest Higgs boson of the NMSSM is
SM-like in its normal couplings and has mass below 114 GeV and yet escapes LEP constraints by virtue
of having unusual decay modes for which LEP limits are weaker. In particular, parameters for which
H1 → A1A1 decays are dominant are consistent with LEP constraints for MH1 as low as 90 GeV
(110 GeV) if the dominant A1 decay is to τ+τ− (bb). This immediately allows lower √met1met2 and
At and, therefore, smaller F values. The very low values of F that can be achieved are illustrated in
Fig. 4.4. The points plotted are those from a large scan over NMSSM parameters at fixed tanβ = 10
and M1,2,3(MZ) = 100, 200, 300 GeV. All points plotted pass NMHDECAY constraints, which include
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Fig. 4.4: For the NMSSM, we plot the �ne-tuning measure F vs. √met1met2 (left) and vs. MH1 (right) for
NMHDECAY-accepted scenarios with tanβ = 10 and M1,2,3(MZ) = 100, 200, 300 GeV. Points marked by
’+’ (’×’) have MH1 < 114 GeV (MH1 ≥ 114 GeV) and escape LEP single-channel limits primarily due to
dominance of H1 → A1A1 decays (due to MH1 > 114 GeV).

in particular perturbativity for λ up to MU and all single-channel (the meaning and importance of this
restriction will be explained in Section 4.3.2) LEP constraints. The points with lowest F (F < 10)
correspond to √met1met2 ∼ 250 − 400 GeV and have 98 GeV ≤ MH1 ≤ 105 GeV. For about 2/3 of
these points MA1 < 2mb and the main A1 decay is to τ+τ−. For the remaining 1/3 of the F < 10
points, MA1 > 2mb and BR(A1 → bb) ∼ 0.92 and BR(A1 → τ+τ−) ∼ 0.08. As discussed in the next
section, the MA1 > 2mb scenarios are not consistent with the full LEP-Higgs Working Group (LHWG)
LEP analysis, whereas the MA1 < 2mb scenarios describe very nicely the MH ∼ 100 GeV excess in the
Z + b’s final state. Implications for the LHC and the ILC are discussed in the final section of this report.

Overall, the MA1 < 2mb scenarios are very appealing since they are extremely consistent with
the two primary features of the LEP data: i) the consistency of the LEP precision electroweak data with
the presence of a CP-even Higgs boson with SM-like ZZH coupling and MH ∼ 100 GeV and ii) a
MH ∼ 100 GeV Higgs boson that has SM-like WW,ZZ couplings but decays to bb with about 1/10
the branching ratio of a SM Higgs boson as a result of primary decays to state(s) that do not contain
b-quarks.

4.3.2 NMSSM scenarios with low fine-tuning

Let us now give more details regarding how the NMSSM can achieve much lower fine-tuning than the
MSSM. In Ref. [48], two types of scenarios were examined for parameter choices such that F < 10. In
both scenarios, BR(H1 → bb) ∼ 0.07− 0.2 and BR(H1 → A1A1) ∼ 0.88− 0.75. In scenarios of type
I (II), MA1 > 2mb (MA1 < 2mb) and BR(A1 → bb) ∼ 0.92 (0).

To relate this to LEP data, let us discuss the observed and expected 95% CL limits in the Z4b
channel from [74] and in the Z2b channel from [75]. Both show event excesses. In particular, for
MH in the vicinity of 105 − 110 GeV and MA in the 30 GeV to 50 GeV zone there is a sharp de-
viation of the observed limit on C4b

eff = [g2
ZZH/g

2
ZZHSM

]BR(H → ZAA)[BR[A → bb)]2 to val-
ues above the expected limit, implying the presence of excess events. A similar deviation has been
evident in the Zbb final state for a number of years [75]. One finds a higher observed 95% CL for
C2b

eff = [g2
ZZH/g

2
ZZHSM

]BR(H → bb) in the Zbb final state as a function of MH than expected in the
MH ∼ 100−110 GeV vicinity. The statistical significance of this excess is in the 1σ−2σ range. It would
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Fig. 4.5: Expected and observed 95% CL limits on C2b
eff = [g2

ZZH/g
2
ZZHSM

]BR(H → bb) from Ref. [75] are
shown vs. MH . Also plotted are the predictions for NMSSM parameter choices in our scan that give �ne-
tuning measure F < 25 and MA1 < 2mb with �xed tanβ = 10 and gaugino masses of M1,2,3(MZ) =

100, 200, 300 GeV.

seem that there is a significant possibility that both the Z2b and Z4b excesses arise from the decays of
a single CP-even Higgs boson with SM-like coupling strength to gauge bosons and fermions, but with
additional coupling to a light, perhaps CP-odd, Higgs boson. This is precisely the scenario that applies in
the NMSSM (with H = H1 and A = A1) for those parameter choices that correspond to low values of
F and MA1 > 2mb. Typically, the low-F scenarios with MA1 > 2mb have BR(H1 → bb) ∼ 0.05−0.2
and MA1 ∼ 30 − 45 GeV with BR(H1 → A1A1) ∼ 0.85 − 0.75 [with BR(A1 → bb) ∼ 0.93]. Note,
however, that for simultaneous consistency with the separate C 2b

eff and C4b
eff limits, MH1

>∼ 106 GeV is
required, a value which is not particularly ideal for the MH ∼ 100 GeV location of the largest Z2b
excess.

In fact, there is an even more severe problem. Although these type-I (MA1 > 2mb) scenarios
satisfy the separate Z2b and Z4b LHWG limits, the overlap between these two analyzes is such that
when both channels are present with the rates predicted, all type-I scenarios with F < 10 are excluded.
This conclusion was reached only after processing the type-I scenario predictions through the full 1−CLb
LHWG analysis machinery. The result is that the only F < 10 scenarios consistent with the full LHWG
analysis are of type-II (MA1 < 2mb). Type-I scenarios with F < 10 are typically excluded at better
than the 99% CL after data from all experiments are combined. However, it should be remarked that the
OPAL experiment, which has the best Z2b vs. Z4b discrimination, does not on its own exclude such
a scenario and does see excesses in both the Z2b and Z4b channels. For 10 < F < 100 the range of
possibilities is expanded. In particular, there are MH1

>∼ 108 GeV points that make a net contribution to
the Z2b and Z4b channels that is reduced compared to the F < 10 cases and that probably would not
be excluded by the combined analysis. However, again the MH1 mass is too large to explain the largest
Z2b excess in the MH ∼ 100 GeV region.

As a result of the problems with theMA1 > 2mb scenarios as outlined above, it is clearly important
to analyze the scenarios with MA1 < 2mb. As noted earlier, a light A1 is natural in the NMSSM
in the κAκ, λAλ → 0 limit due to the presence of a global U(1)R symmetry of the scalar potential
which is spontaneously broken by the vevs, resulting in a Nambu-Goldstone boson in the spectrum [66].
This symmetry is explicitly broken by the trilinear soft terms so that for small κAκ, λAλ the lightest
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CP odd Higgs boson is naturally much lighter than other Higgs bosons. For the F < 10 scenarios,
λ(MZ) ∼ 0.15−0.25, κ(MZ) ∼ 0.15−0.3, |Aκ(MZ)| < 4 GeV and |Aλ(MZ)| < 200 GeV, implying
small κAκ and moderate λAλ. The effect of λAλ on MA1 is further suppressed when the A1 is largely
singlet in nature, as is the case for low-F scenarios. Therefore, we always obtain small MA1 . We note
that small soft SUSY-breaking trilinear couplings at the unification scale are generic in SUSY breaking
scenarios where SUSY breaking is mediated by the gauge sector, as, for instance, in gauge or gaugino
mediation. Although the value Aλ(MZ) might be sizable due to contributions from gaugino masses
after renormalization group running between the unification scale and the weak scale, Aκ receives only
a small correction from the running (such corrections being one loop suppressed compared to those for
Aλ). Altogether, a light, singlet A1 is very natural in models with small soft SUSY-breaking trilinear
couplings at the unification scale. Finally, we note that the above λ(MZ) values are such that λ will
remain perturbative when evolved up to the unification scale, implying that the resulting unification-
scale λ values are natural in the context of model structures that might yield the NMSSM as an effective
theory below the unification scale.

A very important feature of theMA1 < 2mb, F < 10 scenarios is that a significant fraction of them
can easily explain the well-known excess in the ZH → Zbb final state in the vicinity ofMH ∼ 100 GeV.
This is illustrated in Fig. 4.5 from [49], where all F < 10 NMSSM parameter choices (from a lengthy
scan) with MA1 < 2mb are shown to predict MH1 ∼ 98−105 GeV with about half the points predicting
MH1 ∼ 100 − 102 GeV along with a C2b

eff that would explain the observed excess with respect to the
expected limit. The other primary decay mode for all the plotted points isH1 → A1A1 withA1 → τ+τ−

or light quarks and gluons (when MA1 < 2mτ ). Thus, unlike the type-I (MA1 > 2mb) scenarios, there is
no additional contribution to the Z+ b’s final state — the C 2b

eff limits are the most relevant single-channel
limits. However, to really decide if a given scenario is consistent with the LEP data, and at what level,
it must be processed through the complete LHWG confidence level/likelihood analysis. This processing
was performed for us by P. Bechtle. In Table 4.1, we give the precise masses and branching ratios of
the H1 and A1 for all the F < 10 points. We also give the number of standard deviations, nobs (nexp),
by which the observed rate (expected rate obtained for the predicted signal+background) exceeds the
predicted background. These are derived from (1−CLb)observed and (1−CLb)expected using the usual
tables: e.g. (1 − CLb) = 0.32, 0.045, 0.0027 correspond to 1σ, 2σ, 3σ excesses, respectively. The
quantity s95 is the factor by which the signal predicted in a given case would have to be multiplied in
order to exceed the 95% CL. All these quantities are obtained by processing each scenario through the
full preliminary LHWG confidence level/likelihood analysis. If nexp is larger than nobs then the excess
predicted by the signal plus background Monte Carlo is larger than the excess actually observed and vice
versa. The points with MH1

<∼100 GeV have the largest nobs. Point 2 gives the best consistency between
nobs and nexp, with a predicted excess only slightly smaller than that observed. Points 1 and 3 also show
substantial consistency. For the 4th and 7th points, the predicted excess is only modestly larger (roughly
within 1σ) compared to that observed. The 5th and 6th points are very close to the 95% CL borderline
and have a predicted signal that is significantly larger than the excess observed. LEP is not very sensitive
to point 8. Thus, a significant fraction of the F < 10 points are very consistent with the observed event
excess.

We wish to emphasize that in our scan there are many, many points that satisfy all constraints
and have MA1 < 2mb. The remarkable result is that those with F < 10 have a substantial probability
that they predict the Higgs boson properties that would imply a LEP ZH1 → Z + b’s excess of the
sort seen. The smaller number of F < 10 points with MA1 substantially above 2mb all predict a net
Z + b’s signal that is ruled out at better than 99% CL by LEP data. Indeed, all F < 25 points have a net
H1 → b’s branching ratio, BR(H1 → bb) + BR(H1 → A1A1 → bbbb) >∼ 0.85, which is too large for
LEP consistency if MH1 is near 100 GeV. (Analysis of points with MA1 very near bb decay threshold,
but such that A1 → bb is dominant, is very subtle. Such points arise for F < 10 and require further
analysis in cooperation with the LHWG.)
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Table 4.1: Some properties of the H1 and A1 for the eight allowed points with F < 10 and MA1 < 2mb from our
tanβ = 10, M1,2,3(MZ) = 100, 200, 300 GeV NMSSM scan. The nobs, nexp and s95 values are obtained after
full processing of all ZH �nal states using the preliminary LHWG analysis code (thanks to P. Bechtle). See text
for details. NLHC

SD is the statistical signi�cance of the best �standard� LHC Higgs detection channel for integrated
luminosity of L = 300 fb−1.

MH1/MA1 Branching Ratios nobs/nexp s95 NLHC
SD

(GeV) H1 → bb H1 → A1A1 A1 → ττ units of 1σ

98.0/2.6 0.062 0.926 0.000 2.25/1.72 2.79 1.2
100.0/9.3 0.075 0.910 0.852 1.98/1.88 2.40 1.5
100.2/3.1 0.141 0.832 0.000 2.26/2.78 1.31 2.5
102.0/7.3 0.095 0.887 0.923 1.44/2.08 1.58 1.6
102.2/3.6 0.177 0.789 0.814 1.80/3.12 1.03 3.3
102.4/9.0 0.173 0.793 0.875 1.79/3.03 1.07 3.6
102.5/5.4 0.128 0.848 0.938 1.64/2.46 1.24 2.4
105.0/5.3 0.062 0.926 0.938 1.11/1.52 2.74 1.2

As already noted, these low-F NMSSM scenarios have an A1 that is fairly singlet in nature. This
means that Z∗ → ZA1A1 at LEP (and indeed all A1 production mechanisms based on the ZZA1A1 and
WWA1A1 quartic interactions) would have a very low rate. The A1WW and A1ZZ couplings arise
first at one loop and the A1tt coupling is also very suppressed. At tan β = 10, the suppression from the
A1’s predominantly singlet composition is compensated by the tan β factor yielding A1bb γ5 coupling
strength that is of order the HSMbb scalar coupling strength. A final feature of the low-F points that
should be noted is that all the other Higgs bosons are fairly heavy, typically above 400 GeV in mass.

4.3.3 Higgs detection in the low-F scenarios

An important question is the extent to which the type of H → AA Higgs scenario (whether NMSSM or
other) described here can be explored at the Tevatron, the LHC and a future e+e− linear collider. This
has been examined in the case of the NMSSM in [65,68,72], with the conclusion that observation of any
of the NMSSM Higgs bosons may be difficult at hadron colliders. At a naive level, the H1 → A1A1

decay mode renders inadequate the usual Higgs search modes that might allow H1 discovery at the
LHC. Since the other NMSSM Higgs bosons are rather heavy and have couplings to b quarks that are
not greatly enhanced, they too cannot be detected at the LHC. The last column of Table 4.1 shows
the statistical significance of the most significant signal for any of the NMSSM Higgs bosons in the
“standard” SM/MSSM search channels for the eight F < 10 NMSSM parameter choices. For the H1

andA1, the most important detection channels areH1 → γγ,WH1+ttH1 → γγ`±X , ttH1/A1 → ttbb,
bbH1/A1 → bbτ+τ− and WW → H1 → τ+τ− – see [72]. Even after L = 300 fb−1 of accumulated
luminosity, the typical maximal signal strength is at best 3.5σ. For the eight points of Table 4.1, this
largest signal derives from the WH1 + ttH1 → γγ`±X channel. There is a clear need to develop
detection modes sensitive to the dominant H1 → A1A1 → τ+τ−τ+τ− decay channel.

Let us consider the possibilities. Two detection modes that can be considered are WW → H1 →
A1A1 → 4τ and gg → ttH1 → ttA1A1 → tt4τ . Second, recall that the χ̃0

2 → H1χ̃
0
1 channel provides

a signal in the MSSM when H1 → bb decays are dominant. See, for example, [76]. It has not been
studied for H1 → A1A1 → 4τ decays. If a light χ̃0

1 provides the dark matter of the universe (as possible
because of the χ̃0

1χ̃
0
1 → A1 → X annihilation channels for a light A1, see [53, 54] and references

therein as well as the separate contribution on this subject, the meχ0
2
− meχ0

1
mass difference might be

large enough to allow such decays. Diffractive production [77–79], pp → ppH1 → ppX , where the
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mass MX can be reconstructed with roughly a 1−2 GeV resolution, can potentially reveal a Higgs peak,
independent of the decay of the Higgs. A study [80] is underway to see if this discovery mode works for
the H1 → A1A1 → 4τ decay mode as well as it appears to work for the simpler SM hSM → bb case.
The main issue may be whether events can be triggered despite the soft nature of the decay products of
the τ ’s present in X when H1 → A1A1 → 4τ as compared to hSM → bb.

At the Tevatron it is possible that ZH1 and WH1 production, with H1 → A1A1 → 4τ , will
provide the most favorable channels. If backgrounds are small, one must simply accumulate enough
events. However, efficiencies for triggering on and isolating the 4τ final state will not be large. Perhaps
one could also consider gg → H1 → A1A1 → 4τ which would have substantially larger rate. Studies
are needed. If supersymmetry is detected at the Tevatron, but no Higgs is seen, and if LHC discovery
of the H1 remains uncertain, Tevatron studies of the 4τ final state might be essential. However, rates
imply that the H1 signal could only be seen if Tevatron running is extended until L > 10 fb−1 has been
accumulated. Even if both the Tevatron and the LHC are unable to detect the H1, the LHC would ob-
serve numerous supersymmetry signals and would confirm that WW →WW scattering is perturbative,
implying that something like a light Higgs boson must be present.

Of course, discovery of the H1 will be straightforward at an e+e− linear collider via the inclusive
ZH1 → `+`−X reconstructed MX approach (which allows Higgs discovery independent of the Higgs
decay mode). Direct detection in both the ZH1 → `+`−bb and ZH1 → `+`−4τ modes will also be
possible. At a γγ collider, the γγ → H1 → 4τ signal will be easily seen [81].

In contrast, since (as already noted) the A1 in these low-F NMSSM scenarios is fairly singlet in
nature, its direct (i.e. not in H1 decays) detection will be very challenging even at the ILC. Further, the
low-F points are all such that the other Higgs bosons are fairly heavy, typically above 400 GeV in mass,
and essentially inaccessible at both the LHC and all but a >∼ 1 TeV ILC.

We should note that much of the discussion above regarding Higgs discovery when H → AA de-
cays are dominant is quite generic. Whether the A is truly the NMSSM CP-odd A1 or just a lighter Higgs
boson into which the SM-like H pair-decays, hadron collider detection of the H in its H → AA decay
mode will be very challenging — only an e+e− linear collider can currently guarantee its discovery.

4.4 Di-photon Higgs signals at the LHC as a probe of an NMSSM Higgs sector

Stefano Moretti and Shoaib Munir

In view of the upcoming CERN LHC, quite some work has been dedicated to probing the NMSSM Higgs
sector over recent years. Primarily, there have been attempts to extend the so-called ‘No-lose theorem’
of the MSSM [82] to the case of the NMSSM [68–71]. From this perspective, it was realised that at
least one NMSSM Higgs boson should remain observable at the LHC over the NMSSM parameter space
that does not allow any Higgs-to-Higgs decay. However, when the only light non-singlet (and, therefore,
potentially visible) CP-even Higgs boson, H1 or H2, decays mainly to two very light CP-odd Higgs
bosons, A1A1, one may not have a Higgs signal of statistical significance at the LHC [83]. While the jury
is still out on whether a ‘No-lose theorem’ can be proved for the NMSSM, we are here concerned with
an orthogonal approach. We asked ourselves if a, so to say, ‘More-to-gain theorem’ can be formulated
in the NMSSM. That is, whether there exist regions of the NMSSM parameter space where more Higgs
states of the NMSSM are visible at the LHC than those available within the MSSM. In our attempt to
overview all such possibilities, we start by considering here the case of the di-photon decay channel of
a neutral Higgs boson. This mode can be successfully probed in the MSSM, but limitedly to the case
of one Higgs boson only, which is CP-even and rather light. We will argue that in the NMSSM one can
instead potentially have up to three di-photon signals of Higgs bosons, involving not only CP-even but
also CP-odd states, the latter with masses up to 600 GeV or so. In fact, even when only one di-photon
signal can be extracted in the NMSSM, this may well be other than the H1 state. When only the latter
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is visible, finally, it can happen that its mass is larger than the maximum value achievable within the
MSSM. In all such cases then, the existence of a non-minimal SUSY Higgs sector would be manifest.

For a general study of the NMSSM Higgs sector (without any assumption on the underlying SUSY-
breaking mechanism) we used here the NMHDECAY code (version 1.1) [63]. This program computes the
masses, couplings and decay Branching Ratios (BRs) of all NMSSM Higgs bosons in terms of model
parameters taken at the EW scale. For our purpose, instead of postulating unification, we fixed the soft
SUSY breaking terms to a very high value, so that they have little or no contribution to the outputs of the
parameter scans. Consequently, we are left with six free parameters: the Yukawa couplings λ and κ, the
soft trilinear terms Aλ and Aκ, plus tanβ and µeff = λ〈S〉. The computation of the spectrum includes
leading two-loop terms, EW corrections and propagator corrections. NMHDECAY also takes into account
theoretical as well as experimental constraints from negative Higgs searches at collider experiments.

We have used NMHDECAY to scan over the NMSSM parameter space defined in [84] (borrowed from
[72]), where also the configuration of the remaining SUSY soft terms can be found. The allowed decay
modes for neutral NMSSM Higgs bosons are into any SM particle, plus into any final state involving
all possible combinations of two Higgs bosons (neutral and/or charged) or of one Higgs boson and a
gauge vector as well as into all possible sparticles. We have performed our scan over several millions
of randomly selected points in the specified parameter space. The data points surviving all constraints
are then used to determine the cross-sections for NMSSM Higgs hadro-production. As the SUSY mass
scales have been set well above the EW one, the production modes exploitable in simulations at the LHC
are those involving couplings to heavy ordinary matter only, i.e., the so-called ‘direct’ Higgs production
modes of [85]. Production and decay rates for NMSSM neutral Higgs bosons have then been multiplied
together to yield inclusive event rates, assuming a LHC luminosity of 100 fb−1 throughout.

As an initial step we computed the total cross-section times BR into γγ pairs against each of the
six parameters of the NMSSM, for each neutral Higgs boson. We have assumed all production modes
mentioned above and started by computing fully inclusive rates. We are focusing on the γγ decay mode
since it is the most promising channel for the discovery of a (neutral) Higgs boson at the LHC in the
moderate Higgs mass range (say, below 130 GeV). However, since the tail of the γγ background falls
rapidly with increasing invariant mass of the di-photon pair, signal peaks for heavier Higgses could
also be visible in addition to (or instead of) the lightest one [86]. As the starting point of our signal-
to-background study, based on the ATLAS analysis of Ref. [87], we argue that cross-section times BR
rates of 10 fb or so are interesting from a phenomenological point of view, in the sense that they may
yield visible signal events, the more so the heavier the decaying Higgs state (also because the photon
detection efficiency grows with the Higgs mass [87]). Hereafter, we will refer to such NMSSM parameter
configurations as ‘potentially visible’.

We have then plotted the NMSSM configurations with three potentially visible Higgses H1,H2

and A1 (in selected combinations, as detailed in the captions) against the various model parameters in
Figs. 4.6–4.8. Their spread is quite homogeneous over the NMSSM parameter space and not located
in some specific parameter areas (i.e., in a sense, not ‘fine-tuned’). The distribution of the same points
in terms of cross-sections times BR as a function of the corresponding Higgs masses can be found in
Fig. 4.9. Of particular relevance is the distribution of points in which only the NMSSM H1 state is
visible, when its mass is beyond the upper mass limit for the corresponding CP-even MSSM Higgs
state, which is shown in Fig. 4.103. This plot reveals that about 93% of the NMSSM H1 masses visible
alone are expected to be within 2–3 GeV beyond the MSSM bound, hence the two models would be

3Notice that the value obtained for Mmax
H1

from NMHDECAY version 1.1, of ∼ 130 GeV, based on the leading two-loop
approximations described in [63], is a few GeV lower than the value declared in Sect. 4.1.4. Besides, for consistency, we use
the value of 120 GeV (obtained at the same level of accuracy) as upper mass limit on the lightest CP-even Higgs boson of the
MSSM. (Notice that a slightly modified Mmax

H1
value is obtained for the NMSSM from NMHDECAY version 2.1 [64], because of

the improved mass approximations with respect to the earlier version of the program adopted here.) Eventually, when the LHC
is on line, the exercise that we are proposing can be performed with the then state-of-the-art calculations.
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Table 4.2: Higgs events potentially visible at the LHC through the γγ decay mode. Percentage refers to the portion
of NMSSM parameter space involved for each discovery scenario.

Higgs Flavor Points Visible Percentage

H1

Total: 1345884 99.7468
Alone: 1345199 99.6961
With H2: 528 0.0391
With A1: 152 0.0113
With H2 and A1: 5 0.0004

H2

Total: 1253 0.0929
Alone: 717 0.0531
With H1: 528 0.0391
With A1: 3 0.0002
With A1 and A1: 5 0.0004

H3 Total: 0 0

A1

Total: 165 0.0122
Alone: 5 0.0004
With H1: 152 0.0113
With H2: 3 0.0002
With H1 and H2: 5 0.0004

A2 Total: 0 0

indistinguishable4 . Nonetheless, there is a fraction of a percent of such points with MH1 values even
beyond 125 GeV or so (the higher the mass the smaller the density, though), which should indeed allow
one to distinguish between the two models. Moreover, by studying the cross-section times BR of the
Higgses when two of them are observable against their respective mass differences (see Figs. 9–11 of
[84]) and widths, one sees that the former are larger than the typical mass resolution in the di-photon
channel, so that the two decaying objects should indeed appear in the data as separate resonances.

Table 4.2 recaps the potential observability of one or more NMSSM Higgs states in the di-photon
mode at the LHC. It is obvious from the table that one light CP-even Higgs should be observable almost
throughout the NMSSM parameter space. However, there is also a fair number of points where two
Higgses may be visible simultaneously (H1 and H2 or – more rarely – H1 and A1), while production
and decay of the three lightest Higgses (H1, H2 and A1) at the same time, although possible, occurs for
only a negligible number of points in the parameter space. Furthermore, the percentage of points for
which only the second lightest Higgs state is visible is also non-negligible. These last two conditions are
clearly specific to the NMSSM, as they are never realised in the MSSM. Finally, none of the two heaviest
NMSSM neutral Higgs states (H3 and A2) will be visible in the di-photon channel at the LHC (given
their large masses).

Next, we have proceeded to a dedicated parton level analysis of signal and background processes,
the latter involving both tree-level qq̄ → γγ and one-loop gg → γγ contributions. We have adopted
standard cuts on the two photons [87]: pγT > 25 GeV and |ηγ | < 2.4 on transverse energy and pseudora-
pidity, respectively. As illustrative examples of a possible NMSSM Higgs phenomenology appearing at
the LHC in the di-photon channel, we have picked up the following three configurations:

1. λ = 0.6554, κ = 0.2672, µeff = −426.48 GeV, tanβ = 2.68, Aλ = −963.30 GeV,Aκ = 30.48 GeV;

2. λ = 0.6445, κ = 0.2714, µeff = −167.82 GeV, tanβ = 2.62, Aλ = −391.16 GeV,Aκ = 50.02 GeV;

3. λ = 0.4865, κ = 0.3516, µeff = 355.63 GeV, tan β = 2.35, Aλ = 519.72 GeV, Aκ = −445.71 GeV.

4Other than an experimental di-photon mass resolution of 2 GeV or so [87] one should also bear in mind here that the mass
bounds in both models come at present with a theoretical error of comparable size.
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Fig. 4.6: The NMSSM parameter space when H1 (red/dots), H1, H2 (green/crosses) and H1, A1 (blue/stars) are
potentially visible (individually and simultaneously), plotted against λ and κ.
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Fig. 4.7: As above, plotted against Aλ and Aκ.
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Fig. 4.8: As above, plotted against µeff and tanβ.
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Fig. 4.10: The distribution of points with one potentially visible NMSSM H1 state with mass beyond the MSSM
upper mass limit on the corresponding Higgs state. The scale on the right represents a measure of point density.

The first is representative of the case in which only the NMSSMH1 boson is visible, but with mass
larger than the MSSM upper limit on the corresponding Higgs state. The second and third refer instead
to the case when also the H2 or A1 state are visible, respectively. The final results are found in Fig. 4.11.
The corresponding mass resonances are clearly visible above the continuum di-photon background and
discoverable beyond the 5σ level. Indeed, similar situations can be found for each of the combinations
listed in Tab. 4.2 and most of these correspond to phenomenological scenarios which are distinctive of
the NMSSM and that cannot be reproduced in the MSSM.

In short, while the bulk of the NMSSM parameter space is in a configuration degenerate with the
MSSM case (as far as di-photon Higgs signals at the LHC are concerned), non-negligible areas exist with
the potential to unveil a non-minimal nature of the underlying SUSY model in this search channel alone.

4.5 Dark matter in the NMSSM and relations to the NMSSM Higgs sector
John F. Gunion, Dan Hooper and Bob McElrath

Since the NMSSM has five neutralinos and two CP-odd Higgs bosons, there are many new ways in
which the relic density of the χ̃0

1 could match the observed dark matter density. Dedicated work on
NMSSM scenarios appears in [53, 54]. The latter group has made their code publicly available. Let
us recall that in the MSSM there is a significant constraint on the mass MA of the single CP-odd state.
This in turn constrains the values of meχ0

1
that would lie in the “funnel” region of meχ0

1
∼ 2MA where

χ̃0
1χ̃

0
1 → A → X can be sufficiently efficient to adequately reduce the χ̃0

1 relic density to a level at
or below that observed. In contrast, in the NMSSM there are two CP-odd states and their masses,
MA1 and MA2 , are quite unconstrained by LEP data and theoretical model structure, implying that
χ̃0

1χ̃
0
1 → A1,2 → X could be the primary annihilation mechanism for large swaths of parameter space.

Let us first discuss the MSSM situation in a bit more detail. Neutralinos produced in the early Uni-
verse must annihilate into Standard Model particles at a sufficient rate to avoid overproducing the density
of dark matter. Within the framework of the Minimal Supersymmetric Standard Model (MSSM), the
lightest neutralino can annihilate through a variety of channels, exchanging other sparticles, Z bosons,
or Higgs bosons. The masses of sparticles such as sleptons or squarks, as well as the masses of Higgs
bosons, are limited by collider constraints, with typical lower limits of around∼100 GeV. For lighter neu-
tralinos, it becomes increasingly difficult for these heavy propagators to generate neutralino annihilation
cross sections that are large enough. The most efficient annihilation channel for very light neutralinos in
the MSSM is the s-channel exchange of a pseudoscalar Higgs boson. It has been shown that this channel
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Fig. 4.11: The differential distribution in invariant mass of the di-photon pair after the cuts in pγT and ηγ mentioned
in the text, for 100 fb−1 of luminosity, in the case of the background (solid) and the sum of signal and background
(dashed), for the example points 1.�3. described in the text (from left to right, in correspondence).
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Fig. 4.12: The CP-odd Higgs mass required to obtain the measured relic density for a light neutralino in the MSSM.
Models above the curves produce more dark matter than in observed. These results are for the case of a bino-like
neutralino with a small higgsino admixture (ε2B = 0.94, ε2u = 0.06). Results for two values of tanβ (10 and 50)
are shown. The horizontal dashed line represents the lower limit on the CP-odd Higgs mass in the MSSM from
collider constraints. To avoid overproducing dark matter, the neutralino must be heavier than about 8 (22) GeV for
tanβ = 50 (10).

can, in principle, be sufficiently efficient to allow for neutralinos as light as 6 GeV [88, 89]. Such mod-
els require a careful matching of a number of independent parameters, however, making viable models
with neutralinos lighter than ∼20 GeV rather unlikely [90]. Measurements of rare B-decays are also
particularly constraining in this regime.

This result should be contrasted with that found for the NMSSM. In the NMSSM (and other su-
persymmetric models with an extended Higgs sector), a very light CP-odd Higgs boson can naturally
arise making it possible for a very light neutralino to annihilate efficiently enough to avoid being over-
produced in the early Universe. In fact, it is relatively easy to construct NMSSM models yielding the
correct relic density even for a very light neutralino, 100 MeV < meχ0

1
< 20 GeV. Even after including

constraints from Upsilon decays, b → sγ, Bs → µ+µ− and the magnetic moment of the muon, a light
bino or singlino neutralino is allowed that can generate the appropriate relic density.

4.5.1 Models with a light LSP

Above we outlined the general possibilities for dark matter in the NMSSM context, focusing on the fact
that a light or very light neutralino would not yield an over abundance of dark matter. In contrast, it
was stated that in the MSSM context it is very difficult to have a light neutralino that is consistent with
Ωh2 < 0.1. As a more specific benchmark for comparison, we consider a light bino in the MSSM which
annihilates through the exchange of the CP-odd A. The results for this case are shown in Fig. 4.12. In
this figure, the thermal relic density of LSP neutralinos exceeds the measured density for MA above the
solid and dashed curves, for values of tan β of 50 and 10, respectively. Shown as a horizontal dashed
line is the lower limit on MA from collider constraints. This figure demonstrates that even in the case of
very large tan β, the lightest neutralino must be heavier than about 7 GeV. For moderate values of tan β,
the neutralino must be heavier than about 20 GeV.

Turning to the NMSSM, as we have noted the physical LSP is a mixture of the bino, neutral wino,
neutral higgsinos and singlino. The lightest neutralino therefore has, in addition to the four MSSM
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Fig. 4.13: We display contours in MA1 � meχ0
1

parameter space for which Ωh2 = 0.1. Points above or below each
pair of curves produce more dark matter than is observed; inside each set of curves less dark matter is produced than
is observed. These results are for a bino-like neutralino with a small higgsino admixture (ε2

B = 0.94, ε2u = 0.06).
Three values of tanβ (50, 15 and 3) have been used, shown as solid black, dashed red, and dot-dashed blue lines,
respectively. The dotted line is the contour corresponding to 2meχ0

1
= MA1 . For each set of lines, we have set

cos2 θA1 = 0.6. The tanβ = 50 case is highly constrained for very light neutralinos, and is primarily shown for
comparison with the MSSM case.

components, a singlino component which is the superpartner of the singlet Higgs. The eigenvector of the
lightest neutralino, χ̃0

1, in terms of gauge eigenstates can be written in the form

χ̃0
1 = εuH̃

0
u + εdH̃

0
d + εW W̃

0 + εBB̃ + εsS̃, (4.27)

where εu, εd are the up-type and down-type higgsino components, εW , εB are the wino and bino com-
ponents and εs is the singlet component of the lightest neutralino. Similarly, the CP-even and CP-odd
Higgs states are mixtures of MSSM-like Higgses and singlets. For the lightest CP-even Higgs state we
can define:

H1 =
√

2
[
ξuRe(H0

u − vu) + ξdRe(H0
d − vd) + ξsRe(S − x)

]
, (4.28)

where x ≡ 〈S〉. Here, Re denotes the real component of the respective state. Lastly, the lightest CP-odd
Higgs can be written as (a similar formula also applies for the heavier A2)

A1 = cos θA1AMSSM + sin θA1As, (4.29)

where As is the CP-odd [
√

2Im(S)] component of the scalar singlet field and AMSSM is the combination
of the imaginary components of Hu and Hd that would be the MSSM pseudoscalar Higgs if the singlet
were not present. Here, θA1 is the mixing angle between these two states. There is also a third linear
combination of the imaginary components of H0

u, H0
d and S that we have removed by a rotation in β.

This field becomes the longitudinal component of the Z after electroweak symmetry is broken.

In the NMSSM context, when annihilation proceeds via one of the CP-odd Higgs bosons the
calculation of the relic χ̃0

1 density is much more flexible than in the MSSM. For annihilation via the A1,
the thermally averaged cross section takes the form [using the usual expansion in terms t = T/m eχ0

1
and
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writing 〈σv〉 = a+ bt+O(t2)]:

aχχ→A1→ff̄ =
g4

2cfm
2
f cos4 θA1 tan2 β

8πm2
W

m2
eχ0

1

√
1−m2

f/m
2
eχ0

1

(4m2
eχ0

1
−M2

A1
)2 +M2

A1
Γ2
A1

(4.30)

×
[
− εu(εW − εB tan θW ) sinβ + εd(εW − εB tan θW ) cos β

+
√

2
λ

g2
εs(εu sinβ + εd cos β) +

tan θA1

g2

√
2(λεuεd − κε2s)

]2

,

bχχ→A1→ff̄ ' 0, (4.31)

where cf is a color factor, equal to 3 for quarks and 1 otherwise. For this result, we have assumed that
the final state fermions are down-type. If they are instead up-type fermions, the tan2 β factor should be
replaced by cot2 β. A similar formula holds for the A2.

Fig. 4.13 shows how the MSSM results can be modified within the framework of the NMSSM.
There, we give results for the case where the NMSSM CP-odd Higgs A1 is taken to be a mixture of
MSSM-like and singlet components specified by cos2 θA1 = 0.6 and the neutralino composition is taken
to be specified by ε2B = 0.94 and ε2u = 0.06. These specific values are representative of those that can
be achieved for various NMSSM parameter choices satisfying all constraints. For each pair of contours
(solid black, dashed red, and dot-dashed blue), Ωh2 = 0.1 along the contours and the region between the
lines is the space in which the neutralino’s relic density obeys Ωh2 < 0.1. The solid black, dashed red,
and dot-dashed blue lines correspond to tanβ=50, 15 and 3, respectively. Also shown as a dotted line is
the contour corresponding to the resonance condition, 2meχ0

1
= MA1 .

For the tan β=50 or 15 cases, neutralino dark matter can avoid being overproduced for any A1

mass below ∼ 20 − 60 GeV, as long as meχ0
1
> mb. For smaller values of tan β, a lower limit on MA1

can apply as well.

For neutralinos lighter than the mass of the b-quark, annihilation is generally less efficient. This
region is shown in detail in the right frame of Fig. 4.13. In this funnel region, annihilations to cc̄, τ +τ−

and ss̄ all contribute significantly. Despite the much smaller mass of the strange quark, its couplings are
enhanced by a factor proportional to tanβ (as with bottom quarks) and thus can play an important role
in this mass range. In this mass range, constraints from Upsilon and J/ψ decays can be very important,
often requiring fairly small values of cos θA1 .

For annihilations to light quarks, cc̄, ss̄, etc., the Higgs couplings to various meson final states
should be considered, which include effective Higgs-gluon couplings induced through quark loops. The
calculations shown employed a conservative approximation of keeping only the Higgs-quark-quark cou-
plings alone, even for these light quarks, but with kinematic thresholds set by the mass of the lightest
meson containing a given type of quark, rather than the quark mass itself. This corresponds to thresholds
of 9.4 GeV, 1.87 GeV, 498 MeV and 135 MeV for bottom, charm, strange and down quarks, respectively.
A more detailed treatment, which was not undertaken, would include the proper meson form factors as
well as allowing for the possibility of virtual meson states.

The above discussion focused on the case of a mainly bino LSP. If the LSP is mostly singlino, it
is also possible to generate the observed relic abundance in the NMSSM. A number of features differ
for the singlino-like case in contrast to a bino-like LSP, however. Most importantly, an LSP mass that is
chosen to be precisely at the Higgs resonance, MA1 ' 2meχ0

1
, is not possible for this case: MA1 is always

less than 2meχ0
1

by a significant amount. Second, in models with a singlino-like LSP, the A1 is generally
also singlet-like and the product of tan2 β and cos4 θA1 , to which annihilation rates are proportional,
see Eq. (4.30), is typically very small. This limits the ability of a singlino-like LSP to generate the
observed relic abundance. The result is that annihilation is too inefficient for an LSP that is more than
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80% singlino. However, there is no problem having meχ0
1
∼ MA1/2 so as to achieve the correct relic

density when the χ̃0
1 is mainly bino while the A1 is mainly singlet.

Of course, we should also discuss the implications for direct dark matter detection in the NMSSM.
As above, we focus on scenarios with a light χ̃0

1 that are a somewhat unique feature of the NMSSM. The
spin-independent elastic scattering cross section of a light neutralino with nuclei is generally dominated
by the t-channel exchange of a CP-even Higgs boson. For a bino-like LSP and the H1 with composition
as in Eq. (4.28), the elastic cross section is approximated by

σbino
elastic ∼ 8G2

FM
2
Z

πMH1
4

(
mpmeχ0

1

mp +meχ0
1

)2

ε2B sin2 θW (εdξu − εuξd)2 ×
( ∑

q=d,s,b

mqξd
cosβ

< N |qq̄|N > +
∑

q=u,c

mqξu
sinβ

< N |qq̄|N >

)2

. (4.32)

If the LSP is singlino-like, on the other hand, the appropriate approximation is

σsinglino
elastic ∼ 8G2

FM
2
Z

πMH1
4

(
mpmeχ0

1

mp +meχ0
1

)2 2λ2 ε2s cos2 θW
g2

2

(εdξd + εuξu)2 ×
( ∑

q=d,s,b

mqξd
cosβ

< N |qq̄|N > +
∑

q=u,c

mqξu
sinβ

< N |qq̄|N >

)2

. (4.33)

In assessing the implications of the above, it is useful to note that LEP limits on the H1 if it decays
to bb (we return to the H1 → A1A1 type scenario later) with MH1 < 120 GeV roughly imply

ξu,d
<∼
(

MH1

120GeV

)3/2

+ 0.1, (4.34)

and for a light χ̃0
1 LEP limits on invisible Z decays roughly imply εu,d < 0.06. If we assume that the

s-quark contribution dominates and use ms < N |ss̄|N >≈ 0.2 GeV, the resulting cross section for a
bino-like or singlino-like χ̃0

1 is then roughly given by:

σelastic
<∼ 1.4 × 10−42cm2

(
120 GeV

MH1

)4
((

MH1

120 GeV

)3/2

+ 0.1

)2(
tan β

50

)2

Fλ (4.35)

assuming meχ0
1
> mp and tan β > 1, using the ξu,d limit of Eq. (4.34) and adopting εu,d ∼ 0.06. In the

above, Fλ = 1 for the bino-like case and Fλ = 2λ2/(g2
2 tan2 θW ) ≈ 0.67 × (λ/0.2)2 for the singlino-

like case. For tan β = 50, λ = 0.2 and a Higgs mass of 120 GeV, we estimate a neutralino-proton
elastic scattering cross section on the order of 4 × 10−42 cm2 (4 × 10−3 fb) for either a bino-like or
a singlino-like LSP. This value may be of interest to direct detection searches such as CDMS, DAMA,
Edelweiss, ZEPLIN and CRESST. To account for the DAMA data, the cross section would have to be
enhanced by a local over-density of dark matter.

It is interesting to consider whether there are any special features related to the very attractive
scenarios motivated by minimizing the fine-tuning measure F . In those scenarios, the H1 can have mass
below the LEP limit (e.g. of order 100 GeV) even though its WW,ZZ couplings are very SM-like.
This is possible provided MA1 < 2mb so that the H1 decays predominantly via H1 → A1A1 with
A1 → τ+τ− (or, if MA1 < 2mτ , A1 → gg, cc, . . .) since the H1 → A1A1 → τ+τ−τ+τ− decay
channel is not constrained by LEP data for MH1

<∼ 90 GeV. For our purposes, the important feature
of such a scenario is that, the A1 turns out to be very singlet-like, with cos2 θA1

<∼ 0.015. In this case,
adequate annihilation of a very light χ̃0

1 via χ̃0
1χ̃

0
1 → A1 → X occurs only if meχ0

1
' MA1/2. This

requires a rather fine adjustment of the M1 bino soft mass relative to MA1 that has no immediately
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obvious theoretical motivation. Because the A1 is so light in the low fine-tuning scenarios, if meχ0
1

is
significantly above 2mb then consistency with relic abundance limits requires that χ̃0

1χ̃
0
1 annihilation

proceed via one of the more conventional co-annihilation channels or via χ̃0
1χ̃

0
1 → A2 → X . The latter

case is only applicable if meχ0
1

>∼ 200 GeV, since the A2 is typically quite heavy in the low-F scenarios,

MA2
>∼ 400 GeV.

Another issue is direct detection of dark matter. Since the A1 is so singlet in nature, the only
exchange of importance is H1 exchange. In the low-F scenarios, H1 is almost entirely Hu. In particular,
the Hd composition component of the H1 is ξd ∼ 0.1, and correspondingly ξu ∼ 0.99. For the χ̃0

1,
εB > 0.8 and εu and εd can take a range of values from 0.1 up to 0.5. Referring to Eq. (4.32), again
keeping only the s-quark contribution and keeping only the dominant εdξu piece in the external factor,
we obtain

σelastic ∼ 5× 10−6ε2B

( εd
0.25

)2
(

100 GeV

MH1

)4(tan β

10

)2

fb . (4.36)

If meχ0
1

is in the 15 − 100 GeV mass range that is optimal for experiments like ZEPLIN and CRESST,
direct dark matter detection would might be possible. If meχ0

1
< mb (the χ̃0

1χ̃
0
1 → A1 → X possibility),

the sensitivity of ZEPLIN and CRESST is greatly reduced and dark matter detection would be very
difficult.

So, where does all this leave us with respect to the ILC program. First consider the case where
meχ0

1
∼MA1/2 < mb, the best that a hadron collider can do will probably be to set an upper limit onm eχ0

1
.

Determining its composition is almost certain to be very difficult. Note that the m eχ0
2
−meχ0

1
mass differ-

ence should be large, implying adequate room for χ̃0
2 → Zχ̃0

1 and a search for lepton kinematic edges and
the like. (Of course, χ̃0

2 → H1χ̃
0
1 will also probably be an allowed channel, with associated implications

forH1 detection in SUSY cascade decays.) A light singlet-like A1 is very hard to detect. At best, it might
be possible to bound cos θA1 by experimentally establishing an upper bound on the WW → A1A1 rate
(proportional to cos4 θA1). Thus, the ILC would be absolutely essential. Precise measurement of the χ̃0

1

mass and composition using the standard ILC techniques should be straightforward. A bigger question
is how best to learn about the A1 at the precision level. Of course, we will have lots of A1’s to study
from ZH1 production followed by H1 → A1A1 decays. The events will give precise measurements of
g2
ZZH1

BR(H1 → A1A1)BR(A1 → X)BR(A1 → Y ), where X,Y = τ+τ−, gg, cc, . . .. The problem
will be to unfold the individual branching ratios so as to learn about the A1 itself. Particularly crucial
would be some sort of determination of cos θA1 which enters so critically into the annihilation rate. (I
assume that a tanβ measurement could come from other supersymmetry particle production measure-
ments and so take it as given.) There is some chance that WW → A1A1 and Z∗ → ZA1A1, with
rates proportional to cos4 θA1 , could be detected. The cos2 θA1 = 1 rates are very large, implying that
observation might be possible despite the fact that the low-F scenarios have cos2 θA1

<∼ 0.01. One could
also consider whether γγ → A1 production would have an observable signal despite the suppression due
to the singlet nature of the A1. Hopefully, enough precision could be achieved for the A1 measurements
that they could be combined with the χ̃0

1 precision measurements so as to allow a precision calculation
of the expected χ̃0

1 relic density. A study of the errors in the dark matter density computation using
the above measurements as compared to the expected experimental error for the Ωh2 measurement is
needed.

If the χ̃0
1 is not light, but the low fine-tuning scenario applies with A1 mass below 2mb, then early

universe χ̃0
1χ̃

0
1 annihilation cannot occur via the A1 channel. In this case, proper relic density must be

achieved using co-annihilation or χ̃0
1χ̃

0
1 → A2 annihilation (where A2 ∼ AMSSM and MA2 is relatively

large) — there is no point in repeating the relevant analyses here. We only note that the precision needed
to compute the χ̃0

1χ̃
0
1 annihilation rate and compare to the measured Ωh2 should be achievable at the ILC.

As already noted, the 2meχ0
1
' MA1 scenario seems relatively fine-tuned and we regard the large meχ0

1

scenarios as much more likely.
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As an overall summary, we simply reiterate the fact that the NMSSM provides a huge increase in
the possibilities for achieving the correct relic density for the χ̃0

1 and can drastically alter expectations
for direct detection of dark matter.

4.6 Relic density of neutralino dark matter in the NMSSM
Geneviève Bélanger, Fawzi Boudjema, Cyril Hugonie, Alexander Pukhov and Alexander Semenov

In any supersymmetric (SUSY) extension of the Standard Model with conserved R-parity, the lightest
SUSY particle (LSP) constitutes a good candidate for cold dark matter. Recent measurements from
WMAP [91, 92] have constrained the value for the relic density of dark matter within 10% (0.0945 <
Ωh2 < 0.1287 at 2σ). The forthcoming PLANCK experiment should reduce this interval down to 2-3%.
It is therefore important to calculate the relic density as accurately as possible in any given SUSY model,
in order to match this experimental accuracy. Here we perform a precise calculation of the relic density
of dark matter within the NMSSM using an extension of micrOMEGAs [93] and an interface with the
program NMHDECAY [63] that calculates the spectrum of the model, in particular that of the Higgs sector.
The NMSSM contains, in addition to the MSSM fields, an extra scalar and pseudo-scalar neutral Higgs
bosons, as well as an additional neutralino. The phenomenology of the model can be markedly different
from the MSSM [26, 27, 29]. In particular the possibility of light Higgs states [72] or light neutralinos
that may have escaped LEP searches [94, 95] could impact significantly on the value of the relic density.
We present a selection of scenarios that pedict a value of the relic density in agreement with WMAP
[54].

4.6.1 The model

We consider the general NMSSM with parameters defined at the weak scale. As free parameters, we
take the parameters of the Higgs sector, Eq. (4.11), as well as the gaugino masses M1,M2 that enter the
neutralino mass matrix. In the gaugino sector, we assume universality at the GUT scale, which at the
EW scale corresponds to M2 = 2M1 and M3 = 3.3M2. The soft terms in the squark and slepton sector
(which enter the radiative corrections in the Higgs sector) are also fixed at the EW scale. We assume
very heavy sfermions mf̃ = 1 TeV and fix the trilinear mixing to Af = 1.5 TeV. We thus consider as
independent parameters the following set of variables

λ, κ, tanβ, µ, Aλ, Aκ, M1. (4.37)

For the SM parameters, we assume αs = 0.118, mpole
t = 175 GeV and mb(mb) = 4.24 GeV.

We set all these parameters in the program NMHDECAY [63]. For each point in the parameter space,
the program NMHDECAYfirst checks the absence of Landau singularities for λ, κ, ht and hb below the GUT
scale. For mpole

t = 175GeV, this translates into λ < .75, κ < .65, and 3. < tanβ < 85. NMHDECAY

also checks the absence of an unphysical global minimum of the scalar potential with vanishing Higgs
vevs. NMHDECAY then computes scalar, pseudo-scalar and charged Higgs masses and mixings, taking into
account one and two loop radiative corrections, as well as chargino and neutralino masses and mixings.
Finally, all available experimental constraints from LEP are checked.

The couplings of the LSP to the scalar and pseudo-scalar Higgs states will enter the computation
of LSP annihilation through a Higgs resonance or t-channel annihilation into Higgs pairs. The Feynman
rule for the LSP-scalar-scalar vertex reads

geχ0
1eχ0

1hi
= g(N12 −N11 tan θW )(Si1N13 − Si2N14)

+
√

2λN15(Si1N14 + Si2N13) +
√

2Si3(λN13N14 − κN2
15) . (4.38)

Here N describes the neutralino mixing and S the scalar mixing [63]. The first term is equivalent to the
χ̃0

1χ̃
0
1h coupling in the MSSM by replacing S11 = S22 = cosα and S12 = −S21 = sinα while the last
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two terms are specific of the NMSSM. The second term is proportional to the singlino component of the
LSP while the last one is proportional to the singlet component of the scalar Higgs. Similarly, the LSP
coupling to a pseudo-scalar also contains terms proportional to the singlino component or to the singlet
component of the Higgs.

4.6.2 Relic density

In the context of the MSSM, the publicly available program micrOMEGAs [96, 97] computes the relic
density of the lightest neutralino LSP by evaluating the thermally averaged cross section for its anni-
hilation as well as, when necessary, for its coannihilation with other SUSY particles. It then solves
the density evolution equation numerically, without using the freeze-out approximation. We have ex-
tended micrOMEGAs [93] to perform the relic density calculation within the NMSSM. An interface with
NMHDECAY allows a precise calculation of the particle spectrum in the NMSSM, as well as a complete
check of all the available experimental constraints from LEP [63].

In the MSSM with universal gaugino masses, one can classify the main scenarios for dark matter
annihilation as follows: a bino scenario with light sfermions where neutralino annihilate into fermion
pairs, a sfermion coannihilation scenario, a mixed bino/Higgsino scenario where neutralino annihilate
dominantly into gauge boson pairs or into tt̄ and finally a Higgs funnel scenario where neutralino anni-
hilate in fermion pairs near a s-channel Higgs resonance. When sfermions are very heavy only the latter
two scenarios predict Ωh2 ≈ 0.1, in agreement with WMAP. To achieve this, the bino-Higgsino scenario
requires M1 ≈ µ, indeed higher higgsino content (M1 � µ) leads to very efficient annihilation and
coannihilation while a smaller higgsino content (M1 � µ) to values of the relic density that are too high.
The Higgs funnnel scenario requires that MH ≈ 2meχ0

1
, here H corresponds to either the light scalar or

the heavy scalar/pseudoscalar. The latter is enhances at large values of tanβ.

In the NMSSM, the same mechanisms as for the MSSM are at work for neutralino annihilation:
into fermion pairs through s-channel exchange of a Z or Higgs, into gauge boson pairs through either
Z/H s-channel exchange or t-channel exchange of heavier neutralinos or charginos. The new features
of the NMSSM are first a richer scalar/pseudoscalar Higgs sector that leads to more resonances but also
to new decay modes for Higgses (into lighter Higgses) and second a neutralino LSP which because of
its mixing with a singlino feature different couplings to gauge bosons, Higgs and sparticles. These new
features imply new possibilities to either increase or decrease the relic density of neutralinos as compared
to the MSSM. We next describe some typical scenarios that lead to a value for the relic density of dark
matter in agreement with WMAP.

4.6.3 Results

We concentrate on models which can differ markedly from the MSSM predictions, in particular models
with tanβ ≤ 5 for which annihilation through a Higgs resonance is marginal in the MSSM. We also
consider models where the presence of light Higgs states opens up new channels for efficient neutralino
annihilation as well as models where the LSP is dominantly singlino.

Case 1: annihilation through Higgs resonances
The presence of additional Higgs states in the NMSSM means additional regions of parameter

space where rapid annihilation through a s-channel resonance can take place. In fact we found that such
annihilation is dominant in large regions of the parameter space and this even at low to intermediate
values of tanβ. For example, starting with a value of µ and M1 for which one would expect Ωh2 > .13
in the MSSM, and varying the parameters Aλ, Aκ one can tune the value of the scalars/pseudoscalars
masses such that for at least one scalar/pseudoscalar satisfies mHi,Ai ≈ 2meχ0

1
. Note that the neutralino

sector does not depend on Aλ, Aκ. We found scenarios consistent with the WMAP measurement where
rapid neutralino annihilation proceeds through either the H2 resonance (an example is given in Table 4.3,
Case 1), the light pseudoscalar, A1, or the lightest scalar H1. The latter can also occur in the MSSM.
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Table 4.3: Benchmark points satisfying both LEP and WMAP constraints

Case 1 2 3a 3b 3c
λ 0.1 0.35 0.6 0.23 0.035
κ 0.11 0.2 0.12 0.003 0.0124
tanβ 5 5 2 3.2 5
µ [GeV] 300 230 265 195 285
Aλ [GeV] -100 400 450 590 -28
Aκ [GeV] -100 0 -50 -20 -150
M1 [GeV] 150 160 500 100 235
meχ0

1
[GeV] 142 141 127 8 206

N2
13 +N2

14 0.02 0.09 0.105 0.04 0.02
N2

15 0 0.02 0.90 0.95 0.94
meχ0

2
[GeV] 250 209 270 85 215

meχ±1 [GeV] 246 218 269 138 273
mH1 [GeV] 118 113 102 18 115
mH2 [GeV] 561 258 130 115 158
mA1 [GeV] 297 54 122 14 211
Ωh2 0.104 0.116 0.1155 0.124 0.111

qq (83%) V V (51%) HA (60%) qq (92%) χ̃0
2χ̃

0
2 → X (77%)

ll (10%) HA (31%) V V (26%) ll (8%) χ̃0
1χ̃

0
2 → X (18%)

Channels V V (4%) HH (15%) ZH (10%) χ̃0
1χ̃
±
1 → X (1%)

HH (2%) ZH (2%) HH (3%) qq (2%)
ZH (1%) ff (2%)

Case 2: the mixed bino/higgsino: µ ≈M1

We consider a scenario where µ = 230, M1 = 160 GeV, tanβ = 5, Aλ = 500 GeV and Aκ = 0.
In the MSSM limit, that is when λ → 0, Ωh2 ≈ 0.2, a value slightly above WMAP. The LSP is a
mixed bino/Higgsino and its main annihilation channel is into W pairs. For moderate values of κ, say
κ = 0.2, increasing λ affects the Higgs spectrum and increases the singlino component of the LSP.
This leads either to a sharp drop in Ωh2 when one encounters the H2 resonance or to a more moderate
drop for large values of λ. For example, for λ = 0.35, we observe much enhanced cross sections for
χ̃0

1χ̃
0
1 → HH,HA, this leads to Ωh2 = 0.116. Details of this scenario are presented in Table 4.3, Case

2. For even larger values of λ, the singlino component of the LSP becomes significant. Then the χ̃0
1χ̃

0
1H1

and χ̃0
1χ̃

0
1A1 couplings are large leading to an even larger contribution of the χ̃0

1χ̃
0
1 → H1A1 annihilation

through t-channel χ̃0
1 exchange. However, this area of the parameter space is excluded by Higgs searches

at LEP.

Case 3 : the singlino LSP
We explore now scenarios satisfying both LEP and WMAP constraints with a predominantly

singlino LSP. For this we scanned over the whole parameter space of the NMSSM in the range λ < 0.75,
κ < 0.65, 2 < tanβ < 10, 100 < µ < 500 GeV, 100 < M2 < 1000 GeV, 0 < Aλ < 1000 GeV and
0 < −Aκ < 500 GeV. We found three classes of models: a mixed singlino/higgsino LSP that annihi-
lates mainly into H1A1 and V V (V = W,Z), an almost pure singlino that annihilates through a Z or
Higgs resonance and a singlino where dominant channels are coannihilation ones. In Table 4.3 we show
a selection of benchmark points along these lines (Case 3a,3b,3c).

The first scenario, Case 3a in Table 4.3, is one for which µ � M1 and the LSP is a mixed
higgsino/singlino. In this example, the LSP is 90% singlino and 10% higgsino, with a mass of 127 GeV.
The main annihilation mode is H1A1 through t-channel χ̃0

1 exchange, H1 and A1 being both mainly
singlet (88% and 99% respectively). This is due to enhanced couplings χ̃0

1χ̃
0
1A1(H1) which occur for

large values of λ (Eq. 4.38). Annihilation of the higgsino component into W/Z pairs accounts for the
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subdominant channel.

In Table 4.3 we also give an example, Case 3b, of a scenario with a light singlino LSP, here with a
mass of 10 GeV. The only efficient mode for such a light singlino is via a Higgs resonance, here a light
scalar dominantly singlet. This scalar decays into bb̄, or when kinematically accessible into A1A1, the
A1 being also mainly singlet. The Higgs sector of such models is of course severely constrained by LEP,
in particular the limit on the SM-like scalar, here the second scalar, H2. For this reason most scenarios
with light singlinos have tanβ ≈ 3 which is the value for which the lightest visible (i.e. non singlet)
Higgs mass, MH2 , is maximized [28, 98–100]. Note that a light singlino requires κ � λ and not too
large value for µ.

For κ ≤ λ � 1, the LSP is heavy with a large singlino component. No efficient annihilation
mechanism is then available. However coannihilation with heavier neutralinos and charginos can be
very efficient especially for a higgsino-like NLSP. Case 3c in Table 4.3 gives an example of such a
scenario. The LSP is 96% singlino with a mass of 203 GeV. The mass difference with the NLSP χ̃0

2 is
11 GeV. The coannihilation channels are overwhelmingly dominant. The χ̃0

2 higgsino component is just
enough (28%) for efficient annihilation. The main channels are χ̃0

2χ̃
0
2(χ̃0

1) → tt̄, bb̄ and correspond to
annihilation through H3 and A2 exchange. For this point, H3 and A2 belong to the heavy Higgs doublet
with MA ≈ 475 GeV, so that we are close to a (double) resonance. Such a resonance is not necessary
though, in order to have efficient χ̃0

2 annihilation. We also found points in the parameter space with a
heavy singlino where the dominant channel was χ̃0

2χ̃
0
2(χ̃0

1)→ V V through Z exchange.

4.6.4 Conclusion

In the NMSSM, basically the same mechanisms as for the MSSM are at work for neutralino annihila-
tion, nevertheless the presence of additional Higgs states provides additional possibilities for efficient
neutralino annihilation. Specifically this means additional regions of parameter space where rapid anni-
hilation through a s-channel resonance can take place, as well as new annihilation channels when light
Higgs states are present. However, annihilation of neutralinos is not always favoured in the NMSSM.
In general the singlino component of the LSP tends to reduce the annihilation cross-section. We found
however regions of the parameter space where a singlino LSP gives the right amount of dark matter,
either for large λ, s-channel resonances into a Z or a Higgs, or coannihilation with χ̃0

2, χ̃±1 .

For scenarios for which the relic density is within the WMAP allowed region, one can ask whether
it would be possible to see signatures of the model at colliders. In the case of a mixed bino/higgsino LSP,
provided the singlino state is not heavy and decouples, i.e. λ not too small and κ not too large, the
five neutralino states might be visible at the LHC/ILC. This would be a clear signature of the NMSSM.
Finally, in the singlino LSP case, µ cannot be too large. One therefore would expect visible higgsinos
at the LHC. The singlino LSP would however appear at the end of the decay chain in any sparticle pair
production process, which might complicate the detection task as it was the case at LEP [94].
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4.7 Comparison of Higgs bosons in the extended MSSM models
Vernon Barger, Paul Langacker, Hye-Sung Lee and Gabe Shaughnessy

When the µ parameter of the Minimal Supersymmetric Standard Model (MSSM) is promoted to a Stan-
dard Model (SM) singlet field, the fine-tuning problem of the MSSM [2] can be naturally solved with
a dynamically generated µeff ≡ λ 〈S〉 = λvs/

√
2. The new Higgs singlet is accompanied by a new

symmetry that governs the interaction of the singlet. Depending on the symmetry, the MSSM can be
extended to different models such as the Next-to-Minimal Supersymmetric SM (NMSSM) [26, 30, 55],
the Minimal Nonminimal Supersymmetric SM (MNSSM) [44–46,51], and the U(1) ′-extended Minimal
Supersymmetric SM (UMSSM) [13, 101]. Table 4.4 shows the symmetry, superpotential and the Higgs
spectrum of several models. The Exceptional Supersymmetric SM (ESSM) [16] is, to a large extent,
similar to the UMSSM. The secluded U(1)′ model (sMSSM) [102] has multiple Higgs singlets and, in a
decoupling limit of the extra singlets, the low energy spectrum is similar to the MNSSM.

It is important to compare the implications of the MSSM and its various extensions. In this note,
we treat the different models in a consistent way to compare and contrast their features. (For a full study
by the authors, see [103].) The neutralino sectors are also extended by the singlino and Z ′-ino in these
models and were studied in [52].

4.7.1 Models

The tree-level Higgs mass-squared matrices are found from the potential, V , which is a sum of the
F -term, D-term and soft-terms in the lagrangian, as follows.

VF = |λHu ·Hd + tF + κS2|2 + |λS|2
(
|Hd|2 + |Hu|2

)
(4.39)

VD =
G2

8

(
|Hd|2 − |Hu|2

)2
+
g2

2

2

(
|Hd|2|Hu|2 − |Hu ·Hd|2

)

+
g1′

2

2

(
QHd |Hd|2 +QHu|Hu|2 +QS |S|2

)2 (4.40)

Vsoft = m2
Hd
|Hd|2 +m2

Hu |Hu|2 +m2
S |S|2 +

(
AλλSHu ·Hd +

κ

3
AκS

3 + tSS + h.c.
)

(4.41)

This scalar potential is a collective form of all extended MSSM models considered here and, for a par-
ticular model, the parameters in V are understood to be turned-off appropriately.

MNSSM/sMSSM : g1′ = 0, κ = 0, Aκ = 0

NMSSM : g1′ = 0, tF,S = 0 (4.42)

UMSSM : tF,S = 0, κ = 0, Aκ = 0

The F -term and the soft terms contain the model dependence of the NMSSM and MNSSM/sMSSM,
while the D-term contains that of the UMSSM. We ignore possible CP violation in the Higgs sector.

Table 4.4: Higgs bosons of the MSSM and several of its extensions

Model Symmetry Superpotential CP-even CP-odd Charged
MSSM – µĤu · Ĥd H1,H2 A1 H±

NMSSM Z3 λŜĤu · Ĥd + κ
3 Ŝ

3 H1,H2,H3 A1, A2 H±

MNSSM ZR
5 ,Z

R
7 λŜĤu · Ĥd + tF Ŝ H1,H2,H3 A1, A2 H±

UMSSM U(1)′ λŜĤu · Ĥd H1,H2,H3 A1 H±

sMSSM U(1)′ λŜĤu · Ĥd + λsŜ1Ŝ2Ŝ3 H1, · · · ,H6 A1, · · · , A4 H±
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4.7.2 Higgs mass matrices

The collective tree-level CP-even Higgs mass matrix elements in the (H 0
d ,H

0
u, S) basis are:

(M0
+)11 =

[
G2

4
+Q2

Hd
g1′

2

]
v2
d +

(
λAλ√

2
+
λκvs

2
+
λtF
vs

)
vuvs
vd

(4.43)

(M0
+)12 = −

[
G2

4
− λ2 −QHdQHug1′

2

]
vdvu −

(
λAλ√

2
+
λκvs

2
+
λtF
vs

)
vs (4.44)

(M0
+)13 =

[
λ2 +QHdQSg1′

2
]
vdvs −

(
λAλ√

2
+ λκvs

)
vu (4.45)

(M0
+)22 =

[
G2

4
+Q2

Hug1′
2

]
v2
u +

(
λAλ√

2
+
λκvs

2
+
λtF
vs

)
vdvs
vu

(4.46)

(M0
+)23 =

[
λ2 +QHuQSg1′

2
]
vuvs −

(
λAλ√

2
+ λκvs

)
vd (4.47)

(M0
+)33 =

[
Q2
Sg1′

2 + 2κ2
]
v2
s +

(
λAλ√

2
−
√

2tS
vdvu

)
vdvu
vs

+
κAκ√

2
vs (4.48)

where vd,u =
√

2〈H0
d,u〉. The similarly modified matrix elements for the CP-odd and charged Higgs

masses in the extended models can be found in [103]. We consider only the dominant 1-loop correction
which comes from the common top/stop contributions to keep a consistent analysis.

The mass-squared sum rules are:

MSSM :
(
M2
H1

+M2
H2

)
−
(
M2
A1

)
= M2

Z + δM2

MNSSM/sMSSM :
(
M2
H1

+M2
H2

+M2
H3

)
−
(
M2
A1

+M2
A2

)
= M2

Z + δM2

NMSSM :
(
M2
H1

+M2
H2

+M2
H3

)
−
(
M2
A1

+M2
A2

)
(4.49)

= M2
Z + κ(−λvdvu + vs(

√
2Aκ + vsκ)) + δM 2

UMSSM :
(
M2
H1

+M2
H2

+M2
H3

)
−
(
M2
A1

)
= M2

Z +M2
Z′ + δM2

With a one-loop radiative correction, the common loop effect, δM 2, could be as large asO((100 GeV)2)
unless tan β is very small.

The physical Higgs boson masses are found by diagonalizing the mass-squared matrices,MD =
R+MR−1

+ , where M also includes the radiative corrections. The rotation matrices, R+, may then be
used to construct the physical Higgs fields as

Hi = Ri1+φd +Ri2+φu +Ri3+φs (4.50)

where the physical states are ordered by their mass as MH1 ≤ MH2 ≤ MH3 , and similarly for the
CP-odd Higgses.

4.7.3 Interesting limits

The extended MSSM models share the common characteristics of the near Peccei-Quinn symmetry limit
[6] when the model-dependent terms (such as κ, Aκ, tF,S , g1′ ) are very small, and the lightest CP-
odd Higgs boson (Z ′ gauge boson for the UMSSM case) becomes nearly massless. The exact global
Peccei-Quinn symmetry should be avoided though, to be compatible with the non-observation of the
Weinberg-Wilczek axion [104, 105].

When the singlet VEV, vs, is large while µeff is kept at the EW scale (i.e., λ is small), they
approach the MSSM limit when the model-dependent terms are not large. In the large vs limit (i.e.,
Mc/vs ∼ ε where Mc is the common mass scale other than vs, and ε � 1), we show the explicit
tree-level approximations of the CP-even Higgs masses [103].
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NMSSM (with an additional assumption of κ ∼ ε) :

M2
H1
≈ 1

2
vsκ

(
4vsκ+

√
2Aκ

)

M2
H2,3

≈ 1

2
M2
Z +

(
Aλ +

vsκ√
2

)
µeff csc 2β

∓
√(

1

2
M2
Z −

(
Aλ +

vsκ√
2

)
µeff csc 2β

)2

+ 2M2
Z

(
Aλ +

vsκ√
2

)
µeff sin 2β (4.51)

MNSSM/sMSSM (with an additional assumption of tS/M3
c ∼ ε) :

M2
H1
≈ 1

v2
s

µeff sec2 2β

2G2Aλ

(
32µ2

eff sin 2βA2
λ −G2v2 sin3 2β

(
4µ2

eff +A2
λ

)

+2µeffAλ
(
G2v2 − 16µ2

eff − 2A2
λ + cos 4β

(
−G2v2 + 2A2

λ

)))
−
√

2tS
vs

M2
H2,3

≈ 1

2
M2
Z +Aλµeff csc 2β ∓

√(
1

2
M2
Z −Aλµeff csc 2β

)2

+ 2M2
ZAλµeff sin 2β (4.52)

UMSSM :

M2
H1,2

≈ 1

2
M2
Z +Aλµeff csc 2β ∓

√(
1

2
M2
Z −Aλµeff csc 2β

)2

+ 2M2
ZAλµeff sin 2β

M2
H3
≈ M2

Z′ (with Z ′ mass given by M 2
Z′ = g1′

2(Q2
Hd
v2
d +Q2

Huv
2
u +Q2

Sv
2
s)) (4.53)

With large vs, when κ (and κAκ) → 0, g1′ → 0, tF,S → 0, all of the above Higgs masses reach
the MSSM limits (with the identification of Aλ = B and µeff = µ) with an additional scalar decoupled
with either negligible or very heavy mass. The first solution in the MNSSM/sMSSM is not valid when
tanβ is near 1 (or sec2 2β →∞), but an exact solution can be obtained in this limit.

4.7.4 Theoretical upper bounds on the lightest Higgs mass

From the mass matrix of Eq. (4.43-4.48), the upper bounds on the lightest CP-even Higgs can be ob-
tained.

MSSM : M 2
H1
≤M2

Z cos2 2β + M̃(1)

NMSSM/MNSSM/sMSSM : M 2
H1
≤M2

Z cos2 2β +
1

2
λ2v2 sin2 2β + M̃(1) (4.54)

UMSSM : M 2
H1
≤M2

Z cos2 2β +
1

2
λ2v2 sin2 2β

+g2
1′v

2(QHd cos2 β +QHu sin2 β)2 + M̃(1)

where M̃(1) is the common contribution from the 1-loop correction.

All extended models have larger upper bounds for the lightest CP-even Higgs than that of the
MSSM due to the contribution of the singlet scalar. The UMSSM has an additional contribution in the
quartic coupling from the gauge coupling constant, g1′ of the U(1)′ symmetry. In the MSSM, large
tanβ values are suggested by the conflict between the experimental lower bound and the theoretical
upper bound on MH1 . Since the extended models contain additional terms which relax the theoretical
bound, they allow smaller tan β values than the MSSM does (see Fig. 4.15b).
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Fig. 4.14: (a) LEP limit [106] on ξZZH1 =
(
gZZH1/g

SM
ZZh

)2
= ΓZ→ZH1/Γ

SM
Z→Zh, the scaled ZZH1 coupling in

various Supersymmetric models, vs. the lightest CP-even Higgs mass. The other constraints are not applied. The
solid black curve is the observed limit at 95% C.L. Points falling below this curve pass the ZZH1 constraint. (b)
The lightest CP-even Higgs masses vs. ξMSSM (MSSM fraction) after all constraints are applied. The vertical line
is the LEP lower bound on the MSSM (SM-like) Higgs mass.

4.7.5 Experimental constraints on the Higgs

(i) LEP bound on ZZh coupling: The ZZh coupling limits from LEP [106] can be used to limit the mass
of the lightest CP-even Higgs boson of the extended MSSM models. Fig. 4.14a shows the LEP limit
(95% C.L.) on the ZZH1 coupling relative to the SM coupling with the H1 mass. The relative coupling
is given by

ξZZHi =
(
gZZHi/g

SM
ZZh

)2
= (Ri1+ cos β +Ri2+ sinβ)2. (4.55)

As the scatter plot shows, when the Higgs coupling is diluted by the singlet component (i.e., ξZZH1 < 1),
it may have a mass smaller than the SM-like Higgs limit of 114.4 GeV.

(ii) LEP bound onMH1 andMA1 : For the channel of Z → AiHj withAi → bb̄ andHj → bb̄, LEP
gives bounds on the MSSM Higgs masses ofMH1 ≥ 92.9 GeV andMA1 ≥ 93.4 GeV assuming maximal
stop mixing, yielding the most conservative limit [74]. With the maximum LEP energy,

√
s = 209 GeV,

mass limits on the H1 and A1 in the extended MSSM models can be obtained with the upper bound of
the cross section for e+e− → AiHj at 40 fb. In practice, we find that the LEP Z → AiHj constraint
eliminates a significant fraction of the points generated with a low CP-odd Higgs mass.

(iii) LEP bound on MH± : The Higgs singlet does not alter the charged Higgs part, and the LEP
bound on the MSSM charged Higgs mass of MH± ≥ 78.6 GeV is imposed [107].

(iv) LEP bound on Mχ±1
: The LEP bound on the chargino mass of Mχ±1

> 104 GeV is imposed
[108].

(v) LEP invisible Z decay width: The LEP bound on the invisible Z decay width by new physics
of ∆ΓZ < 1.9 MeV is imposed [109].

(vi) LEP Z − Z ′ mixing angle: The LEP bound on the Z − Z ′ mixing angle (for the UMSSM),
αZZ′ < 2× 10−3 is imposed [110–112]. The exact bound depends on the model.

4.7.6 Numerical results

The model-independent parameters are scanned over tan β = 1 ∼ 50, vs = 50 ∼ 2000 GeV, µeff =
50 ∼ 1000 GeV, Aλ = 0 ∼ 1000 GeV, At = −1000 ∼ 1000 GeV, M2 = −500 ∼ 500 GeV.
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Fig. 4.15: The lightest CP-even Higgs masses vs. (a) vs and (b) tanβ. The horizontal line is the LEP lower bound
on the SM-like Higgs. The dashed curve is the MSSM bound for a maximum stop mixing.

The model-dependent parameters are scanned over κ = −0.75 ∼ 0.75, Aκ = −1000 ∼ 1000 GeV,
tF = −5002 ∼ 5002 GeV2, tS = −5003 ∼ 5003 GeV3, θE6 = 0 ∼ π. We assume gaugino mass
unification M1 = M1′ =

5g2
1

3g2
2
M2 and fix the stop soft mass at M eQ = MeU = 1000 GeV and the

renormalization scale for the loop correction at Q = 300 GeV. Additional constraints of 0.1 ≤ λ ≤ 0.75
and 0.1 ≤

√
κ2 + λ2 ≤ 0.75 for perturbativity and naturalness are also applied.

The relative coupling strength of a particular Higgs boson, Hi, to the MSSM fields may be quan-
tified as the MSSM fraction

ξHiMSSM =
2∑

j=1

(Rij+)2. (4.56)

In Fig. 4.14b, we plot the MSSM fraction versus the lightest CP-even Higgs boson mass in extended
MSSM models after all constraints are applied. When the singlet composition is large (i.e., ξH1

MSSM is
small), a lighter mass is allowed by the LEP constraint. The UMSSM has the additional constraint on
the singlet VEV from the Z − Z ′ mixing angle constraint, and it pushes the allowed points to more
MSSM-like as shown in Fig. 4.15a. However, there are ways to allow lower vs values, such as lepto-
phobic couplings [113, 114] or additional singlet contributions [102]. The lightest CP-even Higgs boson
mass versus tan β in each model shown in Fig. 4.15b has a majority of generated points in the band
114.4 GeV < MH1 < 135 GeV and tan β > 2. This is, as the dashed curve indicates, one of the salient
features of the MSSM after the experimental constraints, which implies that most of those points are
MSSM-like.

In Fig. 4.16a, we present the parameter scan results of the mass ranges for the lightest CP-
even Higgs in the MSSM and its extensions after all constraints are applied. The NMSSM and the
MNSSM/sMSSM have pretty similar mass ranges and they can be extremely light due to effect of the
singlet. The additional constraint on s makes the lower bound of the UMSSM to be more MSSM-like.
The upper bounds in the extended MSSM models are about 30 ∼ 40 GeV larger than that of the MSSM
in accordance with Eq. (4.54). For the CP-odd and charged Higgses (Fig. 4.16b,c) as well as the other
aspects including the Higgs production and decays, see [103].

4.7.7 Conclusions

Even though low energy Supersymmetry is well-motivated, the µ-problem suggests the MSSM may not
be the full Supersymmetric model that describes TeV scale physics. The introduction of a Higgs singlet
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Fig. 4.16: Mass ranges of (a) the lightest CP-even, (b) the lightest CP-odd, and (c) charged Higgses

can solve this problem naturally, but depending on the new symmetry that governs the interaction of
the singlet, there are more than one direction to extend the MSSM. We presented a formalism that is
convenient for comparing different models in a consistent way.

The extended MSSM have many similar features including:

– The µ-problem is elegantly solved with a new Higgs singlet.
– The lightest CP-even Higgs can be considerably lighter than the SM or the MSSM bounds from

LEP experiments.
– Low values of tanβ are allowed unlike in the MSSM.
– The near Peccei-Quinn limit can be achieved when the model-dependent parameters are small,

where the lightest CP-odd Higgs (or Z ′ for the UMSSM) are expected to be very light.
– The MSSM limit can be achieved when the singlet VEV, vs, is large compared to other mass

parameters.

Due to the different governing symmetry, the models also have distinguishable characteristics, including:

– The UMSSM predicts an EW/TeV scale Z ′ gauge boson (and vs receives additional experimental
constraints).

– The NMSSM may have a domain wall problem related to the discrete symmetry [42].
– The Higgs spectra and mass sum rules are model-dependent (Table 4.4 and Eq. (4.49)).
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– The neutralino properties are also distinguishable [52].
– In the large vs limit, the mass of the non-MSSM-like Higgs depends on the model parameters.

More studies are necessary to understand how to distinguish the extended MSSM models from the
MSSM and from each other.

4.8 Distinction between NMSSM and MSSM in combined LHC and ILC analyses
Hans Fraas, Fabian Franke, Stefan Hesselbach and Gudrid Moortgat-Pick

In some parts of SUSY parameter space the experimentally accessible Higgs sector of the NMSSM is
very similar to the MSSM Higgs sector and does not allow the identification of the underlying SUSY
model. In such cases additional information from the neutralino sector can be crucial. In this contribution
we analyze an NMSSM scenario for which only a combined analysis of LHC and ILC data will be
sufficient to distinguish the models.

4.8.1 Neutralino sector

The NMSSM contains five neutralinos χ̃0
i , the mass eigenstates of the photino, zino and neutral higgsi-

nos, and two charginos χ̃±i , being mixtures of wino and charged higgsino. The neutralino/chargino sector
depends at tree level on four parameters of Eq. (4.11), λ, κ, µeff , tanβ, and additionally on the U(1) and
SU(2) gaugino masses M1 and M2 [31, 115–117]; see also Section 4.2. The additional fifth neutralino
may significantly change the phenomenology of the neutralino sector. In scenarios where the lightest
supersymmetric particle is a nearly pure singlino, the existence of displaced vertices may lead to a par-
ticularly interesting experimental signature [94, 95, 118–120] which allows the distinction between the
models. Furthermore sfermion decays into fermions and singlino-dominated neutralinos can have large
branching ratios resulting in modified signatures of the sfermions [121]. Especially the modified cascade
decays of the squarks at the LHC can be important for the identification of the model. If however, only
a part of the particle spectrum is kinematically accessible this distinction may become challenging. We
start with a scenario with the parameters

M1 = 360 GeV, M2 = 147 GeV, λ = 0.5, κ = 0.2, µeff = 458 GeV, tanβ = 10, (4.57)

and the following gaugino/higgsino masses and eigenstates:

mχ̃0
1

= 138 GeV, χ̃0
1 = (−0.02,+0.97,−0.20,+0.09,−0.07), (4.58)

mχ̃0
2

= 337 GeV, χ̃0
2 = (+0.62,+0.14,+0.25,−0.31,+0.65), (4.59)

mχ̃0
3

= 367 GeV, χ̃0
3 = (−0.75,+0.04,+0.01,−0.12,+0.65), (4.60)

mχ̃0
4

= 468 GeV, χ̃0
4 = (−0.03,+0.08,+0.70,+0.70,+0.08), (4.61)

mχ̃0
5

= 499 GeV, χ̃0
5 = (+0.21,−0.16,−0.64,+0.62,+0.37), (4.62)

where the neutralino eigenstates are given in the basis (B̃0, W̃ 0, H̃0
d , H̃

0
u, S̃). As can be seen from

Eqs. (4.59) and (4.60), the particles χ̃0
2 and χ̃0

3 have a rather strong singlino admixture.

This scenario translates at the e+e− International Linear Collider (ILC) with
√
s = 500 GeV

into the experimental observables of Table 4.5 for the measurement of the masses and production cross
sections for several polarization configurations of the light neutralinos and charginos. We assume mass
uncertainties ofO(1−2%) [122,123], a polarization uncertainty of ∆Pe±/Pe± = 0.5% and one standard
deviation statistical errors. The masses and cross sections in different beam polarization configurations
provide the experimental input for deriving the supersymmetric parameters within the MSSM using
standard methods [124–127]. Note that beam polarization may be crucial for distinguishing the two
models [128–130].
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Table 4.5: Masses with 1.5% (χ̃0
2,3, ẽL,R, ν̃e) and 2% (χ̃0

1, χ̃±1 ) uncertainty [122, 123] and the kinematically
allowed cross sections with an error composed of the error due to the mass uncertainties, polarization uncertainty
of ∆Pe±/Pe± = 0.5% and one standard deviation statistical error based on

∫
L = 100 fb−1, for both unpolarized

beams and polarized beams with (Pe− , Pe+) = (∓90%,±60%), in analogy to the study in [131].

mχ̃0
1

= 138± 2.8 GeV σ(e+e− → χ̃±1 χ̃
∓
1 )/fb σ(e+e− → χ̃0

1χ̃
0
2)/fb

mχ̃0
2

= 337± 5.1 GeV (Pe− , Pe+)
√
s = 400 GeV

√
s = 500 GeV

√
s = 500 GeV

mχ̃±1
= 139± 2.8 GeV Unpolarized 323.9± 33.5 287.5± 16.5 4.0± 1.2

mẽL = 240± 3.6 GeV (−90%,+60%) 984.0± 101.6 873.9± 50.1 12.1± 3.8

mẽR = 220± 3.3 GeV (+90%,−60%) 13.6± 1.6 11.7± 1.2 0.2± 0.1

mν̃e = 226± 3.4 GeV

Table 4.6: Masses and mixing character in the basis (Hu, Hd, S) of the NMSSM Higgs bosons for the parameters
λ = 0.5, κ = 0.2, µeff = 458 GeV, tanβ = 10, Aλ = 4000 GeV and Aκ = −200 GeV and the branching ratios
of the lightest scalar Higgs H1 calculated with NMHDECAY [63]. Only decay channels with BR > 1% are listed.

mH/GeV mixing BR(H1)

H1 125 (−0.9949,−0.0992, 0.0165) H1 → gg 5%

H2 293 (−0.0145,−0.0211,−0.9997) H1 → ττ 7%

H3 4415 (0.0995,−0.9948, 0.0196) H1 → cc 3%

A1 333 (0.0017, 0.0166,−0.9999) H1 → bb 63%

A2 4415 (0.0995, 0.9949, 0.0167) H1 →WW ∗ 20%

H± 4417 H1 → ZZ∗ 2%

4.8.2 Higgs sector

The Higgs sector of the NMSSM [30, 99] depends on two additional parameters, the trilinear soft scalar
mass parameters Aλ and Aκ. The Higgs bosons with dominant singlet character may escape detection in
large regions of these parameters, thus the Higgs sector does not allow the identification of the NMSSM.
A scan with NMHDECAY [63] in our scenario, Eq. (4.57), over Aλ and Aκ results in parameter points
which survive the theoretical and experimental constraints in the region 2614 GeV < Aλ < 5583 GeV
and −564 GeV < Aκ < 5 GeV. For −396 GeV < Aκ < −92 GeV the second lightest scalar (H2) and
the lightest pseudoscalar (A1) Higgs particle have very pure singlet character and are heavier than the
mass difference mχ̃0

3
−mχ̃0

1
, hence the decays of the neutralinos χ̃0

2 and χ̃0
3, which will be discussed in

the following, are not affected by H2 and A1. The dependence of the masses of H1, H2 and A1 on Aκ
is illustrated in Fig. 4.17 (left panel). The mass of the lightest scalar Higgs H1, which has MSSM-like
character in this parameter range, depends only weakly on Aκ and is about 125 GeV. The masses of H3,
A2 and H± are of the order of Aλ. For Aκ < −396 GeV the smaller mass of the H2 and a stronger
mixing between the singlet and MSSM-like states in H1 and H2 might allow a discrimination in the
Higgs sector while for Aκ > −92 GeV the existence of a light pseudoscalar A1 may give first hints
of the NMSSM [72]. For our specific case study we choose Aλ = 4000 GeV and Aκ = −200 GeV,
which leads to to the Higgs masses and mixing characters as listed in Table 4.6. Here H3 and A2 are
kinematically not accessible while H2 and A1 are not produced due to their nearly pure singlet character.
Then only H1 can be detected with the branching ratios given in Table 4.6, which are very similar to
those of an SM Higgs boson of the same mass. Also the branching ratio of χ̃0

2 in the lightest Higgs
particle differs only by a factor two in both scenarios. If a precise measurement of this branching ratio is
possible first hints for the inconsistency of the model could be derived at the ILC.
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Fig. 4.17: Left: The possible masses of the two light scalar Higgs bosons, mH1 , mH2 , and of the lightest pseu-
doscalar Higgs bosonmA1 as function of the trilinear Higgs parameterAκ in the NMSSM. In our chosen scenario,
H1 is MSSM-like andH2 andA1 are heavy singlet-dominated Higgs particles. Right: Predicted masses and gaug-
ino admixture for the heavier neutralinos χ̃0

3 and χ̃0
4 within the consistent parameter ranges derived at the ILC500

analysis in the MSSM and measured mass mχ̃0
i

= 367 ± 7 GeV of a neutralino with suf�ciently high gaugino

admixture in cascade decays at the LHC. We require a gaugino admixture of >∼ 10% for the heavy neutralinos,
cf. [137�139].

4.8.3 Gaugino/higgsino parameter determination at the ILC

For the determination of the supersymmetric parameters in the MSSM straightforward strategies [124,
125, 132, 133] have been worked out even if only the light neutralinos and charginos χ̃0

1, χ̃0
2 and χ̃±1 are

kinematically accessible at the first stage of the ILC [126,127]. Using the methods described in [134,135]
we derive constraints for the parameters M1, M2, µ and tan β in two steps. First, the measured masses
and cross sections at two energies in the chargino sector constrain the chargino mixing matrix elements
U2

11 and V 2
11 [136]. Adding then mass and cross section measurements in the neutralino sector allows to

constrain the parameters

M1 = 377 ± 42 GeV, (4.63)

M2 = 150 ± 20 GeV, (4.64)

µ = 450 ± 100 GeV, (4.65)

tanβ ≤ 30. (4.66)

Since the heavier neutralino and chargino states are not produced, the parameters µ and tanβ can only
be determined with a considerable uncertainty.

With help of the determined parameter ranges, Eqs. (4.63)–(4.66), the masses of heavier charginos
and neutralinos can be calculated:

352 GeV ≤ mχ̃0
3
≤ 555 GeV, 386 GeV ≤ mχ̃0

4
≤ 573 GeV, 350 GeV ≤ mχ̃±2

≤ 600 GeV.
(4.67)

In Fig. 4.17 (right panel) the masses of χ̃0
3 and χ̃0

4 are shown as a function of its gaugino admixture for pa-
rameter points within the constraints of Eqs. (4.63)–(4.66). Obviously, the heavy neutralino χ̃0

3 should be
almost a pure higgsino within the MSSM prediction. These predicted properties of the heavier particles
can be compared with mass measurements of SUSY particles at the LHC within cascade decays [131].

We emphasize that although we started with an NMSSM scenario where χ̃0
2 and χ̃0

3 have large
singlino admixtures, the MSSM parameter strategy does not fail and the experimental results from the
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Table 4.7: Expected cross sections for the associated production of the heavier neutralinos and charginos in the
NMSSM scenario for the ILCL=1/3

650 option with one sigma statistical error based on
∫
L = 33 fb−1 for both

unpolarized and polarized beams.

σ(e+e− → χ̃0
1χ̃

0
j)/fb at

√
s = 650 GeV σ(e+e− → χ̃±1 χ̃

∓
2 )/fb

j = 3 j = 4 j = 5 at
√
s = 650 GeV

Unpolarized beams 12.2± 0.6 5.5± 0.4 ≤ 0.02 2.4± 0.3

(Pe− , Pe+) = (−90%,+60%) 36.9± 1.1 14.8 ± 0.7 ≤ 0.07 5.8± 0.4

(Pe− , Pe+) = (+90%,−60%) 0.6 ± 0.1 2.2± 0.3 ≤ 0.01 1.6± 0.2

ILC500 with
√
s = 400 GeV and 500 GeV lead to a consistent parameter determination in the MSSM.

Hence in the considered scenario the analyses at the ILC500 or LHC alone do not allow a clear dis-
crimination between MSSM and NMSSM. All predictions for the heavier gaugino/higgsino masses are
consistent with both models. However, the ILC500 analysis predicts an almost pure higgsino-like state
for χ̃0

3 and a mixed gaugino-higgsino-like χ̃0
4, see Fig. 4.17 (right panel). This allows the identification

of the underlying supersymmetric model in combined analyses at the LHC and the ILCL=1/3
650 .

4.8.4 Combined LHC and ILC analysis

In our original NMSSM scenario, Eq. (4.57), the neutralinos χ̃0
2 and χ̃0

3 have a large bino-admixture and
therefore appear in the squark decay cascades. The dominant decay mode of χ̃0

2 has a branching ratio
BR(χ̃0

2 → χ̃±1 W
∓) ∼ 50%, while for the χ̃0

3 decays BR(χ̃0
3 → ˜̀±

L,R`
∓) ∼ 45% is largest. Since

the heavier neutralinos, χ̃0
4, χ̃0

5, are mainly higgsino-like, no visible edges from these particles occur
in the cascades. It is expected to see the edges for χ̃0

2 → ˜̀±
R`
∓, χ̃0

2 → ˜̀±
L`
∓, χ̃0

3 → ˜̀±
R`
∓ and for

χ̃0
3 → ˜̀±

L`
∓ [140].

With a precise mass measurement of χ̃0
1,χ̃0

2, ˜̀
L,R and ν̃ from the ILC500 analysis, a clear identifi-

cation and separation of the edges of the two gauginos at the LHC is possible without imposing specific
model assumptions. We therefore assume a precision of about 2% for the measurement of mχ̃0

3
, in

analogy to [137–139]:

mχ̃0
3

= 367± 7 GeV. (4.68)

The precise mass measurement of χ̃0
3 is compatible with the mass predictions of the ILC500 for the χ̃0

3 in
the MSSM but not with the prediction of the small gaugino admixture, see Fig. 4.17 (right panel). The
χ̃0

3 as predicted in the MSSM would not be visible in the decay cascades at the LHC. The other possible
interpretation of the measured neutralino as the χ̃0

4 in the MSSM is incompatible with the cross section
measurements at the ILC. We point out that a measurement of the neutralino masses mχ̃0

1
, mχ̃0

2
, mχ̃0

3

which could take place at the LHC alone is not sufficient to distinguish the SUSY models since rather
similar mass spectra could exist [134, 135]. Therefore the cross sections in different beam polarization
configurations at the ILC have to be included in the analysis.

The obvious inconsistency of the combined results from the LHC and the ILC500 analyses and
the predictions for the missing chargino/neutralino masses could motivate the immediate use of the low-
luminosity but higher-energy option ILCL=1/3

650 in order to resolve model ambiguities even at an early
stage of the experiment and outline future search strategies at the upgraded ILC at 1 TeV. This would
finally lead to the correct identification of the underlying model. The expected polarized and unpolarized
cross sections, including the statistical error on the basis of one third of the luminosity of the ILC500, are
given in Table 4.7. The neutralino χ̃0

3 as well as the higgsino-like heavy neutralino χ̃0
4 and the chargino

χ̃±2 are now accessible at the ILCL=1/3
650 .
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The cross sections together with the precisely measured masses mχ̃0
4

and mχ̃±2
constitute the

observables for a fit of the NMSSM parameters. This will be achieved by extending the fit program
Fittino [141] to include also the NMSSM [142], where the SUSY particle spectrum is calculated with
SPheno [143] and the Higgs spectrum with NMHDECAY [63].

4.8.5 Concluding remarks

We have presented an NMSSM scenario where the measurement of masses and cross sections in the
neutralino and chargino sector as well as measurements in the Higgs sector do not allow a distinction
from the MSSM at the LHC or at the ILC500 with

√
s = 500 GeV alone. Precision measurements of the

neutralino branching ratio into the lightest Higgs particle and of the mass difference between the lightest
and next-to-lightest SUSY particle [122] may give first evidence for the SUSY model but are difficult to
realize in the presented scenario. Therefore the identification of the underlying model requires precision
measurements of the heavier neutralinos by combined analyses of LHC and ILC and the higher energy
but lower luminosity option of the ILC at

√
s = 650 GeV. This gives access to the necessary observables

for a fit of the underlying NMSSM parameters.

4.9 Moderately light charged Higgs bosons in the NMSSM and CPV-MSSM
Rohini M. Godbole and Durga P. Roy

We discuss some aspects of the phenomenology of a light charged Higgs (MH+
<∼ 150 GeV),

allowed at low and moderate values of tan β, in the NMSSM and CP-violating MSSM (CPV-MSSM),
respecting all the LEP-II bounds. In the NMSSM with the H± near its lower mass limit (MH+ '
120 GeV), and a light pseudoscalar (MA0

1
' 50 GeV) with a very significant doublet component, the

charged Higgs boson is expected to decay dominantly via the standard H+ → τ+ν mode. One can probe
this mass range via the t → bH+ → bτ+ν channel at Tevatron and especially at LHC. For somewhat
heavier charged Higgs boson (MH± > 130 GeV) the dominant decay via the H+ → W+ A0

1 channel
provides a probe for not only a light H+ but also a light A0

1 [144] in the moderate tanβ region, where
its dominant decay mode is into a bb̄ final state. A similar situation also attains in the CP-violating
MSSM as well. The CPV-MSSM allows the existence of a light neutral Higgs boson (MH1

<∼ 50 GeV)
in the CPX scenario in the low tan β( <∼ 5) region, which could have escaped the LEP searches due to a
strongly suppressed H1ZZ coupling. The light charged H+ decays dominantly into the WH1 channel
again giving rise to a striking tt̄ signal at the LHC, where one of the top quarks decays into the bbb̄W
channel, via t→ bH±,H± → WH1 and H1 → bb̄. The characteristic correlation between the bb̄, bb̄W
and bbb̄W invariant mass peaks helps reduce the SM background, drastically.

4.9.1 Moderately light H± in the NMSSM

As discussed in Section 4.1.2, the solution of the the so called µ-problem of the MSSM was the original
motivation for the NMSSM. The effect of the additional complex singlet scalar S in the NMSSM on the
charged Higgs phenomenology mainly comes through a relaxation of the mass limits of the A0 and the
H+ in the MSSM. This arises from the modification of the MSSM mass relations between the doublet
scalars H1,2 and pseudoscalar A and the resulting modification of the H1 mass bound. The masses of
the A0

i , i = 1, 2 and Hi, i = 1, 3 in terms of the various parameters of the NMSSM: the dimensionless
parameters λ, κ appearing in the superpotential of Eq. (4.7) as well as the corresponding soft trilinear
terms Aλ, Aκ and the vacuum expectation value of the singlet scalar field 〈S〉 = x = vS/

√
2, are given

by Eqs. (4.16)–(4.19). In particular, the resulting upper bound of the lightest Higgs scalar mass including
the radiative correction ε, is [25, 28, 29, 145–147]

M2
H1
≤M2

Z cos2(2β) +
2λ2M2

W

g2
sin2(2β) + ε, (4.69)
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Fig. 4.18: The indirect lower bounds on the charged Higgs boson mass following from the LEP limits on the
neutral Higgs bosons in the MSSM (Maximal Stop Mixing) and the NMSSM. The direct LEP limit on the charged
Higgs boson mass is also shown for comparison .

where contribution specific to the NMSSM in addition to the terms in MSSM is given by the middle term.
This is most pronounced in the low to moderate tan β region, where the MSSM mass bound coming from
the first term of Eq. (4.69) is very small. Therefore it relaxes the MSSM bound on MH1 and the resulting
lower limit of MAi , most significantly over this range of tan β. This in turn relaxes the lower limit of the
charged Higgs mass, which is related to the doublet pseudoscalar mass via

M2
H+ = M2

A +M2
W

(
1− 2λ2

g2

)
(4.70)

along with a small radiative correction. This is helped further due to the additional (negative) contribution
in Eq. (4.70). Note that the additional contributions of Eqs. (4.69) and (4.70) depend only on the ŜĤuĤd

coupling λ, in the superpotential of Eq. (4.7). Therefore the Eqs. (4.69) and (4.70) hold also for the
minimal nonminimal supersymmetric standard model (MNSSM), which assumes only this term in the
superpotential [44, 45, 47]. Finally the upper bound of Eq. (4.69) will only be useful if one can find an
upper limit on λ. Such a limit can be derived [25, 29, 145] from the requirement that all the couplings
of the model remain perturbative upto some high energy scale, usually taken to be the GUT scale. Such
an upper limit on λ has been estimated in [148] as a function of tan β using two-loop renormalization
group equations.

For quantitative evaluation of the NMSSM Higgs spectrum we consider the complete Higgs po-
tential as given in terms of these parameters in [55]. The lower limit of the H± mass has been estimated
as a function of tanβ in [148] by varying all these five NMSSM parameters over the allowed ranges,
which include the constraints from LEP-2. The resulting H± mass limit is shown in Fig. 4.18 along
with the most conservative MSSM limit, corresponding to maximal stop mixing, which gives the largest
radiative correction ε. The NMSSM limit has practically no sensitivity to stop mixing. The LEP-2 mass
limit from direct search of H+ → τ+ν events is also shown for comparison [109]. There is no limit
from Tevatron in the moderate tanβ region shown in Fig. 4.18.

One sees from Fig. 4.18 that even the most conservative MSSM limit implies H± mass ≥ 150
GeV (175 GeV) for tanβ ≤ 6 (4). In contrast in the NMSSM one can have a H± mass <∼ 120 GeV
over this moderate tan β region, going down to the direct LEP-2 limit of 86 GeV at tan β ' 2. Note
however that requiring that the effective µ parameter µeff = 〈S〉λ be greater than 100 GeV, as favored
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Table 4.8: Examples of dominantH± → WA0
1 decay in the NMSSM. These decay branching fractions are shown

along with the Higgs boson masses and the other model parameters.

tanβ MH+ MA1 BA1 λ, κ x = vs/
√

2, Aλ, Aκ
(GeV) (GeV) (%) (GeV)

2 147 38 94 0.45, −0.69 224, −8, 2
3 159 65 83 0.33, −0.70 305, 40, 38
4 145 48 89 0.28, −0.70 563, 170, 85
5 150 10 91 0.26, −0.54 503, 109, 38

by the LEP chargino search, increases this mass limit to >∼ 120 GeV [47]. The steep vertical rise at left
reflects the well-known fixed-point solution at tan β = 1.55, where the top Yukawa coupling blows up at
the GUT scale. Thus allowing for possible intermediate scale physics one can evade the steep NMSSM
mass limit at low tan β [149]. In contrast the MSSM limit holds independent of any intermediate scale
physics ansatz.

We have investigated the neutral scalar and pseudoscalar Higgs spectrum of the NMSSM, when
the H± lies near its lower mass limit (MH+ ' 120 GeV). The lightest scalar is dominantly singlet
(MH1 ' 100 GeV), while the doublet scalars are relatively heavy (MH2,3 > 120 GeV). On the other
hand there is often a light pseudoscalar (MA0

1
' 50 GeV) with a very significant doublet component.

Consequently a light charged Higgs boson of mass ' 120 GeV is expected to decay dominantly via
the standard H+ → τ+ν mode. Thus one can probe this mass range via the t → bH+ → bτ+ν
channel at Tevatron and especially at LHC. On the other hand a somewhat heavier charged Higgs boson
(MH± > 130 GeV) can dominantly decay via the H+ → W+ A0

1 channel [144]. In fact this seems to
be a very favorable channel to probe for not only H+ but also a light A0 in the moderate tan β region,
where the A0 is expected to decay mainly in to the bb̄ or τ+τ− mode. Table 4.8 shows some illustrative
samples of NMSSM Higgs spectra where H+ decays dominantly into the W+A0

1 mode. These results
are obtained by scanning the NMSSM parameter space. Note that in each case the effective µ parameter
µeff = λ〈S〉 is greater than 100 GeV as favored by the LEP chargino limit. The decay branching
fractions are shown along with the Higgs boson masses and the other model parameters.

4.9.2 Light H± in the CP-violating MSSM

Interestingly one can have a similar signal in the CP violating MSSM due to large scalar-pseudoscalar
mixing. The CP-violating MSSM allows existence of a light neutral Higgs boson (MH1

<∼ 50 GeV) in
the CPX scenario in the low tanβ( <∼ 5) region, which could have escaped the LEP searches due to a
strongly suppressed H1ZZ coupling. The light charged H+ decays dominantly into the WH1 channel
giving rise to a striking tt̄ signal at the LHC, where one of the top quarks decays into the bbb̄W channel,
via t → bH±,H± → WH1 and H1 → bb̄. The characteristic correlation between the bb̄, bb̄W and
bbb̄W invariant mass peaks helps reduce the SM background, drastically [62]. Note that this signal is
identical to the NMSSM case discussed above.

As already mentioned, a combined analysis of all the LEP results, shows that a light neutral Higgs
is still allowed in the CPX [150] scenario in the CPV-MSSM. The experiments provide exclusion regions
in the MH1 − tan β plane for different values of the CP-violating phase, with the various parameters
taking value as given in the CPX scenario in Section 3.1, Eq. (3.13). Combining the results of Higgs
searches from ALEPH, DELPHI, L3 and OPAL, the authors in Ref. [50, 151] have provided exclusion
regions in the MH1–tan β plane as well as in the MH+–tan β plane. A more recent analysis of the LEP
exclusion limits is given in Section 3.2 of this report. While the exact exclusion regions differ somewhat
in the three analysis they all show that for phases ΦCP = 90◦ and 60◦ LEP cannot exclude the presence
of a light Higgs boson at low tanβ, mainly because of the suppressed H1ZZ coupling. The analysis

238

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

238



Table 4.9: Range of values for BR (H+ → H1W
+) and BR (t→ bH+) for different values of tanβ corresponding

to the LEP allowed window in the CPX scenario, for the common phase ΦCP = 90◦, along with the corresponding
range for the H1 and H+ masses. The quantities in the bracket in each column give the values at the edge of the
kinematic region where the decay H+ → H1W

+ is allowed.

tanβ 3.6 4 4.6 5
Br(H+ → H1W

+)[%] > 90 (87.45) > 90 (57.65) > 90 (50.95) > 90 (46.57)
Br(t→ bH+)[%] ∼ 0.7 0.7 – 1.1 0.9 – 1.3 1.0 – 1.3
MH+ [GeV] < 148.5 (149.9) < 139 (145.8) < 130.1 (137.5) < 126.2 (134)
MH1 [GeV] < 60.62 (63.56) < 49.51 (65.4) < 36.62 (57.01) < 29.78 (53.49)

of Ref. [50] further shows that in the same region the H1tt̄ coupling is suppressed as well. Thus this
particular region in the parameter space can not be probed either at the Tevatron where the associated
production W/ZH1 mode is the most promising one; neither can this be probed at the LHC as the reduced
tt̄H1 coupling suppresses the inclusive production mode and the associated production modes W/ZH1

and tt̄H1, are suppressed as well. This region of Ref. [50] corresponds to tan β ∼ 3.5 − 5,MH+ ∼
125 − 140 GeV, MH1

<∼ 50 GeV and tanβ ∼ 2 − 3,MH+ ∼ 105 − 130 GeV,MH1
<∼ 40 GeV, for

ΦCP = 90◦ and 60◦ respectively. In the same region of the parameter space where H1ZZ coupling is
suppressed, the H+W−H1 coupling is enhanced because these two sets of couplings satisfy a sum-rule.
Further, in the MSSM a light pseudo-scalar implies a light charged Higgs, lighter than the top quark.

Table 4.9 shows the behaviour of the MH+ , MH1 and the BR (H+ → H1W
+), for values of

tan β corresponding to the above mentioned window in the tanβ–MH1 plane, of Ref. [50]. It is to be
noted here that indeed the H± is light (lighter than the top) over the entire range, making its production
in t decay possible. Further, the H± decays dominantly into H1W , with a branching ratio larger than
47% over the entire range where the decay is kinematically allowed, which covers practically the entire
parameter range of interest; viz. MH1 < 50 GeV for ΦCP = 90◦. It can be also seen from the table
that the BR(H± → H1W ) is larger than 90% over most of the parameter space of interest. So not
only that H+ can be produced abundantly in the t decay giving rise to a possible production channel of
H1 through the decay H± → H1W

±, but this decay mode will be the only decay channel to see this
light (MH± < Mt) H

±. The traditional decay mode of H± → τν is suppressed by over an order of
magnitude and thus will no longer be viable. Thus the process

pp→

-

t

b

-

H+

-

W

`ν(qq̄) -

H1

bb̄

+

-

t̄

b̄

-

W

qq̄(`ν)

+ X

allows a probe of both the light H1 and a light H± in this parameter window in the CP-violating MSSM
in the CPX scenario.

As can be seen from the Fig. 4.19 the largest signal cross-section case is ∼ 38 fb and the signal
cross-section is >∼ 20 fb for MH1

>∼ 15 GeV. It is clear from the right panel of the Fig. 4.19, that there
is simultaneous clustering in the mbb̄ distribution around ' MH1 and in the mbb̄W distribution around
MH± . This clustering feature can be used to distinguish the signal over the standard model background.
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Fig. 4.19: Variation of the cross-section with MH+ for four values of tanβ = 3.6, 4, 4.6 and 5 is shown in the
left panel, for the CP-violating phase ΦCP = 90◦. These numbers should be multiplied by ∼ 0.5 to get the
signal cross-section to take into account the b�tagging ef�ciency. The right panel shows the mbb̄,mbb̄W and the
mbb̄Wb = Mt invariant mass distributions, for this choice of CP-violating phase and tanβ = 5,MH+ = 133

GeV, corresponding to a light neutral Higgs H1 with mass MH1 = 51 GeV Mt,MW mass window cuts have been
applied [62].

As a matter of fact the estimated background to the signal coming from the QCD production of tt̄bb̄ once
all the cuts (including the mass window cuts) are applied, to the signal type events is less than 0.5 fb,
in spite of a starting cross-section of 8.5 pb. The major reduction is brought about by requiring that the
invariant mass of the bbbW be within 25 GeV of Mt.

4.9.3 Summary

Thus in conclusion, both in the NMSSM and in the CPV-MSSM the moderately light charged Higgs
that is allowed at moderately low values of tan β, provides interesting and novel phenomenology at the
LHC.
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5 THE MSSM WITH R-PARITY VIOLATION

5.1 Introduction
Marc Besançon and Werner Porod

5.1.1 Explicit R-parity violation

The Standard Model conserves baryon number B and lepton number L separately at the perturbative
level. On the contrast, its minimal supersymmetric extension does allow for the breaking of B and L if
one requires ’only’ gauge invariance and supersymmetry. The case of lepton number violation is easily
seen by noting that the Higgs superfield Ĥd and the lepton superfields L̂i have the same gauge quantum
numbers and differ only by lepton number. The most general superpotential containing only the SM
fields and being compatible with its gauge symmetry GSM = SU(3)c × SU(2)L × U(1)Y is given
as [1, 2]:

W = WMSSM +WRp/ , (5.1)

WMSSM = hijEL̂iĤdÊ
c
j + hijDQ̂iĤdD̂

c
j + hijU Q̂iĤuÛ

c
j − µĤdĤu , (5.2)

WRp/ =
1

2
λijkL̂iL̂jÊ

c
k + λ′ijkL̂iQ̂jD̂

c
k +

1

2
λ′′ijkÛ

c
i D̂

c
jD̂

c
k + εiL̂iĤu , (5.3)

i, j, k = 1, 2, 3 are generation indices. L̂i (Q̂i) are the lepton (quark) SU(2)L doublet superfields. Êcj
(D̂c

j , Û
c
j ) are the electron (down- and up-quark) SU(2)L singlet superfields. λijk, λ′ijk, and λ′′ijk are

dimensionless Yukawa couplings whereas the εi are dimensionful mass parameters. Gauge invariance
implies that the first term inWRp/ is anti-symmetric in {i, j} and the third one is anti-symmetric in {j, k}.
Equation (5.3) thus contains 9 + 27 + 9 + 3 = 48 new terms beyond those of the MSSM. Once lepton
number is broken, it is obvious from Eqs. (5.2) and (5.3) the MSSM seems to consist of three quark
superfields, five SU(2) doublet Higgs superfields and three charged SU(2) singlet Higgs superfields as
there are no means to distinguish between lepton and Higgs superfields. From this point of view, the
known charged and neutral leptons are higgsinos.

The simultaneous appearance of lepton and baryon number breaking terms leads in general to a
phenomenological catastrophe if all involved particles have masses of the order of the electroweak scale:
rapid proton decay [1,2]. To avoid this problem a discrete multiplicative symmetry, called R-parity (Rp),
had been invented [3] which can be written as

Rp = (−1)3B+L+2S , (5.4)

where S is the spin of the corresponding particle. For all superfields of MSSM, the SM field hasRp = +1
and its superpartner has Rp = −1, e.g. the electron has Rp = +1 and the selectron has Rp = −1. In this
way all terms in Eq. (5.3) are forbidden and one is left with the superpotential given in Eq. (5.2).

Recent neutrino experiments have shown that neutrinos are massive particles which mix among
themselves (for a review see e.g. [4]). In contrast to leptons and quarks, neutrinos need not to be Dirac
particles but can be Majorana particles. In the latter case the Lagrangian contains a mass term which
violates explicitly lepton number by two units. This motivates one to allow the lepton number breaking
terms in the superpotential in particular as they automatically imply the existence of massive neutrinos
without the need of introducing right-handed neutrinos [5]. The λ′′ terms can still be forbidden by a
discrete symmetry which transforms (Û c, D̂c, Q̂) into (−Û c, −D̂c, −Q̂) while leaving the other fields
unchanged. Breaking lepton number has two interesting consequences for the phenomenology of Higgs
bosons in supersymmetric theories: (i) the Higgs bosons can mix with the sleptons and (ii) Higgs cascade
decays into SUSY particles get altered.

Let us briefly comment on the number of free parameters before discussing the phenomenology
in more detail. The last term in Eq. (5.3), L̂iĤu, mixes the lepton and the Higgs superfields. In super-
symmetry L̂i and Ĥd have the same gauge and Lorentz quantum numbers and we can redefine them by
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a rotation in (Ĥd, L̂i). The terms εiL̂iĤu can then be rotated to zero in the superpotential [5]. However,
there are still the corresponding terms in the soft supersymmetry breaking Lagrangian

VRp/ ,soft = BiεiL̃iHu (5.5)

which can only be rotated away ifBi = B andM 2
Hd

= M2
L,i [5]. Such an alignment of the superpotential

terms with the soft breaking terms is not stable under the renormalization group equations [6]. Assuming
an alignment at the unification scale, the resulting effects are small [6] except for neutrino masses [6–10].
Models containing only bilinear terms do not introduce trilinear terms as can easily be seen from the fact
that bilinear terms have dimension mass whereas the trilinear are dimensionless. For this reason we will
keep in the following explicitly the bilinear terms in the superpotential.

The presence of the bilinear terms in the soft SUSY breaking potential, Eq. (5.5), implies that not
only the usual Higgs bosons get vacuum expectations values (vevs) but also the sneutrinos (for details
see [10–12]). As a consequence the neutral Higgs bosons mix with the sneutrinos resulting in five neutral
scalar bosons and four neutral pseudoscalar bosons. In addition the charged Higgs boson mixes with the
charged sleptons resulting in seven charged states, S±i (i = 1, ..7). In the following we will simplify the
notation by denoting the particles with their MSSM notation indicating their main particle content. The
complete set of the corresponding mass matrices is given in ref. [10]. The mixing between sleptons and
Higgs bosons leads to additional decay modes for the Higgs bosons [13]:

φ → νχ̃0
i , l±χ̃∓k , ν̄ν (5.6)

H+ → l+χ̃0
i , νχ̃+

k , (5.7)

where φ denotes h0, H0 and A0. Moreover, there is the possibility of associate production of Higgs
bosons together with sleptons or slepton-strahlung of t-quarks (in analogy to Higgs-strahlung) as dis-
cussed in Section 5.4. Also the sleptons have additional decay modes compared to the MSSM:

ν̃ → qq̄ , l+l− , νν̄ (5.8)

l̃ → l+ν , qq̄′ , (5.9)

e.g. the sleptons have the same signatures apart from the νν̄ channel as the usual Higgs bosons if the
R-parity violating decay modes dominate. We want to stress here again, that although we use the MSSM
symbols, Higgs bosons and sleptons mix and that the sleptons have to be considered as additional Higgs
bosons once lepton number is broken.

How large can the branching ratio for those decay modes be? To answer this question one has
to take into account existing constraints on R-parity violating parameters from low energy physics. As
most of them are given in terms of trilinear couplings, we will work in the “ε-less” basis, e.g. rotate
away the bilinear terms in the superpotential Eq. (5.3). Therefore, the trilinear couplings get additional
contributions. Assuming, without loss of generality, that the lepton and down type Yukawa couplings are
diagonal they are given to leading order in εi/µ as [14–16]:

λ′ijk → λ′ijk + δjkhdk
εi
µ

(5.10)

and

λijk → λijk + δλijk, (5.11)

δλ121 = he
ε2
µ
, δλ122 = hµ

ε1
µ
, δλ123 = 0

δλ131 = he
ε3
µ
, δλ132 = 0, δλ133 = hτ

ε1
µ

δλ231 = 0, δλ232 = hµ
ε3
µ
, δλ233 = hτ

ε2
µ
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Table 5.1: R-parity violating decays of sfermions via trilinear 6Rp operators λLiLjEck, λ′LiQjDc
k and λ′′U ciD

c
jD

c
k.

Supersymmetric Couplings
particles λ λ′ λ′′

ν̃i,L `+j,L`
−
k,R d̄j,Ldk,R

l̃−i,L ν̄j,L`
−
k,R ūj,Ldk,R

l̃−k,R νi,L`
−
j,L , `−i,Lνj,L

ũi,R d̄j,Rd̄k,R
ũj,L `+i,Ldk,R
d̃j,L ν̄i,Ldk,R
d̃k,R νi,Ldj,L, `

−
i,Luj,L ūi,Rd̄j,R

where we have used the fact that neutrino physics requires |εi/µ| � 1 [10]. An essential point to notice
is that the additional contributions in Eqs. (5.10) and (5.11) follow the hierarchy dictated by the down
quark and charged lepton masses of the standard model.

A comprehensive list of bounds on various R-parity violating parameters can be found in [17].
However, there the recent data from neutrino experiments like Super-Kamiokande [18], SNO [19] and
KamLAND [20] are not taken into account. These experiments yield strong bounds on trilinear couplings
involving the third generation [21,22]. In addition also the sneutrino vevs are constrained by neutrino data
[10,21]. Most of the trilinear couplings have a bound of the order (10−2−10−1)∗mf̃/(100GeV ) where
mf̃ is the mass of the sfermion in the process under considerations. The cases with stronger limits are:
|λ′111| <∼ O(10−4) due to neutrinoless double beta decay and |λi33| ' 5|λ′i33| ' O(10−4) due to neutrino
oscillation data. Moreover, neutrino oscillation data imply |µ2(v2

1 +v2
2 +v2

3)/det(Mχ0)| <∼ 10−12 where
vi are the sneutrino vevs and det(Mχ0) is the determinant of the MSSM neutralino mass matrix.

In particular the last constraint implies that in general there is only a small mixing between sleptons
and Higgs bosons and usually the R-parity violating decay modes of both, Higgs bosons and sleptons,
have only tiny branching ratios of the order 10−6 and below. One exception is if by chance a Higgs
boson is nearly mass degenerate with one of the sleptons which requires quite some fine-tuning. The
other exception is if all R-parity conserving decay modes are kinematically forbidden. This can occur if
either the sneutrinos or the right sleptons are the lightest supersymmetric particles (LSPs), which will be
discussed in detail in Section 5.2. The case of left-slepton LSPs is practically excluded as the sneutrinos
are always lighter provided tan β ≥ 1. In the case of sneutrino LSPs one finds the usual MSSM but
misses the ordinary sneutrinos and finds instead additional neutral states behaving nearly like neutral
doublet Higgs bosons [16,23]. The two main differences are: (i) The existence of lepton flavour violating
decays modes such as ν̃τ → e±τ∓ which are sizable. (ii) The invisible decay mode into ν̄ν, which turns
out to be small with branching ratios in the order of 10−4. In the case of charged slepton LSPs the
situation is reverse: one finds the MSSM sneutrinos but misses the right sleptons and finds instead three
additional electrically charged but SU(2) singlet Higgs bosons [24,25]. In both cases one finds that either
sneutrinos or charged sleptons have in general couplings to quarks and leptons proportional to the usual
Yukawa couplings. The main effect of additional trilinear couplings is to change the SM hierarchy of the
couplings enhancing in particular those couplings containing only first and second generation indices.

A further aspect of R-parity violation is that the LSP becomes unstable1 . This is important for the
Higgs sector if the Higgs bosons have sizable decay modes into SUSY particles. For R-parity violating
couplings larger than O(10−8 − 10−6) these decays can be observed in a typical O(10)m diameter

1As a side remark we note that it has been shown that a LSP cannot be considered as a cold dark matter candidate in the
presence of a single 6Rp coupling with value even as small asO(10−20). The only exception is the case of a light gravitino LSP
with a mass in the order of 100 eV with a life-time in the order 1075 Hubble times [27, 28].
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Table 5.2: R-parity violating decays of neutralinos and charginos with trilinear 6Rp operators λLiLjEck, λ′LiQjDc
k

and λ′′U ciD
c
jD

c
k (from [26]).

Supersymmetric Couplings
particles λijk λ′ijk λ′′ijk
χ̃o `+i ν̄j`

−
k , `

−
i νj`

+
k , `+i ūjdk , `

−
i uj d̄k, ūid̄j d̄k , uidjdk

ν̄i`
+
j `
−
k , νi`

−
j `

+
k ν̄id̄jdk , νidj d̄k

χ̃+ `+i `
+
j `
−
k , `

+
i ν̄jνk `+i d̄jdk , `

+
i ūjuk uidjuk , uiujdk

ν̄i`
+
j νk , νiνj`

+
k ν̄id̄juk , νiuj d̄k d̄id̄j d̄k

collider experiment. In the range up to O(10−5 − 10−4) for those couplings displaced vertices can be
observed. The LSP decays are important in those cases where the usual MSSM Higgs bosons have sizable
branching ratios in SUSY particles, e.g. decays like A0 → χ̃0

i χ̃
0
k. In models with conserved R-parity

such decays contain large missing momenta as part of their signatures as the LSP, usually the lightest
neutralino, escapes detection. In the case of R-parity violation several things change, e.g. all particles
can be the LSPs. Tables 5.1 and 5.2 list the R-parity violating final states induced by trilinear couplings
of all particles which have tree-level couplings to Higgs bosons. All lepton number violating final states
are also induced by sneutrino vevs. The sneutrino vevs induce additional decay modes: χ̃0

1 → W±l∓,
χ̃0

1 → Zν, χ̃0
1 → h0ν, ν̃ → νν, ν̃ → tt̄, and χ̃+

1 → W+ν. Several of the R-parity violating decay
channels do not have the usual missing energy signal. In other cases it is considerably reduced as the
neutrinos carry in average less missing energy compared to neutralinos. R-parity violation implies an
enhancement of jet and lepton multiplicities in the final states. For all these reasons decays of Higgs
bosons into SUSY particle will look completely different if R-parity is broken compared to the case
where it is conserved. Further detailed discussions of R-parity violating decays of SUSY particles can be
found in [26,29] for the case of trilinear R-parity violation and in [23,24,28,30,31] for bilinear R-parity
violation.

5.1.2 Spontaneous R-parity violation

Up to now we have only considered explicit R-parity violation keeping the particle content of the MSSM.
In the case that one enlarges the spectrum by gauge singlets one can obtain models where lepton number
and, thus, R-parity is broken spontaneously together with SU(2) ⊗ U(1) [32–36]. A second possibility
to break R-parity spontaneously is to enlarge the gauge symmetry [37].

The most general superpotential terms involving the Minimal Supersymmetric Standard Model
(MSSM) superfields in the presence of the SU(2)⊗ U(1) singlet superfields (ν̂ ci , Ŝi, Φ̂) carrying a con-
served lepton number assigned as (−1, 1, 0), respectively, is given as [38]

W = εab

(
hijU Q̂

a
i ÛjĤ

b
u + hijDQ̂

b
iD̂jĤ

a
d + hijEL̂

b
iÊjĤ

a
d + hijν L̂

a
i ν̂

c
jĤ

b
u− µ̂Ĥa

d Ĥ
b
u− h0Ĥ

a
d Ĥ

b
uΦ̂
)

+ hijΦ̂ν̂ci Ŝj +M ij
R ν̂

c
i Ŝj +

1

2
MΦΦ̂2 +

λ

3!
Φ̂3 (5.12)

The first three terms together with the µ̂ term define the R-parity conserving MSSM, the terms in the
second line only involve the SU(2) ⊗ U(1) singlet superfields (ν̂ ci , Ŝi, Φ̂), while the remaining terms
couple the singlets to the MSSM fields. For completeness we note, that lepton number is fixed via the
Dirac-Yukawa hν connecting the right-handed neutrino superfields to the lepton doublet superfields. For
simplicity we assume in the discussion below that only one generation of (ν̂ ci , Ŝi) is present.

The presence of singlets in the model is essential in order to drive the spontaneous violation of
R-parity and electroweak symmetries in a phenomenologically consistent way. As in the case of explicit
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R-parity violation all sneutrinos obtain a vev beside the Higgs bosons as well as the S̃ field and the singlet
field Φ. For completeness we want to note that in the limit, that all sneutrino vevs vanish and all singlets
carrying lepton number are very heavy one obtains the NMSSM as an effective theory. The spontaneous
breaking of R-parity also entails the spontaneous violation of total lepton number. This implies that
one of the neutral CP–odd scalars, which we call majoron J and which is approximately given by the
imaginary part of ∑

i v
2
i

V v2
(vuH

0
u − vdH0

d) +
∑

i

vi
V
ν̃i +

vS
V
S − vR

V
ν̃c (5.13)

remains massless, as it is the Nambu-Goldstone boson associated to the breaking of lepton number. vR
and vS are the vevs of ν̃c and S̃, respectively and V =

√
v2
R + v2

S . Clearly, the presence of these
additional singlets enhances further the number of neutral scalar and pseudoscalar bosons. Explicit
formulas for the mass matrices of scalar and pseudoscalar bosons can be found e.g. in [39].

The presence of the singlet fields implies in many respects similar features to the addition of
the singlet Higgs in the NMSSM, see Section 4, e.g. the Higgs bosons have reduced couplings to the
Z-boson:

LZZH =
8∑

i=1

(
√

2GF )1/2M2
ZZµZ

µ ηiH
0
i . (5.14)

In the basis (Re(H0
1 ), Re(H0

2 ), Re(ν̃i), Re(ν̃c), Re(S),Re(Φ)), the ηi read as:

ηi =
vd
v
RS

0

i1 +
vu
v
RS

0

i2 +
3∑

j=1

vj
v
RS

0

ij+2 (5.15)

where RS
0

is the 8 × 8 mixing matrix of the neutral scalars. As a consequence the production cross
section e+e− → H0

i Z can be reduced compared to the MSSM implying that one gets weaker bounds
from the LEP data. Another feature similar to the NMSSM is that there is an upper bound on the mainly
doublet Higgs boson of 150 GeV. Further details are discussed in Section 5.3.

The case of an enlarged gauge symmetry can be obtained for example in left-right symmetric
models, e.g. with the gauge group SU(2)L × SU(2)R × U(1)B−L [37]. Additional details on extra
gauge groups can be found in Section 6. The corresponding superpotential is given by:

W = hφQQ̂
T
Liτ2φ̂Q̂

c
R + hχQQ̂

T
Liτ2χ̂Q̂

c
R

+hφLL̂
T
Liτ2φ̂L̂

c
R + hχLL̂

T
L îτ2χ̂L̂

c
R + h∆L̂

cT
R iτ2∆̂L̂cR

+µ1Tr(iτ2φ̂
T iτ2χ̂) + µ2Tr(∆̂δ̂), (5.16)

where the Higgs sector consists of two triplet and two bi-doublet Higgs superfields with the following
SU(2)L × SU(2)R × U(1)B−L quantum numbers:

∆̂ =

(
∆̂−/
√

2 ∆̂0

∆̂−− −∆̂−/
√

2

)
∼ (1,3,− 2),

δ̂ =

(
δ̂+/
√

2 δ̂++

δ̂0 −δ̂+/
√

2

)
∼ (1,3,2),

φ̂ =

(
φ̂0

1 φ̂+
1

φ̂−2 φ̂0
2

)
∼ (2,2,0), χ̂ =

(
χ̂0

1 χ̂+
1

χ̂−2 χ̂0
2

)
∼ (2,2,0). (5.17)

In the fermion sector the ‘right-handed’ matter superfields are combined to SU(2)R doublets which
requires the existence of right-handed neutrinos. The corresponding superfields are denoted by Q̂cR and
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L̂cR for quark and lepton superfield respectively. Also in this case all neutral components of the Higgs
fields and all sneutrinos get vevs. However, the majoron now becomes the longitudinal component of the
extra Z ′ gauge boson.

Looking at the decays of the Higgs bosons, one has to distinguish two scenarios: (i) Lepton number
is gauged and, thus, the majoron becomes the longitudinal part of an additional neutral gauge boson.
(ii) The majoron remains a physical particle in the spectrum. In the first case one has a situation similar
to the case of explicit R-parity violation augmented with the possibilities of the NMSSM. There are for
example regions in the parameter space where the scalar Higgs, which is mainly a doublet, decays into
two pseudoscalar singlet Higgs bosons yielding e.g.

H0
1 → A0

1A
0
1 → bb̄bb̄ . (5.18)

In the case of the enlarged gauge group there are additional doubly charged Higgs bosons H−−i which
have lepton number violating couplings. In e−e− collisions they can be produced according to

e−e− → H−−i (5.19)

and have decays of the type

H−−i → H−j H
−
k (5.20)

H−−i → l−j l
−
k (5.21)

where l denotes e, µ and τ . Further details on the phenomenology of doubly charged Higgs bosons can
be found in Section 13.

The second case, where the majoron is part of the spectrum, leads to additional decay modes of
the Higgs bosons. For example, the scalar Higgs bosons can decay according to

H0
i → A0

j J (5.22)

H0
i → J J (5.23)

Note, that the later one is completely invisible. It has been shown that there is a sizable region in
parameter space with a light scalar Higgs boson which is mainly a doublet and which decays mainly into
the invisible mode above [38, 39]. The existence of the majoron leads also to new decay modes of the
pseudoscalar Higgs bosons:

A0
i → H0

j J (5.24)

A0
i → J J J . (5.25)

The later one is also completely invisible. However, either the production of the decaying pseudoscalar
boson or the branching ratio into the invisible state are quite suppressed as discussed in Section 5.3.
Therefore, this mode is phenomenologically less important than the decay H 0

i → J J .

For the decays of supersymmetric particles the same general statements hold as for the Higgs
bosons. In case (i) from above, the phenomenology is similar to the case of explicit R-parity breaking.
The main difference is the existence of additional singlet neutralinos and/or gauginos which can be
produced in the various cascade decays. In the case that all these singlet states turn out to be much
heavier than the MSSM states one ends up with the bilinear model of R-parity breaking. In the case that
the majoron is present, charginos and neutralinos have additional decay modes:

χ̃+
i → J l+ (5.26)

χ̃0
j → J ν . (5.27)

The latter one is completely invisible. In the case that it dominates one recovers the usual missing energy
of the MSSM although R-parity is broken. Further details on the phenomenology of SUSY particles in
models with spontaneously broken R-parity can be found e.g. in [40, 41].
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5.1.3 Constraints from colliders

A brief summary of the constraints on R-parity violation couplings from low energy effects has been
given in Section 5.1.1 and we refer the reader to [26] for a more detailed review. In the following we focus
on direct searches at colliders in models with broken R-parity, which have been carried by HERA, LEP
and Tevatron collaborations over the past decade. The pair production of supersymmetric particles with
the usual R-parity conserving supersymmetric couplings followed by direct or indirect decays involving
R-parity violating couplings as well as singly produced supersymmetric particles involving directly the
R-parity violating couplings (followed again by direct or indirect decays) have been extensively searched
for. No evidence for supersymmetry with R-parity violation have been found at those colliders.

Constraints have been set on the masses of supersymmetric particles produced in pair where it
has been assumed that the effect of the R-parity violating couplings is only important in the decays. An
example for these constraints is shown in Table 5.3 for pair produced sfermions at LEP from [42–45]. In
the case of the lower limits on the mass of ẽR and ν̃e the Aleph collaboration assumes µ = −200 GeV
and tan β = 2. For the lower limits for indirect decays m l̃,ν̃ −mχ̃ > 10 GeV is assumed for the λ′′ijk
couplings. The lower limit on the t̃L mass (for direct decay) is obtained assuming BR(t̃L → qτ) = 1.
The Delphi collaboration takes µ = −200 GeV, tanβ = 1.5 and mf̃ − mχ̃0

1
≥ 5 GeV. They also

assume the lower mass limit on the lightest neutralino. The t̃1 and b̃1 limits from L3 are derived for a
squark mixing angle minimizing the cross-section. The Opal collaboration take mχ̃0

1
= 10 GeV to derive

the lower limits on charged sleptons and refer to l̃R (l̃L) for the indirect (direct) decays. In case of the
sneutrinos (indirect decays) mχ̃0

1
is set to 60 GeV. The limit on t̃L assumes i = 3 (for i = 1, 2 this limit

rises to 100 GeV). Moreover, for large sfermion masses an absolute limit of 103 GeV has been set on
the chargino mass by the Aleph collaboration [42], irrespective of the R-parity violating coupling. The
Delphi collaboration [43] has set a lower limit of 39.5 GeV (103 GeV) formχ̃0

1
(mχ̃+

1
) for λijk couplings.

For λ′′ijk these lower limits are 38.0 GeV and 102.5 GeV, respectively

Squark pair production and gluino pair production have been considered by CDF and D0. For
example, a lower limit on the stop mass of 122 GeV has been set assuming BR( t̃1 → bτ) = 1 [46].
The CDF collaboration [47] considered the processes pp̄ → g̃g̃ → cc̃cc̃ → c(e±d)c(e±d) and pp̄ →
d̃ ˜̄q → qχ̃0

1q̄χ̃
0
1 → q(ce±d)q̄(ce±d) taking only λ′121 to be non-zero. This resulted into the constraint

σ×B > 0.18 pb for the c̃ search and into lower limits on squark masses i.e. 260 GeV for mass degenerate
squarks and 135 GeV for t̃1 assuming mg̃ = 200 GeV and a heavy χ̃0

1. The D0 collaboration [48]
considered gluino and squark cascade decay till the lightest neutralino and then lightest neutralino decay
via λ′2jk with j = 1, 2 and k = 1, 2, 3. They obtained a lower limit on squark masses of 240 GeV
independent ofmg̃ and a lower limit onmg̃ of 224 GeV for all squark masses. In the case ofmg̃ = mtildeq

a lower limit of 265 GeV has been obtained. In all cases tanβ = 2,A0 = 0 and µ < 0 has been assumed.
The D0 collaboration [49] has also searched for gauginos pair production followed by decays mediated
by the λ121 and λ122 couplings which allows one to exclude a large region of the parameter space for
coupling values of the order of 10−4.

R-parity violation allows for the possibility of singly produced supersymmetric particles. For ex-
ample the Delphi collaboration [50] has searched for resonant sneutrino production and decay involving
the λ121 and λ131 couplings. The obtained constrained on these couplings are in the order of 2-3 ·10−3

for 180 GeV ≤ mν̃ ≤ 208 GeV. The e±p HERA collider is ideally suited to the search for single squark
production involving λ′ couplings. For example the H1 collaboration [51,52] (see also [53]) has excluded
large regions of the planes (λ′1j1, mq̃) for j=1,2,3, e.g. λ′1j1 <∼ 10−2 for mq̃ <∼ 200 GeV, |µ| ≤ 300 GeV,
70 GeV ≤ M2 ≤ 350 and tanβ = 6. The CDF collaboration [54] has searched for single sneutrino
production and direct decays via λ′ leading to eµ (respectively eτ and τµ) final states which resulted
into the lower limits σ × B > 0.14 pb (respectively 1.2 pb and 1.9 pb). The D0 collaboration [55] has
searched for resonant smuon and muon sneutrino single production via λ′211 and has put lower limits of
280 GeV on the corresponding masses.
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Table 5.3: Lower limits at the 95% confidence level on the masses of sleptons (unit GeV) from LEP assuming
pair production followed by direct or indirect decay involving the R-parity violating couplings λijk , λ′ijk and λ′′ijk
from [42–45]. The acronyms A, D, L and O indicate respectively the Aleph, Delphi, L3 and Opal collaborations.
Details on the various assumptions are given in the text.

λijk λ′ijk λ′′ijk
direct indirect direct indirect direct indirect

ẽ A (ẽR) 96.0 96.0 93.0 94.0
D (ẽR) 95.0 92.0
L (ẽR) 69.0 79.0 96.0
O 89.0 99.0 89.0 92.0

µ̃ A (µ̃R) 87.0 96.0 81.0 (µ̃L) 90.0 85.0
D (µ̃R) 90.0 87.0
L (µ̃R) 61.0 87.0 86.0
O 74.0 94.0 75.0 87.0

τ̃ A (τ̃R) 87.0 95.0 76.0 70.0
D (τ̃R) 90.0
L (τ̃R) 61.0 86.0 75.0
O 74.0 92.0 75.0

ν̃e A 100.0 98.0 91.0 88.0
D 96.0 98.0
L 95.0 99.0 99
O 89.0 95.0 89.0 88.0

ν̃µ A 90.0 89.0 79.0 78.0 65.0
D 83.0 85.0
L 65.0 78.0 70.0
O 79.0 81.0 74.0

ν̃τ A 89.0 78.0 65.0
D 91.0 85.0
L 65.0 78.0 70.0
O 79.0 81.0 74.0

ũL (u-type) A 82.5
L 87.0 87.0

d̃L (d-type) A 77.0
L 86.0 86.0

t̃ A (t̃L) 91.0 97.0 85.0 71.5
D (t̃L) 92.0 87.0
L (t̃1) 77.0 77.0
O (t̃L) 98.0 88.0

b̃ A (b̃L) 90.0 80.0 71.5
D (b̃L) 78.0
L (b̃1) 55.0 48.0
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5.2 The Higgs sector in models with explicitly broken R-parity
Martin Hirsch and Werner Porod

The down-type Higgs field Ĥd and the left slepton L̂i fields of the MSSM carry the same SU(3) ×
SUL(2) × UY (1) quantum numbers. In models with conserved R-parity they can only be distinguished
by lepton number. Therefore, in models where lepton number and, thus, R-parity is broken these fields
are not distinguishable and the MSSM appears to consist of five Higgs doublets and three electrically
charged but SUL(2) singlet Higgs fields.

The breaking of R-parity can be realized by introducing explicit R-parity breaking terms [5] or by
a spontaneous break-down of lepton number [35]. The first class of models can be obtained in mSUGRA
scenarios where depending on the choice of discrete symmetries various combinations of R-parity vi-
olating parameters are present at the GUT or Planck scale [14]. The latter class of models leads after
electroweak symmetry breaking to effective terms, the so-called bilinear terms, which are a sub-class of
the terms present in the models with explicit R-parity breaking. These bilinear terms have an interesting
feature: They do not introduce trilinear terms when evolved from one scale to another with renormaliza-
tion group equations (RGEs). In contrast, trilinear terms do generate bilinear terms when evolved from
one scale to another.

From the point of view of Higgs physics these bilinear terms have the interesting feature that they
lead to a mixing between the usual Higgs fields and sleptons, more precisely the charged Higgs boson
mixes with the charged sleptons, the real part of the sneutrinos with the neutral scalar Higgs bosons and
the imaginary part of the sneutrinos with the pseudoscalar Higgs boson. Therefore we will concentrate on
the effect of bilinear R-parity breaking terms and comment on the case of additional tri-linear couplings
at the end of this contribution. The model is specified by the following superpotential W and soft SUSY
breaking Lagrangian Vsoft:

W = WMSSM + εiL̂iĤu (5.28)

Vsoft = Vsoft,MSSM +BiεiL̃iHu (5.29)

where WMSSM and Vsoft,MSSM contain the usual MSSM terms. The Bi induce vevs vi for the sneu-
trinos which, however, are not independent quantities. In the following we will trade them against the
Bi and take the vi as free parameters. In the discussion below we will work in the ‘ε-less’ basis pre-
sented in Section 5.1.1. In this basis effective trilinear couplings of the form λijk = (εi/µ) · hjEδjk and
λ′ijk = (εi/µ) · hjDδjk are present, see Eqs. (5.10) and (5.11).

The R-parity violating parameters are constrained due to data from rare decays of leptons and
mesons and other low-energy data. As discussed in Section 5.1.1 the most important ones for this model
arise from the observed neutrino data implying that |εi/µ| ' O(10−3) − O(10−2) and v/M2 ' 10−6

where v =
√
v2

1 + v2
2 + v2

3 . The smallness of these couplings imply that the mixing between sleptons
and Higgs fields is in general small. The largest effects are observable if either the right-sleptons or
the sneutrinos are the lightest supersymmetric particles (the left-sleptons are in general heavier than the
sneutrinos). In the following we will discuss these two cases. Although lepton number is not defined
anymore in this class of models we will nevertheless use the MSSM notation for simplicity.

5.2.1 The charged scalars

In this section we will discuss the case that the right-sleptons are the LSPs. From the experimental point
of view they appear to be charged Higgs bosons decaying mainly into leptons:

l̃R → eν, µν, τν (l = e, µ, τ) (5.30)

where ν denotes the sum over all neutrinos. Decays into quarks are suppressed by the corresponding
left-right mixings and only in case of the right stau one can expect a sizable branching ratios for quark
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Fig. 5.1: Charged slepton decay length as a function of ml̃ at a linear collider with 0.8 TeV c.m.s. energy. From
top to bottom: ẽ (dark, blue), µ̃ (light shaded, green) and τ̃ (medium gray, red).

final states if tan β is sufficiently large.

Before discussing the decays in some detail, let us briefly comment on slepton production at future
collider experiments. Due to the smallness of the R-parity violating couplings the production of super-
symmetric particles is MSSM like. Therefore, at the LHC the direct production of right–sleptons is small,
e.g. about 110 (20) fb if ml̃ ' 100(200) GeV [56]. As a result, they will be produced mainly in cascade
decays. The relative ẽR, µ̃R and τ̃R yields will depend on the details of the cascade decays involved. In
the cascade decays of squarks and the gluino several neutralinos and charginos will be produced. The
gaugino like states will decay into an equal number of ẽR, µ̃R and τ̃R except for kinematics. In partic-
ular the bino-like neutralino is expected to have a large branching ratio into l̃R as these are the particles
with the biggest hypercharge. In the case of higgsino like states the corresponding branching ratios are
proportional to the corresponding Yukawa coupling squared. At a future international linear collider the
sleptons can be directly produced in e+e− annihilation: e+e− → l̃−l̃+. Typical cross sections are of the
order of a 100 fb (10 fb) for ẽ (µ̃ and τ̃ ).

All three sleptons can decay into all charged leptons as can be seen from Eq. (5.30) and, thus,
the question arises if there are any means to distinguish them. It turns out that different generations
of sleptons have quite different life times as discussed in detail in Ref. [24]. In Fig. 5.1 we show the
charged slepton decay lengths (ẽ, µ̃ and τ̃ , from top to bottom) as a function of the scalar lepton masses
performing a scan of the parameter space: 0 ≤ M2 ≤ 1.2 TeV, 0 ≤ |µ| ≤ 2.5 TeV, 0 ≤ m0 ≤ 0.5 TeV,
−3 ≤ A0/m0, B0/m0 ≤ 3 and 2.5 ≤ tan β ≤ 10. The R-parity violating parameters are chosen in such
a way [10] that the neutrino masses and mixing angles are approximately consistent with the experimental
data as described in detail in [24]. As can be seen, all decay lengths are small compared to typical detector
sizes, despite the smallness of the neutrino masses. The three generations of sleptons decay with quite
different decay lengths and thus it should be possible to separate the different generations experimentally
at a future linear collider. Note that the ratio of the decay lengths L(τ̃)/L(µ̃) is approximately given by
(hµ/hτ )2 which can easily be understood from Eq. (5.11).

From Eq. (5.11) one expects that ratios of the branching ratios of the ’flavour’ violating decay
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Fig. 5.2: Ratios of branching ratios for (a) selectrons decays versus (ε2/ε3)2, (b) smuon decays versus (ε1/ε3)2

and (c) stau decays versus (ε1/ε2)2 scanning over the SUSY parameter space. Here ν is the sum over all neutrinos.
From [24].

modes should be proportional to ratios of εi squared:

BR(l̃i → lj
∑

r νr)

BR(l̃i → lk
∑

r νr)
'
ε2j
ε2k

(5.31)

with l1 = e, l2 = µ, l3 = τ and i 6= j 6= k. Moreover, this feature should remain valid after taking into
account all the mixing effects between SM particles and supersymmetric particles as has been shown in
[24] semi-analytically. That this is indeed the case is shown in Fig. 5.2. As can be seen from these figures,
the ratio of charged slepton branching ratios are correlated with the ratios of the corresponding BRpV
parameters εi, following very closely the expectation from Eq. (5.31), nearly insensitive to variation of
the other parameters. Recall, that all the points were generated through a rather generous scan over the
MSSM parameters. Ratios of εi’s should therefore be very precisely measurable. Moreover, since only
two of the three ratios of εi’s are independent it is possible to derive the following prediction:

BR(τ̃1 → e
∑
νi)/BR(τ̃1 → µ

∑
νi)

BR(µ̃1 → e
∑
νi)/BR(µ̃1 → τ

∑
νi)
' BR(ẽ1 → µ

∑
νi)

BR(ẽ1 → τ
∑
νi)

(5.32)

which provides an important cross check of the validity of the bilinear R-parity model. Any significant
departure from this equality would be a clear sign that the bilinear model is incomplete. In the parameter
ranges compatible with neutrino data, it turns out that the branching ratios of ’flavour diagonal’ decay
modes hardly vary with the underlying parameters: BR(τ̃ → τ

∑
i νi) ' BR(µ̃ → µ

∑
i νi) ' 0.5.

The variations are of the order of 1%. The selectrons behave differently due to the smallness of lepton
Yukawa coupling yielding that 0.96 <∼ BR(ẽR → e

∑
i νi) <∼ 0.999.

5.2.2 The neutral scalars

In this section we will discuss the scenario where the sneutrinos are the LSPs. The occurrence of sneu-
trino vevs implies in principle a splitting between real and imaginary parts of the sneutrino in analogy to
the neutral Higgs sector (see e.g. [10] for the corresponding mass formulas). However, as a consequence
of the smallness of the R-parity violating parameters this splitting is well below the expected accuracy of
future collider experiments. Moreover, for the same reason R-parity violating production processes like
e+e− → ZRe(ν̃) have tiny cross sections in the order of 10−5 fb and the branching ratios of charginos
and neutralinos into the real and imaginary parts of the sneutrinos occur with practically the same prob-
ability, e.g. 1 − BR(χ̃ → Re(ν̃))/BR(χ̃ → Im(ν̃)) ' 10−5. For these reasons we will speak of ’the’
sneutrino instead of making the distinction between scalar and pseudoscalar particles.
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Fig. 5.3: Ratio of branching ratios BR(ν̃τ → eτ)/BR(ν̃τ → µτ) versus a) (ε1/ε2)2 and b) tan2 θ�. From
Ref. [16].

In this scenario the trilinear couplings of the sneutrinos to down quarks and charged leptons follow
a hierarchy dictated by the standard model quark and charged lepton masses, see Eqs. (5.10) and (5.11).
One expects therefore that the most important final state for sneutrinos is bb̄, independent of the sneutrino
generation. Electron and muon sneutrinos will decay also to τ τ̄ final states with a relative ratio of

BR(ν̃e,µ → τ τ̄)

BR(ν̃e,µ → bb̄)
' h2

τ

3h2
b (1 + ∆QCD)

(5.33)

independent of all other parameters. Here ∆QCD are the QCD radiative corrections. Decays to µµ̄ (and
non-b jets) final states are suppressed by the corresponding Yukawa couplings squared. From this point
of view they behave as a pure down-type Higgs boson of the MSSM. The two main differences are the
occurrence of the invisible decay mode νν and a small decay width implying a finite decay length as
discussed below.

Tau sneutrinos, on the other hand, will decay to final states eτ and µτ with sizable branching ratios

BR(ν̃τ → eτ)[BR(ν̃τ → µτ)]

BR(ν̃τ → bb̄)
' h2

τ

3h2
b (1 + ∆QCD)

ε21[ε22]

ε23
(5.34)

The above relation allows one to cross check the consistency of the bilinear scenario with neutrino data,
as demonstrated in Fig. 5.3. The current 3σ allowed range for the solar neutrino mixing angle θ� of
0.30 ≤ tan2 θ� ≤ 0.59 fixes BR(ν̃τ → eτ)/BR(ν̃τ → µτ) to be in the range from about 0.55 to about
1.25, as can be seen in Fig. 5.3.

Non-zero sneutrino vevs induce the decay ν̃ → νν, i.e. by measuring non-zero branching ratios for
invisible decays one could establish that sneutrino vevs exist. From the estimate on v

M2
and ε

µ discussed
above one can estimate that branching ratios of sneutrino decays to invisible states should be of the order
O(10−4). Figure 5.4a shows the calculated branching ratios for invisible final states, BR(ν̃i →

∑
νjνk),

as a function of the sneutrino mass. The figure shows that the estimate discussed above is correct within
an order of magnitude. It also demonstrates that for sneutrinos below m ν̃ ≤ 500 GeV one expects
BR(ν̃i →

∑
νjνk) ≥ 10−5 a few events of the form e+e− → ν̃ν̃ → bb̄νν are expected per year at a

future international linear collider with a center of mass energy of 1 TeV.

To measure absolute values of R-parity violating parameters it would be necessary to measure the
decay widths of the sneutrinos. Given the current neutrino data, however, such a measurement seems
to be very difficult for the next generation of colliders. Figure 5.4b shows calculated decay lengths,
assuming a center of mass energy of

√
s = 1 TeV, versus sneutrino mass. The decay lengths are short

compared to sensitivities expected at a future linear collider which are of order 10 µm [57]. One can turn
this argument around to conclude that observing decay lengths much larger than those shown in Fig. 5.4
would rule out explicit R-parity violation as the dominant source of neutrino mass.
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Fig. 5.4: (a) Invisible sneutrino decay branching ratio versus sneutrino mass and (b) sneutrino decay length versus
sneutrino mass. Light (medium, dark) points (green, red, blue) are for ν̃e (ν̃µ, ν̃τ ).

5.2.3 Summary and comments

We have discussed in some detail the Higgs sector in models where R-parity is broken by bilinear terms.
In this class of models the Higgs bosons mix with the slepton fields. However, the bounds on the R-
parity violating parameters due to requirement of correctly explaining the observed neutrino data imply
that large effects occur mainly if one of the following requirements on the SUSY spectrum is fulfilled.

The first possibility is that the right sleptons are the LSPs. In this case their signature is that
of three electrically charged but SUL(2) singlet Higgs bosons decaying into all generations of charged
leptons. Decays into quarks are in general suppressed. An important property of these charged Higgs
bosons is that their life time is quite different and that at least two of them should have a visible decay
length at future collider experiments, see e.g. Fig. 5.1.

The second possibility is that the sneutrinos are the LSPs. In this case their signatures are close to
those expected for the down-type Higgs boson of the MSSM. The main differences are: (i) the occurrence
of the invisible mode νν, (ii) small decay widths resulting in decay lengths of the order µm and (iii) that
one of them has sizable lepton flavour violating decay modes into eτ and µτ .

Let us finally comment on the occurrence of additional trilinear couplings λijk and λ′ijk. Their
main effects are: (i) The hierarchy of the branching ratios discussed above will be distorted in general. (ii)
They can give rise to significantly larger decay widths, in particular if their structure is anti-hierarchical
compared to the usual lepton Yukawa couplings. (iii) The invisible decay mode gets tiny. Corresponding
scenarios are discussed e.g. in Refs. [16, 25].

5.3 Phenomenology of the neutral Higgs sector in a model with spontaneously broken R-parity

Albert Villanova del Moral

Current neutrino data can be explained in the framework of the Spontaneously Broken R-Parity Model
(SBRPM). This model contains a massless Nambu-Goldstone boson associated to spontaneous lepton
number violation called majoron which opens additional invisible decay channels for Higgs bosons. We
analyze the full neutral Higgs boson sector of the model and demonstrate that there is always a neutral
CP-even Higgs boson, whose mass is bounded from above as in the Minimal Supersymmetric Standard
Model, which is copiously produced. Moreover we show that its invisible decay mode to two majorons
can be dominant in some regions of parameter space. We also study the associated channel where a
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neutral CP-odd Higgs boson is produced together with a neutral CP-even one. We show how the lightest
CP-odd Higgs boson can have a sizable production cross section and decay to a neutral CP-even Higgs
boson and a majoron.

5.3.1 The model

The superpotential of this model is given in Eq. (5.12). Note, that if only trilinear terms are non-zero in
the superpotential, this specific realization of the SBRPM would solve the µ-problem in the same way as
the Next to Minimal Supersymmetric Standard Model (NMSSM) [58, 59].

Considering only one generation of the superfields (ν̂ ci , Ŝi) for simplicity, the scalar potential for
the electrically neutral fields reads

Vtotal = |hΦS̃ + hiν ν̃iH
0
u +MRS̃|2 + |h0ΦH0

u + µ̂H0
u|2 + |hΦν̃c +MRν̃c|2

+ | − h0ΦH0
d − µ̂H0

d + hiν ν̃iν̃
c|2 + | − h0H

0
uH

0
d + hν̃cS̃ − δ2 +MΦΦ +

λ

2
Φ2|2

+
3∑

i=1

|hiν ν̃cH0
u|2 +

[
AhhΦν̃cS̃ −Ah0h0ΦH0

uH
0
d +Ahνh

i
ν ν̃iH

0
uν̃

c −Bµ̂H0
uH

0
d

− Cδδ2Φ +BMR
MRν̃cS̃ +

1

2
BMΦ

MΦΦ2 +
1

3!
AλλΦ3 + h.c.

]

+
∑

α

m̃2
α|zα|2 +

1

8
(g2 + g′2)

(
|H0

u|2 − |H0
d |2 −

3∑

i=1

|ν̃i|2
)2
,

(5.35)

where zα denotes any neutral scalar of the model.

As usual, electroweak symmetry is broken by the isodoublet nonzero vacuum expectation values
(vevs)

〈
H0
u

〉
=

vu√
2
,

〈
H0
d

〉
=

vd√
2
. (5.36)

R-parity is broken by the lepton-number-carrying isosinglet vevs

〈S̃〉 =
vS√

2
, 〈ν̃c〉 =

vR√
2
. (5.37)

as well as by the (tiny) left sneutrino vevs

〈ν̃Li〉 =
vi√

2
. (5.38)

Last but not least, another important vev which is the key ingredient to generate an effective µ-term (and
so, solving the µ-problem), is

〈Φ〉 =
vΦ√

2
. (5.39)

5.3.2 Neutral Higgs boson masses

The neutral Higgs boson sector of the SBRPM consists of eight CP-even states H 0
i , six CP-odd states

A0
i and one massless majoron J (as the electroweak Goldstone boson G0 is eaten by the Z). The 8 × 8

mass matrices for the neutral CP-even and CP-odd Higgs bosons (given in ref. [39]) can be analytically
understood in certain limits [60]. First of all, we note that doublet sneutrinos practically do not mix with
the rest of the Higgs bosons, as the corresponding entries in the mass matrices are proportional to h iν and
these parameters are small because of neutrino physics phenomenology. If there were also no mixing
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between the (H0
d , H

0
u) doublet sector, the Φ̃ singlet sector and the (S̃, ν̃c) singlet sector2, we would have

as CP-odd mass eigenstates

m2
G0 = 0 , m2

A0
D

= Ω

(
vu
vd

+
vd
vu

)
(5.40)

in the (H0
d , H

0
u) doublet sector and

m2
J = 0 , m2

A0
S

= −Γ

(
vR
vS

+
vS
vR

)
(5.41)

in the (S̃, ν̃c) singlet sector, with

Ω = Bµ̂− δ2h0 +
λ

4
h0v

2
Φ +

1

2
hh0vRvS +

√
2

2
Ah0h0vΦ +

√
2

2
h0MΦvΦ (5.42)

Γ = BMR
MR − δ2h+

1

4
hλv2

Φ −
1

2
hh0vuvd +

√
2

2
h (Ah +MΦ) vΦ . (5.43)

In addition we would have as CP-even mass eigenstates

m2
H0
J

= 2h2 v2
Rv

2
S

v2
R + v2

S

, m2
H0
S

= −Γ

(
vR
vS

+
vS
vR

)
− 2h2 v2

Rv
2
S

v2
R + v2

S

(5.44)

in the (S̃, ν̃c) singlet sector, besides the states h0
D and H0

D in the (H0
d , H

0
u) doublet sector, which are

analogous to their MSSM counterparts. In Fig. 5.5 a typical scanned Higgs mass spectrum is plotted as a
function of the parameter

√
Γ and we can identify the A0

S and H0
S states as those which depend on

√
Γ.

The various gray-shadings (colors) indicate that the asymptotic states given in Eqs. (5.40), (5.41) and
(5.44) constitute more the 50% of the corresponding particle.

Taking into account the phenomenological relation vi � vR, vS we find the following approxima-
tion for the majoron

J ' vS
V

Im(S̃)− vR
V

Im(ν̃c) (5.45)

where
V 2 = v2

S + v2
R . (5.46)

2This assumption is not strictly valid, as some of their mixings are not negligible, but it is useful to gain some insight on the
parameter dependence of the eigenvalues.
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Fig. 5.6: Neutral Higgs boson production processes in an e+e− collider. On the left, we can see the direct produc-
tion or Bjorken process. On the right, we can see the associated production process.

5.3.3 Higgs boson production

Neutral Higgs bosons can be produced at an e+e− collider via the Bjorken process (or direct production),
as shown in Fig. 5.6, on the left. The relevant Lagrangian terms for this production mode are

LZZH =

8∑

i=1

(
√

2GF )1/2M2
ZZµZ

µ ηiH
0
i (5.47)

where ηi is the direct production parameter given by

ηi =
vd
v
RS

0

i1 +
vu
v
RS

0

i2 +

3∑

j=1

vj
v
RS

0

ij+2 (5.48)

We note that if η2
i is nearly one (zero), then H0

i is mainly a doublet (singlet).

From Fig. 5.7, on the left, we can see that when the direct production parameter η2
1 of the lightest

CP-even Higgs boson H0
1 is nearly zero, then the direct production parameter η2

2 of the next-to-lightest
Higgs boson H0

2 approaches one, i.e. H0
2 is largely produced. From Fig. 5.7, on the right, we can see

that there is always a state with a mass smaller than about 150 GeV. Combining both plots, we conclude
that there is always a light Higgs boson with a large production cross section [60].

Another way of producing neutral Higgs bosons is via the associated production process shown in
Fig. 5.6 on the right. The relevant Lagrangian terms for this production mechanism are

LZHA =

8∑

i,j=1

(
√

2GF )1/2MZ ζij

(
ZµH0

i

←→
∂µP

0
j

)
(5.49)

where ζij is the associated production parameter, which is given by

ζij = RS
0

i1 R
P 0

j1 −RS
0

i2 R
P 0

j2 +

3∑

k=1

RS
0

ik+2R
P 0

jk+2 (5.50)

In the MSSM exists a sum rule which relates both the direct and the associated production parameters.
In the SBRPM we can construct an analogous but more complicated sum rule taking into account all
possible final states [60]. The conclusion is that always at least one state will be produced.

5.3.4 Higgs boson decays

5.3.4.1 CP-even Higgs boson decays

The main decay channels for the lightest (or next-to-lightest) neutral CP-even Higgs bosons H 0
1,2 are

H0
1,2 → fif̄i if mH0

1,2
> 2mfi (5.51a)

H0
1,2 → JJ (5.51b)
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where the invisible decay width to majorons is

Γ(H0
1,2 → JJ) =

g2
H0

1,2JJ

32πmH0
1,2

(5.52)

and for the fermionic decay widths all possible final states have been considered. We have taken into
account the most important QCD corrections for the quark final states as given in [61].

We define the ratio between the invisible decay width and the visible one as

R1,2 =
Γ(H0

1,2 → JJ)∑
j Γ(H0

1,2 → fj f̄j)
. (5.53)

These ratios depend on the couplings gH0
i JJ

which are in general complicated functions of the underlying
parameters. However, using Eq. (5.45) one obtains the following couplings to the unrotated doublet
Higgs fields (H

′0
1 = <(H0

d ) and H
′0
2 = <(H0

u):

g′1 ' hh0vu
vSvR
V 2

(5.54a)

g′2 ' hh0vd
vSvR
V 2

− 2vu
V 2

3∑

j=1

ε2j (5.54b)

Equations (5.54a) and (5.54b) imply that the doublet Higgs bosons can have large branching ratios for the
invisible decay mode if the product of the couplings h and h0 is large. Therefore, scenarios exists where
neutral Higgs bosons have at the same time a large cross section and a large invisible decay branching
ratio [38,39]. This is shown explicitly in Fig. 5.8 where the ratiosRi for the two lightest Higgs bosons are
shown as a function of their direct production parameter ηi for different values of the parameter h [60].

5.3.4.2 CP-odd Higgs boson decays

The main decay channels for the lightest neutral CP-odd Higgs boson A0
1 are:

A0
1 → fif̄i if mA0

1
> 2mfi (5.55a)

A0
1 → H0

j J if mA0
1
> mH0

j
(5.55b)

A0
1 → JJJ (5.55c)
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Fig. 5.8: On the left, ratio between the invisible and the visible decay widths R1 of the lightest neutral CP-even
Higgs boson as function of its direct production parameter η2

1 for different values of the parameter h. On the right,
ratio between the invisible and the visible decay widths R2 of the second lightest neutral CP-even Higgs boson as
function of its direct production parameter η2

2 for different values of the parameter h.
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The width of the CP-odd Higgs boson to a CP-even Higgs boson and a majoron reads

Γ(A0
1 → H0

i J) =
g2
H0
i A

0
1J

16πm3
A0

1

(
m2
A0

1
−m2

H0
i

)
, (5.56)

and to three majorons

Γ(A0
1 → JJJ) =

mA0
1
g2
A0

1JJJ

3072π3
. (5.57)

Contrary to the neutral CP-even case, the corresponding couplings of the majorons to the unrotated
doublet Higgs boson (=(H0

d ) and =(H0I
u )) appearing in Eqs. (5.56) and (5.57) are zero in first order

approximation, using Eq. (5.45) (detailed expressions are given in Ref. [60]). Therefore, the pseudoscalar
Higgs boson has to have sizable admixtures of both, doublet and singlet components, if it should be
produced at a sizable rate while having at the same time a significant invisible branching ratio. As an
example we show in Fig. 5.9 the masses of A0

1 and H0
2 , the associated production parameter and the

invisible branching ratio of A0
1 as a function of the parameter

√
Γ. One sees that in the region where the

production cross section is at least 1% of the corresponding MSSM cross section, the branching ratio for
the invisible mode varies between 5 and 10% [60].
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5.3.5 Conclusions

We have shown that the model with spontaneously broken R-parity contains a light CP-even Higgs boson
which is mainly doublet and which has a mass below about 150 GeV (like in the NMSSM). As a new
feature we have demonstrated that its invisible decay mode into two majorons can be dominant.

In the case of the CP-even Higgs bosons we have seen that they decay mainly their MSSM coun-
terpart if the doublet component dominates. However, in certain regions of parameter space the singlet
component can be large enough to obtain a branching ratio of the invisible mode up to 10%.

5.4 Charged-Higgs-boson and charged-slepton radiation off a top quark at hadron colliders
Francesca Borzumati and Jean-Loı̈c Kneur

In this contribution we study the production of charged scalar particles radiated off a top quark at hadron
colliders. The charged particles we consider are charged Higgs bosons and charged sleptons in R-parity-
violating models. The remnant of the radiating top quark is the bottom quark in the charged-Higgs-boson
case; in the charged-slepton case, it is most likely to be the down quark, but possibly also the strange and
the bottom quark. Hereafter we shall refer to this production mechanism as strahlung production.

5.4.1 The charged-Higgs-boson case

Charged Higgs bosons, if detected, would be a clear signal of an extended Higgs sector. They are
present in supersymmetric models, which, as is well known, require at least two Higgs doublets of
opposite hypercharge. At hadron colliders, charged Higgs bosons can be pair produced in quark-initiated
processes, such as the Drell–Yan process mediated by an off-shell photon or Z boson, the b-quark fusion
and the W -bosons fusion. All these are tree-level processes. Alternatively, they can be pair produced
through gluon-fusion processes, which however proceed at the one-loop level. In both cases, the cross
sections are not very large, reaching at the LHC ∼ 2–3 fb for mH± = 400 GeV and tan β = 30 [62].
They can also be singly produced in association with other bosons, such as neutral Higgs bosons, or
the W boson. These processes are quark-initiated at the tree level, but they can be gluon-initiated at
the quantum level. Their cross sections may reach up to ∼ 100 fb for the same values of mH± and
tan β [62].

Strahlung off a third-generation quark, which can be gluon-initiated also at the tree level, can
give similarly large or slightly larger cross sections [62–69]. Such a production mechanism can proceed
through the 2 → 2 elementary process gb → tH− and the 2 → 3 processes gg, qq̄ → tH−b̄, which
formally give rise to the hadronic processes pp̄, pp→ tH−X and pp̄, pp→ tH−b̄X , respectively.

Leading-order predictions for the two production cross sections are given in the two top frames
of Fig. 5.10 for the Tevatron and LHC energies, as functions of the charged-Higgs-boson mass, for
three different values of tanβ: tan β = 2, 10, and 50. (For discussions about limits on the H± mass
in Two-Higgs-Doublet Models and supersymmetric models, see Refs. [70–75].) The hadronic cross
sections σ(pp̄, pp → tH−b̄X) are shown by solid lines, σ(pp̄, pp → tH−X) by dashed lines. The
integrations needed to obtain these cross sections are performed by the Monte Carlo integration routine
VEGAS [76]. Moreover, the leading-order parton distribution functions CTEQ4L [77] were used, and the
renormalization (µR) and factorization (µf ) scales were fixed to the threshold value mt + mH± . A
variation of these scales in the interval between (mt + mH±)/2 and 2(mt + mH±) results in changes
up to ±30% in both cross sections. QCD corrections, therefore, may be important, but they have been
completed only for the 2 → 2 processes [78–81]. Part of these corrections are captured by the QCD
correction to the b-quark mass, on which these cross sections depend quite sensitively. A study of their
variation for different values of the b-quark mass can be found in Ref. [82]. (Supersymmetric corrections
to both decays have also been calculated [83, 84].)

In the kinematical region mt > mH± + mb the 2 → 3 elementary processes give the largest

263

THE MSSM WITH R-PARITY V IOLATION

263



Fig. 5.10: Cross-sections σ(pp̄ (pp) → t(b̄)H−X) versus mH− , at the Tevatron and the LHC, for tanβ =

2, 10, 50, with mt = 175 GeV, mb = 3 GeV. Renormalization and factorization scales are fixed as µR = µf =

mt + mH− . In the two upper frames the solid lines correspond to the 2 → 3 processes, the dashed lines to the
2 → 2 process. In the two lower frames are shown the cross sections obtained by adding the contributions from
the 2→ 2 and 2→ 3 processes, and subtracting overlapping terms.

hadronic cross section. This can be well approximated by the much simpler resonant production cross
section, given by the on-shell tt̄ production cross section times the branching fraction for the decay
t̄ → H−b̄. In the region mt ∼ mH± +mb, however, this approximation fails to account for the correct
mechanism of production and decay of the charged Higgs boson [85, 86]. When mt < mH± +mb, the
relative size of the two classes of cross sections depends on

√
s and mH± . At the Tevatron centre-of-

mass energy, the quark-initiated 2 → 3 processes still have the dominant role up to intermediate values
of mH± , i.e. up to mH± ∼ 265 GeV. Both classes of cross sections show the typical behaviour as a
function of tanβ, with a minimum at around (mt/mb)

1/2.

When the charged Higgs boson decays leptonically, H− → τ−ντ , the two production mecha-
nisms, which lead to two and one b quark in the final state are independent. (We assume here that it is
possible to detect two b’s and one τ .) This decay channel is suitable for the discovery of the charged
Higgs boson in the region of large and possibly intermediate values of tanβ [87], since it is not plagued
by QCD background as theH− → bt̄mode [69]. The two production mechanisms can be experimentally
distinguished, and studied separately.

When H− decays hadronically, typically into t̄b, the final state to be identified contains at least
three b’s for the 2 → 2 production mechanism, and at least four for the 2 → 3 one. Since tagging so
many b’s seems very difficult, even at the LHC, the two production mechanisms result into final states
that are indistinguishable. In this case, a sum of the two cross sections is necessary. Care must be taken,
however, not to double count the overlapping part, obtained when one of the two initial gluons in the
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Fig. 5.11: Cross sections σ(pp̄ (pp) → t(dk)τ̃X) versus mτ̃ , at the Tevatron and LHC, for λ′33k = 0.5. The
solid lines correspond to the 2 → 3 processes, the dashed lines to the 2 → 2 process. The three curves in each of
the two sets correspond, from top to bottom to dk = d, s, b. Renormalization and factorization scales are fixed as
µR=µf =mt +mτ̃ .

2 → 3 processes produces a bb̄ pair collinear to the initial p or p̄ [65]. Predictions for the appropriately
summed inclusive cross section are shown in lower frames of Fig. 5.10, for both the Tevatron and the
LHC. At the LHC, the cross section for mH± = 400 GeV and tanβ = 30 is about 140 fb. These
cross sections have the same theoretical uncertainty as the individual ones, as well as the same tan β
dependence.

5.4.2 The charged-slepton case

As is well known, the component of the charged Higgs boson with hypercharge −1/2 has the same
quantum numbers as the three superpartners of the charged leptons, l̃, except for the lepton number L.
In Rp-violating models, in which L is violated (by operators with ∆L = 1), these fields cannot be
distinguished. Thus, some of the knowledge acquired by studying the strahlung of H± off a top-quark
line can be applied to investigate a similar production mechanism for charged sleptons.

The relevant operators for this discussion are the superpotential trilinear term−λ ′ijkLiQjDc
k, with

i, j, k = 1, 2, 3. In a basis in which all right-handed quarks and the left-handed down ones are diagonal,
the trilinear superpotential operator gives rise to the lagrangian interaction terms:

L 6L ⊃ λ′imkVmj uLj dRk l̃
∗
L i − λ′ ∗imk dLm dRkν̃

∗
L i + H.c. , (5.58)

where Vmj are elements of the CKM matrix. The second operators in this equation give rise to con-
tributions to neutrino masses. Among the first ones, those with couplings such as λ ′i3k, induce the
production of single charged sleptons in association with the top quark, in complete analogy with the
strahlung production of the charged Higgs boson described before. Couplings like these, with at least
one third-generation index, are only very weakly constrained by present experiments, except for those
giving indications on the values of the neutrino masses. If we postpone for a moment the discussion of
the impact of neutrino physics experiments, values of O(1) for these couplings, for squark masses of
300 GeV, are still not ruled out by other indirect processes [26].

Also in this case, two classes of elementary processes qq̄, gg → t d̄k l̃Li and gdk → tl̃Li, with
dk = d, s or b for k = 1, 2, 3 respectively, are induced by the couplings λ′i3k. Strictly speaking, strahlung
off a top-quark line is obtained, more generally, also from couplings λ′imk with m 6= 3. The cross
sections from these couplings, however, are suppressed by the factor |Vm3|2 (m = 1, 2), which is smaller
than 10−4. We therefore neglect this possibility and consider only the contribution from λ ′i3k.
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In Fig. 5.11, we show the cross sections for strahlung production of τ̃L (i.e. i = 3) at Tevatron and
LHC energies, for the reference value λ′33k = 0.5: solid lines denote σ(pp̄ (pp) → td̄kτ̃LX), dashed
lines denote σ(pp̄ (pp) → tτ̃LX). We assume here that the left–right mixing terms in the slepton mass
matrix are small enough to render τ̃L nearly a mass eigenstate, which we indicate simply by τ̃ in the
following. Obviously, the same cross sections are also obtained for the strahlung production of µ̃L and
ẽL, or simply µ̃ and ẽ, when λ′23k and λ′13k are equal to 0.5. For each of the two sets of cross sections,
induced by the 2 → 2 and the 2 → 3 processes, the three lines correspond, from top to bottom, to
k = 1, 2, 3 in the coupling for λ′33k, and therefore to dk = d, s, b. We observe that among the hadronic
cross sections induced by the 2 → 2 elementary processes, those indicated by the top lines in the two
frames of Fig. 5.11 are initiated by a gluon and mainly a valence d quark; those denoted by the central
and bottom lines are initiated by a gluon and a sea quark, respectively s and b. This is the reason for the
larger values of the cross sections induced by λ′331. Their enhancement with respect to those induced by
λ′333 is >∼ 10, the enhancement with respect to the cross sections induced by λ′332 is roughly a factor of
5 at both colliders. Being mainly light-quark- or gluon-initiated, the cross sections induced by the 2→ 3
elementary processes, on the contrary, have all similar sizes for any value of k in the couplings λ ′33k .
All three curves are practically indistinguishable in the region mt > mτ̃ . The two curves corresponding
to λ′331 and λ′332 are still very similar when mτ̃ >∼ mt. In this same region, they deviate from the curve
corresponding to λ′333, only slightly at the Tevatron, but by a factor of 2 at the LHC. This is essentially
due to the large logarithms αs(µf ) ln(µf/mdk), originating from the gg → td̄kτ̃ diagrams containing a
virtual dk propagator [65], thus enhancing the cross-section for dk = s, d with respect to that for dk = b.
This effect is particularly evident at the LHC, where the gg-initiated processes largely dominate over the
qq̄ ones.

At both colliders, the overall situation for the production cross sections obtained for k = 3 is
similar to that for the production of the charged Higgs boson: the resonant production, described by the
cross section induced by the 2→ 3 processes, well exceeds the production induced by the 2→ 2 process
in the region mt >∼ mτ̃ + mb. The two production mechanisms are of similar size outside this region.
The situation is different in the case in which k = 2, and much more so when k = 1: the cross section
induced by the 2 → 3 processes can be neglected with respect to that due to the 2 → 2 process for
mτ̃ >∼ mt (at the precision of our calculation), and starts exceeding that induced by the 2 → 2 process
only when mτ̃ < mt. There is indeed a region at mτ̃ <∼ mt in which the 2 → 2 process gives rise to a
cross section still larger than that due to the decay of one of the two pair-produced top quarks, which, as
already mentioned, is well described by the cross section induced by the 2 → 3 processes. For k = 1,
this region is 150 GeV <∼ mτ̃ <∼ mt at the LHC, and 160 GeV <∼ mτ̃ <∼ mt at the Tevatron.

To obtain these cross sections, we have assumed that only one of the couplings λ ′33k is present at a
time. There is however no reason why this should be the case. Since d and s jets cannot be distinguished,
at least the two sets of cross sections obtained for k = 1 and k = 2 give rise to the same final states. If the
value of 0.5 is allowed for both couplings λ′331 and λ′332, for each of the two sets of cross sections, those
obtained with these two couplings should be added. (Notice that, in this case, the width of the top quark
in the 2 → 3 processes, in the kinematical region mt <∼ mτ̃ + mb, should be calculated accordingly,
i.e. by considering the contribution from both couplings.) The case of λ′333 is a little more complex
and whether the corresponding cross sections can or cannot be distinguished from those induced by the
couplings λ′33k with k = 1, 2 depends on the decay modes of τ̃ and on how many b quarks can be tagged.
If it cannot be distinguished, and the same value for the three couplings λ′33k is allowed, the overall
production cross sections for τ̃ in the region mτ̃ < mt can be considerably larger: three times the values
indicated by solid lines in the two frames of Fig. 5.11. In the region m τ̃ > mt the overall production
cross section, however, still remains that induced by the coupling λ′331.

This observation brings us back to the aforementioned issue of possible constraints induced on
these couplings by neutrino physics. Neutrino masses get contributions induced by these couplings at
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the one- and two-loop-level. The expressions for these contributions are [22, 26, 67, 88]

mν,ii′ ∼
3

8π2
λ′ikjλ

′
i′jkmdk mdj

(Mk
d̃LR

)kk

m2
d̃k

, (5.59)

mν,ii′ ∼
3g2
j

2(16π2)2
λ′ikkλ

′
i′kkm

2
dk

mχ̃0
j

m2
ν̃

ln

(
m2
d̃k1
m2
d̃k2

m4
dk

)
, (5.60)

where j = 1, 2, g1 and g2 are the U(1) and SU(2) gauge couplings, mν̃ is the sneutrino mass, mχ̃0
j

the

j-th neutralino eigenvalue, mdk the mass of the k-th down quark, mdk(Mk
d̃LR

)kk the LR mixing term
of the k-th down-squark mass matrix, m2

d̃ki
are the two k-th down-squark eigenvalues, and m2

d̃k
is an

average value between these two. Clearly, we have already assumed that intergenerational mixing terms
in the squark mass matrix are negligible. Under this assumption, second and third generation indices in
the Rp-violating couplings in the two-loop contribution must be equal, while this is not the case in the
one-loop contribution. The importance of the two-loop contribution stem from the fact that the parameter
Mk

d̃LR
can be very small. Even if this is not the case, if we takemd̃k

∼ 3mν̃ ,mν̃ ∼ mχ̃0
j
,Mk

d̃LR
∼ md̃k

,
and squark masses at 300 GeV, it is evident that the one- and two-loop contributions to neutrino masses
differ by only one order of magnitude, when k = j, therefore giving one- and two-loop constraints on
the λ′ikk couplings that are numerically very similar. By imposing that the contributions to the neutrino
mass in Eqs. (5.59) and (5.60), does not exceed the value of 1 eV, we obtain, up to coefficients of O(1):

∣∣(λ′ikjλ′i′jk
)∣∣

1−loop ∼< 10−6

(
3 GeV

mdk

)(
3 GeV

mdj

)(
md̃k

300 GeV

)(
300 GeV

|Mk
d̃LR
|

)
, (5.61)

∣∣(λ′ikkλ′i′kk
)∣∣

2−loop ∼< 10−5

(
3 GeV

mdk

)2 ( mν̃

100 GeV

)2
(

100 GeV

|mχ̃0 |

)(
ln(100)

ln(md̃k
/mdk)

)
.(5.62)

The constraints imposed on λ′i33 (j = k = 3) by the two previous equations are rather severe.
Even in the case in which |Mk

d̃ LR
| is practically vanishing, the two-loop consraints say that |λ′i33| cannot

be larger than 3 × 10−3. When k = 3 and j 6= 3, a constraint on λ′i3j , the coupling responsible for the
production of a charged slepton in association with a top quark, can only come from Eq. (5.59). Strictly
speaking, however, this is a constraint on the product of two different couplings λ ′i3j and λ′ij3, and there
are no a priori reasons why the suppression on the right-hand side has to be inherited only by λ ′i3j and
does not have to be shared equally between the two couplings, or even be completely borne out by λ ′ij3.
(For |λ′i3j | ∼ |λ′ij3|, when j = 2 it should be |λ′i32| <∼ 5 × 10−3, for j = 1, |λ′i31| <∼ 3 × 10−2. A
suppression of |Mk

d̃LR
| could, however, ease out these upper bounds.) Clearly all these constraints can

still be evaded if the contributions to neutrino masses in Eqs. (5.59) and (5.60) are cancelled by other
one- and two-loop contributions induced by other Rp-violating couplings [22, 67]. If this were the case
and the value of 0.5 were allowed for both couplings λ′i32 and λ′i31, then the two sets of cross sections
in Fig. 5.11 would have to be summed, as mentioned a little earlier. This would have practically no
consequences for the cross sections induced by the 2 → 2 processes, but it would double the charged-
slepton rate of production at the Tevatron (LHC) in the region m l̃

<∼ 160 (150) GeV, where the 2 → 3
processes give the dominant contribution. If no more than 2b’s can be detected in the final state obtained
after the decay of the charged slepton, and if it could be λ′i33 = 0.5, also the cross sections generated by
this coupling should be combined to the other two.

We focus on the couplings λ′i3j (j = 1, 2) to discuss the signature of the final state obtained after
the slepton decay. Its main decay mode is l̃i → liχ

0. The neutralino, in turn, can decay through the
same coupling λ′i31 into [89]: bd̄νi, db̄νi, td̄li, dt̄l̄i. Particularly interesting is the mode td̄li; for a mass
of l̃i larger than 160 GeV at the Tevatron or 150 GeV at the LHC, this gives rise to

t l̃i → t liχ
0 → 2t+ 2li + jet → 2b+ 2W + 2li + jet , (5.63)
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with two equal-sign leptons. Notice that these two leptons do not have to be of the same type since two
λ′i31 couplings, with two different i indices, may intervene at the level of production and of decay of the
charged slepton. If one of the two W ’s decays leptonically, the final state with three leptons, two b’s jets
and missing energy cannot be overlooked. The obvious background for such a final state would be given
by the decay products of a tt̄ pair with tt̄→ bb̄W+W−, with both W ’s decaying leptonically and one b
quark semileptonically. The identification of two b’s would then allow us to distinguish the signal from
the background without too much loss in the signal, at least in the case in which there are no τ ’s among
the leptons.
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6 EXTRA GAUGE GROUPS

6.1 Introduction
Paul Langacker, Alexei Raspereza and Sabine Riemann

6.1.1 Classes of models

Extended gauge symmetries and/or extra gauge bosons appear in many extensions of the standard model,
such as left-right symmetric models [1], superstring motivated models [2], GUT (grand unification the-
ory) [3], little Higgs models [4], large extra dimensions [5], and dynamical symmetry breaking [6]. In
many cases, the extra symmetry is broken at the TeV scale, leading not only to additional gauge bosons,
but also to an extended Higgs sector (needed to break the gauge symmetry), extended neutralino/chargino
sectors [7, 8] (with implications for dark matter), new sources of CP violation at tree level in the Higgs
sector [9, 10] (important for collider physics and baryogenesis), new fermions [11] (for anomaly can-
cellation), new sources of Higgs [12] or Z ′ [13]-mediated flavor-changing neutral currents, and new
constraints or parameter ranges for the Standard Model (SM) or MSSM. Here, we focus on the addi-
tional Higgs bosons, which may dramatically affect the Higgs collider signatures, taking the cases of
SU(2)L ×U(1)Y ×U(1)′ [3] and left-right symmetric SU(2)L × SU(2)R ×U(1)B−L [1] for definite-
ness.

Especially common are newU(1)′ gauge symmetries, broken by the expectation values of standard
model singlets S. In most supersymmetric examples, the U(1)′ symmetry forbids elementary µ terms,
but may allow trilinear superpotential couplings

W = hsSHuHd. (6.1)

If S acquires a vacuum expectation value 〈S〉, an effective µ parameter µeff = hs〈S〉 is generated. This
is in the needed range for hs < O(0.8) (needed if hs is to remain perturbative up to the Planck scale)
and 〈S〉 is in the 100 GeV-1 TeV range (expected if the U(1)′ and electroweak scales are both set by
the scale of soft supersymmetry breaking). In this respect, the U(1)′ models are similar to the NMSSM
and related models. However, there are no discrete symmetries and therefore no danger of cosmological
domain walls.

The simplest class of models involve a single S field. Then, the potential for S and the neutral
components of Hu,d is given by

V = VF + VD + Vsoft, (6.2)

where
VF = h2

s

(
|Hd|2|Hu|2 + |S|2|Hd|2 + |S|2|Hu|2

)
, (6.3)

VD =
g2

1 + g2
2

8

(
|Hu|2 − |Hd|2

)2
+

1

2
g2
Z′
(
QS |S|2 +QHd |Hd|2 +QHu |Hu|2

)2
, (6.4)

and
Vsoft = m2

Hd
|Hd|2 +m2

Hu |Hu|2 +m2
S|S|2 − (AhhsSHdHu + H.C.), (6.5)

where g1, g2, and gZ′ are respectively the U(1), SU(2), and U(1)′ gauge couplings, and Qi is the U(1)′

charge of particle i. Of course, the coupling (6.1) requires that QS + QHd + QHu = 0. The last (Ah)
term in Vsoft is the analog of the Bµ term of the MSSM. (The MSSM limit of the model is obtained for
hs → 0 with µeff held fixed.)

The spectrum of physical Higgses after symmetry breaking [14–26] consists of three neutral CP
even scalars (h0

i , i = 1, 2, 3), one CP odd pseudoscalar (A0) and a pair of charged Higgses (H±), i.e., it
has one scalar more than in the MSSM. Masses for the three neutral scalars are obtained by diagonalizing
the corresponding 3× 3 mass matrix. The tree level mass of the lightest scalar h0

1 satisfies the bound

m2
h0

1
≤M2

Z cos2 2β +
1

2
h2
sv

2 sin2 2β + g′2Q
2
Hv

2, (6.6)
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where QH = cos2 βQ1 + sin2 βQ2; v2 ≡ v2
1 + v2

2 ∼ (246 GeV)2, where vi ≡
√

2〈H0
i 〉; and tanβ ≡

v2/v1. In contrast to the MSSM, h0
1 can be heavier than MZ at tree level, both due to the F-term

contributions (similar to the NMSSM) and the D-terms. Including the radiative corrections (which are
similar to the MSSM), the MSSM upper bound of ∼ 130 GeV can be relaxed to O(170) GeV.

The Higgs spectrum is particularly simple in the large s ≡
√

2〈S〉 case [22]. The mass of the
lightest Higgs boson h0

1 remains below the bound (6.6) and approaches

m2
h0

1
≤M2

Z cos2 2β + h2
sv

2

[
1

2
sin2 2β − h2

s

g′2Q2
S

− 2
QH
QS

]
. (6.7)

The limiting value (6.7) for mh0
1

can be larger or smaller than the MSSM upper bound M 2
Z cos2 2β,

depending on couplings and charge assignments.

The pseudoscalar A0 mass m2
A0 '

√
2Ahss/ sin 2β is expected to be large (unless Ahs is very

small), and one of the neutral scalars and the charged Higgs are then approximately degenerate with A0,
completing a full SU(2)L doublet (H0, A0,H±) not involved in SU(2)L breaking. The lightest neutral
scalar is basically the (real part of the) neutral component of the Higgs doublet involved in SU(2)L
breaking and has then a very small singlet component. The third neutral scalar has mass controlled by
MZ′ and is basically the singlet.

Most of these U(1)′ models require the existence of new heavy fermions carrying standard model
charges to cancel anomalies [11], such as a heavy, SU(2)-singlet, quark DL +DR with electric charge
−1/3. These can be consistent with gauge unification if they fall into complete SU(5) representations,
as in the E6 model [27]. The physics of a particular E6 model is discussed in detail in [28, 29] and in
Section 6.3. The Higgs sectors in U(1)′ models with a single Higgs field are compared and contrasted
with other models involving a dynamical µ parameter in [30] and in Section 4 in this report.

In the single S model, 〈S〉 is responsible both for µeff and the Z ′ mass. The experimental lower
limits on MZ′ are model dependent, but are typically of order 600-900 GeV unless theZ ′ has very weak
couplings to ordinary quarks and leptons. In the former case, there is a tension between obtaining a large
enough Z ′ mass while generating the much lower electroweak scale [22, 27], requiring at least a small
amount of tuning. This difficulty is resolved in the secluded sector models involving several S fields. In
particular, one S, whose expectation value is comparable to that of the doublet Higgs fields, generates
µeff , while all of the fields, some of which can have much larger expectation values, contribute to MZ′ .
An explicit model in which this occurs naturally was constructed in [31]. In addition to the S field related
to µeff there are three addition complex scalar fields Si, i = 1, 2, 3, with superpotential

W = hsSHuHd + λS1S2S3. (6.8)

In the limit λ → 0 there would be an F and D flat direction involving the Si fields only, which would
therefore acquire very large expectation values for appropriate soft breaking terms. For λ small but
nonzero (e.g., 0.05), one finds 〈Si〉 ∼ mSi/λ, where mSi is a soft mass, and large MZ′ . The secluded
sector model has a very rich Higgs sector, involving 6 scalars and 4 pseudoscalars. (There can also
be tree-level CP violation in the Higgs sector, which would lead to scalar-pseudoscalar mixing and with
implications for baryogenesis [10].) The upper limit on the lightest scalar is relaxed, as in (6.6). However,
the experimental lower limit of 114.4 GeV from LEP is also relaxed, because there can be considerable
mixing between Higgs singlets and doublets (reducing the production rates), or the lightest scalar can be
mainly singlet. There is often a light pseudoscalar, and low tan β values (e.g.,∼ 1−3) are favored (these
values are disfavored in the MSSM because of the Higgs mass limit). The Higgs sector was analyzed
in detail in [32, 33] and in section 6.2. It was found in a parameter scan that the lightest Higgs could be
as heavy as 168 GeV consistent with perturbatively to the Planck scale. A wide range of possibilities
were found, depending on the parameters. These included both small and large values for the masses
of the lightest scalar and pseudoscalar, and typically a fairly light neutralino. Many possibilities for
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Higgs decays were found, including MSSM-like decays into bb̄, etc., Higgs decays into lighter Higgs
(e.g., scalar into two pseudoscalars), invisible decays into the lightest neutralino, and cascade decays
involving a heavier neutralino. A particular limit of the model, in which three of the singlets essentially
decouple, is discussed in [30]. There are three Higgs scalars, consisting mainly of S,Hd, and Hu, one of
which can be light, and three additional singlets, one of which is very heavy (around MZ′).

Many authors have considered the gauge group SU(2)L × SU(2)R × U(1)B−L [1], which may
emerge as a subgroup of the grand-unified SO(10) group. A principal motivation is that it allows a
left-right interchange symmetry ψL ↔ ψR between left and right-handed fermions, so that parity is
broken spontaneously, with SU(2)R × U(1)B−L breaking to U(1)Y (weak hypercharge). Original ver-
sions assumed that both SU(2)R and the LR symmetry are broken at low energies (e.g., the TeV scale).
However, there are variants (e.g., motivated by gauge unification) involving low scale SU(2)R break-
ing and high scale (e.g. 1010 GeV) LR breaking [34, 35]. It is also possible for both to be broken at a
high scale, as may be necessary in some supersymmetric versions to avoid the spontaneous breaking of
electric charge [36].

The simplest non-supersymmetric version involves a Higgs bi-doublet

φ =

(
φ0

1 φ+
1

φ−2 φ0
2

)
, (6.9)

which transforms as (2, 2) under SU(2)L × SU(2)R with B − L = 0, and φ ↔ φ† under the LR
symmetry. The most popular version (which can also lead to a neutrino seesaw [1]) also introduces Higgs
multiplets ∆L, and ∆R, which are respectively triplets under SU(2)L and SU(2)R, with B−L = 2 and
∆L ↔ ∆R under LR. They can be represented by the matrices

∆L,R =

(
δ+
L,R/
√

2 δ++
L,R

δ0
L,R −δ+

L,R/
√

2

)
. (6.10)

The expectation values of the neutral components are

〈φ〉 =

(
v1/
√

2 0

0 v2/
√

2

)

〈∆L,R〉 =

(
0 0

VL,R/
√

2 0

)
, (6.11)

which may be complex. The SU(2)R breaking is due to V 0
R � v0

1,2 � V 0
L , while the normal electroweak

breaking is from v0
1,2. Variant forms of the model replace ∆L,R by κL,R, which transform respectively

as (2, 1) and (1, 2) under SU(2)L × SU(2)R.

The Yukawa couplings are

−LYukawa = Ψ̄L

(
γφ+ γ̃φ̃

)
ΨR + LTLCiτ2ΓL∆LLL + LTRCiτ2ΓR∆RLR + h.c. (6.12)

where ψL,R can be left (right) handed quark or lepton doublets, LL,R are lepton doublets, φ̃ = τ2φ
∗τ2

is the charge-conjugated bi-doublet, and C is the charge conjugation matrix. γ and γ̃ are 3× 3 Yukawa
matrices (Hermitian by LR symmetry), while ΓL,R (equal by LR) are the 3× 3 lepton-triplet couplings.

The minimal (non-supersymmetric) model in (6.12) therefore involves two Higgs doublets φ1,2

and two triplets ∆L,R. (More information on Higgs triplets may be found in Section 13.) After removing
the Goldstone bosons eaten by the Higgs mechanism there are 14 physical Higgs degrees of freedom:
4 scalars, 2 pseudoscalars (which can mix with the scalars if CP is broken), two charged bosons and
their charge conjugates, and two doubly charged bosons and their charge conjugates. Because the γ
and γ̃ couplings will in general not be diagonalized by the same unitary transformations, the fermion
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matrices will not be proportional to the physical Higgs-scalar Yukawa matrices (as in the standard model
or MSSM). Therefore, the associated physical Higgs scalars will in general mediate flavor changing
neutral currents. Explicit or spontaneous CP violation in the Higgs sector is also possible. Detailed
studies of the Higgs sector include [37–44].

Supersymmetric generalizations of (6.12) cannot have the γ̃ term. (6.12) alone would then imply
that the mass matrices for the charge 2/3 and charge −1/3 quarks are proportional, leading to incorrect
mass ratios and no CKM mixing. Such models would require either a second Higgs bi-doublet or other
effects, such as significant soft supersymmetry breaking A terms associated with the Yukawa matrix,
which however are not aligned with γ. There are also doubly charged Higgs triplets associated with
∆L,R. These could be light [36], even if SU(2)R is broken at a high scale, as is assumed in most su-
persymmetric studies. Implications of these doubly charged states for leptonic flavor changing processes
and for collider physics have been studied, e.g., in [45] and [46] and in section 6.4. The Higgs structure
of SU(2)L × SU(2)R × U(1)B−L is very rich. More systematic studies, especially of possible collider
signatures, would be very useful.

6.1.2 Experimental signatures of Higgs bosons

Higgs boson phenomenology at future collider experiments can be illustrated using as an example the
secluded SU(2)L × U(1)Y × U(1)′ model. The Higgs sector of this model consists of two MSSM like
SU(2) Higgs doublets and four additional Higgs singlets which are charged under an extra U(1) ′ gauge
symmetry. The spectrum of physical states comprises 6 CP-even scalars and 4 CP-odd states, denoted as
H1... H6 and A1...A4, respectively, in order of increasing mass. One of the most striking features of this
model is that A1 is allowed to be very light, a feature shared with the NMSSM. To compare signatures of
this model with the MSSM, it is convenient to introduce an “MSSM fraction” for a given state Hi (Ai)

εiMSSM =

2∑

j=1

(Rji)2, (6.13)

where R is the matrix relating interaction eigenstates to the mass eigenstates and j runs over MSSM
states. When εiMSSM = 1, the mass eigenstate contains no admixture of singlet Higgs bosons and ap-
proaches the properties of the MSSM Higgs boson. With increasing singlet fraction in the mass state,
which corresponds to decreasing εiMSSM , the Higgs state deviates in its properties from the MSSM Higgs
boson. A large admixture of the singlet Higgs results in a reduced ZZH coupling,

g2
ZZHi = (Ri1H sinβ −Ri2H cos β)2g2

ZZH,SM , (6.14)

relative to the standard model, where RH is the matrix rotating CP-even interaction eigenstates to the
mass basis. As a consequence, the Higgs-strahlung cross section is reduced with respect to the SM
expectation, allowing a relaxation of the lower limit of 114 GeV from LEP.

Due to rather distinctive features of the Higgs sector from the SM and MSSM, it is important
to study decay properties of the lightest CP-even and CP-odd Higgs bosons in order to explore their
possible observation at future collider experiments. For the lightest CP-even Higgs boson with a mass
below approximately 100 GeV, the LEP constraints require the Higgs to be mostly singlet. Thus, the
decay modes to A1A1 and χ̃0

1χ̃
0
1 are dominant when they are kinematically allowed, due to the presence

of the extra U(1)′ gauge coupling and trilinear superpotential terms proportional to hs and λ (Eq. 6.8). If
these channels are kinematically disallowed, the properties of the lightest CP-even state become similar
to those of MSSM Higgs bosons and decays to the heaviest SM fermions, bb̄, cc̄ and τ+τ− become
dominant. When the lightest scalar is heavier than the LEP2 bound, it may have a substantial “MSSM
fraction” and can decay to A1A1 and χ̃0

1χ̃
0
1 and SM particles. The light A1 will decay dominantly

to neutralinos when it is kinematically possible. Otherwise the A1 decays into the heaviest accessible
fermions, which are usually b quarks, unlessA1 is lighter than the bb̄ pair mass. Charm and tau decays can
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also be significant, depending on tanβ. For heavy A1 ≥ 200 GeV, decays to neutralinos and charginos
universally dominate due to their gauge strength, suppressing bb̄ below 10%. The A1 and H1 bosons can
be lighter than χ̃0

1. However, in models with R-parity conservation, decays of χ̃0
1 to Higgs bosons are not

allowed and the lightest neutralino is considered to be the lightest stable supersymmetric particle. Hence,
the decay of lightest Higgs states into neutralinos are assumed to be invisible.

If Higgs bosons are discovered at the LHC, the linear collider will be an ideal machine to probe
this class of models and disentangle them from the SM or MSSM. If due to specific decay modes the
observation of Higgs bosons will be difficult at the LHC, the linear collider will serve as a discovery
machine.

In electron-positron collisions the dominant production mechanisms for CP-even Higgs bosons
are Higgs-strahlung, e+e− → ZHi, and W -fusion, e+e− → νν̄Hi processes. The cross sections of
these processes are reduced compared to the SM cross sections by a factor (Ri1

H sinβ − Ri2H cos β)2, as
in (6.14). As can be seen, the SM Higgs-strahlung cross section gets suppressed for a small amount of
mixing into SM-like or MSSM-like Higgs for a given Higgs state and vanishes when the Higgs boson is
mostly singlet. The CP-odd states are produced mainly through the Higgs pair production mechanism,
e+e− → HiAj , with the cross section given by

σ(e+e− → HiAj) = (Ri1HR
j1
A −Ri2HR

j2
A )2KσSM(e+e− → Zh), (6.15)

where RA is the matrix that diagonalizes the CP-odd Higgs mass matrix, σSM(e+e− → Zh) is the SM
cross section for Higgs-strahlung, and K is a kinematic factor given in [32].

The Higgs phenomenology at future colliders depends on the specific model point, defining Higgs
boson mass spectrum, their production cross section and decay branching ratios. In the following we
consider a set of representative scenarios, reflecting various experimental signatures in this class of mod-
els.

MSSM like scenario
When MSSM fractions are close to one, the model is MSSM like, with the production rates and

decay modes similar to those expected in the MSSM. The observation of Higgs states is possible in the
standard discovery channels anticipated for the SM and MSSM, even if production rates are reduced due
to the admixture of the singlet component for a given Higgs state.

Multijet final states
For some parameter choices, the decay modes Hi → HjHj or Hi → AjAj become dominant,

with subsequent decays of Hj and Aj into hadrons or tau-leptons. This scenario provides a challenge
for the LHC because of large QCD backgrounds. At the linear e+e− collider, the rich spectrum of signal
topologies will be available for the detection of Higgs bosons.

The most promising channel is the Higgs-strahlung followed by decays of Z into e+e− and µ+µ−.
The signal can be identified as the peak in the mass distribution of the system recoiling against the
dilepton pair. The multi-jet channels, such as

– H1A1 → 4 jets,
– ZH2 → qq̄H1H1, qq̄A1A1 → 6 jets,
– H2A1,H1A2 → 6 jets,
– H2A2 → 8 jets

can also be exploited to detect Higgs bosons and measure their properties. Excellent performance of the
vertex detector is very crucial for identification of these final states as they will include b or c quarks,
stemming from the light CP-even and CP-odd Higgs decays. Good capability of identifying vertex
charges would also be desirable as it will allow a reduction of the combinatorial background in multi-jet
final states.
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Invisible decays
Scenarios are possible when MSSM or SM decay modes of Hi states are suppressed to the benefit

of theHi → χ̃0
1χ̃

0
1, AjAj ,HjHj channels withAj andHj decaying into the lightest neutralino. This sce-

nario will present a challenge at the LHC. At the LC, however, the reconstruction of the mass peak is pos-
sible exploiting the Higgs-strahlung process followed by a visible decay of the Z , Z → qq̄, e+e−, µ+µ−.
Dedicated analyses showed [47] that the invisible branching ratio of the Higgs can be measured with a
relative precision of few % down to Br(H → inv.) = 0.1 for Higgs masses up to 160 GeV. This result
is obtained for a Higgs-strahlung cross section close to the value expected in the SM.1

Cascade decays involving supersymmetric particles
For certain model parameter points one or more Higgs bosons can decay into heavy neutralinos. In

this case, cascade decays of χ̃0
i>1 to the LSP will produce multi-fermion final states which may include

both jets and leptons accompanied by large missing energy.

The class of models with extra gauge groups significantly enriches the Higgs boson phenomenol-
ogy compared to the SM or MSSM. At this point it should emphasized that efficient identification of
exotic channels, involving multi-jet final states, invisible decays and cascade decays of Higgs bosons to
the LSP will be of crucial importance for disentangling these models from the SM and MSSM.

Constraints from Z ′ Searches
Results from searches for extra gauge bosons constrain U(1)′ models. Dilepton searches at the

Tevatron require MZ′ > 600 − 900 GeV, depending on the model [48], while results from weak neutral
currents and LEP2 [49] restrict the Z ′ mass and mixing. The strongest restrictions arise from the mixing
between Z and Z ′ induced by electroweak symmetry breaking:

αZ−Z′ =
1

2
arctan

(
2M2

ZZ′

M2
Z′ −M2

Z

)
, (6.16)

with the off-diagonal entry M 2
ZZ′ and the diagonal elements M 2

Z′ , M
2
Z in the mass-squared matrix. For

typical models the Z −Z ′ mixing is restricted by measurements at the Z resonance to be less than a few
10−3 [49–51]. The small Z − Z ′ mixing angle requires MZ′ � MZ or, with respect to existing results,
MZ′ > 500 GeV.

If the fermions receive mass through the usual Higgs mechanism some of them must be charged
under U(1)′ to keep the superpotential Yukawa terms gauge invariant (assuming the Higgs fields are
charged). The exact Z ′ production cross section depends on the fermion U(1)′ charges, but bosons with
MZ′ > 500 GeV would be produced at tree level at the Tevatron and future colliders.

Z ′ models as constructed in [31,32] can easily be satisfied for MZ′ in the TeV range. Even higher
MZ′ values are allowed for large vacuum expectation values. Accordingly, the Z ′ bosons can also be
light if the singlets have smaller vacuum expectation values. This is possible since the singlets do not
couple directly to the Standard Model.

In general, establishing the existence of new U(1)′ gauge symmetries necessitates experimental
evidence also for Z ′ bosons. Distinguishing different U(1)′ models would require certain signatures
based on the nature of Z ′ couplings which are not considered in this context of Higgs studies here.

1Invisible Higgs decays occur in a variety of models and are discussed in detail in the context of large extra dimensions in
Section 8.
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6.2 The Higgs sector in a secluded sector U(1)′ model
Tao Han, Paul Langacker and Bob McElrath

6.2.1 The model

6.2.1.1 General structure

The model we [32] consider, first introduced in [31], has the superpotential:

W = hSHuHd + λS1S2S3 + WMSSM|µ=0 (6.17)

S, S1, S2, and S3 are standard model singlets, but are charged under an extra U(1)′ gauge symmetry.
The off-diagonal nature of the second term is inspired by string constructions, and the model is such that
the potential has an F and D-flat direction in the limit λ→ 0, allowing a large (TeV scale ) Z ′ mass for
small λ. The use of an S field different from the Si in the first term allows a decoupling of MZ′ from
the effective µ. W leads to the F -term scalar potential:

VF = h2
(
|Hu|2|Hd|2 + |S|2|Hu|2 + |S|2|Hd|2

)

+ λ2
(
|S1|2|S2|2 + |S2|2|S3|2 + |S3|2|S1|2

)
(6.18)

The D-term potential is:

VD =
G2

8

(
|Hu|2 − |Hd|2

)2

+
1

2
g2
Z′

(
QS |S|2 +QHd |H1|2 +QHu |Hu|2 +

3∑

i=1

QSi |Si|2
)2

, (6.19)

where G2 = g2
1 + g2

2 = g2
2/ cos2 θW . g1, g2, and gZ′ are the coupling constants for U(1), SU(2) and

U(1)′, respectively, and θW is the weak angle. Qφ is the U(1)′ charge of the field φ. We will take
gZ′ ∼

√
5/3g1 (motivated by gauge unification) for definiteness.

We do not specify a SUSY breaking mechanism but rather parameterize the breaking with the soft
terms

Vsoft = m2
Hd
|Hd|2 +m2

Hu |Hu|2 +m2
S|S|2 +

3∑

i=1

m2
Si |Si|2

− (AhhSHuHd +AλλS1S2S3 + H.C.)

+ (m2
SS1

SS1 +m2
SS2

SS2 + H.C.) (6.20)

The last two terms are necessary to break two unwanted global U(1) symmetries, and require QS1 =
QS2 = −QS . The potential V = VF + VD + Vsoft was studied in [31], where it was shown that for
appropriate parameter ranges it is free of unwanted runaway directions and has an appropriate minimum.
We denote the vacuum expectation values of Hi, S, and Si by vi, vs, and vsi, respectively, i.e., without a
factor of 1/

√
2. Without loss of generality we can choose Ahh > 0, Aλλ > 0 and m2

SSi
< 0 in which

case the minimum occurs for the expectation values all real and positive.

So far we have only specified the Higgs sector, which is the focus of this study. Fermions must also
be charged under the U(1)′ symmetry in order for the fermion superpotential Yukawa terms Wfermion =
ūyuQHu− d̄ydQHd− ēyeLHd to be gauge invariant. The U(1)′ charges for fermions do not contribute
significantly to Higgs production or decay, if sfermions and the Z ′ superpartner are heavy. We therefore
ignore them in this study.

Anomaly cancellation in U(1)′ models generally requires the introduction of additional chiral
supermultiplets with exotic SM quantum numbers [2, 10, 11, 22, 27, 52]. These can be consistent with
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gauge unification, but do introduce additional model-dependence. The exotics can be given masses by
the same scalars that give rise to the heavy Z ′ mass. The exotic sector is not the focus of this study. We
therefore consider the scenario in which the Z ′ and other matter necessary to cancel anomalies is too
heavy to significantly affect the production and decays of the lighter Higgs particles.

6.2.1.2 Higgs sector and electroweak symmetry breaking

The Higgs sector for this model contains 6 CP-even scalars and 4 physical CP-odd scalars, which we
label H1...H6 and A1...A4, respectively, in order of increasing mass.

We find viable electroweak symmetry breaking minima by scanning over the vacuum expectation
values of the six CP-even scalar fields. We require that the CP-even mass matrix be positive definite
numerically, which guarantees a local minima, while simultaneously eliminating the soft mass squared
for each field. The masses reported are evaluated including the dominant 1-loop correction coming from
the top and stop loops. The CP-odd mass matrix is guaranteed to be positive semi-definite at tree level
(and thus, all VEV’s are real) by appropriate redefinitions of the fields and choices of parameters.

We scan over vacuum expectation values such that the three singlets S1, S2, and S3 typically have
larger VEV’s than the other three fields. We allow points in our Monte Carlo scan that fluctuate from all
VEV’s equal up to 〈S〉 approximately 1 TeV and 〈Si〉 approximately 10 TeV. This generically results in
a spectrum with 1-5 relatively light CP-even states, often with one of them lighter than the LEP2 mass
bound, but having a relatively small mixing with the MSSM Hu and Hd. It is necessary that at least
one of the singlets have an O(TeV) vacuum expectation value, so that the mass of the Z ′ gauge boson
is sufficently heavy that it evades current experimental bounds, and any extra matter needed to cancel
anomalies is heavy enough to not significantly affect light Higgs production or decay.

A bound exists on the mass of the lightest Higgs particle in any perturbatively valid supersymmet-
ric theory [18, 53]. The limit on the lightest MSSM-like CP-even Higgs mass in this model is:

M2
h ≤ h2v2 + (M2

Z − h2v2) cos2 2β + 2g2
Z′v

2(QHu cos2 β + sin2 βQHd)
2

+
3

4

m4
t

π2v2
ln
mt̃1

mt̃2

m2
t

. (6.21)

This is obtained by taking the limit as the equivalent of the B-term in the MSSM goes to infinity, B =
Ahhvs → ∞, in the 2 × 2 submatrix containing Hu and Hd. In the MSSM this is equivalent to taking
MA → ∞, the decoupling limit. This expression is the same as in the NMSSM, except for the gZ′ (D-
term) contribution. Perturbativity to a GUT or Planck scale places an upper limitO(0.8) on h [31], which
is less stringent than the corresponding limit in the NMSSM [54–56] due to the U(1) ′ contributions to
its renormalization group equations. Larger values would be allowed if another scale entered before the
Planck scale. We will allow h as large as 1 in the interest of exploring the low energy effective potential.
The second term of Eq. (6.21) vanishes for tanβ = 1. Since tan β ' 1 generically in these models,
the lightest Higgs mass is determined mostly by the new F and D-term contributions proportional to h2

and g2
Z′ . In this model, as with any model with many Higgs particles, a situation can arise in which the

MSSM-like couplings are shared among many states, allowing unusually heavy states or unusually light
states that evade current experimental bounds.

The four CP-odd masses can in principle be found algebraically but the results are complicated and
not very illuminating. Perhaps the most striking feature of the mass spectrum is that the A1 is allowed to
be very light, a feature shared with the NMSSM [57–63]. This can lead to a much lighter CP-even higgs
due to H1 → A1A1 decays [64, 65] and very light dark matter due to the new s-channel annihilation
through the A1 [66]. This light A1 is caused by a combination of small m2

SS1
or m2

SS2
and a small value

of vs compared to the vsi. In the limit that vsi (i = 1 or 2) is the largest scale in the problem, the lightest
A mass is

m2
A1

= −m2
SSi

vsvsi
v2
si + v2

s3

+O
(

1

v4
si

)
. (6.22)
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Fig. 6.1: MH −MA mass plane, labeled according to MSSM fraction ξMSSM. For each point both Hi and Ai
satisfy the condition ξMSSM > 0, 0.001, 0.01, 0.1, or 0.9. All pairs (MHi ,MAj ) are plotted.

In the limit that s3 is large we obtain

m2
A1

= −4m2
SSi

vsvsi
v2
s + v2

s1 + v2
s2

+O
(

1

vs3

)
. (6.23)

In our scans, −m2
SSi

is approximately in the range (0− 1000 GeV)2. However, this requires a hierarchy
between the off-diagonal soft masses mSSi and the other soft masses mS and mSi . This might be
difficult to achieve depending on the SUSY breaking mechanism. A similar analysis holds for H1, but
an algebraic expression cannot be derived since the eigenvalues of a 6 × 6 matrix cannot be expressed
algebraically.

6.2.2 Phenomenological constraints

Due to the introduction of the Higgs singlets, there are several more parameters than in the MSSM Higgs
sector. We follow the global symmetry breaking structure of Model I of Ref. [31]. Existing experimental
measurements already constrain any new model. In our parameter space scans, we apply the constraints
as outlined in Ref. [32]. All the model points shown on our figures are consistent with all the important
constraints from LEP2.

6.2.3 Mass spectrum and couplings for Higgs bosons

We first point out the relaxed upper bound on the mass of the lightest CP-even Higgs boson. As given
in Eq. (6.21), the lightest CP-even Higgs boson mass at tree level would vanish in the limit h → 0,
gZ′ → 0 and tan β → 1. Using the parameters discussed in Ref. [32], the upper limit on the lightest
Higgs boson mass at tree level as given by the first two terms in Eq. (6.21) is 142 GeV. Including the
effects of Higgs mixing and the one-loop top correction, we find masses up to ∼ 168 GeV. The mass
could be made even larger if we allowed h > 1, although the perturbativity requirement up to the GUT
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Fig. 6.2: MH+ −MA mass plane with the MSSM AMSSM mass MMSSM
A = 2Ahhvs/ sin 2β included for compar-

ison. All pairs (MHi ,MAj ) are plotted.

scale at 1-loop level would imply that h ≤ 0.8. We know that new heavy exotic matter must enter this
model to cancel anomalies, so it is not necessarily justified to require h to be perturbative to the Planck
scale by calculating its 1-loop running using only low energy fields.

The masses of the various Higgs particles are a function of the mixing parameters, and most of
the simple MSSM relations among masses are broken. It is quite common to have a light singlet with
sizable MSSM fraction that can still evade the LEP2 bounds. Typical allowed light CP-even and odd
masses are shown in Fig. 6.1 for various ranges of MSSM fractions. We see that it is possible to have
light MSSM Higgs bosons below about 100 GeV without conflicting the LEP2 searches. This is because
of the reduced couplings to the Z when the MSSM fraction becomes small. One can clearly make
out the usual MSSM structure when ξMSSM is large, with the diagonal band for ξMSSM > 0.9 being
MMSSM
H ' MMSSM

A , and the horizontal band being the saturation of MMSSM
h at its upper bound in the

decoupling limit. As ξMSSM decreases, we can see points in the lower left that are able to evade the
LEP2 bounds on Mh,H and MA.

The mass range for the charged Higgs boson is demonstrated in Fig. 6.2. There is still a linear
relationship between the charged Higgs mass and the MSSM A mass since the singlets do not affect the
H+ mass. However, after mixing there is not necessarily a state with that mass, or the identity of the
state is obscured. Most of the parameter space has a single state that can be identified as MSSM-like,
with ξMSSM ∼ 1; in such circumstances there is also generally an H very close in mass to both the A
and H+. However, the difference between MH+ and the MAi can be 50 GeV or more due to mixing,
especially when the MSSM-like state is not clearly identifiable.

One of the most important parameters in the SUSY Higgs sector is tanβ. In the model under
consideration, tanβ ≈ 1 is favored (because Ah must be large enough to ensure SU(2) breaking).
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Fig. 6.3: Branching ratios of the lightest CP-even Higgs.

6.2.4 Higgs boson decay and production in e+e− collisions

Due to the rather distinctive features of the Higgs sector different from the SM and MSSM, it is important
to study how the lightest Higgs bosons decay in order to explore their possible observation at future
collider experiments. The lightest Higgs bosons can decay to quite non-standard channels, leading to
distinctive, yet sometimes difficult experimental signatures. For the Higgs boson production and signal
observation, we concentrate on an e+e− linear collider. It is known that a linear collider can provide a
clean experimental environment to sensitively search for and accurately study new physics signatures.
If the Higgs bosons are discovered at the LHC, a linear collider would be needed to disentangle the
complicated signals in this class of models. If, on the other hand, a Higgs boson is not observed at the
LHC due to the decay modes difficult to observe at the hadron collider environment, a linear collider will
serve as a discovery machine.

6.2.4.1 Lightest CP-even state H1

The main decay modes and corresponding branching fractions for the lightest CP-even Higgs H1 are
presented in Fig. 6.3(left). For lightest Higgs masses below approximately 100 GeV, the LEP2 constraint
is very tight, and the lightest Higgs must be mostly singlet. Thus, the decay modes toA1A1 and χ0

1χ
0
1 are

dominant when they are kinematically allowed, due to the presence of the extra U(1) ′ gauge coupling
and trilinear superpotential terms proportional to h and λ. When those modes are not kinematically
accessible, the decays are very similar to the MSSM modulo an eigenvector factor that is essentially
how much of Hu and Hd are in the lightest state. Therefore bb̄, cc̄ and τ+τ− decays dominate, with cc̄
and τ+τ− approximately an order of magnitude smaller than bb̄, due to the difference in their Yukawa
couplings. Since tan β ≈ 1, the cc̄ mode can be competitive with both τ+τ− and bb̄ since their masses
are similar. In the MSSM the cc̄ mode is suppressed because tanβ is expected to be larger.

When the lightest Higgs is heavier than the LEP2 bound, it does not need to be mostly singlet, and
there can be a continuum of branching ratios to A1A1, χ0

1χ
0
1 or SM particles, depending on how much
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Fig. 6.4: Branching ratios for the lightest CP-odd Higgs.

singlet is in the lightest state. This is indeed seen in Fig. 6.3(right) for a heavier H1 where the modes
H1 →W+W−, ZZ become substantial.

A striking feature of this graph is that the usual “discovery” modes for MH1 < 140, H1 →
bb̄, τ+τ− are often strongly suppressed by decays to A1 and χ0

1. Only H1 → W+W−, ZZ decays
are able to compete with the new A1 and χ0

1 decays, which are all of gauge strength. One can see that
the traditional shape of the W+W− and ZZ threshold is obscured by the presence of χ0

1 and A decays,
depending on what is kinematically accessible. For aH1 heavy enough for these decay modes to be open,
however, the coupling h is typically greater than 0.8, large enough that it will become non-perturbative
before the Planck scale unless new thresholds enter at a lower scale to modify its running.

The A1 or H1 can be lighter than the χ0
1. However, we assume R-parity is conserved. Therefore,

decays of χ0
1 to A1 or H1 are not allowed and the lightest neutralino is assumed to be the (stable) LSP.

We do not analyze the sfermion sector, which can produce a sfermion LSP in some regions of parameter
space, but these scenarios are phenomenologically disfavored. We therefore assume H and A decays to
χ0

1 are invisible at a collider. We separate the heavier neutralinos χ0
i>1 which may decay visibly [67].

6.2.4.2 CP-odd

The decays of the CP-odd Higgs bosons are presented in Fig. 6.4. The light A1 will decay dominantly to
neutralinos when it is kinematically possible. When it is not, it decays dominantly into the nearest mass
SM fermion, which is usually b unless the A1 is lighter than the bb̄ pair mass. Charm and tau decays can
also be significant, depending on the value of tanβ. The cc̄ decays are about 3 times more likely than
the τ+τ− due to the color factor. However, for larger tan β the τ+τ− dominates.

For heavy A1 >∼ 200 GeV, decays to neutralinos and charginos universally dominate due to their
gauge strength, suppressing the bb̄ mode below 10%.

The lightest A can decay only into light SM fermions, the photon, and neutralinos. Hadronic
bottom and charm decays are difficult to separate from background, and τ ’s are obscured by missing
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Fig. 6.5: Cross section at a 500 GeV linear collider for ZHi production. The solid curve is the SM production,
and the dashed and dot-dashed for MSSM h and H production with tanβ = 5.

energy and hadronic background.

6.2.4.3 The Higgs signatures at a linear collider

The production via radiation of a Higgs from a virtual Z boson is the dominant mechanism for CP-even
Higgs production at a linear collider. We show this cross section in Fig. 6.5, where each point is a
viable model solution satisfying all the constraints. The curves present the SM and MSSM cross sections
for comparison. Model points with MH < 114.1 are only those with suppressed coupling to the Z ,
and those with large MSSM fraction are removed by the LEP2 bounds. The ratio between the Standard
Model cross section and that for any model point simply reflects the amount of mixing into the SM-like
or MSSM-like Higgs for a given Higgs state.

The production cross sections for the heavier Higgs particles are very small. For heavy states (that
correspond to the H in MSSM), cos(α − β) → 0 as the H gets heavier. In this decoupling limit of the
MSSM the heavy H has no coupling to the Z .

At 500 GeV the weak boson fusion production modes e+e− → νν̄H, e+e−H are comparable
in size to the Higgsstrahlung mode. At higher energies, the weak boson fusion becomes larger than
Higgsstrahlung and is the most important production mode. These curves are similar to Fig. 6.4(b),
reflecting that all of these single Higgs production modes are simply a mixing factor times the Standard
Model curve. It is particularly interesting to note that the ZZ fusion channel e+e− → e+e−H can serve
as a model-independent process to measure the ZZH coupling regardless the decay of H , even if H is
invisible [68].

As anticipated for the next generation linear collider with
√
s = 500 GeV and an integrated

luminosity of the order of 500 − 1000 fb−1, one should be able to cover a substantial region of the
parameter space. For instance, with a cross section of the order of 0.1 fb, this may lead to about 50−100
events. As for further exploration of signal searches, it depends on specific model parameters. We have
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provided a comprehensive list of representative models in the Appendices of Ref. [32].

It is clear that the model studied in this paper presents very rich physics in the Higgs sector. An
e+e− linear collider will be ideally suited for the detailed exploration of the non-standard Higgs physics.
Analyses for the LHC should also be performed, particularly for the non-MSSM modes [69, 70].

6.3 Higgs spectrum in the exceptional supersymmetric standard model
Steve F. King, Stefano Moretti and Roman Nevzorov

6.3.1 The model

A solution to the µ-problem discussed in the Introduction of this section naturally arises within su-
perstring inspired models based on the E6 gauge group. At the string scale, E6 can be broken di-
rectly to the rank-6 subgroup SU(3)C × SU(2)L × U(1)Y × U(1)ψ × U(1)χ via the Hosotani mech-
anism [71]. Two anomaly-free U(1)ψ and U(1)χ symmetries of the rank-6 model are defined by:
E6 → SO(10) × U(1)ψ , SO(10) → SU(5) × U(1)χ. Near the string scale the rank-6 model can
be reduced further to an effective rank-5 model with only one extra U(1)′ gauge symmetry. Thus in gen-
eral the extra U(1)′ that appears at low energies in superstring inspired models is a linear combination
of U(1)χ and U(1)ψ , i.e. U(1)′ = U(1)χ cos θ + U(1)ψ sin θ . If θ 6= 0 or π the extra U(1)′ gauge
symmetry forbids an elementary µ-term but allows the interaction hsSHdHu in the superpotential. Af-
ter electroweak symmetry breaking (EWSB) the scalar component of the standard model (SM) singlet
superfield S acquires a non-zero vacuum expectation value (VEV) breaking U(1) ′ and giving rise to an
effective µ term.

Here we explore the Higgs sector of a particular E6 inspired supersymmetric model with extra
U(1)N gauge symmetry in which right handed neutrinos do not participate in the gauge interactions
(θ = arctan

√
15). Only in this exceptional supersymmetric standard model (E6SSM) right-handed

neutrinos may be superheavy, shedding light on the origin of the mass hierarchy in the lepton sector and
providing a mechanism for the generation of lepton and baryon asymmetry of the Universe [28]- [29].
Recently the implications of SUSY models with an additional U(1)N gauge symmetry have been studied
for the neutrino physics [72]- [73], leptogenesis [74] and electroweak baryogenesis [75]. Previously
supersymmetric models with an extra U(1)N factor have been also considered in [76]- [77] in the context
of Z − Z ′ mixing and a discussion of the neutralino sector and in [24] where the one-loop upper bound
on the lightest Higgs was examined.

To ensure anomaly cancellation the particle content of the E6SSM should include complete fun-
damental 27 representations of E6. These multiplets decompose under the SU(5)×U(1)N subgroup of
E6 [78] as follows:

27i →
(

10,
1√
40

)

i

+

(
5∗,

2√
40

)

i

+

(
5∗, − 3√

40

)

i

+

(
5,− 2√

40

)

i

+

(
1,

5√
40

)

i

+ (1, 0)i .

(6.24)
The first and second quantities in the brackets are the SU(5) representation and extra U(1)N charge
while i is a family index that runs from 1 to 3. An ordinary SM family which contains the doublets of
left-handed quarks Qi and leptons Li, right-handed up- and down-quarks (uci and dci ) as well as right-

handed charged leptons, is assigned to
(

10, 1√
40

)
i
+
(

5∗, 2√
40

)
i
. Right-handed neutrinos N c

i should be

associated with the last term in Eq. (6.24), (1, 0)i. The next-to-last term in Eq. (6.24),
(

1, 5√
40

)
i
, repre-

sents SM-type singlet fields Si which carry non-zero U(1)N charges and therefore survive down to the
EW scale. The pair of SU(2)-doublets (H1i andH2i) that are contained in

(
5∗, − 3√

40

)
i

and
(

5,− 2√
40

)
i

have the quantum numbers of Higgs doublets. Other components of these SU(5) multiplets form color
triplets of exotic quarks Di and Di with electric charges −1/3 and +1/3 respectively. However these
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exotic quark states carry a B − L charge
(
±2

3

)
twice larger than that of ordinary ones. Therefore in the

phenomenologically viable E6 inspired models they can be either diquarks or leptoquarks.

In addition to the complete 27i multiplets some components of the extra 27′ and 27′ representa-
tions must survive to low energies in order to preserve gauge coupling unification. We assume that an
additional SU(2) doublet components H ′ of

(
5∗, 2√

40

)
from a 27′ and corresponding anti-doublet H ′

from 27′ survive to low energies. Thus in addition to a Z ′ the E6SSM involves extra matter beyond the
MSSM that forms three 5 + 5∗ representations of SU(5) plus three SU(5) singlets with U(1)N charges.

The superpotential in E6 inspired models involves a lot of new Yukawa couplings in comparison
to the SM. In general these new interactions induce non-diagonal flavour transitions. To suppress flavour
changing processes one can postulate a ZH2 symmetry under which all superfields except one pair of H1i

and H2i (say Hd ≡ H13 and Hu ≡ H23) and one SM-type singlet field (S ≡ S3) are odd. The ZH2
symmetry reduces the structure of the Yukawa interactions to:

WESSM ' λiS(H1iH2i) + κiS(DiDi) + fαβSα(HdH2β) + f̃αβSα(H1βHu)+

+ht(HuQ)tc + hb(HdQ)bc + hτ (HdL)τ c ,
(6.25)

where α, β = 1, 2 and i = 1, 2, 3 . In Eq. (6.25) we keep only Yukawa interactions whose couplings
are allowed to be of order unity and ignore H ′ and H ′ for simplicity. Here we define hs ≡ λ3. The
SU(2) doublets Hu and Hd play the role of Higgs fields generating the masses of quarks and leptons
after EWSB. Therefore it is natural to assume that only S, Hu and Hd acquire non-zero VEVs. If hs
or κi are large at the grand unification (GUT) scale MX they affect the evolution of the soft scalar
mass m2

S of the singlet field S rather strongly resulting in negative values of m2
S at low energies that

trigger the breakdown of the U(1)N symmetry. To guarantee that only Hu, Hd and S acquire a VEV
we impose a certain hierarchy between the couplings H1i and H2i to the SM-type singlet superfields Si:
hs � λ1,2, fαβ and f̃αβ .

Although ZH2 eliminates any problem related with non-diagonal flavour transitions it also forbids
all Yukawa interactions that would allow the exotic quarks to decay. Since models with stable charged
exotic particles are ruled out by different experiments [79] the ZH

2 symmetry must be broken. However
even a small violation of this discrete symmetry permits to get a phenomenologically acceptable model.
Because the Yukawa interactions of exotic particles to quarks and leptons of the first two generations give
an appreciable contribution to the amplitude of K 0 −K0 oscillations and give rise to new muon decay
channels like µ → e−e+e− we assume that the violation of the ZH2 symmetry in the E6SSM is mainly
caused by the Yukawa couplings of the exotic particles to the quarks and leptons of the third generations.

6.3.2 Higgs and collider phenomenology

The potential of the E6SSM Higgs sector that involves two SU(2) doublets Hu and Hd as well as the
SM-type singlet field S is given by Eqs. (6.2)-(6.5) in the Introduction of this section. The value of the
extra U(1)N gauge coupling gZ′ appearing in the Higgs scalar potential can be determined assuming
gauge coupling unification. It turns out that for any renormalisation scale Q below the unification scale

(Q < MX ) gZ′(Q) '
√

5
3g1(Q), where g1(Q) is the U(1)Y gauge coupling (g1(MZ) ' 0.36) [28]. The

only new coupling in the Higgs sector is then hsSHdHu which shows that the Higgs sector of the E6SSM
contains only one additional singlet field and one extra parameter compared to the MSSM. Therefore it
can be regarded as the simplest extension of the Higgs sector of the MSSM.

At the physical vacuum Higgs fields develop the VEVs 〈Hd〉 =
vd√

2
, 〈Hu〉 =

vu√
2

and 〈S〉 =
s√
2

,

thus breaking the SU(2)L × U(1)Y × U(1)N symmetry to U(1)EM, associated with electromagnetism.

Instead of vd and vu it is more convenient to use tanβ =
vu
vd

and v =
√
v2
d + v2

u, where v = 246 GeV.

After the breakdown of the gauge symmetry two CP-odd and two charged Goldstone modes in the Higgs
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sector are absorbed by the Z , Z ′ and W± gauge bosons so that only six physical degrees of freedom are
left. They represent three CP-even (as in the NMSSM), one CP-odd and two charged Higgs states (as in
the MSSM).

When the mass of the CP-odd Higgs boson mA0 is considerably larger than MZ the tree-level
masses of the Higgs particles can be written as [28]

m2
A0 ' m2

H± ' m2
h0

3
' 2h2

ss
2x

sin2 2β
, m2

h0
2
' g2

Z′Q
2
Ss

2 , (6.26)

m2
h0

1
' h2

s

2
v2 sin2 2β +

ḡ2

4
v2 cos2 2β + g2

Z′v
2

(
QH1 cos2 β +QH2 sin2 β

)2

−

− h4
sv

2

g2
Z′Q

2
S

(
1− x+

g2
Z′

h2
s

(
QH1 cos2 β +QH2 sin2 β

)
QS

)2

,

(6.27)

wheremH± andmh0
i

are the masses of charged and CP-even states respectively while x =
Ah√
2hss

sin 2β .

From Eqs. (6.26)-(6.27) it follows that at tree level the Higgs spectrum can be parametrised in terms
of four variables only: hs, s, tan β, mA0 (or x). As one can see at least one CP-even Higgs boson
is always heavy preventing the distinction between the E6SSM and MSSM Higgs sectors. Indeed the
mass of the singlet dominated Higgs scalar particle mh0

2
is always close to the mass of the Z ′ boson

MZ′ ' gZ′QSs ∼ gZ′s that has to be heavier than 600 − 800 GeV. The masses of the charged, CP-odd
and one CP-even Higgs states are governed by mA0 . The mass of the SM-like Higgs boson given by
Eq. (6.27) is set by MZ . The last term in Eq. (6.27) must not be allowed to dominate since it is nega-
tive. This constrains x around unity for hs > gZ′ . As a consequence mA0 is confined in the vicinity of
hss√

2
tanβ and is much larger than the masses of the Z ′ and Z bosons. At so large values of mA0 the

masses of the heaviest CP-even, CP-odd and charged states are almost degenerate around mA0 .

The qualitative pattern of the Higgs spectrum obtained for hs > gZ′ is shown in Fig. 6.6 where
we plot the masses of the Higgs bosons as a function of mA0 . As a representative example we fix
tanβ = 2 and the VEV of the singlet field s = 1.9 TeV, corresponding to MZ′ ' 700 GeV, which
is quite close to the current limit on the Z ′ boson mass. For our numerical study we also choose the
maximum possible value of hs(Mt) ' 0.794 which does not spoil the validity of perturbation theory up
to the GUT scale for tanβ = 2. In order to obtain a realistic spectrum, we include the leading one-loop
corrections from the top and stop loops that depend rather strongly on the soft masses of the superpartners
of the top-quark (m2

Q and m2
U ) and on the stop mixing parameter Xt. Here and in the following we set

mQ = mU = MS = 700 GeV while Xt is taken to be
√

6MS in order to enhance stop-radiative effects.

The numerical analysis confirms the analytic tree-level results discussed above. From Fig. 6.6 it
becomes clear that for mA0 below 2 TeV or above 3 TeV the mass squared of the lightest Higgs boson
tends to be negative. Negative value ofm2

h0
1

implies that the considered vacuum configuration is unstable,
i.e. there is a direction in field space along which the energy density decreases. The requirement of
stability of the physical vacuum therefore limits the range of variations of mA0 from below and above.
Together with the experimental lower limit on the mass of the Z ′ boson it maintains the mass hierarchy in
the spectrum of the Higgs particles seen in Fig. 6.6. The numerical analysis also reveals that the heaviest
CP-even, CP-odd and charged Higgs states lie beyond the TeV range when hs > gZ′ . The second lightest
CP-even Higgs boson is predominantly singlet so that it will be quite difficult to observe at colliders.

When hs < gZ′ the allowed range of mA0 enlarges. Although the requirement of vacuum stability
still prevents having very high values ofmA0 (or x) the mass squared of the lightest Higgs boson remains
positive even if charged, CP-odd and second lightest CP-even Higgs states lie in the 200−300 GeV range.
But for mA0 < 500 GeV and hs < gZ′ we get an MSSM-type Higgs spectrum with the lightest SM-like
Higgs boson below 130 GeV and with the heaviest scalar above 600− 800 GeV being singlet dominated

286

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

286



mh0
i

mA0, H±, h0
3

0 1000 2000 3000 4000

500

1000

1500

2000

2500

3000

0 1000 2000 3000 4000

500

1000

1500

2000

2500

3000

mA0 mA0

Fig. 6.6: Higgs masses for hs(Mt) = 0.794, tanβ = 2, MZ′ = MS = 700 GeV and Xt =
√

6MS. Left: One-
loop masses of the CP-even Higgs bosons versus mA0 . Solid, dashed and dashed-dotted lines correspond to the
masses of the lightest, second lightest and heaviest Higgs scalars respectively. Right: One-loop masses of the CP-
odd, heaviest CP-even and charged Higgs bosons versusmA0 . Dotted, dashed-dotted and solid lines correspond to
the masses of the charged, heaviest scalar and pseudoscalar states.

and phenomenologically irrelevant. The non-observation of Higgs particles at LEP rules out most parts
of the E6SSM parameter space in this case.

From Fig. 6.6 and Eq. (6.27) it becomes clear that at some value ofmA0 (or x) the lightest CP-even
Higgs boson mass mh0

1
attains its maximum value. At tree level the upper bound on mh0

1
is given by the

sum of the first three terms in Eq. (6.27). The inclusion of loop corrections increases the bound on the
lightest CP-even Higgs boson mass in models of supersymmetry (SUSY) substantially. When the soft
masses of the superpartners of the top-quark are equal to M 2

S , the upper limit on mh0
1

in the E6SSM in
the leading two-loop approximation can be written in the following form [28]- [29]:

m2
h0

1
≤

[
h2
s

2
v2 sin2 2β +M2

Z cos2 2β + g2
Z′v

2

(
Q̃1 cos2 β + Q̃2 sin2 β

)2](
1− 3h2

t

8π2
l

)

+
3h4

t v
2 sin4 β

8π2

{
1

2
Ut + l +

1

16π2

(
3

2
h2
t − 8g2

3

)
(Ut + l)l

}
,

(6.28)

where Ut = 2
X2
t

M2
S

(
1− 1

12

X2
t

M2
S

)
, l = ln

[
M2
S

m2
t

]
. Eq. (6.28) is a simple generalisation of the approximate

expressions for the two-loop theoretical restriction on the mass of the lightest Higgs particle obtained
in the MSSM [80] and NMSSM [56]. If as before we assume that MS = 700 GeV and Xt =

√
6MS

then the theoretical restriction on the lightest Higgs mass given by Eq. (6.28) depends on hs and tan β
only. The requirement of validity of perturbation theory up to the GUT scale constrains the parameter
space further setting a limit on the Yukawa coupling hs(Mt) for each value of tanβ. Relying on the
results of the analysis of the renormalisation group flow in the E6SSM presented in [28] one can obtain
the maximum possible value of the lightest Higgs scalar for each particular choice of tan β.

The dependence of the tree-level and two-loop upper bounds on the mass of the lightest Higgs
particle is examined in Fig. 6.7 where it is compared with the corresponding limits in the MSSM and
NMSSM. At moderate values of tan β (1.6−3.5) the upper limit on the lightest Higgs boson mass in the
E6SSM is considerably higher than in the MSSM and NMSSM. In the leading two-loop approximation
it reaches the maximum value 150 − 155 GeV at tan β = 1.5 − 2 [28]- [29]. Remarkably, we find that
in the interval of tan β from 1.2 to 3.4 the absolute maximum value of the mass of the lightest Higgs
scalar in the E6SSM is larger than the experimental lower limit on the SM-like Higgs boson even at tree
level. Therefore the non-observation of Higgs bosons at LEP does not cause any trouble for the E6SSM.
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Fig. 6.7: Upper bound on the mass of the lightest Higgs boson. The solid, lower and upper dotted lines correspond
to the theoretical restrictions on the lightest Higgs mass in the MSSM, NMSSM and E6SSM respectively. Left:
tree-level upper limit on the mass of the lightest Higgs particle as a function of tanβ. Right: Two-loop upper
bound on the lightest Higgs mass versus tanβ.

In the considered part of the parameter space the theoretical restriction on the mass of the lightest CP-
even Higgs boson in the NMSSM exceeds the corresponding limit in the MSSM because of the extra
contribution to m2

h0
1

induced by the additional F -term in the Higgs scalar potential of the NMSSM. The
size of this contribution, which is described by the first term in Eq. (6.27), is determined by the Yukawa
coupling hs. The upper limit on hs caused by the validity of perturbation theory in the NMSSM is
more stringent than in the E6SSM. Indeed new exotic 5 + 5-plets of matter in the particle spectrum of
the E6SSM change the running of the gauge couplings so that their values at the intermediate scale rise
preventing the appearance of the Landau pole in the evolution of the Yukawa couplings. It means that for
each value of tanβ the maximum allowed value of hs(Mt) in the E6SSM is larger than in the NMSSM.
The increase of hs(Mt) is accompanied by the growth of the theoretical restriction on the mass of the
lightest CP-even Higgs particle. This is the main reason why the upper bound on mh0

1
in the E6SSM

exceeds that in the NMSSM.

At large tan β > 10 the contribution of the F -term of the SM-type singlet field to m2
h0

1
vanishes.

Therefore with increasing tanβ the upper bound on the lightest Higgs boson mass in the NMSSM
approaches the corresponding limit in the MSSM. In the E6SSM the theoretical restriction on the mass
of the lightest Higgs scalar also diminishes when tan β rises. But even at very large values of tanβ
the two-loop upper limit on mh0

1
in the E6SSM is still 4 − 5 GeV larger than the ones in the MSSM

and NMSSM because of the U(1)N D-term contribution to mh0
1

(the third term in Eq. (6.27)). This
contribution is especially important in the case of minimal mixing between the superpartners of the top
quark. In the considered case the two-loop theoretical restriction on mh0

1
in the MSSM and NMSSM is

less than the experimental limit on the SM-like Higgs boson mass set by LEP. As a result the scenario
with Xt = 0 is ruled out in the MSSM. The contribution of an extra U(1)N D-term to m2

h0
1

raises the
upper bound given by Eq. (6.28) at large tanβ ≥ 10 slightly above the existing LEP limit thus relaxing
the constraints on the E6SSM parameter space. The discovery at future colliders of a relatively heavy
SM-like Higgs boson with mass 140 − 155 GeV, corresponding to hs > gZ′ in the E6SSM, will permit
to distinguish the E6SSM from the MSSM and NMSSM.

Other possible manifestations of our exceptional SUSY model at the LHC are related to the pres-
ence of a Z ′ and of exotic multiplets of matter. For instance, a relatively light Z ′ will lead to enhanced
production of l+l− pairs (l = e, µ). The analysis performed in [81] revealed that a Z ′ boson in E6

inspired models can be discovered at the LHC if its mass is less than 4− 4.5 TeV. At the same time the
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determination of its couplings should be possible up toMZ′ ∼ 2−2.5 TeV [82]. Moreover in the E6SSM
the exotic fermions can be relatively light since their masses are set by the Yukawa couplings κ i and λi
that may be small. This happens, for example, when the Yukawa couplings of the exotic particles have a
hierarchical structure which is similar to the one observed in the ordinary quark and lepton sectors. Then
the production cross section of exotic quark pairs at the LHC can be comparable with the cross section of
tt̄ production. The lifetime of new exotic particles is defined by the extent to which the ZH

2 symmetry is
broken. Since we have assumed that ZH2 is mainly broken by operators involving quarks and leptons of
the third generation the lightest exotic quarks decay into either two heavy quarks QQ̄ or a heavy quark
and a lepton Qτ(ντ ), where Q is either a b- or t-quark. In the case when ZH

2 is broken significantly this
results in the growth of the cross section of either pp→ QQ̄Q(′)Q̄(′) +X or pp→ QQ̄l+l−+X . If the
violation of the ZH2 invariance is extremely small then a set of new composite scalar leptons or baryons
containing quasi-stable exotic quarks could be discovered at the LHC. The discovery of the Z ′ and exotic
quarks predicted by the E6SSM would represent a possible indirect signature of an underlying E6 gauge
structure at high energies and provide a window into string theory.

6.4 Doubly charged Higgs bosons from the left-right symmetric model at the LHC
Georges Azuelos, Kamal Benslama and Jonathan Ferland

The Left-Right Symmetric Model (LRSM) [83–85], based on the group SU(2)L⊗SU(2)R⊗U(1)B−L,
is a natural extension of the Standard Model, deriving from Grand Unified Theories. The breaking of
SU(2)R⊗U(1)B−L → U(1)Y occurs at a high energy scale due to a triplet of complex Higgs fields2 with
physical states consisting of ∆0

R, ∆+
R and ∆++

R , when the neutral component acquires a non-vanishing
vacuum expectation value (An overview of triplet models is given in Section 13.1). The Higgs sector of
the model therefore contains a doubly charged Higgs boson, which could provide a clean signature at the
LHC since charge conservation prevents it from decaying to a pair of quarks. Doubly charged scalars
are also predicted in Little Higgs models [89, 90], see Section 7, and in 3-3-1 models [91–94], where
doubly charged vector bilepton states are also predicted. Very light, O(∼ 100) GeV, doubly-charged
Higgs particles can also be expected in supersymmetric left-right models [36, 95]. Here, we summarize
the results [46] of an analysis, performed for ATLAS, which expands on previous phenomenological
studies [39,96–98] by including the effects of backgrounds as well as detector acceptance and resolution.

Other signatures involving the decay of the new heavy gauge bosons of the LRSM have been
studied in ATLAS [99–102]. As a complement to these searches, observation of a doubly charged Higgs
would clearly provide an important confirmation of the nature of the new physics. In fact, heavy gauge
bosons could be out of kinematical reach, and the Majorana neutrinos could be extremely heavy (∼ 1011

GeV) if the see-saw mechanism explains the mass of the light neutrinos. Thus the observation of a
doubly-charged Higgs boson could serve as the discovery channel for the LRSM.

The Higgs sector [39] of the LRSM consists of (i) the right-handed complex triplet ∆R mentioned
above, with weights (0,1,2), meaning singlet in SU(2)L, triplet in SU(2)R and B − L = 2, (ii) a left-
handed triplet ∆L (1,0,2) (if the Lagrangian is to be symmetric under L ↔ R transformation); and
a bidoublet φ (1/2,1/2,0). The vacuum expectation values (vev) of the neutral members of the scalar
triplets, vL and vR, break the symmetry SU(2)L × SU(2)R × U(1)B−L → SU(2)L × U(1)Y . The
non-vanishing vev of the bidoublet breaks the SM SU(2)L × U(1)Y symmetry. It is characterized
by two parameters κ1 and κ2, with κ =

√
κ2

1 + κ2
2 = 246 GeV. To prevent flavour changing neutral

currents (FCNC), one must have κ2 � κ1, implying minimal mixing between WL and WR [103].
The mass eigenstate of the singly charged Higgs is a mixed state of the charged components of the
bidoublet and of the triplet. Bounds on the parameters are given in [39, 98, 104]: custodial symmetry
constrains vL <∼ 9 GeV and present Tevatron lower bounds on MWR

impose a limit vR > 1.4 TeV, or
2Alternative minimal Left-Right symmetric models exist with only doublets of scalar fields [86–88]. They do not lead to

Majorana couplings of the right-handed neutrinos.
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mWR
> 650 GeV, assuming equal gauge couplings gL = gR. Direct limits from the Tevatron on the

mass of the doubly charged Higgs from di-leptonic decays have recently been reported in [105, 106].
Indirect limits on the mass and couplings of the triplet Higgs bosons, obtained from various processes,
are given in [39, 104, 107] (see also Section 13).

We will assume a truly symmetric Left-Right model, with equal gauge couplings gL = gR =
e/ sin(θW ) = 0.64. We relate the mass of WR to vR by: m2

WR
= g2

Rv
2
R/2, which is a valid approxima-

tion in the limit where vL = 0 and κ1 � vR.

6.4.1 Phenomenology of the doubly-charged Higgs boson

Single production of ∆++
R production is dominated by the vector fusion process W ±

RW
±
R , as long as the

mass of the WR is of the TeV scale [98]. For the process W+W+ → ∆++
L , the suppression due to the

small value of the vL is somewhat compensated by the fact that the incoming quarks radiate a lower mass
vector gauge boson.

Double production of the doubly charged Higgs is also possible via a Drell-Yan process, with
γ, Z or ZR exchanged in the s-channel, but at a high kinematic price since enough energy is required
to produce two heavy particles. In the case of ∆++

L , double production may nevertheless be the only
possibility if vL is very small or vanishing.

The decay of a doubly charged Higgs can proceed by several channels. Present bounds [98, 107]
on the diagonal couplings hee,µµ,ττ to charged leptons are consistent with values∼ O(1) if the mass scale
of the triplet is larger than a few hundred GeV. For the ∆++

L , this may be the dominant coupling if vL
is very small. For very low Yukawa couplings (h`` <∼ 10−8), the doubly charged Higgs boson could be
quasi-stable [108], leaving a characteristic dE/dx signature in the detector, but this case is not considered
here. The decay ∆++

R,L →W+
R,LW

+
R,L can also be significant. However, it is kinematically suppressed in

the case of ∆++
R , and suppressed by the small coupling vL in the case of ∆++

L .

Here, we discuss only dilepton (ee or µµ) decay, which provides a clean signature, kinematically
enhanced, although the branching ratios will depend on the unknown Yukawa couplings. A complete
description of this analysis as well as of other channels, including ττ and WW can be found in [46].

6.4.2 Simulation of the signal and backgrounds

The processes of single and double production of doubly charged Higgs are implemented in the PYTHIA
generator [109]. Events were generated using the CTEQ5L parton distribution functions, taking account
of initial and final state interactions as well as hadronization.

Detector effects and acceptance were simulated using ATLFAST [110], a fast simulation program
for the ATLAS detector, where efficiencies and resolutions are parametrized according to the expected
detector performance, as evaluated in [99].

PYTHIA was used to generate the tt̄ background, which has a very large cross section of ∼ 500
pb. Other backgrounds were simulated using the CompHep generator [111]: (i) The Standard Model
processes qq →W+W+qq and (ii) qq →W+Zqq and (iii) pp→Wtt̄.

A number of systematic uncertainties, some of which are difficult to evaluate reliably before exper-
imental data are available, will apply. No k-factors have been used here, although next-to-leading-order
corrections can be substantial for these high mass resonance states. Experimental systematic uncer-
tainties involve: the luminosity measurement (∼ 5 − 10%), the efficiency of lepton reconstruction in
ATLAS, here taken to be 90%, the uncertainty in the energy resolution, especially for high energy elec-
trons, charge misidentification, estimated to be small, and misidentification of jets as electrons, for which
preliminary estimates suggest that it will have a small effect.
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Table 6.1: Number of events of signal and backgrounds after successive application of cuts, for the case ∆++
R →

`+ `+, around m`` = 300 or 800 GeV (shown as n300/n800 for the backgrounds), for mWR = 650 GeV and for
100 fb−1. Mass windows ±2σ around the resonances have been chosen. In parentheses is shown the number of
events without the mass window cut.

∆++ ∆++ W+W+ qq W tt̄ WZqq tt̄ total backg
300 GeV 800 GeV

Isolated leptons 278 (327) 63 (95) 109/12 7.6/0.6 0/0.8 17/0 133/13
Lepton PT > 50 GeV 256 (301) 63 (94) 63/11 5.9/0.5 0/0.8 1.1/0 70/12

2.4(P l1T + P l2T )−Mll > 480 191(227) 59(85) 10/2.1 1.3/0.3 0 0 12/2.4
Fwd Jet tagging 156(186) 56(74) 6.0/1.3 0.1/0 0 0 6/1.3

ptmiss < 100 GeV 154(181) 56(68) 3.0/0.3 0/0 0 0 3.1/0.3

6.4.3 Search for ∆++
R

The cross section for single production of ∆++
R is of the order of ∼ fb: for example, it is 0.9 fb for the

case m(∆++
R ) = 800 GeV, m(W++

R ) = 850 GeV. We consider signals for doubly positively charged
Higgs bosons, as they are about 1.6 times more abundant than the negatively charged ones, at the LHC.
The same ratio of positively charged to negatively charged leptons can be expected from the backgrounds,
to the extent that qqWW dominates, and hence the improvement in the significances obtained below can
be estimated at 22%.

The selection criteria for this channel are summarized in Table 6.1, which also shows the number
of events of signal for typical cases of signal wherem∆++

R
= 300 or 800 GeV and mW+

R
= 650 GeV, and

of the various backgrounds after successive application of cuts. A clean signal is found for an integrated
luminosity of 100 fb−1. A window of ±2× the width of the reconstructed mass of the ∆++

R has been
selected. The intrinsic width depends on the assumed ∆++

R − `` couplings, but is expected, in any case to
be very narrow [98]. The width is therefore dominated by the detector resolution, which is measured to
be σR = 20, 55 and 123 GeV for the cases of ∆++

R = 300, 800, 1500 GeV respectively. The cuts involve
forward jet tagging (for details, see [46]), since the primary partons from which the WR are radiated will
tend to continue in the forward and background directions, and hadronize as jets.

Since the background is negligible, discovery can be claimed if the number of signal events is 10
or higher. With this definition, the contour of discovery, in the plane mW+

R
versus m∆++

R
(or vR) has

been estimated from a sample of test cases. The discovery reach at the LHC is shown in Fig. 6.8, for
integrated luminosities of 100 fb−1 and 300 fb−1 and assuming 100% BR to lepton pairs.

Pair production of ∆++
R ∆−−R is suppressed by the expected high mass of the ∆++

R but can have a
dominant cross section in some region of phase space (see [98]). The diagrams with s-channel Z and Z ′

exchange have been added to the γ exchange diagram in the implementation of the Drell-Yan process in
the PYTHIAg generator, taking the coupling of Z, Z ′ to fermions and to ∆++

L from references [96, 112].
In principle, the branching ratio depends on the assumed mass of ∆++

L , as well as that of ∆++
R , but since

the Z ′ has a large partial width to fermions, such that BR(Z ′ → ∆++∆−−) is of the order of 1%, the
contribution of these decay channels to the total width of the Z ′ was neglected. For the case of leptonic
decays of the doubly-charged Higgs bosons, the process constitutes a golden channel and the background
will be negligible.

Fig. 6.9 shows the contours of discovery, defined as observation of 10 events, if all four leptons
are detected or if any 3 of the leptons are observed. As m(ZR) increases, the mass reach for m(∆++

R )
increases at first, as the s-channel diagram with ZR produced on mass shell becomes the dominant
contribution. However, for very large masses of ZR, the contribution of this diagram is kinematically
suppressed. Being an s-channel process not involving the WR, this channel is not sensitive to the mass
of this heavy gauge boson.
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Table 6.2: Number of events of signal and total background after successive application of cuts, for the case
∆++ → `+ `+, for m

∆++
L

= 300 or 800 GeV (shown as n300/n800 for the background) and vL = 9 GeV, for 100

fb−1. Mass windows±2σ around the resonances have been chosen. In parentheses is shown the number of events
without the mass window cut.

∆++ ∆++ total backg
300 GeV 800 GeV

Isolated leptons 330 (384) 59 (69) 133/13
|∆φ`` > 2.5| 253 (289) 56 (65) 75/8.3

∆P llT
> (Mll

2 +50) 220 (260) 50 (59) 37/2.5
Fwd Jet tagging 144(170) 38 (45) 11/0.6

ptmiss 140(165) 33 (38) 2.0/0.07

6.4.4 Search for ∆++
L

The search for ∆++
L follows closely the strategy used for ∆++

R . However, some major differences in the
kinematics of the events force the use of different selection criteria. In particular, ∆++

L single production
occurs via fusion of a pair ofWL’s, which are much lighter than theWR’s in the case of single production
of ∆++

R . The distribution of forward jets is strongly affected, as well as the final transverse momentum
of the ∆++. For that reason, an independent analysis has been performed, using cuts similar to the case
of ∆++

R to the extent possible (for details, see [46]).

As for the case of the ∆++
R the dilepton channel provides a clean signature. Although the Yukawa

coupling of ∆++
L to leptons remains a parameter of the theory, this channel can, in fact, be dominant

since the alternative decay to gauge bosons is possibly negligible, being proportional to the very small
value of the vev vL. In the limit where vL = 0, it will be the only open channel, but production of ∆++

L

will only occur in pairs, through s-channel γ/Z/Z ′ exchange. As before, we will assume below 100%
branching ratio to leptons, but results can be reinterpreted in a straightforward way for different values
of this branching ratio.

Table 6.2 gives the number of expected signal and background events for the cases m∆++
L

= 300

GeV and m∆++
L

= 800 GeV respectively. A mass window of ±2× the width of the resonance was
selected. The discovery reach in the plane vL vs m∆++

L
is shown in Fig. 6.10.

As for the case of the right-handed sector, pair production of ∆L is a possible discovery channel.
The diagram with s-channel Z ′ exchange has been added to the implementation of this Drell-Yan process
in the PYTHIA generator, taking the coupling of Z ′ to fermions and to ∆++

L from references [96, 112].
Assuming leptonic decays, the background will be negligible. Fig. 6.11 shows the contours of discovery,
defined as observation of 10 events, if all four leptons are detected or if at least any 3 of the leptons are
observed. The reach has the same qualitative dependence on the mass of ZR as for the case of ∆++

R pair
production.

6.4.5 Summary and Conclusion

Left-Right symmetric models predict the existence of doubly-charged Higgs bosons which should yield
a striking signature at the LHC. The principal production and decay modes, including ∆ → ττ and
∆ → WW have been investigated in [46] but only the dilepton channel is reported here. It must be
emphasized that these results have assumed that the decay to two leptons (e or µ) dominate and that
they should be rescaled if there is a substantial branching ratio to ττ . It is found that the LHC will be
able to probe a large region of unexplored parameter space in the triplet Higgs sector. This analysis
complements previous ATLAS studies searching for signals of the Left-Right symmetric model.
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Fig. 6.8: Discovery reach for ∆++
R → l+l+ in the

plane mW+
R

versus m
∆++
R

(or vR) for integrated

luminosities of 100 fb−1(a) and 300 fb−1(b), and
assuming 100% BR to dileptons. The region where
discovery is not possible is on the hatched side of
the line.
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Fig. 6.9: Contours of discovery for 100 fb−1(a) and
for 300 fb−1(b) in the plane mZ′ vs m

∆++
R

. The

dashed curves are for the case where all four lep-
tons are observed, and the full curves are when only
three leptons are detected.

Fig. 6.10: Discovery reach for ∆++
L → `+`+ in the

plane vL versus m
∆++
L

for integrated luminosities

of 100 fb−1(a) and 300 fb−1(b) and assuming 100%
BR to dileptons.
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Fig. 6.11: Contours of discovery in the plane mZ′

vs m
∆++
L

for 100 fb−1(a) and 300 fb−1(b). The

dashed curves are for the case where all four lep-
tons are observed, and the full curves are when only
three leptons are detected.
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7 LITTLE HIGGS MODELS

7.1 Introduction
Thomas Grégoire, Heather E. Logan, and Bob McElrath

7.1.1 The little Higgs mechanism and collective symmetry breaking

We should learn soon from the LHC how electroweak symmetry is broken. Electroweak precision tests
suggest that the physics responsible for this phenomenon is weakly coupled, or in other words, it is
expected that a Higgs particle will be discovered. To have a natural theory of electroweak symmetry
breaking, the Higgs mass needs to be protected from radiative corrections that would drive it toward the
ultraviolet (UV) cutoff of the theory, presumably with the help of a symmetry. Two possible symmetries
exist. The first one is supersymmetry, and the well studied MSSM relies on this symmetry to protect the
Higgs mass. The other possible symmetry is a shift symmetry, and in fact the only light scalar particles
that we know in nature, the pions, are light thanks to this kind of symmetry: they are pseudo-Goldstone
bosons.

Goldstone bosons arise whenever a global symmetry is spontaneously broken. Due to the shift
symmetry they have derivative couplings, but no potential: they are massless. The strength of their
derivative interactions is set by an energy scale f , the decay constant. At energies larger than Λ ∼ 4πf ,
the Goldstone bosons become strongly coupled and some new physics is needed to regulate this behavior.
The regulating physics can be strongly coupled at scale Λ, like in QCD, or it can be weakly coupled if
the global symmetry is spontaneously broken by an elementary scalar (for example in the SM, the Higgs
field regulates WW scattering). Small explicit breaking of the global symmetry can generate a potential
for the pseudo-Goldstone bosons. For example, in QCD, the quark masses explicitly break the flavor
symmetry and as a result, the pions are not exactly massless. The gauging of electromagnetism also
breaks the global symmetry and a quadratically divergent photon loop is responsible for the π+ − π0

mass difference:
m2
π+ −m2

π0 ∼
αem

4π
Λ2

QCD, (7.1)

which is parametrically of order gfπ (fπ is the pion decay constant). Early attempts to write down a
theory of a Higgs as a pseudo-Goldstone boson by Georgi and Kaplan [1–4] faced the following problem.
The typical potential generated for a pseudo-Goldstone boson φ is of the form

V (φ) = f 4(c1φ
2/f2 + c2φ

4/f4) , (7.2)

with c1, c2 of order one, which leads to a minimum (if c1 < 0) at φ ∼ f . If φ is the Higgs, f ∼ 100
GeV, and strong physics at 1 TeV (or a linear sigma model field at ∼ 100 GeV, which is not any better
than having a fundamental Higgs in the first place) is needed. The philosophy of little Higgs models
is to avoid having to deal with potentially dangerous contributions to electroweak precision observables
coming from strongly-coupled physics by pushing the strong coupling scale up to 10 TeV.

The idea of little Higgs models [5, 6] is to break the global symmetry in such a way that the
mass of the Higgs is parametrically two loop factors smaller than Λ instead of one. We could then have
f ∼ 1 TeV and Λ ∼ 10 TeV. This is achieved through collective breaking of the symmetry. The idea is
that any one global symmetry breaking coupling by itself leaves enough of the global symmetry intact
so that the Higgs is still an exact Goldstone. However, once all couplings are turned on, the Higgs gets a
mass parametrically of order:

m2
h ∼

(
g2

16π2

)2

Λ2 (7.3)

so that the strong coupling scale Λ could be as high as 10 TeV, a scale that is out of reach of forthcoming
experiments and safe with respect to electroweak precision measurements. In order for this mechanism
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to work, the global symmetry group needs to be quite large, which implies the presence of extra parti-
cles typically at scale f ∼ 1 TeV. Those particles are responsible for canceling the one loop quadratic
divergences to the Higgs mass. The following ingredients are needed to build a little Higgs model:

– The spontaneous breaking of a global symmetry. The mechanism by which the symmetry breaking
happens is not specified. It could be strongly coupled physics at 10 TeV, or weakly coupled physics
at 1 TeV. The breaking produces a set of Goldstone bosons, among which is the Higgs, and at low
energies these ‘pions’ are described by a non-linear sigma model field which is written as an
exponential of the broken generators T a of the global symmetry: Σ(x) = exp (iπa(x)T a).

– Gauge couplings for the Higgs that implement the collective symmetry breaking principle. To
achieve this, one needs to gauge a group larger than the Standard Model gauge group, which
breaks to the Standard Model at the scale f . There will then be extra gauge bosons at the scale
f that cancel the quadratically divergent contributions of the Standard Model gauge bosons to the
Higgs mass.

– Yukawa couplings that implement the collective symmetry breaking principle. This leads to extra
heavy fermions that cancel the quadratically divergent contribution of the Standard Model top
quark loop to the Higgs mass. Note that the size of the quadratic divergence from light fermions is
small up to the cutoff at 10 TeV; the contributions of the light fermions to the Higgs mass quadratic
divergence need not be canceled and we can couple the light fermions to the Higgs in the usual
way.

– Higgs quartic couplings that implement the collective symmetry breaking principle. Once again,
this leads to additional scalars and higher-dimensional Higgs self-interactions that cancel the SM
Higgs self coupling quadratic divergence at f ∼ 1 TeV. Some little Higgs models however do not
have these features and need some fine tuning to get the light Higgs vacuum expectation value
(vev).

As an example of a coupling that respects the collective breaking principle, we write down a typical
top Yukawa coupling of a little Higgs model. Consider a 3×3 nonlinear sigmal model field describing
the breaking of a SU(3)L×SU(3)R global symmetry to the diagonal SU(3)D:

Σ(x) = exp(iπa(x)T a) Σ→ exp(iαaLT
a)Σ(x) exp(−iαaRT a) (7.4)

Π = πaT a =

(
φ+ η h
h† −2η

)
πa → πa + αaL − αaR + · · · (7.5)

where T a are the SU(3) generators; αaL and αaR are infinitesimal vectors in SU(3)L and SU(3)R re-
spectively; φ is an SU(2)D triplet; h is an SU(2)D doublet; and η is an SU(2)D singlet. This symmetry
shifts the πa by a constant. We consider the coupling of this nonlinear sigma model to a fundamental
of SU(3)L, Q =

(
u d T

)
, and to one singlet fermion tc. We add a second singlet fermion T c to give

mass to the extra fermion:

λQΣ




0
0
tc


+MTT c. (7.6)

If M = 0, the coupling λ respects the SU(3)L global symmetry and the Higgs is still protected, while
with λ = 0 and M 6= 0 the SU(3)R symmetry under which the πa also shift remains. Therefore both
couplings are needed to give masses to the πa. The cancellation of one loop quadratic divergences is
discussed in more detail in Sections 7.1.7 and 7.1.8.

In the next subsections we will examine some specific models. They all have sligthly different
properties, but they all have a set of TeV-scale gauge bosons, colored fermions and scalars that cancel
the quadratic divergences due to the ususal SM gauge bosons, Yukawa and Higgs quartic couplings,
respectively. The models are summarized in Table 7.1.
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Table 7.1: Various little Higgs models classified by their type: theory space (t.s.), product gauge group (p.g.g.), or
simple gauge group (s.g.g).

Model Global group Gauge group Type Comments
Minimal moose [7] SU(3)8/SU(3)4 SU(3)×SU(2)×U(1) t.s. can contain extra light

triplet and singlet scalars
Minimal moose SO(5)8/SO(5)4 SO(5)×SU(2)×U(1) t.s. less constrained from electroweak
with SU(2)C [8] precision tests (EWPT)

Moose with SO(5)10/SO(5)5 (SU(2)×U(1))3 t.s. very few constraints from EWPT, large
T-parity [9] spectrum, complicated plaquettes

Littlest Higgs [6] SU(5)/SO(5) (SU(2)×U(1))2 p.g.g Minimal field content
SU(6)/Sp(6) model SU(6)/Sp(6) (SU(2)×U(1))2 p.g.g Small field content, contains a

[10] heavy vector-like quark doublet
Littlest Higgs SO(9)/ SU(2)3×U(1) p.g.g. less constraints from EWPT

with SU(2)C [11] (SO(5)×SO(4))
Littlest Higgs SU(5)/SO(5) (SU(2)×U(1))2 p.g.g Minimal field content,

with T-parity [12] very few constraints from EWPT
SU(3) simple group (SU(3)×U(1))2/ SU(3)×U(1) s.g.g. no large quartic

[13, 14] (SU(2)×U(1))2

SU(4) simple group (SU(4)×U(1))4/ SU(4)×U(1) s.g.g. Two Higgs doublets, large quartic
[13] (SU(3)×U(1))4

SU(9)/SU(8) SU(9)/SU(8) SU(3)×U(1) s.g.g. Two Higgs doublets, large quartic
simple group [15]

7.1.2 Theory space models

Theory space models [5, 7–9, 16] were the first little Higgs models and were inspired by the deconstruc-
tion [17–19] of extra dimensional models where the Higgs is the fifth component of a gauge field. Theory
spaces are sets of sites and links, also called moose diagrams. Sites represent gauge groups, and links are
N ×N nonlinear sigma model fields transforming as bifundamentals under the gauge groups associated
with the sites they touch (see Fig. 7.1). Each link breaks a global SU(N )2 symmetry to the diagonal
SU(N ). This results in the presence of Goldstone bosons. The gauge symmetry explicitly breaks the
large global symmetry group. However, no single gauge coupling alone breaks enough symmetry to give
the Goldstone bosons a mass.

a b

Fig. 7.1: Moose diagram for the minimal moose from Ref. [20]. The open site corresponds to an SU(3) gauge
group, while the filled site corresponds to an SU(2)×U(1) gauge group.

In Fig. 7.1 we show the theory space of the ‘minimal moose’ [7], the most simple little Higgs of
this type. The kinetic term for the link fields is given by:

4∑

i=1

|DµΣi|2 , (7.7)

with

DµΣi = ∂µΣi + iA1Σi − iΣiA2 and Σi = exp(iπai T
a) , (7.8)
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where T a are the generators of SU(3). The global symmetry group is SU(3)4
L×SU(3)4

R (i.e., one copy
of SU(3)L×SU(3)R for each link) broken down to the diagonal SU(3)4

D, resulting in 4 × 8 = 32 Gold-
stone bosons. The spontaneous breaking of the global group also breaks the SU(2)L×U(1)L×SU(3)R
gauge symmetry down to the diagonal SU(2)L×U(1)Y subgroup, which eats 8 Goldstone bosons leaving
24 pseudo-Goldstone bosons. The gauge group also explicitly breaks the global symmetry and the 24
pseudo-Goldstone bosons will get a potential generated by gauge interactions. Note that if only the SU(3)
gauge coupling is nonzero, there is an exact SU(3)4

L×SU(3)R global symmetry broken to the diagonal
SU(3). In this case there would be 32 Goldsone bosons, 8 of which would be eaten, leaving 24 exact
Goldstone bosons. This tells us that we need the gauge couplings of both sites to generate any potential
for the 24 pseudo-Goldsone bosons. The potential is in fact parametrically of the form:

g2
1g

2
2

16π2
(c1f

2φ2 + c2φ
4 + · · · ), (7.9)

where c1 and c2 are coefficients of order one and φ represents the various pseudo-Goldstone bosons. As
in Eq. (7.2), the minimum is either at zero or parametrically at φ ∼ f . To correct this situation, we need
to generate a large quartic coupling for φ. This can be achieved with ‘plaquette’ interactions of the form

λTrΣ1Σ†2Σ3Σ†4. (7.10)

These interactions also break some of the global symmetries. They do not respect the collective breaking
principle for all the pseudo-Goldsones, and they therefore give mass of order f to 8 of them. But still,
each of these interactions respects enough global symmetries to protect the mass of the remaining 16
pseudo-Goldstones, which consist of two Higgs doublets, two triplets and two singlets. The important
feature of the plaquette terms is that, at tree level, they give no mass to the Higgs doublets, but they do
give them an order one quartic coupling. In the extra-dimensional picture, the plaquette term corresponds
to the F56 part of the gauge kinetic term. These plaquettes are also the reason why we need four link
fields. With fewer link fields, the global symmetry structure is not large enough to allow for the desired
plaquette terms.

Finally, a top Yukawa coupling can be introduced in a way very similar to Eq. (7.6):

λQΣ1Σ†2




0
0
tc


+MTT c. (7.11)

The variety of little Higgs models that can be built from theory space is infinite provided one
follows a simple set of rules [20]. Along with the minimal moose model, other interesting ‘mooses’
include a model with a custodial SU(2) symmetry built in [8], and a model with T-parity [9], both
constructed to relax constraints from electroweak precision measurements.

Typically, the little Higgs models based on theory spaces are slightly more involved than the
‘Littlest Higgs’ type model that we will present in the next subsection. However, as already mentioned,
they can have interesting extra dimensional interpretations, and many models of a Higgs as the extra-
dimensional component of gauge fields [21–27] can be reinterpreted as theory space little Higgs models
once the extra dimension is deconstructed.

7.1.3 Product gauge group models

Product gauge group models [6, 10–12, 28] do not have any extra dimensional interpretations. In these
models, the gauge groups are subgroups of a single global symmetry. The typical example, and the most
studied little Higgs model, is the Littlest Higgs [6]. The global group structure is SU(5)/SO(5). This
generates 24 − 10 = 14 Goldstone bosons that can be parametrized by the following nonlinear sigma
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model:

Σ(x) = exp(iΠ)Σ0 exp(iΠT ) Σ0 =




1
1

1


 (7.12)

Π =




h φ
h† hT

φ† h∗


 , (7.13)

where 1 is the 2× 2 identity matrix, φ is an SU(2) triplet, and h is an SU(2) doublet.

Two SU(2)×U(1) subgroups of SU(5) are gauged with the following generators:

Q1a =



σa


 Q2a =




σ∗a


 (7.14)

Y1 =
1

10
diag(2, 2,−3,−3,−3) Y2 =

1

10
diag(3, 3, 3,−2,−2). (7.15)

The diagonal subgroup belongs to SO(5) and is unbroken by the Σ vev. The gauging explicitly
breaks the SU(5) and generates a potential for the Goldstone bosons. Out of the 14 original Goldstones,
4 are eaten by the gauge bosons that become massive. There are 10 left. If only one SU(2)×U(1) gauge
coupling constant is turned on, the global symmetry breaking pattern is (SU(3)×SU(2))/(SO(3)×U(1)).
This leaves 7 exact Goldstones, three of which are eaten, and four of which remain massless. These mass-
less Goldstone bosons are the Higgs bosons, whose mass is protected by collective symmetry breaking.
To summarize, out of the 10 uneaten pseudo-Goldstone bosons, 6, forming an electroweak triplet, do not
have their mass protected by collective symmetry breaking and get a mass of order f (and possibly a
vev v′ of order v2/f ), while 4, corresponding to an electroweak doublet, get a lower mass of order the
electroweak scale.

An interesting feature of the littlest Higgs model is that gauge boson loops generate the following
operators:

f4
(
c1g

2
1TrΣQ1aΣ

∗Q∗1a + c2g
2
2TrΣQ2aΣ

∗Q∗2a
)
. (7.16)

These operators give a mass of order f for the electroweak triplet φ, and generate a quartic coupling of
order one for the Higgs. Therefore we do not need to add a plaquette term ‘by hand’. It is naturally there,
generated by gauge interactions.

Similarly, a top quark Yukawa coupling can be written down in a way analogous to Eq. (7.6) (see
Section 7.1.8 for details):

LY =
i

2
λ1fεijkεxyχiΣjxΣkyu

′c
3 + λ2f t̃t̃

′c + h.c. (7.17)

From these couplings, one finds that the heavy vector-like SU(2)-singlet quark T is heavier than
√

2f .

There are many possible variations on the Littlest Higgs theme. The simplest one is the SU(6)/Sp(6)
model [10]. This model trades the electroweak triplet scalar of the Littlest Higgs model for an elec-
troweak singlet and an extra light Higgs doublet. To relax constrains from electroweak precision mea-
surements it is also possible to build in a custodial SU(2) symmetry in the gauge sector of the Littlest
Higgs model by having an SO(9)/(SO(5)×SO(4)) coset space [11]. Finally one can build a Littlest Higgs
model with T-parity [12, 28], which we will discuss further in Section 7.1.5; the phenomenology of
models with T-parity will be reviewed in more detail in Section 7.5.
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7.1.4 Simple gauge group models

In the previous models we could obtain the desired low energy gauge couplings in a way that respects
the collective symmetry breaking by using a product of gauge groups. When one gauge coupling of the
product was set to zero, the Higgs was exactly massless and that is how collective symmetry breaking
was achieved. One can also use a simple gauge group and get the collective symmetry breaking by having
two nonlinear sigma fields that get a vacuum expectation value [13–15]. Each field alone ‘thinks’ that it
is the one breaking the symmetry and getting absorbed by the massive gauge bosons, and the couplings
of both fields are needed to generate a potential for the uneaten pseudo-Goldstone bosons. The simplest
model [14] of this type is an SU(3)×U(1) gauge theory broken down to SU(2)×U(1) by the vev of two
different SU(3) fundamentals:

〈φ1〉 =




0
0
f1


 , 〈φ2〉 =




0
0
f2


 . (7.18)

The global symmetry in this case is an (SU(3)×U(1))2/(SU(2)×U(1))2 that rotates the two fields inde-
pendently. The pseudo-Goldstone bosons can be parameterized by fluctuations about the vacuum:

φ1(x) = exp(iT aπa1/f1)




0
0
f1


 , φ2(x) = exp(iT aπa2/f2)




0
0
f2


 . (7.19)

Once again, the gauge couplings explicitly break the global symmetry, but couplings to both φ1 and
φ2 are needed to generate a potential for the pseudo-Goldstone bosons. The Higgs mass is then sup-
pressed relative to the f scale; however, the Higgs quartic coupling is also small. An extra ‘plaquette’
operator that breaks the (SU(3)×U(1))2 global symmetry must be added to give a large enough quartic
coupling [14]. Alternately, a large quartic can be produced if the theory is enlarged to an SU(4) gauge
theory with four fundamentals breaking it to SU(2) [13]. Another model, consisting of a SU(9)/SU(8)
global symmetry with SU(3)×U(1) gauged, contains two light Higgs doublets and also generates a large
enough quartic [15].

The field content of simple group models is slightly different than in the other models. Instead of
an electroweak triplet of vector bosons at the scale f , there are the broken SU(3) or SU(4) generators:
one or two Z ′ bosons and an extra electroweak doublet of vector bosons. Also, the spectrum of fermions
is enlarged. Before we only needed an extra fermion in the top sector to cancel the one loop quadratic
divergence of the Standard Model top quark. Here, because of the extended gauge group, extra fermions
for all generations of the Standard Model are needed. Finally, because of the two vevs f1, f2, there is no
simple relationship between the mass of the heavy vector bosons and the mass of the heavy top. As we
will see next, this helps in avoiding constraints from electroweak precision measurements.

7.1.5 Constraints from electroweak precision measurements

Even if the extra states of little Higgs models are predicted to be out of reach of LEP II and the Teva-
tron, precision electroweak tests provide stringent constraints on the properties of these particles. This
is sometimes referred to as the LEP paradox [29, 30]: we need new states at about 1 TeV to stabilize the
Higgs mass, however LEP precision data have probed physics at the TeV scale via its influence on radia-
tive corrections and do not see anything new. Little Higgs models suffer from this paradox; the new TeV
scale states that are responsible for the cancellation of the Higgs quadratic divergences can be exchanged
at tree level, and this can result in a significant departure from the LEP I and LEP II data. There are
many studies on the subject [31–39], and a more detailed review will be presented in Section 7.2. In the
Littlest Higgs model for example, exchange of the B ′ and W ′, Z ′ gauge bosons, as well as a vev for the
heavy triplet, can all cause trouble. In product group models and theory space models, the couplings of
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the new gauge bosons can be written solely in terms of Standard Model currents [40], and the deviation
from the Standard Model can be parametrized by the oblique parameters S, T, Y and W [37, 40]. In
general, none of the dangerous couplings that give large contributions to these parameters are tied to the
couplings that ensure the cancellation of the Higgs mass quadratic divergences. Therefore it is in general
possible to find regions of parameter space where the constraints are satisfied with reasonable fine tuning
in the Higgs mass (∼ 10%). However, the allowed region is in general quite small. One reason is that,
in both the product group models and the theory space models, to avoid contrains from exchange of
heavy gauge bosons one needs a largish f . However, in these models the mass of the heavy top partner,
responsible for the cancellation of the top quark quadratic divergence, is tied to the scale f . Since the
top loop quadratic divergence is the largest, the heavy top quark partner cannot be too heavy without
reintroducing fine-tuning, and this tends to push the models into a small corner of parameter space. In
simple gauge group models, the relationship between the heavy gauge boson and the heavy top partner
masses is not as direct. Therefore, one gains a little bit. In particular, in simple gauge group models the
electroweak precision measurements typically give strong constraints on

√
f2

1 + f2
2 , while the heavy top

quark partner mass is not directly tied to this combination, and can be made relatively light.

Several models have been built with the specific intention of reducing the constraints of elec-
troweak precision measurements. One straightforward option to improve the Littlest Higgs model is to
gauge only the diagonal U(1)Y instead of a U(1)2 [32, 34, 41]. This eliminates the constraints coming
from the exchange of the B ′, which is removed from the spectrum, at the expense of not cancelling the
quadratic divergence due to the hypercharge gauge boson. This is not a serious problem since with a
cutoff of 10 TeV, the quadratic divergence due to the hypercharge gauge boson is not very big. There
are also models with a custodial SU(2) symmetry built in to eliminate the worst contributions to the T
parameter; these models are typically more complicated but slightly less constrained [8, 11].

The most interesting direction in trying to avoid electroweak precision measurements is probably
the idea of T-parity [9, 12, 28, 42, 43]. Just as in the MSSM where R-parity forbids the coupling of one
superpartner with two Standard Model particles, T-parity tries to avoid tree-level exchange of the heavy
states by making them odd under a new parity, while all the Standard Model particles are even. This has
the additional advantage of ensuring the presence of a stable heavy particle which could play the role of
dark matter [44]. The main drawback of this approach is that it requires the addition of one new TeV
scale fermion for each of the fermions of the Standard Model [12]. This in turns raises flavor questions
similar to those in the MSSM. T-parity has been introduced in theory space models, where the parity
has a nice geometric interpretation, and in product group models, but not in simple group models. The
phenomenology of models with T-parity will be discussed in more detail in Section 7.5.

7.1.6 Theoretical constraints

In addition to the electroweak precision constraints, there are additional constraints on little Higgs models
from unitarity and from considering the log-divergent terms in the Higgs potential. We also discuss
here the prospects for little Higgs models to incorporate dark matter, neutrino masses, and the baryon
asymmetry of the universe.

One can analyze the scattering of all possible pairs of Goldstone bosons in little Higgs models
to find where unitarity is violated. The violation of unitarity at some scale indicates that the theory
is not valid above that scale, or that perturbation theory has broken down. Due to the large number of
Goldstones in little Higgs models, this unitarity analysis generically predicts an upper cutoff Λ ' (3−4)f
depending on the model, which is somewhat less than the 4πf ∼ 10–30 TeV usually quoted using Naive
Dimensional Analysis [45].

There are also constraints on the scale f . The Naive Dimensional Analysis used to predict that
f ' 1 TeV neglects the contributions to the potential that go like

TrM4(Σ) log
M2(Σ)

Λ2
. (7.20)
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Including these terms, it is found that a light Higgs can only be achieved with f somewhat smaller
than 1 TeV. For large f � 1 TeV, the Higgs mass is pulled up toward the scale f , destroying the
desired hierarchy [46]. Therefore the desired hierarchy v � f � Λ can be preserved, but the separation
between each of these scales may only be a factor of 3–5 instead of 4π. While worsening the electroweak
precision constraints, these observations significantly improve the possibility of finding not only the f -
scale particles at the LHC, but also the Λ-scale particles as well.

Because little Higgs models have a cutoff at a relatively low scale Λ ∼ 10 TeV, the issues of
dark matter, neutrino masses, and the baryon asymmetry of the universe can be deferred to energy scales
above the cutoff. However, there have been some attempts to incorporate this physics within little Higgs
models themselves.

Dark matter appears naturally as the lightest T-odd particle in little Higgs models with T-parity [44].
Even without T-parity, theory space models often contain discrete symmetries, some part of which can
remain unbroken even after electroweak symmetry breaking; the dark matter could then consist of a
nonlinear sigma model field made stable by this accidental exact global symmetry [47].

There have been two main approaches to neutrino mass generation in little Higgs models. First,
some models (such as the Littlest Higgs) contain a scalar triplet with a nonzero vev. This triplet can
be used to generate neutrino Majorana masses through a lepton number violating coupling to two left-
handed SM neutrinos [35, 48–50]. Second, simple group models naturally contain a pair of extra SM
gauge singlets N,N c at the f scale due to the expansion of the lepton doublets into fundamentals of
the enlarged gauge group. If lepton number is broken at a small scale M ∼ keV, generating a small
Majorana mass for N c, then the SM neutrinos can get a radiatively generated Majorana mass [51] of the
correct size through their mixing with N , without requiring extremely tiny Yukawa couplings.

Electroweak baryogenesis relies on the restoration of electroweak symmetry at high temperature.
This happens as a result of an effective positive mass squared termm2

eff ∼ T 2 acquired by the Higgs from
interactions with the ambient thermal plasma. However, this effective mass is generated precisely by the
Higgs self-energy diagrams that are quadratically divergent at T = 0 [52], i.e., those that are canceled
by the little Higgs mechanism. A similar cancellation happens in the MSSM, in which the quadratically
divergent contributions cancel between bosonic and fermionic degrees of freedom; at finite temperature,
these contributions enter the thermal mass with different coefficients due to the different statistics of the
relevant particles in the thermal bath, and thus no longer cancel. In little Higgs models, however, the
quadratic divergences cancel between particles of the same statistics, so that the thermal mass is also
canceled [52]. A detailed study [52] of the Littlest Higgs model with SU(2)2×U(1) gauged shows an
initial symmetry restoration as in the Standard Model as T is increased, followed by a rebreaking at
T ∼ f to a new global minimum.

The baryon asymmetry of the universe could also arise through leptogenesis, with an initial lepton
asymmetry transmitted to the baryon sector through electroweak sphalerons. Leptogenesis generates the
initial CP asymmetry through out-of-equilibrium decay of heavy right-handed neutrinos. To generate a
large enough asymmetry, the right-handed neutrinos must have large enough CP-violating couplings to
the light neutrinos and the SM Higgs. Normally this forces the right-handed neutrino scale to be near the
GUT scale (∼ 1016 GeV) so that the SM neutrinos will be kept light enough by the see-saw mechanism.
Such a scenario cannot be fit into a little Higgs model because the cutoff is much lower, Λ ∼ 10 TeV.

However, recently it was shown [53] how to implement TeV-scale leptogenesis in little Higgs
models, both in simple group models and in Littlest Higgs-type models. In simple group models the SM
neutrino masses can be radiatively generated as discussed above [51], so that the CP-violating couplings
relevant for leptogenesis can still be large without generating too large a neutrino mass. In Littlest Higgs-
type models with the SM neutrino masses generated through couplings to a scalar triplet, leptogenesis
can be implemented by adding a moderately heavy fourth neutrino family which carries the large CP-
violating coupling.
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7.1.7 New gauge bosons

Little Higgs models extend the electroweak gauge group at the TeV scale. The structure of the extended
electroweak gauge group determines crucial properties of the model, which can be revealed by study-
ing the new gauge bosons at the TeV scale. Experimental studies for the LHC will be presented in
Sections 7.6 and 7.7; prospects for ILC measurements will be discussed in Section 7.8. In the Littlest
Higgs model [6], the heavy gauge bosons consist of an SU(2)L triplet ZH ,W±H from the breaking of
SU(2)×SU(2) down to the electroweak SU(2)L. A similar structure arises in many of the product group
and theory space models. In the SU(3)×U(1) simple group model [13,14], the heavy gauge bosons con-
sist of an SU(2)L doublet (Y 0, X−) corresponding to the broken off-diagonal generators of SU(3), and
a Z ′ gauge boson corresponding to the broken linear combination of the T 8 generator of SU(3) and the
U(1). Again, a similar pattern arises in other simple group models.

The extra gauge bosons get their masses from the f condensate, which breaks the extended gauge
symmetry. For example, in the Littlest Higgs and the SU(3) simple group models, the gauge boson
masses are given in terms of the model parameters by

MWH
= MZH = gf/2sc = 0.65f/ sin 2θ

MAH = gsW f/2
√

5cW s
′c′ = 0.16f/ sin 2θ′

}
in the Littlest Higgs model,

MZ′ =
√

2gf/
√

3− t2W = 0.56f

MX = MY = gf/
√

2 = 0.46f = 0.82MZ′

}
in the SU(3) simple group model. (7.21)

In the SU(3) simple group model the heavy gauge boson masses are determined by only one free param-
eter, the scale f =

√
f2

1 + f2
2 . The Littlest Higgs model has two additional gauge sector parameters,

tan θ = s/c = g2/g1 [in the SU(2)2 →SU(2) breaking sector] and tan θ′ = s′/c′ = g′2/g
′
1 [in the

U(1)2 →U(1) breaking sector]. If only one copy of U(1) is gauged [32], the AH state is not present and
the gauge sector of the Littlest Higgs model is controlled by only two free parameters, f and tan θ.

The gauge couplings of the Higgs doublet take the general form [54]

L =

{
[GHHV V V V +GHHV ′V ′V

′V ′ +GHHV V ′V V
′]H2

[GHHV +V −V
+V − +GHHV ′+V ′−V

′+V ′− +GHHV +V ′−(V +V ′− + V −V ′+)]H2,
(7.22)

where the top line is for V neutral and the bottom line is for V charged. Here V and V ′ stand for
the SM and heavy gauge bosons, respectively. This Lagrangian leads to two quadratically divergent
diagrams contributing to the Higgs mass: one involving a loop of V , proportional to GHHV V , and the
other involving a loop of V ′, proportional to GHHV ′V ′ . The divergence cancellation in the gauge sector
can thus be written as ∑

i

GHHViVi = 0, (7.23)

where the sum runs over all gauge bosons in the model. The couplings in the Littlest Higgs and SU(3)
simple group models are given, e.g., in Table 3 of Ref. [54]. In the SU(3) simple group model, the
quadratic divergence cancels between the Z and Z ′ loops and between the W and X loops. In the
Littlest Higgs model, the quadratic divergence cancels between the W and WH loops and there is a
partial cancellation between the Z and ZH loops. Including the AH loop leads to a complete cancellation
of the quadratic divergence from the Z loop. The key test of the little Higgs mechanism in the gauge
sector is the experimental verification of Eq. (7.23).

After EWSB, the couplings of H2 to one heavy and one SM gauge boson induce mixing between
the heavy and SM gauge bosons:

V ′ = V ′0 − δV V0, δV = −v2GHHV V ′/M
2
V ′ , (7.24)

where V ′0 , V0 stand for the states before EWSB. This mixing gives rise to triple gauge couplings between
one heavy and two SM gauge bosons.
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In the Littlest Higgs model, the couplings of the heavy gauge bosons to the SU(2)L fermion cur-
rents take the form

ZµHff : ig cot θ T 3
f γ

µPL, W+µ
H ud : − ig√

2
cot θ γµPL, (7.25)

where T 3
f = 1/2 (−1/2) for up (down) type fermions. Below the TeV scale, exchange of WH and

ZH gives rise to four-fermi operators, which are constrained by the electroweak precision data. The
experimental constraints are loosened by going to small values of cot θ, for which the couplings of the
heavy gauge bosons are suppressed. In the SU(3) simple group model, the Z ′ couples to SM fermions
with gauge strength, while the X,Y gauge bosons couple only via the mixing between SM fermions
and their TeV-scale partners. The Z ′ couplings are fixed by the charges of the SM fermions under
SU(3)×U(1)X , and cannot be written in terms of the usual SM currents. The electroweak precision
constraints in this case cannot be parameterized solely in terms of the oblique parameters [37, 40].

7.1.8 New fermions and the top partner

The new heavy quark sector in the Littlest Higgs model [6] consists of a pair of vectorlike SU(2)-singlet
quarks that couple to the top sector. The Lagrangian is [54]

LY =
i

2
λ1fεijkεxyχiΣjxΣkyu

′c
3 + λ2f t̃t̃

′c + h.c., (7.26)

where χi = (b3, t3, it̃) and the factors of i in Eq. (7.26) and χi are inserted to make the masses and mixing
angles real. The summation indices are i, j, k = 1, 2, 3 and x, y = 4, 5, and εijk, εxy are antisymmetric
tensors. The vacuum expectation value 〈Σ〉 ≡ Σ0 marries t̃ to a linear combination of u′c3 and t̃′c, giving
it a mass of order f ∼ TeV. The resulting new charge 2/3 quark T is an isospin singlet up to its small
mixing with the SM top quark (generated after EWSB). The orthogonal linear combination of u ′c3 and t̃′c

becomes the right-handed top quark and marries t3.

In the SU(3)×U(1) simple group model [13, 14], the top quark mass is generated by the La-
grangian [54]

LY = iλt1u
c
1Φ†1Q3 + iλt2u

c
2Φ†2Q3, (7.27)

where QT
3 = (t, b, iT ) and the factors of i in Eq. (7.27) and Q3 are again inserted to make the masses

and mixing angles real. The Φ vevs marry T to a linear combination of uc1 and uc2, giving it a mass
of order f ∼ TeV. The new charge 2/3 quark T is a singlet under SU(2)L up to its small mixing with
the SM top quark (generated after EWSB). The orthogonal linear combination of uc1 and uc2 becomes
the right-handed top quark. For the rest of the quarks, the scalar interactions depend on the choice
of their embedding into SU(3). The most straightforward choice is to embed all three generations in
a universal way, QT

m = (u, d, iU)m , so that each quark generation contains a new heavy charge 2/3
quark. This embedding leaves the SU(3) and U(1)X gauge groups anomalous; the anomalies can be
canceled by adding new spectator fermions at the cutoff scale Λ ∼ 4πf . An alternate, anomaly-free
embedding [55, 56] puts the quarks of the first two generations into antifundamentals of SU(3), QT

m =
(d,−u, iD)m, with m = 1, 2, so that the first two quark generations each contain a new heavy charge
−1/3 quark. Interestingly, an anomaly-free embedding of the SM fermions into SU(3)c×SU(3)×U(1)X
is only possible if the number of generations is a multiple of three [55–58].1

The masses of the top quark t and its heavy partner T are given in terms of the model parameters

1This rule can be violated in models containing fermion generations with non-SM quantum numbers, e.g., mirror fami-
lies [59].
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by

mt = λtv =





λ1λ2√
λ2

1 + λ2
2

v in the Littlest Higgs model,

λ1λ2√
2
√
λ2

1c
2
β + λ2

2s
2
β

v in the SU(3) simple group model;

MT =





√
λ2

1 + λ2
2 f = (xλ + x−1

λ )
mt

v
f in the Littlest Higgs model,

√
λ2

1c
2
β + λ2

2s
2
βf =

√
2

t2β + x2
λ

(1 + t2β)xλ

mt

v
f in the SU(3) simple group model.

Fixing the top quark mass mt leaves two free parameters in the Littlest Higgs model, which can be
chosen to be f and xλ ≡ λ1/λ2. We see that the SU(3) simple group model contains one additional
parameter, tβ ≡ tanβ = f2/f1. In the SU(3) simple group model, we define f ≡

√
f2

1 + f2
2 .

To reduce fine-tuning in the Higgs mass, the top-partner T should be as light as possible. The
lower bound on MT is obtained for certain parameter choices:

MT ≥





2
mt

v
f ≈
√

2f for xλ = 1 in the Littlest Higgs model,

2
√

2sβcβ
mt

v
f ≈ f sin 2β for xλ = tβ in the SU(3) simple group model,

where in the last step we used mt/v ≈ 1/
√

2. The T mass can be lowered in the SU(3) model for fixed
f by choosing tβ 6= 1, thereby introducing a mild hierarchy between f1 and f2.

The couplings of the Higgs doublet to the t and T mass eigenstates can be written in terms of an
effective Lagrangian [54],

LY ⊃ λtHtct+ λTHT
ct+

λ′T
2MT

HHT cT + h.c., (7.28)

where the four-point coupling arises from the expansion of the nonlinear sigma model field. This ef-
fective Lagrangian leads to three diagrams contributing to the Higgs mass corrections at one-loop level,
shown in Fig. 7.2: (a) the SM top quark diagram, which depends on the well-known SM top Yukawa
coupling λt; (b) the diagram involving a top quark and a top-partner T , which depends on the HTt
coupling λT ; and (c) the diagram involving a T loop coupled to the Higgs doublet via the dimension-five
HHTT coupling. The couplings in the three diagrams of Fig. 7.2 must satisfy the following relation [60]
in order for the quadratic divergences to cancel:

λ′T = λ2
t + λ2

T . (7.29)

This equation embodies the cancellation of the Higgs mass quadratic divergence in any little Higgs
theory. The couplings in the Littlest Higgs and SU(3) simple group models are given, e.g., in Table 1
of Ref. [54]. If the little Higgs mechanism is realized in nature, it will be of fundamental importance to
establish the relation in Eq. (7.29) experimentally.

After EWSB, the coupling λT induces a small mixing of electroweak doublet into T ,

T = T0 − δT t0, δT = λT
v

MT
, (7.30)

where T0, t0 stand for the electroweak eigenstates before the mass diagonalization at the order of v/f .
This mixing gives rise to the couplings of T to the SM states bW and tZ with the same form as the
corresponding SM couplings of the top quark except suppressed by the mixing factor δT .
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Fig. 7.2: Quadratically divergent one-loop contributions to the Higgs boson mass-squared from the top sector in
little Higgs models. From Ref. [54].

Table 7.2: Particle content of the scalar sectors of little Higgs models. SU(2) doublets, triplets, complex singlets,
and singlet pseudoscalars are denoted by h, φ, σ, and η, respectively. SU(2) multiplets are complex unless specified
otherwise; the real triplet and singlet are denoted by φr and σr, respectively. In the minimal moose with SU(2)C ,
the σ±, σr fields form a triplet under the custodial SU(2) symmetry but are SU(2)L singlets.

Model EW-scale scalars TeV-scale scalars
Minimal moose [7] h1, h2, φ, σ (none)

Minimal moose with SU(2)C [8] h1, h2 φr, σ±, σr

Moose with T-parity [9] h1, h2 h3,4,5, φr1,2,3, σ1,2,3,4,5, η1,2,3

Littlest Higgs [6] h φ
SU(6)/Sp(6) model [10] h1, h2 σ

Littlest Higgs with SU(2)C [11] h φ, φr, η
Littlest Higgs with T-parity [12] h φ

SU(3) simple group [13, 14] h, η (none)
SU(4) simple group [13] h1, h2, η1, η2 σ1, σ2, σ3

SU(9)/SU(8) simple group [15] h1, h2 σ1, σ2

7.1.9 The scalar sector

The scalar sectors of little Higgs models are very model dependent, because they correspond to the coset
space of the broken global symmetries minus those exact Goldstone bosons that are eaten by the broken
gauge generators. The phenomenology of the scalar sector thus provides a very important experimental
handle on the global symmetry of the model and the symmetry breaking pattern.

The states in the scalar sector are characterized by their SU(2)L×U(1) and CP quantum numbers.
The scalar sector must contain at least one SU(2)-doublet Higgs field with mass near the electroweak
scale to reproduce SM electroweak symmetry breaking. The scalar content of various little Higgs models
is summarized in Table 7.2. We denote SU(2) doublets as h, SU(2) triplets as φ, complex SU(2) singlets
as σ, and SU(2) singlet pseudoscalars as η.

Some models, including the Littlest Higgs [6], its extensions with custodial SU(2)C symmetry [11]
and with T-parity [12], and the SU(3) simple group model [13,14], contain a single SU(2) doublet Higgs
field at the electroweak scale. The physical Higgs boson in these models has couplings that are identical
to those of the SM Higgs up to corrections suppressed by the ratio of scales v/f ; the corrections to
the Higgs production cross sections and decay partial widths are then proportional to (v/f)2 ∼ few
percent [61–63]. These corrections come from the mixing between SM and TeV-scale states, from the
higher-order terms in the expansion of the nonlinear sigma model, and from corrections to the SM input
parameters such as GF . In such models, high-precision Higgs coupling measurements will be a useful
test of the model structure, and could shed light on strongly-coupled new physics at the UV-completion
scale around 10 TeV. This will be reviewed in more detail in Section 7.3.
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Other models give rise to two Higgs doublets at the electroweak scale. The Higgs phenomenology
below the TeV scale is then that of a two Higgs doublet model, typically with a constrained form of the
scalar potential that can give rise to characteristic relations between the Higgs masses and mixing angles.

Little Higgs models often contain at least one additional U(1) global symmetry that is broken by
the f vev. This gives rise to an additional physical pseudoscalar mode, η, typically with mass near the
electroweak scale, which can have significant effects on the phenomenology [64]. This occurs in, e.g.,
the SU(3) simple group model [13, 14]. A pseudoscalar also arises in the Littlest Higgs model [6] when
only SU(2)2×U(1) is gauged, instead of the usual [SU(2)×U(1)]2. The origin and phenomenology of
these pseudoscalars will be reviewed in more detail in Section 7.4.

Finally, some models contain Higgs triplets at the TeV scale, or even at the electroweak scale.
These triplets can give rise to potentially dangerous contributions to electroweak precision observables
through their nonzero vevs v′. They can also yield interesting phenomenology such as decays of the
doubly-charged member of the triplet into pairs of like-sign W bosons or, in versions of the models with
lepton number violation [35, 48–50], into like-sign dileptons.

7.2 Impact of electroweak precision data on the little Higgs models
Aldo Deandrea

The electroweak sector of the SM has been tested to a very high accuracy and an important test of the
validity of little Higgs models is therefore through comparison with precision data (for reviews treating
this subject see [65, 66]). The strategy to compute limits from the electroweak precision data is not
unique and indeed different methods are discussed in the literature. It is possible to compute directly
quantities which are constrained by the experimental data and fit the whole set in order to get constraints
on the model. One can also rely on the computation of a restricted set of relevant quantities. Finally one
can integrate out the heavy fields and study the effective low energy lagrangian. The originally proposed
models are tightly constrained while more recent ones, such as the Littlest Higgs model with T-parity,
satisfy the electroweak constraints in a larger region of the parameter space.

A special feature of the SM with one Higgs doublet is the validity of the tree level relation

ρ = 1 =
M2
W

M2
Zc

2
θ

(7.31)

due to the tree level custodial symmetry. In many little Higgs models the custodial symmetry is no longer
a good symmetry of the model, i.e. ρ 6= 1 already at the tree level. Another source of constraints from the
electroweak precision data are SU(2)L triplet Higgs, as a trilinear coupling between the doublet and the
triplet Higgs, HTΦ†H , is allowed by the gauge symmetry SU(2)L×U(1)Y . Unless a discrete symmetry
is imposed to forbid such a trilinear interaction, the vev of the triplet is non-zero and leads to a new input
parameter in the gauge sector, and many predictions of the Standard Model are changed by the presence
of such a term.

7.2.1 Littlest Higgs

Many studies in the literature concern the little Higgs model and its extensions [31–33,35,37–39,60,67,
68]. As an example we show in Fig. 7.3 the limits obtained in the SU(5)/SO(5) Littlest Higgs in [32].
The leading corrections are given by the tree-level exchanges of heavy gauge bosons and the effects of
the non-zero triplet scalar vev. Weak isospin violating contributions arise at tree level due to the absence
of a custodial SU(2) symmetry. The main component of the corrections come from heavy gauge boson
exchanges, while a smaller contribution is due to the triplet vev v ′.

The input parameters in the analysis of the electroweak data can be chosen to be the Fermi constant
GF , the mass of the Z vector boson mZ and the fine–structure coupling α(mZ). One can first look at the
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modification to GF . We have two types of modifications: one directly from the mixing of the heavy WH

bosons to the coupling of the charged current and the second one from the contribution of the charged
current to the equations of motion of the heavy gauge bosons. In terms of the model parameters:

GF√
2

=
απ(g2 + g′2)

2g2g′2m2
Z

(
1− c2(c2 − s2)

v2

f2
+ 2c4

v2

f2
− 5

4
(c′2 − s′2)2 v

2

f2

)
. (7.32)

where s, c, s′, and c′ denote the sines and cosines of two mixing angles, respectively. They can be
expressed with the help of the coupling constants:

c′ = g′/g′2 s′ = g′/g′1
c = g/g2 s = g/g1 , (7.33)

with the usual SM couplings g, g′, related to g1, g2, g′1 and g′2 by

1

g2
=

1

g2
1

+
1

g2
2

,
1

g′2
=

1

g′1
2 +

1

g′2
2 . (7.34)

The Weinberg angle is defined through

GF√
2

=
απ

2s2
θc

2
θm

2
Z

. (7.35)

In terms of the model parameters the mass of the Z-boson is given by

m2
Z = (g2 + g′2)

v2

4

[
1− v2

f2

(
1

6
+

(c2 − s2)2

4
+

5

4
(c′2 − s′2)

)
+ 8

v′2

v2

]
, (7.36)

whereas the W -mass is

m2
W =

g2v2

4

[
1− v2

f2

(
1

6
+

(c2 − s2)2

4

)
+ 4

v′2

v2

]
. (7.37)

The expression for the Z-mass can be used to determine the value of v for a given ratio v/f . One can
also compute from the previous results the correction to the ρ parameter.

By doing a complete analysis one can establish that the symmetry breaking scale is generically
bounded by f > 4 TeV at 95% C.L. with more stringent bounds for particular choices of the couplings.
Modifying the way in which the gauged U(1) generators are embedded, the fermion U(1) charges, or
gauging a single U(1), gives the possibility of relaxing the constraints on the scale f [32]. For example
one can modify the U(1) charges of the first two generations in the form RYF under the first U(1) and
(1 − R)YF under the second U(1), where YF is the SM hypercharge of the fermion. By requiring the
invariance of the Yukawa couplings under the U(1)’s (for details see [32]) one can show that R can
take only values which are integer multiples of 1/5. Results depend also on an additional parameter a
expected to be O(1) in the Coleman-Weinberg potential of the Littlest Higgs. This parameter affects the
size of the triplet vev v′.

7.2.2 Other little Higgs models

Little Higgs models implementing custodial symmetry were discussed in [8, 11]. Precision electroweak
constraints were considered in the previous papers and also in [38, 69]. The breaking scale f can be as
low as 700 GeV without contradiction with the precision electroweak data.

A different approach to reduce the impact of electroweak constraints is based on a discrete parity
called T-parity [9,12,28] in analogy with R-parity in supersymmetric models. T-parity forbids tree-level
contributions from the heavy gauge bosons to observables involving only standard model particles as
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Fig. 7.3: 95% confidence level bound on f for a = 1 and R = 1 (dashed), R = 4/5 (dotted), and R = 3/5

(solid). The bounds forR = 2/5, 1/5 and 0 can be obtained by reflection around c′2 = 1/2 due to theR→ 1−R,
c′2 → 1− c′2 symmetry of the expressions for the electroweak corrections. From [32].

external states. In the case of the Littlest Higgs model, it also forbids the interactions that induce the
triplet vev. Corrections to precision electroweak observables are therefore loop level effects. Analysis of
the electroweak precision data allows the scale f to be as low as 500 GeV in these models [43]. However
one should keep in mind that T-parity introduces new mirror fermions and their presence leads to tree
level flavour changing currents which must be kept under control by an appropriate choice of the mirror
fermions mass spectrum and mixing parameters [70].

7.2.3 Low energy precision data

Precision experiments at low energy allow a determination of the g−2 of the muon and of the weak charge
of cesium atoms. These data can be used to put constraints on little Higgs models [38]. Concerning the
g − 2 of the muon, the contributions of the additional heavy particles are completely negligible and the
dominant contributions arise from the corrections to the light Z and W couplings. On the contrary the
measure of the weak charge of cesium atoms, gives constraints on the little Higgs models, even if weaker
that those at LEP energies. Parity violation in atoms is due to the electron-quark effective Lagrangian

Leff =
GF√

2
(ēγµγ5e)(C1uūγ

µu+ C1dd̄γ
µd) . (7.38)

The experimentally measured quantity is the so-called “weak charge” defined as

QW = −2 (C1u(2Z +N) + C1d(Z + 2N)) , (7.39)

where Z and N are the number of protons and neutrons of the atom, respectively. The value of the
scale f should be in the range of few TeV in order to obtain the measured deviation. The allowed scale is
slightly lower in the custodial model with respect to the non-custodial one as the custodial model is closer
to the standard model in its predictions. When the scale f is too large the new physics effects become
negligible. The scale f in the few TeV range is consistent with what is expected on the model-building
side and from the LEP data for little Higgs model. Obviously this result should be taken only as a first
indication as the error on δQW (Cs) is large.

311

L ITTLE HIGGS MODELS

311



7.3 Couplings of the Littlest Higgs boson
Heather E. Logan

A light Higgs boson is the central feature of the little Higgs models. In general, the couplings of the
light Higgs boson to Standard Model particles receive corrections due to the structure of the Higgs sector
and the presence of new TeV-scale particles [35, 38, 54, 61–63, 67]. In models containing only one light
Higgs doublet, such as the Littlest Higgs model [6], the SO(9)/SO(5)×SO(4) model of Ref. [11], the
SU(3) simple group model [13, 14], and the “Littlest Higgs” model with T-parity [12], these corrections
are suppressed by the square of the ratio of the electroweak scale to the TeV scale, v2/f2, and are thus
parametrically at the level of a few percent. In this contribution we give a convenient parameterization
for these corrections, discuss their sources, and summarize their generic features, focusing on the Littlest
Higgs model. We also discuss the outstanding issue of tree-level heavy particle exchange in Higgs
production and decay, and sketch the generalization to other little Higgs models.

7.3.1 Higgs couplings

In general, all masses that originate with the Standard Model Higgs mechanism and all couplings of SM
particles to the Higgs boson H are modified in the Littlest Higgs model at order v2/f2. We parameterize
the modifications by the factors yi, which are the couplings of H to SM particle i normalized according
to [71, 72]

L = −mt

v
yt t̄tH −

mf

v
yf f̄fH + 2

M2
W

v
yWW

+W−H +
M2
Z

v
yZZZH. (7.40)

The coupling factors yi in Eq. (7.40) are of order 1+O(v2/f2) and are given for the Littlest Higgs model
in Table 7.3. The Higgs coupling to the top quark gets a different correction than the couplings to the light
fermions due to the mixing between t and T in the Littlest Higgs model, which can be parameterized by
ct ≡ λ1/

√
λ2

1 + λ2
2 (with 0 < ct < 1). The remaining corrections arise from (i) the mixing between H

and the neutral CP-even component of the scalar triplet, controlled by x ≡ 4fv ′/v2 (with 0 ≤ x < 1),
where v′ is the triplet vev; (ii) mixing between W± and W±H (parameterized by c) and between Z and
ZH , AH (parameterized by c, c′), which affects both the Higgs couplings and the physical W and Z
masses; and (iii) the difference in the contribution to masses and couplings of genuine dimension-six
terms arising from the expansion of the nonlinear sigma model in powers of the Higgs field.

In any theory of new physics, corrections to observables must be calculated relative to the SM pre-
dictions for a given set of electroweak inputs. These electroweak inputs are usually taken to be the Fermi
constant GF defined in muon decay, the Z mass MZ , and the electromagnetic fine structure constant α.
Thus, a calculation of corrections to the Higgs couplings due to new physics must necessarily involve
a calculation of the corrections to the SM electroweak input parameters due to the same new physics.
In the Littlest Higgs model, it is most straightforward to calculate corrections to the Higgs couplings
with the SM Higgs vev v ' 246 GeV as an input, as in Eq. (7.40). To obtain useful predictions for
the couplings, however, this must be related to the Fermi constant in the Littlest Higgs model according
to v−2 =

√
2GF y

2
GF

, where y2
GF

= 1 + O(v2/f2) (given in Table 7.3) is the correction factor to the
relation between the Higgs vev v and GF as measured in muon decay.

The partial widths of the Higgs boson into Z boson pairs (ΓZ), top quark pairs (Γt), and pairs of
other fermions (Γf ) normalized to their SM values are given by [35, 62]

ΓZ/Γ
SM
Z = y2

GF y
2
Z , Γt/Γ

SM
t = y2

GF y
2
t , Γf/Γ

SM
f = y2

GF y
2
f . (7.41)

The calculation of the partial width for the Higgs decay to W bosons is a little subtle when GF , MZ and
α are used as inputs because the relation between these inputs and the physical W boson mass receives
corrections from the Littlest Higgs model. The partial width of H →WW (∗) depends on the W mass in
the kinematics, especially in the intermediate Higgs mass range, 115 GeV .MH . 2MW . To deal with
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Table 7.3: Coupling factors yi in the Littlest Higgs model, in terms of the inputs f, ct, x, c, and c′.

yt 1 + v2

f2

[
−2

3 + 1
2x− 1

4x
2 + c2t s

2
t

]

yf 1 + v2

f2

[
−2

3 + 1
2x− 1

4x
2
]

yW 1 + v2

f2

[
−1

6 − 1
4(c2 − s2)2

]

yZ 1 + v2

f2

[
−1

6 − 1
4 (c2 − s2)2 − 5

4(c′2 − s′2)2 + 1
4x

2
]

y2
GF

1 + v2

f2

[
− 5

12 + 1
4x

2
]

y2
MZ

1 + v2

f2

[
−1

6 − 1
4 (c2 − s2)2 − 5

4(c′2 − s′2)2 + 1
2x

2
]

y2
MW

1 + v2

f2

[
−1

6 − 1
4(c2 − s2)2 + 1

4x
2
]

y2
cW 1 + v2

f2

s2W
c2W−s2W

[
−1

4 + 1
4(c2 − s2)2 + 5

4 (c′2 − s′2)2 − 1
4x

2
]

yT −c2t s2
t
v2

f2

yWH
−s2c2 v

2

f2

yΦ+
v2

f2

[
−1

3 + 1
4x

2
]

yΦ++ O(v4/f4)

this, one can follow the approach taken by the program HDECAY [73] for the Minimal Supersymmetric
Standard Model (MSSM), which is to define the H → WW (∗) partial width in the MSSM in terms of
the SM partial width simply by scaling by the ratio of the WWH couplings-squared in the two models,
ignoring the shift in the kinematic W mass. Calculating only the correction to the coupling-squared
in the Littlest Higgs model and ignoring the shift due to the W mass correction in the kinematics, one
finds [35, 62]

ΓW/Γ
SM
W = y2

GF y
2
W

y4
MW

y4
MZ

y4
cW . (7.42)

The additional correction factors y2
MW

, y2
MZ

, and y2
cW

are of order 1 + O(v2/f2) and are listed in
Table 7.3. An alternative approach [63] uses the W mass directly as an input; in this case one has

ΓW/Γ
SM
W = y2

GF y
2
W . (7.43)

In order to calculate the contributions to the loop induced Higgs couplings to gg, γγ, and γZ , the
couplings of the Higgs to the colored and/or charged TeV-scale particles are also needed. In the Littlest
Higgs model, these are,

L = −MT

v
yT T̄ TH + 2

M2
WH

v
yWH

W+
HW

−
HH − 2

M2
Φ

v
yΦ+Φ+Φ−H − 2

M2
Φ

v
yΦ++Φ++Φ−−H. (7.44)

(For this calculation it is sufficient to use a common mass MΦ for the components Φ+, Φ++ of the
TeV-scale scalar triplet.) Because the masses of the TeV-scale particles do not arise from their couplings
to the Higgs boson, the coupling factors yi for these particles are generically of order v2/f2. They are
listed in Table 7.3.

The partial width of the Higgs boson into two photons, normalized to its SM value, is given in the
Littlest Higgs model by [61]

Γγ/Γ
SM
γ = y2

GF

∣∣∣
∑

i,LH yiNciQ
2
iFi(τi)

∣∣∣
2

∣∣∣
∑

i,SMNciQ
2
iFi(τi)

∣∣∣
2 , (7.45)
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where Nci is the color factor (= 1 or 3), Qi is the electric charge, τi = 4m2
i /m

2
H , and mi is the mass,

respectively, for each particle i running in the loop: t, T , W , WH , and Φ+ in the Littlest Higgs (LH)
case (the Φ++ loop can be neglected at order v2/f2 [61]; see Table 7.3); and t and W in the SM case.
The standard dimensionless loop factors Fi for particles of spin 1, 1/2, and 0 can be found in Ref. [71].
Likewise, the partial width of the Higgs boson into two gluons, normalized to its SM value, is given in
the Littlest Higgs model by [61]

Γg/Γ
SM
g = y2

GF

∣∣∣
∑

i,LH yiF1/2(τi)
∣∣∣
2

∣∣∣
∑

i,SM F1/2(τi)
∣∣∣
2 , (7.46)

where i runs over the fermions in the loop: t and T in the Littlest Higgs case, and t in the SM case.

The partial width of the Higgs boson into γZ , normalized to its SM value, is given in the Littlest
Higgs model by [63]

ΓγZ/Γ
SM
γZ = y2

GF

∣∣∣
∑

i,LHA
LH
i

∣∣∣
2

∣∣∣
∑

i,SMASM
i

∣∣∣
2 , (7.47)

where the amplitude factors ALH
i are given in Ref. [63] and contain the appropriate scaling factors yi.

In this process the corrections to the Z couplings to the particles in the loop must also be taken into
account [63].

7.3.2 Generic features

The Higgs decay branching ratio to a final state X , BR(H → X) = ΓX/Γtot, is computed in terms of
the SM branching ratio as

BR(H → X)

BR(H → X)SM
=

ΓX/Γ
SM
X

Γtot/ΓSM
tot

. (7.48)

The numerator can be read off from the partial width ratios given above. The denominator requires a
calculation of the Higgs total width in both the SM and the little Higgs model. This can be computed
using, e.g., HDECAY [73] to calculate the SM Higgs partial width into each final state for a given Higgs
mass; the SM total width ΓSM

tot is of course the sum of these partial widths, while the total width in the
Littlest Higgs model is found by scaling each partial width in the sum by the appropriate ratio.

A quick examination of the corrections to the Higgs partial widths given above reveals that the
corrections are all parametrically of order v2/f2. In particular, no coupling receives especially large
corrections. This is in contrast to the MSSM, in which the corrections to the couplings of the light SM-
like Higgs boson to fermions are parametrically larger than those to W and Z bosons (the deviations
in the down-type fermion sector are also enhanced by tanβ); this coupling structure is due to the two-
Higgs-doublet nature of the MSSM Higgs sector [74]. Thus in the Littlest Higgs model there is no
“golden channel” in which one expects to see especially large deviations from the SM Higgs couplings.
We therefore expect the experimentally best-measured channel to give the highest sensitivity to TeV-
scale effects. For example, with f = 1 TeV and MH = 115 GeV, the rate for γγ → H → bb̄ in the
Littlest Higgs model is reduced by about 6–7% compared to that in the SM [62]. The shifts in the other
Higgs branching fractions are of a comparable magnitude.

7.3.3 Heavy particle exchange in Higgs production and decay

The partial width ratios given above can immediately be used to find the corrections to the Higgs boson
production cross sections in gluon fusion and in two-photon fusion, since the production cross section is
simply proportional to the corresponding Higgs partial width (detailed results were given in Ref. [61]).
For other Higgs boson production channels, the cross section corrections are more complicated because
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in addition to the corrections to the Higgs couplings to SM particles, tree-level exchange of the TeV-scale
particles in the production diagrams must also be taken into account. This has been studied in the Littlest
Higgs model for Higgs production at an e+e− linear collider via ZH associated production [75, 76], W
boson fusion [77], and associated tt̄H production [78].

The process e+e− → ZH receives a correction in little Higgs models from s-channel exchange
of the neutral TeV-scale gauge bosons [75, 76]. If the e+e− center-of-mass energy

√
s is well below the

mass scale of the heavy gauge bosons, their exchange is propagator-suppressed and the dominant effect
comes from the interference term between the SM process and the new diagrams. This correction is
parametrically of order v2/f2, i.e., the same size as the corrections to the Higgs couplings. In this case
the corrections to the SM e+e− → ZH amplitude due to the modifications of the ZZH and e+e−Z
couplings at order v2/f2 must also be taken into account. In general, however, the effect of the TeV-scale
gauge boson exchange varies with

√
s, providing a valuable additional handle on the model parameters,

and dramatic resonance effects appear when
√
s is close to the mass of one of the heavy gauge bosons.

This process can be used to probe the crucial ZZHH coupling with high precision [76].

Similarly, the WW fusion process e+e− → νν̄H receives corrections in little Higgs models from
substitution of one or both of the t-channel W bosons with their TeV-scale counterparts [77]. Again, for
relatively low

√
s, propagator suppression ensures that the dominant effect comes from the interference

term between the SM process and diagrams in which one of the two W bosons is replaced with a WH .
This correction is parametrically of order v2/f2, again the same size as the corrections to the Higgs
couplings. For this reason, the corrections to the SM WW fusion amplitude due to modifications of the
WWH and Weν couplings at order v2/f2 must also be taken into account. As in ZH production, the
correction due to tree-level WH exchange will depend on

√
s. The new diagrams can also potentially

modify the final-state kinematic distributions, leading to additional observables; these have not yet been
studied.

The process e+e− → tt̄H receives corrections in little Higgs models from the substitution of the
internal top quark line with the heavy top-partner and from the substitution of the s-channel Z or γ with
a TeV-scale gauge boson [78]. Diagrams in which the Higgs is radiated off the s-channel gauge boson
also contribute. As before, for relatively low

√
s, propagator suppression ensures that the dominant

effect comes from the interference term between the SM process and diagrams containing one TeV-scale
particle, leading to corrections of order v2/f2. Again, corrections due to order v2/f2 modifications of
the SM couplings must be included. The corrections will depend on

√
s, with resonances appearing when√

s is close to the mass of one of the heavy neutral gauge bosons. Final-state kinematic distributions can
provide additional observables; these have likewise not yet been studied.

Tree-level exchange of the TeV-scale particles can also appear in off-shell contributions to Higgs
decays. We expect their largest effect to appear in decays in which the SM exchange is also off shell,
e.g., H → W (∗)W ∗, Z(∗)Z∗ for MH below the WW or ZZ threshold, respectively. In this case the
decay products of the off-shell W or Z boson(s) have a broad invariant mass distribution, allowing a
potentially non-negligible correction from interference of H → W (∗)W ∗H , Z

(∗)Z∗H with the SM ampli-
tude. Propagator suppression ensures that the corrections are again of order v2/f2. These effects can
modify the invariant mass distribution of the relevant final-state fermion pair, leading to an additional
observable and introducing a potential dependence of the measured decay branching fraction on details
of the experimental selection. These contributions to H →WW ∗, ZZ∗ have not been studied at all.

Finally, we note that in little Higgs models with T-parity, the TeV-scale gauge bosons are T-parity
odd and therefore cannot contribute at tree-level to Higgs production or decay. However, models with
T-parity typically contain a T-parity even top-partner which can contribute at tree level to tt̄H production.
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7.3.4 Generalization to other models

In the preceding we have discussed the modifications of the light Higgs boson couplings in the Littlest
Higgs model [6]. The other little Higgs models that contain only one light Higgs doublet [11, 13, 14]
can be fit into the same structure and exhibit the same generic corrections of order v2/f2. A partial
list of coupling correction factors as in Table 7.3 has been worked out [54] only for the SU(3) simple
group model [13, 14]. The Higgs coupling corrections in this model differ in their details from those in
the Littlest Higgs model. In particular, (i) the model contains no scalar triplet, so there is no correction
from Higgs mixing with the triplet; (ii) there is no mixing between W ± and the charged TeV-scale gauge
bosons; and (iii) corrections to GF come from the mixing of neutrinos with their TeV-scale partners
while the contribution from tree-level exchange of the TeV-scale charged gauge boson is negligible.

Higgs production and decay in the “Littlest Higgs” model with T-parity was studied in detail in
Ref. [79]. Because almost all of the new TeV-scale particles in this model are odd under T-parity (the
exception being a single T-even top-partner), there are no corrections to tree-level Higgs couplings (aside
from Htt̄) due to mixing or exchange of the TeV-scale particles; the only corrections to these couplings
come at order v2/f2 from the genuine dimension-six terms arising from the expansion of the nonlinear
sigma model in powers of the Higgs field. The Htt̄ coupling receives additional corrections from the
mixing of the top quark with its heavy T-even partner. Finally, the loop-induced Higgs couplings to
photon or gluon pairs receive corrections from loops of the new TeV-scale particles, including the T-
odd states. All the corrections to Higgs couplings are parametrically of order v2/f2. However, because
electroweak precision constraints on the mass scale f of the heavy particles are much weaker in models
with T-parity [9, 12, 28, 43], the spectrum of new particles can be significantly lighter resulting in much
larger modifications of Higgs couplings than in models without T-parity.

Many little Higgs models contain two light Higgs doublets [7, 8, 10, 13, 15]. In such models, the
dominant corrections to the couplings of the lightest CP-even Higgs boson typically come from the two-
doublet mixing effects, rather than the genuine v2/f2-suppressed effects of the TeV-scale states. In this
case the Higgs phenomenology will look more like that of the MSSM Higgs sector. If the dimensionless
couplings in the Higgs potential are not large, the Higgs sector exhibits a decoupling limit (for a review
see Ref. [80]) in which one doublet becomes heavy, leaving a single light SM-like Higgs boson. The
corrections to the couplings will then follow a pattern similar to a general two Higgs doublet model,
with the parametrically largest deviations expected in the couplings of the Higgs to fermions. Beyond
the couplings of the lightest Higgs, the Higgs potential in these two-doublet models exhibits interesting
restrictions due to the global symmetry structure; further study in this direction would be interesting.

Finally, we note here that corrections to the Higgs couplings can also be induced by the UV com-
pletion at ∼ 10 TeV. For example, the loop-induced Higgs coupling to photon pairs receives corrections
from the dimension-six operator (c/Λ2)h†hF µνFµν suppressed by the UV completion scale Λ [62, 81];
this can be thought of as arising from the particles of the UV completion running in the loop. If the
UV completion is weakly coupled, these corrections should naively be suppressed by the square of the
ratio of the electroweak scale to the 10 TeV scale, v2/Λ2, and thus be too small to detect; in particular,
the corrections to the Higgs couplings will then be accurately predicted by the TeV-scale theory alone.
However, if the UV completion is strongly coupled, the strong-coupling enhancement can counteract the
suppression from the high mass scale, leading to corrections naively of the same order as those from the
TeV scale physics.
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7.4 Pseudo-axions in Little Higgs models

Wolfgang Kilian, David Rainwater and Jürgen Reuter

Little Higgs models have an extended structure of global symmetries, broken both spontaneously and
explicitly. Among these global symmetries there can appear U(1) factors, which lead to the presence of
light pseudoscalar particles, Goldstone bosons associated with this U(1) group, in the spectrum of little
Higgs models [64]. These global U(1) factors arise from two different mechanisms.

In the first case, in the Littlest Higgs type models, there is a [SU(2)×U(1)]2 product structure,
where U(1) groups happen to be quasi arbitrary additional factors (we do not discuss possible embeddings
into larger symmetry groups here). The doubled gauge group [SU(2)]2 of weak interactions is broken to
the diagonal SU(2) of the Standard Model. Analogously, both U(1) factors can be gauged and be broken
down to the diagonal U(1) of hypercharge. In many models, especially those without a built-in custodial
symmetry or T-parity, the second U(1) gauge boson is tightly constrained from direct searches (Tevatron)
and electroweak precision observables. So considering the second U(1) factor ungauged as a removal of
the constraints, leaves one with a global U(1) symmetry.

Secondly, in simple group models the breaking of the global symmetries can be understood as a
breaking from e.g. in the SU(3) simple group model [14] U(3) to U(2) instead of SU(3) to SU(2) with
an additional U(1) symmetry left unbroken at this stage. If this symmetry were exact, the corresponding
Goldstone boson, parameterized by

ξ = exp[iη/f ], (7.49)

would be exactly massless and would have only derivative interactions. But in these models, there is
always an explicit breaking of the global symmetries, necessary to give a large enough quartic coupling
to the Higgs boson. This explicit breaking generates a mass for the pseudoscalar particle. The U(1)
quantum numbers of the pseudoscalar in this second case are predicted by the model because the U(1)
symmetry is embedded in a larger symmetry whose structure is known. In contrast, in the Littlest Higgs
type models, where the global U(1) is an additional factor not connected to non-Abelian group structure
there is no prediction for the quantum numbers. Note that anomaly cancellation is not an issue, since
the global U(1) symmetry may well be anomalous. This second type of pseudoscalars resembles the
breaking of chiral symmetries in QCD, with the η meson playing the role of the pseudoscalar here.

Since these U(1)-Pseudo-Goldstone bosons are pseudoscalars and electroweak singlets, they do
not have couplings to the Standard Model gauge bosons. All their couplings to Standard Model fermions
are suppressed by the ratio v/f of the electroweak scale over the TeV scale. In Littlest Higgs type models,
the mass of the pseudoaxions is not predicted , while in simple group models it is connected to the masses
of the Higgs bosons by the Coleman-Weinberg potential. In order not to reintroduce fine tuning and to
destabilize the so called little hierarchy between the electroweak and the TeV scale, the pseudoaxion mass
should be approximately bounded by v,mη . 250 GeV. In principle, the pseudoaxions can become quite
light, of the order of a few GeV or less, but for masses in that range there exist constraints from rare Υ
decays and other flavour processes [82, 83]. Even in simple group models, the pseudoscalar mass – like
the Higgs mass – cannot be fixed, because there are too many free parameters, e.g. the mass parameter
µ and a mixing angle tβ ≡ tan β = f2/f1 [54, 64] similar to the Minimal Supersymmetric Standard
Model. As an example we show the connection of the pseudoscalar and Higgs masses as functions of the
µ parameter in the SU(3) simple group model on the left of Fig. 7.4.

From the structure of the couplings above a quite generic pattern of branching ratios can be de-
duced. All decays to electroweak vector bosons (even off-shell) are absent. The dominant decay modes
are into the heaviest available Standard Model fermions, i.e. bb̄, cc̄ and τ+τ−. Compared to the Higgs
branching ratios, the decays to two gluons or two photons are more important for the pseudoaxions due to
two reasons: Firstly, the absence of theWW and ZZ decays and the v2/f2 suppression for the fermionic
decays enhance these final states. Secondly, the triangle anomaly graphs responsible for the gg and γγ
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Fig. 7.4: On the left: Typical masses of the pseudoaxion in the SU(3) simple group model as a function of the
µ mass parameter. The four lines correspond to different values of tanβ. On the right: Branching ratios for the
pseudoaxion in the SU(3) simple group model as a function of its mass.

decays are enhanced by the additional heavy top state and possibly further heavy fermionic states present
in the simple group Models (this second point partly also applies to the Higgs boson). A typical set of
branching ratios as a function of the pseudoscalar’s mass is shown on the right in Fig. 7.4. The decay to
Zh is special for simple group Models, and does not appear in Littlest Higgs type models.

The couplings of the pseudoaxion to two gluons or two photons generated by the triangle anoma-
lies offer the best search possibility for these particles at the LHC. There the pseudoaxions can be pro-
duced in analogy to the Higgs boson in gluon fusion, while the decay to two photons gives the cleanest
decay signature as a peak in the diphoton spectrum. Fig. 7.5 shows the cross section for this process as a
function of the invariant diphoton mass and hence the pseudoaxion mass, for the Littlest Higgs and the
SU(3) simple group model. In principle, the associated production tt̄η can also be used, but is plagued
by huge backgrounds at the LHC (note again the v/f suppression of this coupling). At a future ILC, this
would be the dominant search mode, by looking for narrow peaks in the invariant mass of pairs of b jets
in the final state bb̄bb̄ and missing energy. As was shown in [64], this is in fact the only viable search
possibility for 50 GeV < mη < 85 GeV. A search for an s-channel resonance at the photon collider is
the best search option for masses of the pseudoaxion well above the Z threshold and allows for precision
measurements of such a state; however, the photon spectrum deteriorates dramatically for energies as
low as the Z mass.

Introducing T-parity into little Higgs models, one finds that generically the pseudoaxion becomes
T-odd. This means, if it is the lightest T-odd particle (LTP), it can be a Cold Dark Matter candidate. As
was discussed in [44], in the Littlest Higgs model with T-parity the heavy partner of the hypercharge
boson, called AH , becomes the LTP. Note that an ungauging of the additional U(1) is unnecessary from
the point of view of the electroweak precision observables, since T-parity already forbids tree-level con-
tributions to gauge-boson self energies. Nevertheless, if this second U(1) is ungauged, its gauge boson
AH is traded for the pseudo-Goldstone boson η, which takes over the role of the LTP. The consequences
for the dark matter content in [44] remains the same, since it is mainly the Goldstone boson couplings in
theAH which are responsible for the dominant annihilation channel to Higgs or longitudinal electroweak
gauge bosons.
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Fig. 7.5: Cross section times branching ratio for the gluon fusion production of the pseudoaxion in the Littlest and
the SU(3) simple group model and subsequent decay into two photons. The symbols on the left correspond to the
SU(3) simple group model, showing different scales (which can also be expressed as f and tanβ). On the right,
the Littlest Higgs, where the β’s are different assignments of U(1)η quantum numbers. For more details see [64].

7.5 Little Higgs with T-parity

Jay Hubisz

The earliest implementations of the little Higgs structure suffered from electroweak precision (EWP)
constraints [31–33]. After electroweak symmetry breaking, mixing is generally induced between the
standard model gauge bosons and their TeV scale partners. This mixing can lead to, for example, vio-
lations of custodial SU(2). This leads to a tree level shift in the ρ parameter, a relation between the W
and Z mass which is tightly constrained. In addition, SM fermions couple to the heavy gauge bosons,
leading to large four-fermion operators which must be suppressed.

T-parity is a postulated discrete symmetry under which the SM particles are neutral, while most
new heavy states are odd [9, 12, 28]. This is in analogy with R-parity (or matter parity) where the
supersymmetric partners of the SM fields are odd. This discrete symmetry, if unbroken, then forbids
mixing of the SM particles with the new states. Contributions to EWP observables and four-fermion
operators are then not generated at tree level, but at the one-loop level.

T-parity is a symmetry that is inherited from an automorphism of the gauge group algebra of
little Higgs models. In the Littlest Higgs model T-parity exchanges the two copies of SU(2) × U(1)
gauge bosons. In the moose models with T-parity, this symmetry has a geometrical interpretation as a
parity symmetry of the moose diagram. Implementing T-parity as a symmetry of the theory requires
that the gauge couplings for the two SU(2) × U(1) gauge groups be equal. In this way, the diagonal
subgroup (the standard model gauge group) is even under T-parity, while the other combinations of gauge
bosons, which receive f scale masses, are odd. In addition, if one wishes to implement this symmetry
consistently throughout the entire model, the matter sector of the model must also be symmetric under
this interchange. For every multiplet that transforms under [SU(2) × U(1)]1, there must be a partner
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multiplet that transforms under [SU(2) × U(1)]2 [12]. This opens up a new flavor structure in the low
energy effective theory, which is constrained by studies of neutral meson mixing and rare decays [70].
This discrete symmetry, while it eliminates the tree level shifts in standard model observables, drastically
changes the phenomenology of little Higgs models [44].

If the discrete symmetry is made exact, the lightest T-odd particle is stabilized, and is a potential
dark matter candidate. In collider phenomenology, this lightest particle becomes a missing energy signal,
making observation of this new physics more complicated. In particular, it is likely that this type of model
will look very much like supersymmetry. This is similar to studies of universal extra dimensions, where
the signals are also similar to those of supersymmetry [84,85]. In the Littlest Higgs model with T-parity,
the heavy partner of the hypercharge gauge boson, the AH , is the dark matter candidate, and can account
for the WMAP observed relic density [44, 86].

7.5.1 New features in models with T-parity

In the Littlest Higgs model, the action of T-parity on the gauge bosons and scalars is as follows:

T : A1 → A2

T : Π→ −ΩΠΩ, (7.50)

where Ω = diag(1, 1,−1, 1, 1). It is easily verified that the Higgs doublet is neutral under this trans-
formation, whereas the scalar triplet is odd under T-parity. This assignment forbids a vev for the triplet
which would break custodial SU(2).

Implementing T-parity fixes the gauge couplings such that the angles defined in the introduction
are set equal: s = s′ = 1/

√
2. Thus T-parity imposes restrictions on the mass spectrum that are not

present in models without T-parity. To match onto the standard model, the gauge couplings are given by

g1 = g2 =
√

2g

g′1 = g′2 =
√

2g′, (7.51)

where g and g′ are the SU(2)L and hypercharge gauge couplings, respectively.

In the Littlest Higgs with T-parity, this implies that the masses of the new T-odd gauge bosons
with respect to the overall breaking scale f are

MW±H
= MZH = gf, MAH =

g′f√
5
. (7.52)

In models with T-parity, the standard model fermion doublet spectrum needs to be doubled. This
is to ensure that there is equal matter content charged under each copy of SU(2).2 For each lepton/quark
doublet, two fermion doublets ψ1 ∈ (2,1) and ψ2 ∈ (1,2) are introduced. (The quantum numbers refer
to representations under the SU(2)1 × SU(2)2 gauge symmetry.) These can be embedded in incomplete
representations Ψ1,Ψ2 of the global SU(5) symmetry. An additional set of fermions forming an SO(5)
multiplet Ψc, which transforms nonlinearly under the full SU(5), is introduced to give mass to the extra
fermions; the field content can be expressed as follows:

Ψ1 =




ψ1

0
0


 , Ψ2 =




0
0
ψ2


 , Ψc =




ψ̃c

χc

ψc


 . (7.53)

2In principle, the standard model fermions could transform non-linearly under the full SU(5), and thus only under the SU(2)L
unbroken gauge symmetry [9]. In this case, the T-odd fermions are not present. However, this leads to large contributions to
four fermion operators which are constrained primarily by studies at LEP, CDF, and D0. These constraints are referred to as
compositeness bounds on quarks and leptons.
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These fields transform under the SU(5) global symmetry as follows:

Ψ1 → V ∗Ψ1 , Ψ2 → VΨ2 , Ψc → UΨc, (7.54)

where U is the nonlinear transformation matrix defined in Refs. [12, 28, 44]. The action of T-parity on
the multiplets takes

Ψ1 ↔ Σ0Ψ2, Ψc → −Ψc. (7.55)

These assignments allow a term in the Lagrangian of the form

κf(Ψ̄2ξΨ
c − Ψ̄1Σ0Ωξ†ΩΨc), (7.56)

where ξ = exp(iΠ/f). ξ transforms linearly on the left, and non-linearly on the right, rendering
Eq. (7.56) invariant under SU(5) transformations. Eq. (7.56) gives a Dirac mass M− =

√
2κf to the

T-odd linear combination of ψ1 and ψ2, ψ− = (ψ1−ψ2)/
√

2, together with ψ̃c; the T-even linear combi-
nation, ψ+ = (ψ1 +ψ2)/

√
2, remains massless and is identified with the standard model lepton or quark

doublet. To give Dirac masses to the remaining T-odd states χc and ψc, a spinor multiplet of SO(5) can
be introduced, along with an additional singlet.3

To complete the discussion of the fermion sector, we introduce the usual SM set of the SU(2)L-
singlet leptons and quarks, which are T-even and can participate in the SM Yukawa interactions with
ψ+. The Yukawa interactions induce a one-loop quadratic divergence in the Higgs mass; however, the
effect is numerically small except for the third generation of quarks. The Yukawa couplings of the third
generation must be modified to incorporate the collective symmetry breaking pattern.

In order to avoid large one-loop quadratic divergences from the top sector, the Ψ1 and Ψ2 multi-
plets for the third generation must be completed to representations of the SU(3)1 and SU(3)2 subgroups
of SU(5). We write these as

χ1 =




q1

UL1

0


 , χ2 =




0
UL2

q2


 . (7.57)

These obey the same transformation laws under T-parity and the SU(5) symmetry as do Ψ1 and Ψ2. The
quark doublets are embedded such that

qi = −σ2

(
uLi
bLi

)
. (7.58)

In addition to the SM right-handed top quark field uR, which is assumed to be T-even, the model contains
two SU(2)L-singlet fermions UR1 and UR2 of hypercharge 2/3, which transform under T-parity as

UR1 ↔ UR2. (7.59)

The top Yukawa couplings arise from the Lagrangian of the form

Lt =
1

2
√

2
λ1fεijkεxy

[
(χ̄1)iΣjxΣky + (χ̄2Σ0)iΣ̃jxΣ̃ky

]
uR

+λ2f(ŪL1UR1 + ŪL2UR2) + h.c. (7.60)

where Σ̃ = Σ0ΩΣ†ΩΣ0 is the image of the Σ field under T-parity. The indices i, j, k run from 1 to 3
whereas x, y = 4, 5. The T-parity eigenstates are given by

q± =
1√
2

(q1 ± q2), UL± =
1√
2

(UL1 ± UL2), UR± =
1√
2

(UR1 ± UR2). (7.61)

3In other extensions of the Littlest Higgs model with T-parity which contain more sigma model fields and an enlarged gauge
symmetry (such as the SU(5)2/SO(5) model of [12]), the non-linearly transforming multiplet can be avoided altogether. We
choose here to focus on the most compact phenomenologically consistent model with T-parity.
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The T-odd states UL− and UR− combine to form a Dirac fermion T−, with mass mT− = λ2f . The
remaining T-odd states q− receive a Dirac mass from the interaction in Eq. (7.56).

To leading order in v/f , after diagonalizing to the mass eigenbasis, the T-even states have masses
given by

mt =
λ1λ2v√
λ2

1 + λ2
2

, mT =
√
λ2

1 + λ2
2 f, (7.62)

identical to the Littlest Higgs without T-parity. It is interesting to note that in this model, the T-odd states
do not participate in the cancellation of quadratic divergences in the top sector: the cancellation only
involves loops of t and T+.4

7.5.2 Electroweak precision constraints

As mentioned above, there are no tree level contributions to electroweak precision observables in the
Littlest Higgs model with T-parity. Contributions enter at the one loop level, however, and these restrict
the available parameter space in the model. A global fit analysis has been performed in [43]. The one
loop constraints arising from the SU(2)L triplet, the T-odd gauge bosons, the T-even partner of the top-
quark, and the T-odd fermion doublets are all taken into account.

An interesting feature of this fit is that the contributions to ∆ρ from the T-even singlet partner of
the top quark come in with the correct sign to allow for a larger Higgs mass. It is shown in [43] that the
Higgs mass can be increased up to the unitarity bound for certain choices of the free parameters of the
theory. As we will discuss below, larger Higgs masses are preferred for dark matter as well. In Fig. 7.6,
the 95, 99, and 99.9 confidence level contours are shown for xλ = 2, and Λ = 4πf .

There are certain contributions to EWP that are in fact log divergent [28,43], and thus sensitive to
the UV completion of the model. In particular, SM gauge boson self energy diagrams receive divergent
contributions from loops where the T-odd gauge bosons run in the loop. This is not a sign of a sickness
of the theory, but is rather a consequence of working in the context of a non-linear sigma model. Just as
the Higgs mass enters into electroweak precision constraints through loop diagrams, the physics of the
UV completion will provide the scale which cuts off these logarithmic divergences.

The dominant contribution to EWP comes from the T parameter, which is directly related to ∆ρ.
We summarize here the contributions to the T -parameter; expressions for the remaining oblique and
non-oblique corrections needed for a full global fit appear in [43]. The expressions for the one loop little
Higgs contributions to the T-parameter are

TT+ =
3

8π

1

s2
wc

2
w

x2
λ

m4
t

m2
T+
m2
Z

[
log

m2
T+

m2
t

− 1 +
1

2
x2
λ

]

Tgauge = − 9g2

128πc2
ws

2
wm

2
Z

v4

f2
log

Λ2

m2
WH

TΨ− = −
∑

i

κ2
i

192π2α

v2

f2
, (7.63)

where the κi are the T-odd fermion Yukawa couplings. The presence of the logarithmic divergence in
Tgauge signifies that a counterterm is necessary [28]. In Fig. 7.6, it is assumed that this counterterm is
zero, and Λ = 4πf . The contribution from the T-odd fermions includes a sum over all T-odd fermion
doublets. This does not take into account color factors, and so each T-odd quark doublet gets an additional
factor of 3. Of interest is the fact that the contributions of the T-odd fermion doublets do not decouple
with increasing κ. This reason for this is similar to non-decoupling of the top quark in the SM. The

4It has been recently discovered that it is possible to realize the cancellation of the top quark divergence with a T-odd partner
of the top quark [42]. In these models, there are additional T-even fields, however these are allowed to be rather heavy, as they
do not participate in the quadratic divergence cancellation.
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Fig. 7.6: Exclusion contours in terms of the Higgs mass mh and the symmetry breaking scale f . From lightest to
darkest, the contours correspond to the 95, 99, and 99.9 confidence level exclusion. The white region is consistent
with EWP measurements. Contours of constant values of an estimate of fine-tuning are also shown; the solid and
dashed lines correspond to 10% and 1% fine tuning, respectively.

coupling constants κ are proportional to the masses, and so the propagator suppression is compensated
for by the coupling constant. The deeper reason is that these fermions are tied into gauge invariance of
the low energy effective theory, and that there are scattering amplitudes that become non-unitary as these
fermion masses approach the cutoff, Λ = 4πf .

7.5.3 Flavor constraints

In addition to electroweak precision, there are also constraints from neutral meson mixing and rare
decays. In the Littlest Higgs without T-parity, these are due to the mixing of the T3 = 1/2 eigenstate,
and the singlet which is responsible for canceling the top quark quadratic divergence.

With the addition of T-parity, and the consequential necessity of introducing the mirror fermions,
there are new and potentially very large contributions to flavor observables. These arise from one loop
box diagrams where the T-odd mirror fermions and T-odd gauge bosons run in the loop.

The origin of these interactions can be understood as follows. In terms of T-parity eigenstates, the
fermion kinetic terms can schematically be expanded in the following way:

Ψ̄1i6D1Ψ1 + Ψ̄2i6D1Ψ2 = Ψ̄SMi6DSMΨSM + Ψ̄−i6DSMΨ− + igΨ̄− 6A−ΨSM + igΨ̄SM 6A−Ψ− (7.64)

The T-odd fermion mass term in Eq. (7.56) can be extended to include generational mixing. After
rewriting Eq. (7.64) in the mass eigenbasis, the last two terms generically involve flavor changing T-odd
neutral and charged currents between a standard model fermion and T-odd fermion.

In [70], the contributions to neutral meson mixing observables are computed for arbitrary values
of the free parameters associated with the mirror fermions. Is is found that in some regions of parameter
space, the T-odd fermion spectrum must be degenerate to within a few percent to satisfy these flavor
constraints. This degeneracy can be relaxed with particular choices of mass textures. However, either
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the degeneracy, or these tuned values of the mixing matrices must be explained by any UV completion
of this low energy effective theory.

In addition, there are in principle contributions from physics above the cutoff scale, Λ = 4πf ,
however these are sensitive to the UV completion, and thus model dependent. Flavor analyses of little
Higgs models usually take these contributions to be zero, assuming that the UV completion gives no new
contributions to flavor physics.

As in the flavor problem associated with supersymmetry, it is the the εK observable (associated
with CP violation in the K-meson system) that gives the strongest bounds. Constraints on the fermion
mass spectrum are greatly reduced if the CP violating phase which gives contributions to εK is set to
zero in the new mixing matrices.

In addition, it is found that there are allowed regions of parameter space where one finds enhance-
ments in the Bs mass splitting relative to the standard model prediction. The mass splitting can be as
much as a factor of 10 or more larger than in the standard model.

7.5.4 The dark matter candidate

We calculate the relic density of the lightest T-odd particle assuming that T-parity is an exact symmetry,
and that the T-odd fermions are heavy. The mass spectrum is sufficiently non-degenerate that coannihi-
lation effects are unimportant, and only direct annihilation channels need be considered. The dominant
channels are those involving s-channel Higgs exchange with W ±, Z , Higgs, or top quarks in the final
state. As a result, the annihilation cross section is primarily a function of the Higgs mass, and the mass
of the dark matter candidate. Imposing the constraints given by the WMAP collaboration [87] leads
to Fig. 7.7. We see that there is a strong correlation between the scale f and the Higgs mass if the
dark matter is to come purely from little Higgs physics. This is due to the s-channel pole present when
mAH = mH/2. Notably, for larger values of f , larger Higgs masses than the standard model best fit
value are preferred.

We consider regions as ruled out where the relic density exceeds the 95% confidence limits im-
posed by the WMAP bound. In Fig. 7.7, these regions are shown in black. In regions where the relic
density of the AH is below the WMAP 95% confidence band, there is the possibility that there is another
form of dark matter, such as axions, which could make up the difference. These are the lighter contours
in Fig. 7.7. Finally, the second darkest region is where the relic density of AH lies within the 95%
confidence bounds given by WMAP.

The narrow region where f is below 600 GeV is where MAH drops below the W boson mass, and
can only annihilate to SM fermions. Because the s-channel Higgs exchange is the only contribution, and
the coupling of the Higgs to the accessible fermions is small, it is required that the annihilation happen
very close to the Higgs resonance to enhance the cross section enough to get the correct relic density.
For values of f below 600 GeV then, the Higgs mass must be very close to MAH/2 in order to get the
right abundance of dark matter.

A study of the one loop electroweak precision corrections in this model reveals that certain contri-
butions to ∆ρ from one-loop diagrams arise with the opposite sign as the terms which are logarithmic in
the Higgs mass [43]. This effect is due to the contributions from singlet-doublet quark mass mixing in
the third generation Yukawa. Consequentially, the Higgs mass can be raised far above its standard elec-
troweak precision bound while remaining consistent with LEP. Thus, for certain ranges of the parameters
in the top-quark Yukawa sector, both dark matter and EWP bounds may be satisfied simultaneously.

We note that the T-odd fermion doublets may in principle be quite light, such that they play a sig-
nificant role in the relic abundance calculation through coannihilation channels. This has been considered
in detail in [86]. In addition, this paper also discusses the potential for direct and indirect detection of
the relic AH . Currently, the best way to search for this type of dark matter is with the upcoming GLAST
gamma ray telescope. The nucleon scattering cross section turns out to be quite small, as the amplitude
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Fig. 7.7: This plot depicts the variation of the relic density with respect to the Higgs mass and the symmetry
breaking scale, f . In order from lightest to darkest regions, the AH makes up (0 − 10%, 10 − 50%, 50 − 70%,
70 − 100%, 100%, > 100%) of the observed relic abundance of dark matter. The second darkest region is the
preferred region, where the AH dark matter candidate relic density lies within the 95% confidence level bounds
determined by the WMAP collaboration. The black region is excluded at the 95% confidence level.

is dominated by T-channel Higgs exchange, which couples to the nucleon through the hgg vertex. The
ultimate projected sensitivity of CDMS will begin probing the parameter space relevant to dark matter in
the Littlest Higgs model, however the current experimental precision is orders of magnitude away from
being able to discover the AH .

7.5.5 Collider phenomenology

Nearly all of the phenomenology of T-parity models is distinct from little Higgs models without T-parity.
Because almost all of the new particles are odd under T-parity, they must be pair produced, which reduces
the production cross sections due to the additional energy cost. Also, the new T-odd particles will not
appear as resonances in detectable particles, as all T-odd particles cascade decay to the lightest T-odd
particle, the AH . This makes identification of the little Higgs mechanism nearly impossible at the LHC.
The exception is the T+, which is a new T-even state. The production mechanisms and cross section for
the T+ are precisely the same as in the original Littlest Higgs. This has been well studied in [67]. The
potential for discovery and parameter extraction in the Littlest Higgs without T-parity at Atlas and CMS
respectively are discussed in Sections 7.6 and 7.7. However, the decay modes are modified as the T+

now has the channel T+ → T−AH → tAHAH open to it. This means that the T+ has a sizable portion
of its width which cannot be reconstructed. This further complicates attempts to identify the little Higgs
mechanism at the LHC.

The pattern of cascade decays in models with T-parity resembles the decay chains of supersym-
metry, meaning that it could potentially be quite easy to mistake one for the other at the LHC. There is a
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phenomenology dictionary between the Littlest Higgs model with T-parity and supersymmetry:

electroweak gauginos ↔ T− odd gauge bosons

sfermions ↔ T− odd fermion doublets

second Higgs doublet ↔ scalar triplet

higgsinos ↔ NONE

gluinos ↔ NONE

NONE ↔ T− even partner of top (7.65)

For a certain choice of spectra, a cascade decay in the Littlest Higgs with T-parity can be duplicated in
supersymmetry using this dictionary. Clearly there are distinguishing features of the two, such that not
all regions of MSSM parameter space could be confused with a corresponding region of parameter space
in this particular little Higgs model. For example, there is no analog of the gluino in little Higgs models.
Similarly, there is no translation for the T+ in supersymmetry. However, modifications and extensions
can be made on both sides. The Littlest Higgs model is only the most compact way to extend the SM to
include collective symmetry breaking (just as the MSSM is the most compact way to extend the SM to
include supersymmetry).

To date, only the T-odd gauge bosons, scalars, and singlet fermions (T+ and T−) have been studied
in detail, in the limit that the T-odd fermion doublets are taken to be heavy. The phenomenology of the
T-odd fermion doublets is potentially quite rich, especially as EWP, flavor physics, and compositeness
bounds all favor them being light with respect to the breaking scale, f . There are numerous studies
currently underway which will study the phenomenology of these states.

7.6 Little Higgs studies with ATLAS
Eduardo Ros and David Rousseau

Observability of new particles predicted by little Higgs models at the LHC has been studied using a
simulation of the ATLAS detector. We discuss first the channels available for the discovery of the new
heavy quark T , then for new gauge bosons AH , ZH and WH , and finally for the doubly charged Higgs
boson φ++. Most of the results presented here are extracted from [88], with more recent studies in
[90–92], where further details can be found. The Monte Carlo program PYTHIA 6.203 [93] with suitably
normalised rates was used to generate signal events. The Higgs boson branching ratios were taken to be
as in the standard model. These events were passed through the ATLAS fast simulation which provides
a parametrised response of the ATLAS detector to jets, electrons, muons, isolated photons and missing
transverse energy. This fast simulation has been validated using a large number of studies [94] where it
was adjusted to agree with the results of a full, GEANT based, simulation. Jets are reconstructed using
a cone algorithm with a size of ∆R = 0.4. Performance for the high luminosity (1034 cm−2 sec−1)
is assumed. Results will be in general quoted for 300 fb−1, which correspond approximately to the
amount of data collected during three years running at high luminosity. It is assumed that the Higgs
boson will have been found and its mass measured. The event selections are based on the characteristics
of the signal being searched for, and are such that they will pass the ATLAS trigger criteria. The most
important triggers arise from the isolated leptons, jets or photons present in the signal. PYTHIA was also
used for simulation of the backgrounds. Other event generators were used if backgrounds were needed
in regions of phase space where PYTHIA is not reliable.

7.6.1 Search for the heavy quark T

The T quark can be produced at the LHC via two mechanisms: QCD production via the processes
gg → TT and qq → TT which depend only on the mass of T ; and production via W exchange
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qb → q′T which leads to a single T in the final state and therefore falls off much more slowly as MT

increases. This latter process depends on the model parameters and, in particular, upon the mixing of the
T with the conventional top quark. The Yukawa couplings of the new T are given by two constants λ1

and λ2 (following the notation from [67]). The physical top quark mass eigenstate is a mixture of t and
T , and the various couplings contain three parameters λ1, λ2 and f that determine the masses of T and
the top quark as well as their mixings. Two of the parameters can be reinterpreted as the top mass and the
T mass. The third can then be taken to be λ1/λ2. This determines the mixings and hence the coupling
strength TbW which controls the production rate via the qb → q ′T process. The production rates have
been calculated in [67]. It is found that single production dominates for masses above 700 GeV. As we
expect that we are sensitive to masses larger than this, we consider only the single production process
in what follows. We assume a cross-section of σ = 200 fb for MT = 1.0 TeV and λ1/λ2 = 1. Events
generated using PYTHIA were normalised to these values. The decay rates of T are as follows

Γ(T → tZ) = Γ(T → tH) =
1

2
Γ(T → bW ) =

κ2

32π
MT (7.66)

with κ = λ2
1/
√
λ2

1 + λ2
2 implying that T is a narrow resonance. The last of these decays would be

expected for a charged 2/3 4th generation quark; the first two are special to the “little Higgs Model”. We
now discuss the reconstruction of these channels.

7.6.1.1 Study of the decay T → Zt

This channel can be observed via the final state Zt → `+`−`νb, which implies that the events contain
three isolated leptons, a pair of which reconstructs to the Z mass, one b−jet and missing transverse
energy. The background is dominated by WZ , ZZ and tbZ . Events were selected as follows.

– Three isolated leptons (either e or µ) with pT > 40 GeV and |η| < 2.5. One of these is required to
have pT > 100 GeV.

– No other leptons with pT > 15 GeV.
– EmissT > 100 GeV.
– At least one tagged b−jet with pT > 30 GeV.

The presence of the leptons ensures that the events are triggered. A pair of leptons of same flavour and
opposite sign is required to have an invariant mass within 10 GeV of Z mass. The third lepton is then
assumed to arise from a W and the W ’s momentum reconstructed using it and the measured Emiss

T .
The selection efficiency is 3.3% for MT = 1 TeV. The invariant mass of the Zt system can then be
reconstructed by including the b−jet. This is shown in Fig. 7.8 for MT = 1 TeV where a clear peak is
visible above the background. Following the cuts, the background is dominated by tbZ which is more
than 10 times greater than all the others combined. Using this analysis, the discovery potential in this
channel can be estimated. The signal to background ratio is excellent as can be seen from Fig. 7.8.
Requiring a peak of at least 5σ significance containing at least 10 reconstructed events implies that for
λ1/λ2 = 1(2) and 300 fb−1 the quark of mass MT < 1050(1400) GeV is observable. At these values,
the single T production process dominates, justifying a posteriori the neglect of TT production in this
simulation.

7.6.1.2 Study of the decay T →Wb

This channel can be reconstructed via the final state `νb. The following event selection was applied.

– At least one charged lepton with pT >100 GeV.
– One b-jet with pT > 200 GeV.
– No more than 2 jets with pT > 30 GeV.
– Mass of the pair of jets with the highest pT is greater than 200 GeV.
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– EmissT >100 GeV.
The lepton provides a trigger. The backgrounds arise from tt, single top production and QCD production
of Wbb. The requirement of only one tagged b−jet and the high pT lepton are effective against all of
these backgrounds. The requirement of only two energetic jets is powerful against the dangerous tt
source where the candidate b−jet arises from the t and the lepton from the t. The selection efficiency is
14% for MT = 1 TeV. The signal to background ratio in the case of T with 1 TeV mass is somewhat
worse than in the previous case primarily due to the tt contribution. From this analysis, the discovery
potential in this channel can be estimated. For λ1/λ2 = 1(2) and 300 fb−1, MT < 2000(2500) GeV has
at least a 5σ significance.

7.6.1.3 Study of the decay T → Ht

In this final state, the event topology depends on the Higgs mass. For a Higgs mass of 120 GeV the
decay to bb dominates. The semileptonic top decay t → Wb → `νb produces a lepton that can provide
a trigger. The final state containing an isolated lepton and several jets then needs to be identified. The
initial event selection is as follows.

– One isolated e or µ with pT > 100 GeV and |η| < 2.5.
– Three jets with pT > 130 GeV.
– At least one jet tagged as a b−jet.

Events were further selected by requiring that at least one di-jet combination have a mass in the range
110 to 130 GeV. If there is a pair of jets with invariant mass in the range 70 to 90 GeV, the event is
rejected in order to reduce the tt background. The measured missing transverse energy and the lepton
are then combined using the assumption that they arise from a W → `ν decay. Events that are consistent
with this hypothesis are retained and the W momentum inferred. The selection efficiency is 2.3% for
MT = 1 TeV. The invariant mass of the reconstructed W , H and one more jet is formed and the result is
shown in Fig. 7.8. The width of the reconstructed T resonance is dominated by experimental resolution.
This analysis assumes that λ1/λ2 = 1. The background is dominated by tt events. The significance is
lower than the previous channels, about 4σ for MT = 1 TeV, down to 3σ for MT = 700 GeV, thus only
providing a confirmation if the signal is seen in the previous channel.

7.6.2 Search for new gauge bosons

The model predicts the existence of one charged WH and two neutral (ZH and AH ) heavy gauge
bosons. WH and ZH are almost degenerate in mass and are typically heavier than AH . From fine
tuning arguments [95], an upper bound can be set: MWH ,ZH < 6 TeV(mH/200 GeV)2, i.e. 2 TeV
for mH = 120 GeV and 6 TeV for mH = 200 GeV. All these bosons are likely to be discovered via
their decays to leptons. However, in order to distinguish these gauge bosons from those that can arise
in other models, the characteristic decays ZH → ZH and WH → WH must be observed [96]. Two
new couplings are present, in addition to those of the Standard Model. These additional parameters can
be taken to be two angles θ and θ′. Once the masses of the new bosons are specified, θ determines the
couplings of ZH and θ′ those of AH . In the case of ZH , the branching ratio into e+e− and µ+µ− rises
with cot θ to an asymptotic value of 4%.

7.6.2.1 Discovery of ZH , AH and W±H
A search for a peak in the invariant mass distribution of either e+e− or µ+µ− is sensitive to the presence
of AH or ZH . As an example, Fig. 7.9 shows the e+e− mass distribution arising from a ZH of mass of
2 TeV for cot θ = 1 and cot θ = 0.2. The production cross-section for the former (latter) case is 1.2
(0.05) pb [67]. Events were required to have an isolated e+ and e− of pT > 20 GeV and |η| < 2.5
which provides a trigger. The Standard Model background shown on the plot arises from the Drell-Yan
process. In order to establish a signal we require at least 10 events in the peak of at least 5σ significance.
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Fig. 7.8: The signal T → Zt (left) and T → Ht (right) is shown for a mass of 1 TeV. The background is dominated
by WZ and tbZ production (left) and tt production (right).

Including the µ + µ− channel improves the reach slightly, given the poorer mass resolution. Fig. 7.14
top left shows the accessible region as a function of cot θ and MZH . A similar search for AH can be
carried out and the accessible region as a function of tan θ ′ and MAH is shown in Fig. 7.14 top right.
Masses greater than 3 TeV are not shown as these are not allowed in the model. There is a small region
around tan θ′ ∼ 1.3 where the branching ratio to µ+µ− and e+e− is very small and the channel is
insensitive. The decay W±H → `ν manifests itself via events that contain an isolated charged lepton
and missing transverse energy. Events were selected by requiring an isolated electron with e− or e+ of
pT > 200 GeV, |η| < 2.5 and Emiss

T > 200 GeV. The transverse mass from Emiss
T and the observed

lepton is formed and the signal appears as a peak in this distribution. The main background arises from
`ν production via a virtual W . In order to establish a signal we require at least 10 events in the signal
region of at least 5σ significance. Fig. 7.14 top left shows the accessible region as a function of cot θ and
MWH

.

7.6.2.2 Observation of ZH → ZH , AH → ZH and WH →WH for mH = 120 GeV

Observation of the cascade decays ZH → ZH , AH → ZH , and WH →WH provides crucial evidence
that an observed new gauge boson is of the type predicted in the little Higgs Models. For a Higgs mass
of 120 GeV, two signatures have been searched for : the more abundant H → bb (with a branching ratio
of 68%) [90] , and the much rarer H → γγ (with a branching ratio of 0.2%) compensated by a clearer
signature [91] .

The decay ZH → `+`−bb results in a final state with two b−jets that reconstruct to the Higgs
mass and a `+`− pair that reconstructs to the Z mass. The coupling ZHZH is proportional to cot 2θ.
When combined with the coupling of ZH to quarks that controls the production cross-section, the cot θ
dependence of the rate in this channel is shown in Fig. 7.10, which shows that this decay vanishes for
cot θ ∼ 1. A typical value of cot θ ∼ 0.5 is chosen, in the following. The signal is extracted from the
ZH → ZH state using the following event selection:

– Two leptons of opposite charge and same flavour with pT > 6(5) GeV for muons (electrons) and
|η| < 2.5. One of them is required to satisfy pT > 25 GeV in order to provide a trigger.

– The lepton pair has a mass between 76 and 106 GeV
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Fig. 7.9: The e+e− mass distribution arising from a ZH of mass of 2 TeV for cot θ = 1 (upper, solid, histogram)
and cot θ = 0.2 (middle, dashed, histogram). The lowest, dotted histogram shows the distribution from background
only.

– Two reconstructed b−jets with pT > 25 GeV and |η| < 2.5, which are within
∆R =

√
(∆η)2 + (∆φ)2 < 1.5.

– The b−jet pair should have a mass between 60 and 180 GeV.

The efficiency forMZH = 1 TeV is 35 %.The mass of the reconstructed ZH system is shown in Fig. 7.11
for a ZH mass of 1 TeV and cot θ = 0.5. The presence of a leptonic Z decay in the signal ensures that
the background arises primarily from Z + jet final states.

A similar method can be used to reconstruct the WH →WH → `νbb decay. The b−jet selections
were the same as above while the lepton selection is now as follows:

– One isolated e or µ with pT > 25 GeV and |η| < 2.5.
– EmissT > 25 GeV.

The missing transverse energy is assumed to arise only from the neutrino in the leptonic W decay, and
the W momentum is then reconstructed. The efficiency for MWH

= 1 TeV is 38 %. The background
which is dominated by W + jets and tt events is larger than in the previous case, nevertheless a signal
can be extracted.

The decay H → γγ provides a very characteristic signal. A preliminary event selection requiring
two isolated photons, one having pT > 25 GeV and the other pT > 40 GeV and both with |η| < 2.5
was made. This requirement ensures that the events are triggered. The invariant mass of the two photon
system is required to be within 2σ of the Higgs mass, σ being the measured mass resolution of the
diphoton system. The reconstructed jets in the event are then combined in pairs and the pair with invariant
mass closest to MW was selected. If this pair has a combined pT > 200 GeV, its mass was corrected to
the W mass and then combined with the γγ system. The efficiency for MWH ,ZH = 1 TeV is 50 %. The
mass distribution of the resulting system is shown in Fig. 7.11. The contributions from WH and ZH are
shown separately, the former dominates due to its larger production rate. The presence of the two photons
with a mass comparable to the Higgs mass ensures that the background is small. This background arises
from either direct Higgs production or the QCD production of di-photons.
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Fig. 7.10: The cot θ dependence of the production rate times branching ratio ZH → ZH .

The analyses were redone for MWH ,ZH= 1, 1.5, and 2 TeV. The reach is shown in Fig. 7.14 bottom
left. If mH = 120 GeV, the mass of the heavy bosons is bound to be less than 2 TeV for fine-tuning
considerations. A large fraction of the parameter space is hence covered, except for the region around
cot θ = 1.

The search for AH → ZH is identical to the search for ZH → ZH . However, the AH production
and decay to ZH depend on the mixings and so we present the sensitivity in terms of a cross-section that
allows reinterpretation of these results to other models. Using the method described above, and assuming
only that the ZH signal does not mask the AH signal, Fig. 7.12 shows the value of the production cross-
section times branching ratio needed to obtain discovery in the channels AH → ZH → ``bb and
AH → ZH → jets γγ.

7.6.2.3 Observation of ZH → ZH and WH →WH for mH = 200 GeV

For a Higgs mass of 200 GeV, the main Higgs decays are H → W +W− (73 %) and H → ZZ (26 %).
Different ZH and WH final states have been selected, resulting from a compromise between cross-
section and signature, as listed in Table 7.4. For the A modes [90] , all leptons are isolated, and the
Higgs boson final state is purely leptonic. For the B modes [91] , the Higgs boson final state contain one
hadronic W or Z .

For the sake of brevity, only the salient points of the analyses are reported here. In all the modes,
the main background is inclusive top production, tt → WbWb → `−ν`+νbb where a third lepton can
arise from a b jet. In the A1 and A2 modes, the missing transverse momentum is used to reconstruct
the Higgs momentum, with the additional hypothesis that the neutrino is collinear to the leptons, a valid
approximation given the high momentum. In addition, the W mass constraint is applied in the B1 and
B3 modes. The A3 and A4 modes have indistinguishable final states. For all B modes, some leptons may
overlap with the hadronic W or Z decay, given the very high momentum of the Higgs boson (above 500
GeV). Hence a special tuning of the lepton isolation was applied. The hadronic decay of the high pT W
or Z are reconstructed by looking for two high pT jets with mass close to the W or Z mass, or, if it fails,
by taking the jet with largest pT (assuming that in this case the W or Z is reconstructed as a single jet).
The efficiencies for the different modes for MWH ,ZH = 1 TeV are as follows : A1 34%, A2 12%, A3/A4
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Fig. 7.11: Left : Invariant mass of the ZH system reconstructed from the `+`−bb final state. Right : Invariant
mass of the ZH or WH system reconstructed from the jjγγ final state. The following hypotheses are made:
MZH/WH

= 1 TeV, mH = 120 GeV and cot θ = 0.5 .

Table 7.4: WH and ZH final states being studied. The branching ratios are computed assuming cot θ = 0.5

Mode BR (10−4) decay signature
A1: 1.0 ZH → ZH → `+`−W+W− → `+`− `+ν`−ν 4 leptons + Emiss

T

A2: 3.0 WH →WH → `νW+W− → `ν `+ν`−ν 3 leptons + Emiss
T

A3: 0.4 ZH → ZH → jjZZ → jj `+`−`+`− 4 leptons + jets
A4: 0.4 WH →WH → jjZZ → jj `+`−`+`− 4 leptons + jets

B1: 6.8 ZH → ZH → `+`−W+W− → `+`− jj`ν 3 leptons + jets + Emiss
T

B2: 0.8 ZH → ZH → `+`−ZZ → `+`− jj`+`− 4 leptons + jets
B3: 2.4 WH →WH → `νZZ → `ν jj`+`− 4 leptons + jets

26%, B1 22%, B2 17%, B3 15%. For MWH ,ZH = 2 TeV, the efficiencies decrease by at most a factor
of two, due to a more severe overlap of the Higgs boson decay products. An example of the expected
reconstructed mass for the B1 modes is shown in Fig. 7.13.

The reach of the analyses are combined separately for A modes and B modes and are summarised
in Fig. 7.14 bottom right. The reach is very similar to the mH = 120 GeV case, except that now the mass
of the heavy bosons is only bound to be less than 6 TeV, hence a much smaller fraction of the parameter
space is covered.

7.6.2.4 Search for hadronic ZH and WH decay

While the leptonic decays of ZH and WH allow the quicker discovery of the heavy bosons, a test of the
little Higgs model necessitates the measurements of other decay modes, like WH or ZH as described in
the previous sections but also the hadronic decay modes [92]. In particular, for cot θ ∼ 1, BR(WH →
WH) and BR(ZH → ZH) vanish, and the branching ratios to heavy quarks are [67] :

BR(ZH → bb) = BR(ZH → tt) = 1/8 = 12.5% (7.67)

BR(WH → tb) = 1/4 = 25% (7.68)
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Fig. 7.12: Minimum value of the production cross-section times branching ratio needed to obtain discovery in the
channels AH → ZH → ``bb and AH → ZH → jetsγγ as a function of the AH mass, for a luminosity of
300 fb−1.

The observability of these three final states has been assessed using fast simulation, with parameters
tuned on full simulation, and with special care for b-tagging at very high jet pT (up to 1 TeV). While no
convincing signal can be seen in the ZH case, the WH → tb appears indeed to be visible and is now
described in a few lines. The top is reconstructed in the W (`ν)b final state. One isolated high pT lepton
is searched for, and two b-jets tagged, one close to the lepton, one recoiling against the lepton. The
neutrino 3-momentum is estimated from the reconstructed missing transverse momentum and assuming
it is parallel to the lepton momentum. The final state can be reconstructed with typical efficiency of 25%
and mass resolution 110 GeV for MWH

= 1 TeV. The background is mainly inclusive top production
(irreducible) as well as W + jets (reducible).

The reconstructed mass plot is shown in Fig. 7.13: the signal is clearly visible. The reach shown in
Fig. 7.14 top left demonstrates that the cot θ = 1 region which was missing in the WH(ZH)→W (Z)H
analyses is well covered up to MWH

= 2.5 TeV.

7.6.3 Search for φ++

The doubly-charged Higgs boson could be produced in pairs and decay into leptonic final states via qq →
φ++φ−− → 4`. While this would provide a very clean signature, it will not be considered here since
the mass reach in this channel is poor due to the small cross-section. The coupling of φ++ to W+W+

allows it to be produced singly via WW fusion processes of the type dd → uuφ++ → uuW+W+.
This can lead to events containing two leptons of the same charge, and missing energy from the decays
of the W ’s. The φWW coupling is determined by v ′, the vacuum expectation value (vev) of the neutral
member of the triplet. This cannot be too large as its presence causes a violation of custodial SU(2) which
is constrained by measurements of the W and Z masses. We have examined the sensitivity of searches at
the LHC in terms of v′ and the mass of φ++. For v′ = 25 GeV and a mass of 1 TeV, the rate for production
of φ++ followed by the decay to WW is 4.9 fb if the W ’s have |η| < 3 and pT > 200 GeV [67]. As
in the case of Standard Model Higgs searches using the WW fusion process [94], the presence of jets
at large rapidity must be used to suppress backgrounds. The event selection closely follows that used in
searches for a heavy Standard Model Higgs via the WW fusion process and is as follows [88, 89].

– Two reconstructed positively charged isolated leptons (electrons or muons) with |η| < 2.5.
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Fig. 7.13: Left : reconstructed mass of ZH → `+`−jj`ν (B1 mode) system, for MZH = 1 TeV, mH = 120 GeV
and cot θ = 0.5. Right: reconstructed tb mass for MWH = 1 TeV and cot θ = 1.

– One of the leptons was required to have pT > 150 GeV and the other pT > 20 GeV.
– The leptons are not balanced in transverse momentum: |pT1 − pT2| > 200 GeV.
– The difference in pseudorapidity of the two leptons should be |η1 − η2| < 2.
– EmissT > 50 GeV.
– Two jets each with pT > 15 GeV, with rapidities of opposite sign, separated in rapidity |η1 − η2| >

5; one jet has E > 200 GeV and the other E > 100 GeV.

The presence of the leptons ensures that the events are triggered. The invariant mass of the WW system
cannot be reconstructed, but the signal can be observed using a mass variable mtrans made from the
observed leptons momenta (p1 and p2) and the missing transverse momentum pmiss

T as follows:

m2
trans = (E1 +E2 +

∣∣EmissT

∣∣)2 − (p1 + p2 + pmiss
T )2 (7.69)

The reconstructed mass distribution is shown in Fig. 7.15 for a mass of 1 TeV. Standard Model
backgrounds are shown separately on the figure. Note that the rate shown in this figure is small and
the signal does not appear as a clear peak. The process is very demanding of luminosity, the ability to
detect forward jets at relatively small pT , and the ability to control backgrounds. These issues cannot
be fully addressed until actual data is available. At this stage, we can only estimate our sensitivity
using our current, best estimates, of these issues. Since the cross-section for a φ++ of a fixed mass is
proportional to (v′)2, the simulation can be used to determine the sensitivity. Requiring at least 10 events
with mtrans > 700(1000) GeV for Mφ = 1000(1500) GeV and a value of S/

√
B > 5 implies that

discovery is possible if v′ > 29(54) GeV. Such values are larger than the constraint of v ′ < 25 GeV from
electro-weak fits [67].

7.6.4 Model constraints and conclusions

We have shown, using a series of examples, how measurements using the ATLAS detector at the LHC
can be used to reveal various particles predicted by little Higgs models. The T quark is observable up to
masses of approximately 2.5 TeV via its decay to Wb. Sensitivity in Zt or Ht is lower but it still extends
over the range expected in the model provided that the Higgs mass is not too large. In the case of Ht

334

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

334



M (TeV)
1 2 3 4 5 6

θ
co

t 

0

0.5

1

1.5

2

 tb→HW
-l+ l→HZ
ν l→HW

ATLAS

(TeV)AM
0.5 1 1.5 2 2.5 3

’θ
ta

n 
0.5

1

1.5

2

 - l+ l→ HAATLAS

M (TeV)
1 2 3 4 5 6

θ
co

t 

0

0.5

1

1.5

2

=120 GeVHm

 W(Z) H →)
H

(ZHW

 b b ν l→HW
 b b - l+ l →HZ

 γ γ jj →HV

ATLAS

M (TeV)
1 2 3 4 5 6

θ
co

t 

0

0.5

1

1.5

2

=200 GeVHm

 W(Z) H →)
H

(ZHW

A modes

B modes

ATLAS
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the sensitivity will depend on the Higgs mass. The H → bb channel is effective until the Higgs mass
exceeds 150 GeV. In this case ATLAS will be able to detect T in its three decay channels and provide a
test of the model.

In the case of the new gauge bosons, the situation is summarised in Fig. 7.14, that shows the
accessible regions via leptonic final states of ZH and WH as a function of the mixing angle. However
observation of such a gauge boson will not prove that it is of the type predicted in the little Higgs Models.
In order to do this, the decays to the Standard Model bosons must be observed. Fig. 7.14 also shows the
sensitive regions for decays of ZH and WH into various final states as a function of cot θ and the masses.
It can be seen that several decay modes are only observable for smaller masses over a restricted range
of cot θ where the characteristic decays ZH → ZH and WH → WH can be detected. The region of
cot θ ∼ 1 is covered searching for WH → tb There is a small region at very small values of cot θ where
the leptonic decays are too small, and only the decays to W or Z can be seen.

In the case of φ++ the situation is not so promising. The Higgs sector is the least constrained by
fine tuning arguments and this particle’s mass can extend up to 10 TeV. We are only sensitive to masses
up to 2 TeV or so provided that v′ is large enough. Other “little Higgs” models have a different Higgs
structure that is similar to models with more than one Higgs doublet. Work is needed to evaluate the
sensitivity of the LHC to these models.

7.7 Search for new heavy quark T in CMS
Aristotelis Kyriakis and Kajari Mazumdar

Most extensions of the Standard Model contain an extended gauge sector and/or an extended Higgs sector
but they are severely constrained by precision electroweak data. The little Higgs models [5,7,97] give an
alternative solution to the fine-tuning problem present in the SM and consequently invoke a new set of
particles. Since the mass upper limits depend on the relative importance of the contribution to the Higgs
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Table 7.5: Major background processes with their cross-sections folded with leptonic branching ratios, the expected
number of events at integrated luminosity L = 30 fb−1 and the number of events analyzed.

Background σ× BR (pb) Nexpected (L=30 fb−1) Nanalyzed

tt→ leptons 85 2550K 908K
inclusive ZW → leptons 2.6 78K 49K
inclusive ZZ → leptons 0.16 4.8K 93K

inclusive WW → leptons 19.8 549K 93K
Zbb̄ 116 3480 K 220K

Z(→ leptons)+jets 161.7 4851K 142K

boson mass, we have a new singlet heavy quark, T which is the least massive (< 2 TeV) among all the
new particles predicted and hence likely to be more easily produced at the LHC.

In this contribution, the potential of the CMS experiment at the LHC to discover T is investigated
for the production channel q b→ q′ T where the heavy quark is produced singly in the t-channel fusion
process Wb→ T . This process is model dependent, being governed by the ratio of the Yukawa coupling
constants involved in the model. The pair production of T T̄ via gluon-gluon fusion is model independent
and falls off more rapidly at higher values of T -mass [67]. The details of the CMS study can be found
in [98].

The study is performed for the decay channel T → t Z , which has a branching fraction of 25%.
The cleanest signal is expected for the leptonic (e, µ) decay modes of Z and W (from top decay), though
the event rate is low. We have not considered their tau-decay modes. The complete process with the final
state considered is q b → q′ T, T → Zt, Z → `+`−, t → bW , W → `ν. Hence there are three
isolated, charged leptons, one b jet, and genuine missing transverse energy in the central part and one
forward going, light-quark jet in the event.

7.7.1 Event simulation and reconstruction

The major background types with their cross-section folded with the leptonic branching ratios, the ex-
pected number of events for an integrated luminosity of 30 fb−1 and the number of events analyzed for
the present study are shown in Table 7.5.

We have used the PYTHIA package [93] for signal and background event generation. For signal
we used the subprocess corresponding to 4th-generation heavy quark production and treating it as a reso-
nance with mass 1 TeV. We have used CTEQ5L structure function for the event generation of the channel.
For tt and double vector boson productions (i.e., WW , WZ , ZZ) the accompanying jet is not very hard
in PYTHIA. We plan to use dedicated event generators, based on matrix element calculation, in future
where the accompanying jets in inclusive processes are much harder. The events for the process Zbb̄ are
produced withALPGEN package [99]. We have also considered inclusive Z production events, since, the
production rate is very high (Z+jets, Drell-Yan ∼ 10 nb). The third lepton may be either from the jet or
due to the initial state gluon radiation in DY events. In CMS detector the jet misidentification probability
is very low (10−4 for electron and 10−5 for muon). It is impossible to simulate the background channels
for full statistics. To save on computing resources we have considered for Z + jets background a specific
kinematic region of (p̂t =75-500 GeV) which overlaps with typical transverse momentum of Z in the
subprocess. We note here that the Q2 scale for the signal channel is much higher than that in most of
the simulated events for SM background processes. We are in the process of studying the SM events
specially produced at higher Q2 values.

Generated events are processed through GEANT-based CMS detector simulation package (OSCAR [100])
and reconstructed subsequently using CMS-specific software (ORCA [101]). We have taken into account
event pileup situation for low luminosity running phase of the LHC for an instantaneous luminosity of

337

L ITTLE HIGGS MODELS

337



Table 7.6: Efficiency of the selection criteria for the signal and various backgrounds analyzed.

Selection T → Zt(%) tt→ (%) ZZ(%) ZW (%) WW (%) Z+jets (%) Zbb(%)
Trigger 95 43 59 16 25 43 92
Z 63 0.240 4.160 1.130 0.14 11 7.4
W 39 0.014 1.120 0.500 0. 0.036 0.39

W + b-jet 13 0.005 0.020 0.002 0. 0. 0.09
SM top 11 0.001 0.006 0.002 0. 0. 0.02
T 9.7 0. 0.001 0. 0. 0. 0.

2×1033 cm−2 s−1.

We have used standard reconstruction softwares of CMS. For jet reconstruction we used the itera-
tive cone algorithm with cone radius of 0.5. A cut on jets with the minimum transverse energy 10 GeV
is applied during jet reconstruction. The missing transverse energy in the event, Emiss

T , is estimated from
the balance of calorimeter tower energies used in jet reconstruction.

Lepton isolation is defined by choosing a cone of radius ∆R =
√

∆η2 + ∆φ2 < 0.1 around the
candidate (electron or muon) track and searching for other tracks within the cone having pT > 0.9 GeV.
The sum Σ pT is required to be < 4% of the candidate track momentum for muon or transverse energy
deposited in electromagnetic calorimeter for electron.

7.7.2 Event trigger and selection

The reconstructed events are first checked if they pass standard CMS-trigger criteria. For ‘double elec-
tron’ and ‘double muon’ topology, the thesholds for lepton transverse momentum at higher level trigger
are 17 GeV and 7 GeV respectively [102]. The combined trigger effeciency was evaluated to be 95%.

Our main selection conditions for off-line analysis are summarized below:
– The ‘same flavour opposite sign dileptons:’ e+e− and µ+µ− combinations should have a pT >

100 GeV (Fig. 7.16) and a mass of ±10 GeV around the nominal Z mass (Fig. 7.17). This is
referred to later as Z criteria.

– We further require a third lepton compatible with the leptonic decay of W . Hence the combination
of lepton momentum and the missing transverse energy (nominally Emiss

t > 20 GeV), should
have a transverse momentum greater than 60 GeV and a transverse mass less than 120 GeV. This
is referred to as W criteria.

– We allow only one jet with transverse momentum greater than 30 GeV within the tracker accep-
tance (|η| < 2.5) satisfying the conditions of a b-jet. The combination of W and the b-jet should
have a transverse momentum greater than 150 GeV , the condition referred to as W + b-jet criteria.

– The (W, b) combination is required to have a mass in the range 110–220 GeV, referred to as SM
top criteria.

– Finally we apply the Heavy Top characteristics: the combination (Z, W, b) should have a mass in
the range 850−1150 GeV (Fig. 7.18).
In Table 7.6 we have summarized the efficiency of our selection cuts to signal and background

events. The hard cuts applied during selection are quite effective in removing the backgrounds in almost
all cases.

7.7.3 Preliminary Results

The only SM background which survives all selections is ZZ → leptonic. The total efficiency for the
signal selection is 9.7%. Taking into account the single heavy T production cross-section (192 fb for
equal Yukawa couplings λ1 = λ2) for heavy T mass of 1 TeV and the various branching ratios we can
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calculate that a signal sample of only NS = 2.1 events are expected with an integrated luminosity of 30
fb−1. The significance could be calculated from Sstat = 2(

√
NS +NB−

√
NB), that gives: Sstat = 2.5

with a signal-to-background ratio of 41.

7.7.3.1 Systematics

To study the systematic effect on the result we considered various experimental sources affecting the
reconstruction of the observed leptons and jets, and estimated their impact on the selection efficiency.
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Fig. 7.18: Signal (left) and background (right) distributions for the invariant mass of theZ and SM top combination
for candidate heavy top with generated mass of 1 TeV.

Only the uncorrelated sources (or with negligible correlation) are included. We determined the surviving
number of background events and fluctations are considered as the maximum shift for the central value
without the systematic bias.

– Lepton energy scale: Due to imperfect knowledge of the detector material, the exact value of mag-
netic field at a given point of the detector or initial misalignments of detector units, estimates of
4-momenta of leptons have an uncertainty. This effect is accounted for by rescaling all recon-
structed leptons’ energy and momenta by a factor ±0.005. The error in efficiency is found to be
0.4%, whilst the background is not significantly affected.

– Jet and missing energy scale: The jet energy scale uncertainty (after 10 fb−1 integrated luminosity)
is expected to be about 5% for jets with pT =20 GeV and continuously decreasing to about 2.5%
for jets with pT > 50 GeV. With a Emiss

T estimated from jet energies, missing energy scale is
totally correlated to the Jet Energy Scale and we considered a variation of 5%. The error in the
efficiency is found to be 1% whilst the background is not significantly affected.

– b-tag uncertainty: The b-tagging of jet is important in this study and the experimental method is
effective up to |η| ≤ 2.5 with an efficiency of about 60% [103]. The b-tag uncertainty is assumed
to be 4% after 10 fb−1 integrated luminosity and it has large effect both on efficiency (5%) and on
the background events (±0.15 events).

So the significance after taking into account the systematcs is given as [104]:

Sstat+syst = Sstat

√
NB

NB + (∆NB)2
= 2.0 (7.70)

Thus, the significance of the channel worsens after systematic effects are taken into account. The situa-
tion can improve significantly when the signal cross-section is higher as for the choice λ1/λ2 = 2.
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Fig. 7.19: The discovery plot. The curve represents the signal cross-section required as a function of integrated
luminosity at LHC, for establishing single production of a heavy quark of mass = 1 TeV at 5σ level. The horizontal
lines correspond to various choices of λ1/λ2. The vertical line corresponds to the luminosity used for this analysis
i.e., 30 fb −1.

7.7.4 Conclusion

The experimental signature of single T production with subsequent decays in T → Zt, Z → `+`−

where W from top-quark decays leptonically is investigated in the context of CMS experiment. The
significance of the search is determined after taking into account various systematic effects. The study
demonstrates that with an integrated luminosity of 30 fb−1, the discovery potential of the channel T →
tZ , with leptonic decays of Z and W , is rather limited. Fig. 7.19 shows signal cross-section required as
a function of integrated luminosity, for establishing at 5σ level, single production of a heavy quark of
mass = 1 TeV. The luminosity needed for 5σ evidence is estimated to be around 150 fb−1 and 40 fb−1

respectively for choice of parameters λ1 = λ2 and λ1 = 2λ2.

7.8 Determination of Littlest Higgs model parameters at the ILC

J.A. Conley, J.L. Hewett, and M.P. Le

The most economical little Higgs model is the so-called “Littlest Higgs” (LH) [6]. This scenario is based
on a non-linear sigma model with an SU(5) global symmetry, which is broken to the subgroup SO(5)
by a vev f . The natural scale for f is around a TeV; if f is much larger, the Higgs mass must again be
finely tuned and this model no longer addresses the hierarchy problem. The SU(5) contains a gauged
subgroup [SU(2) ×U(1)]2 which is broken by the vev to the SM electroweak group [SU(2)L×U(1)Y ].
The global SU(5) breaking leaves 14 massless Goldstone bosons, four of which are eaten by the gauge
bosons of the broken gauge groups, giving these gauge bosons a mass of order f . These new bosons
correspond to two a heavy neutral bosons, ZH and AH , and two heavy charged bosons W±H .

Here, we are mainly concerned with the extended neutral gauge sector, which contains 3 new
parameters: f and two mixing angles. Although we focus on the Littlest Higgs model, we note that an
enlarged gauge sector with generic features is present in all little Higgs scenarios. After EWSB, the mass

341

L ITTLE HIGGS MODELS

341



eigenstates are obtained via mixing
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with xH being given in [67]. The mixing angles

s =
g2√
g2

1 + g2
2

and s′ =
g′2√

g′21 + g′22
(7.72)

relate the coupling strengths of the two copies of [SU(2) × U(1)]. The couplings of the neutral gauge
bosons ZL, AH , and ZH to fermions and the light Higgs similarly depend on s, s′ and f :

g(ALff̄) = gSM (Aff̄), g(ZLff̄) = gSM (Zff̄)

(
1 +

v2

f2
ai(s, s

′)
)
,

g(AHff̄) = bi
g′

2s′c′
(
1

5
− 1

2
c′2),

g(ZHff̄) = ±gc
4s
, g(ZLµZLνH) = gSM (ZµZνH)

(
1 +

v2

f2
a(s, s′)

)
, (7.73)

g(ZLµZHνH) =
−i
2

g2

cW
v
c2 − s2

2sc
gµν , g(ZLµAHνH) =

−i
2

gg′

cW
v
c′2 − s′2

2s′c′
gµν ,

where gSM represents the relevant coupling in the SM, and a(b)i are O(1) where i labels the fermion
species.

Equation (7.72) shows that for generic choices of s and s′, MAH/MZH ' swmZ/
√

5mW ' 1/4.
This light AH is responsible for the most stringent experimental constraints on the model [31, 33]. As a
result, phenomenologically viable variations of the Littlest Higgs models typically decouple the AH by
modifying the gauge structure of the theory. To gain some understanding of models in which the AH

decouples we take two approaches in our analysis: one is to choose a parameter value (s ′ =
√

3/5) for
which the coupling of AH to fermions vanishes. Another is to artificially take MAH →∞ while letting
all other quantities in the theory take on their usual, parameter-dependent values. While not theoretically
consistent, this approach gives us a more general picture of the behavior of models in which the AH

decouples.

We first examine the process e+e− → f f̄ , where all of the LH neutral gauge bosons participate via
s-channel exchange. We first study the constraints on the model from LEP II, taking as our observables
the normalized, binned angular distribution and total cross section for e+e− → bb̄ , cc̄, and ` ¯̀, with l = e,
µ, or τ . We use

√
s = 200 GeV and an integrated luminosity of 627 pb−1. For the detection efficiencies,

we take εe = 97%, εµ = 88%, ετ = 49%, εb = 40%, and εc = 10% [105]. For the ILC, in addition to
the above mentioned observables, we also include the angular binned left-right asymmetry ALR for each
fermion pair. We use the energy

√
s = 500 GeV, an integrated luminosity of 500 fb−1, and detection

efficiencies of εe = 97%, εµ,τ = 95%, εb = 60%, and εc = 35% [106].

The exclusion region at LEP II (taking s′ = s/2) and the 5σ search reach at the ILC for various
values of s′ are shown in Fig. 7.20. The 5σ discovery contour for the ZH at the LHC, as computed by
an ATLAS based analysis [88], is included in the figure for comparison. We find that the search region
at
√
s = 1 TeV reaches to somewhat higher values of the parameter s, but has essentially the same reach

for f as the 500 GeV results.
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Fig. 7.21: 95% CL sample fits to the data points (s = 0.5, s′ = 0.5) and (s = 0.5, s′ =
√

3/5), at a 500 GeV ILC,
taking MZH = 3.0 TeV.

We have now determined the available parameter space accessible to the ILC and not already
excluded by LEP II. It remains to ask, given the existence of an LH model with parameters in this
accessible range, how accurately would the ILC be able to measure them? To answer this we perform
some sample fits employing a χ-square analysis. We use the same set of observables as before, and now
take MZH , s, and s′ as our free parameters. We choose a generic data point (s, s′,MZH ) and use it
to calculate the observables, which we then fluctuate according to statistical error. We assume that the
Large Hadron Collider would have determined MZH relatively well, to the order of a few percent for
MZH < 5 − 6 TeV; we thus fix MZH and perform a 2-variable fit to s and s′. Figure 7.21 shows the
results of this fit for two sample data points. For both cases, the determination of s is very accurate, due
to the strong dependence of the ZHff̄ couplings on this parameter.

In order to confirm that the LH model is the correct description of TeV-scale physics, it is important
to measure the new particle couplings to the Higgs. Here we are concerned with the coupling of the ZH
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Fig. 7.22: The ILC 95% CL search reach in the s− f parameter plane from the process e+e− → ZLH for various
values of s′ and

√
s = 500 GeV. The LEP II exclusion region from e+e− → ff̄ is shown for comparison.
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Fig. 7.23: Same as Fig. 7.22 but for
√
s = 1 TeV.

to the Higgs boson, which can be tested via the process e+e− → ZLH . In the LH model, deviations in
this process from SM expectations arise from three sources: ZH and AH exchange in the s-channel and
the deviation of the ZLZLH coupling from its SM value.

We then repeat our analysis using the process e+e− → ZLH and taking the total cross section as
our observable with mH = 120 GeV. We assume that at a

√
s = 500 GeV ILC this cross section will be

measured to an accuracy of 1.5% [106]. A χ-squared analysis is carried out as before and our results for
the ILC search reach in the LH parameter space are displayed in Figs. 7.22 and 7.23 for

√
s = 0.5 and

1 TeV, respectively.

In summary, we find that the reaction e+e− → f f̄ at a
√
s = 500 GeV ILC is sensitive to

essentially the entire parameter region where the Littlest Higgs model is relevant to the gauge hierar-
chy problem. It also provides an accurate determination of the fundamental model parameters, to the
precision of a few percent, provided that the LHC measures the mass of the heavy neutral gauge field.
Additionally, we verified that the couplings of the extra gauge bosons to the light Higgs can be observed
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from the process e+e− → ZH for a significant region of the parameter space. Further details of our
analysis can be found in [76].
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8 LARGE EXTRA DIMENSIONS

8.1 Introduction
Daniele Dominici and Samir Ferrag

Recent theories with extra dimensions are an attempt to understand the large difference between the
Planck mass MP l and the Fermi scale G−1/2

F through a geometrical reformulation of the gauge hierarchy
problem. In general these theories are formulated in aD-dimensional space time which has the geometry
of a direct product M4 × Xδ whereM4 denotes the Minkowski space and X δ the internal (compact)
space [1,2] but also non factorizable metrics and non compact spaces have been considered [3,4]. In the
large extra dimension models [1, 2] non gravitational interactions are confined to a 4-dimensional space
time (the brane) while the gravitational interactions propagate in D = 4 + δ dimensions (the bulk). The
standard Planck mass becomes an effective parameter and it is replaced by a fundamental parameter M D

which is of the order of a TeV. The big hierarchy between MD and the Planck mass is explained by the
large compactification volume Vδ appearing in the formula:

MP l
2

= VδMD
2+δ (8.1)

where MP l = 1/
√

8πGN = 2.4 × 1018GeV is the reduced Planck mass. Assuming as internal space
a δ-torus with a common radius R, the compactification volume is given by Vδ = (2πR)δ . The case
δ = 1 is excluded because it would give modifications to the Newton law at solar system distances;
however for δ = 2, assuming MD = 1 TeV, we can explain the large separation between the Planck
and the electroweak scale with a radius R <∼ 10−2 mm, which is below the present limits on large extra
dimensions from Newton law deviation experiments (200 µm) [5].

If the scale of the additional dimensions is small enough (≤ TeV−1) then also electroweak and
strong interactions can propagate in the bulk. The existence of TeV sized compact extra dimensions
has been also suggested for different reasons, related to the possibility of breaking supersymmetry [6]
or a gauge symmetry by boundary conditions [7, 8] or explaining fermion mass spectrum delocalizing
quarks and leptons in different regions of the extra dimensions [9]. This has motivated the construction
of extensions of the Standard Model (SM), without gravity, in five or more dimensions, with matter and
scalar fields living on branes or delocalized in the bulk. In the simplest version, known as Universal
Extra Dimensions (UED) [10], all fields live in the bulk. These models are of interest because for the
presence of a conserved Z2 symmetry, which is a subgroup of the translation invariance in the fifth
dimension, they are only weakly constrained by the electroweak precision measurements (for a recent
analysis, see [11]). Furthermore for the same Z2 symmetry the lightest Kaluza-Klein (KK) mode is
stable and provides a candidate for dark matter [12, 13]. Models where matter and/or Higgses live on
branes are more constrained by the electroweak precision measurements: 95% CL lower bound on the
compactification scale are M = 1/R ∼ 5− 6 TeV [14–21].

All these higher dimensional theories are non renormalizable and therefore they should be inter-
preted as low energy effective theories valid up to some cut-off scale where some ultraviolet completion
is necessary.

8.1.1 Review of the Arkani-Hamed-Dimopoulos-Dvali (ADD) model

The action of the theory is given by the D = 4+δ dimensional Einstein term and a brane term containing
the SM gauge interactions [22, 23]:

S =
MD

2+δ

2

∫
dDx

√
|g|R+

∫
d4x
√−gindLSM (8.2)

whereR = gABRAB , (A,B = 0, · · · , 3+δ) is the Ricci scalar curvature inD dimensions and (gind)µν is
the metric induced on the brane. If the internal space is a δ-torus,

∫
dDx =

∫
d4x

∫ 2πR
0 dy1 · · ·

∫ 2πR
0 dyδ .
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The action is computed by performing a linear expansion for weak gravity:

gAB = ηAB +
2

MD
1+δ/2

hAB (8.3)

up to second order in the fields hAB and expanding hAB in Fourier series:

hAB =
+∞∑

n1=−∞
· · ·

+∞∑

nδ=−∞

1√
Vδ
h

(n)
AB(x)e−i

Pδ
j=1 njyj (8.4)

where the KK modes h(n)
AB appear:

h
(n)
AB =

(
h

(n)
µν h

(n)
µj

h
(n)
iν h

(n)
ij

)
(8.5)

where µ, ν = 0, 1, 2, 3 and i, j = 1, · · · , δ.
The quadratic Lagrangian can be re-expressed in the unitary gauge as

L =
∑

~n

[
− 1

2
G(−~n)µν( +m2

n)G(~n)
µν +

1

2
G(−~n)µ
µ ( +m2

n)G(~n)µ
µ

−G(−~n)µν∂µ∂νG
(~n)λ
λ +G(−~n)µν∂µ∂λG

(~n)λ
ν

−1

4
|∂µV (~n)

νj − ∂νV
(~n)
µj |2 +

1

2
m2
nV

(−~n)
µj V (~n)µj − 1

2
S(−~n)jk( +m2

n)S
(~n)
jk

−1

2
H(−~n)( +m2

n)H(~n)
]

(8.6)

where G(~n)
µν , V (~n)

µj , S(~n)
jk and H(~n) are suitable linear combinations of the fields appearing in Eq. (8.5)

[22, 23] and where the mass of the Kaluza-Klein excitations is given by

mn =
|~n|
R

(8.7)

Assuming again δ = 2, and MD = 1 TeV, the range of the masses is of order 102 mm−1 ∼ 10−1

eV. Therefore in large extra dimension models KK gravitons tend to be very light and densely spaced
(∆mn ∼ 1/R). Finally the brane action, when computed using the Fourier expansion, gives the follow-
ing interaction Lagrangian

− 1

MP l

∑

~n

[
G(~n)µν − κ

3
ηµνH(~n)

]
Tµν (8.8)

where κ =
√

3(δ−1)
δ+2 and Tµν is the energy momentum tensor built from the SM Lagrangian, LSM .

Notice that the vectors V (~n)
µj and the scalars S(~n)

jk do not couple to the ordinary matter. A mechanism for
generating a small mass (≥ 1 mm−1 ∼ 10−3 eV) for the zero mode of the scalar fields H (~n) is necessary
in order to avoid deviations to the Newton law at the corresponding scale of 1 mm [24].

Feynman rules for the massive gravitons G(~n)
µν and for the graviscalars H (~n) can be derived from

Eqs. (8.6)–(8.8) and are contained in [22, 23]. Since the couplings of these particles to ordinary matter
are O(1/MP l) their life-times tend to be very long. On the other side, even if their couplings are weak,
the inclusive KK production cross section can be large at energies close to MD because of the large
multiplicity of the final state. In order to quantify this argument, let us consider the density of states: the
number of modes dN(|~n|) with the modulus |~n| ≡ |n| being in the interval (|n|, |n|+ d|n|) is given by

dN(|~n|) = Sδ−1|n|δ−1d|n| = Sδ−1R
δmδ−1dm (8.9)
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Table 8.1: 95% CL bounds on MD (TeV)

δ 2 3 4 5 6
95% CL collider bounds on MD (TeV)

LEP Exotica WG [25] 1.60 1.20 0.94 0.77 0.66
D0 mono-jets Run I data (K=1) [26] 0.89 0.73 0.68 0.64 0.63

CDF mono-jets Run I data (K=1) [27] 1.00 0.77 0.71
Astrophysical bounds on MD (TeV)

SN1987A [28, 29] 22 2
Diffuse γ rays from SN/NS [28, 29] 97 8 1.5

Excess heat from γ hitting the NS [28, 29] 1800 77 9.4 2.1

with m ≡ mn = |n|/R and where Sδ−1 = 2πδ/2/Γ(δ/2) is the surface of the unit sphere in δ dimen-
sions. We evaluate the sum over the KK excitations by converting it in the continuum notation

∑

~n

→
∫
dm2ρδ(m)

=
1

2

MP l
2

M2+δ
D

Sδ−1

∫
dm2mδ−2 (8.10)

It turns out that the density of states is

ρδ(m) =
Lδmδ−2

(4π)δ/2Γ(δ/2)
=

MP l
2

2M2+δ
D

Sδ−1m
δ−2 (8.11)

where we have used L = 2πR and we have defined a new effective D-dimensional Planck mass

MD = (2π)
δ
δ+2MD (8.12)

such that 1/(8πGN ) = RδM δ+2
D .

LEP has searched for graviton production in the process e+e− → γ(Z) + missing energy. The
corresponding 95% CL lower limits on MD, using the best channel (γ plus missing energy), are shown
in Table 8.1 [25]. The Tevatron 95% CL limits on MD using the missing energy plus a single jet process
are shown in Table 8.1 [26, 27] . LEP results are more sensitive for small extra dimensions. Some
preliminary results of Run II have been presented for D0 [30].

As shown in Table 8.1, strong astrophysical bounds from supernova and neutron star processes
involving emission of KK gravitons are present for δ ≤ 3 [28, 29]. However, as suggested [31], while
astrophysics probes only the infrared part of the Kaluza-Klein spectrum of gravitons, high-energy ex-
periments are mainly sensitive to the ultraviolet part. These limits can be evaded by assuming a small
distortion of the D-dimensional space so that the mass of the lightest KK excitation is not given by the
inverse radius 1/R, but by a new intrinsic mass µ. If µ ' 50 MeV gravitons cannot be produced in astro-
physical systems and therefore no bounds on the scale MD are derived. This idea has been pursuit also
to study the case corresponding to δ = 1 [31]. The model is built using the Randall Sundrum metric [3]
(see also Section 9) but assuming the visible brane at y = 0 and the Planck brane at y = πR, in the limit
in which µ is larger than R−1 and both are much smaller than M̄5. In this model the hierarchy between
the Fermi and the Planck scale is explained both by the warp factor and by the large extra dimension.
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Fig. 8.1: γ + E/ T cross sections after integrating over a) ŝ < M 2
D or b) all ŝ, where ŝ is subprocess s. The SM

background is the dot-dashed line. The signal is plotted as a solid (dashed) line for δ = 2(4). Taken from [32].

8.1.2 Direct graviton production

The process which are relevant for LHC are the production of jets plus missing energy and photon plus
missing energy. They are associated with the amplitudes gg → gG(~n), qG → qG(~n), qq̄ → gG(~n) and
qq̄ → γG(~n) respectively.

The relevant partonic differential cross section for single graviton emission d2σ/dtdm is propor-
tional to the coupling ∼ 1/M

2
P l (as seen from Eq. (8.8)), however, summing over all the KK gravitons

and taking into account the final state density, Eq. (8.11), the final form for the differential cross sec-
tion is proportional to 1/M δ+2

D . Figure 8.1 shows the total cross section for the final state photon plus
missing energy for the signal for δ = 2, 4 and for the SM background. This channel is less sensitive
than the jet plus missing energy one, because of the smallness of the electromagnetic coupling and the
lower luminosity of qq̄ with respect to qg. Figure 8.2 shows the missing transverse energy distribution
of the backgrounds and of the signals for several choices of δ and MD for the channel jet plus miss-
ing energy. The signals have been generated using the ISAJET implementation of the extra dimension
model and the fast simulation of the ATLAS detector (ATLFAST) has been used. At the large values of
missing transverse energy the dominant backgrounds arise from processes that can give rise to neutrinos
in the final state, jet +Z(→ νν), jet +W (→ lν). The sensitivity for δ = 2, 3 and 4 is respectively
MD = 9.1, 7.0 and 6.0 TeV for 100 fb−1 [33]. For comparison we report here also the sensitivity of
ILC with

√
s = 800 GeV, integrated luminosity L = 1 ab−1, from the channel e+e− → γG(~n): the

95% CL limits are MD=5.9, 3.5 and 2.5 TeV for δ = 2, 4 and 6 TeV respectively for unpolarized beams
and 10.4, 5.1 and 3.3 TeV for P− = 0.8, P+ = 0.6 [34]. As shown in Fig. 8.3, the evolution of the
e+e− → γE/ T cross section with the center of mass energy of the linear collider depends strongly on the
number of extra dimensions [35]. Measurements of cross sections at different energies, as shown in [36],
can determine the values of MD and δ. Drell–Yan lepton pairs plus missing energy [37] have been also
considered however the corresponding reach is lower than the single jet process.

The model corresponding to δ = 1 has been recently studied in [31] by considering a warping
of the 5-dimensional metric. The warping avoids standard conflicts with observations by introducing a
mass gap in the KK graviton spectrum. LHC can be sensitive up to MD = 17 TeV for 100 fb−1.
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Fig. 8.2: Missing energy distribution (dots), shown here for various choices of the number of extra dimensions (δ)
and of the mass scale (MD) and for SM backgrounds (histograms) for the channel jet +E/ T . Taken from [33].

8.1.3 Virtual graviton exchange

The graviton, or any of its KK modes, can be exchanged in the s-channel. The multiplicity of KK states
can give a large contribution to the production cross sections of any final state and the cross sections are
divergent for δ ≥ 2. The expression of the cross section have been regularized in [23] by cutting off
all the KK contributions above MS where MS presumably is of order MD. The first ATLAS study [38]
focused on the channels pp→ l+l−+X and pp→ γγ +X . Fig. 8.4 shows the signal shape for the two
channels as a function of the two final state particle invariant mass. For a luminosity of 100 fb−1 (one
year of LHC at high luminosity) and combining the two channels, a 5σ sensitivity to an energy scale MS

of 7 to 8 TeV is reached for a number of extra dimensions varying between 2 and 5.

In the simulations for the ILC the exchange of KK gravitons has been approximated by the fol-
lowing dimension eight operator:

L = i
4λ

Λ4
T µνTµν (8.13)

where |λ| = 1 and Λ is a cut-off related to MS . Deviations with respect to the SM in fermion and γγ
channels, left-right and center-edge asymmetries have been investigated [22, 39–43]. 5σ sensitivity for√
s = 500(1000) GeV and integrated luminosity of 500 fb−1 turns out to be Λ = 3.5 (5.8) TeV [44]. The

corresponding analysis for CLIC [45] gives a limit MS ∼ 6
√
s for an integrated luminosity of 1 ab−1.

8.1.4 Invisible Higgs decay

An entirely different class of signals is associated with the mixing between the Higgs boson and the
very dense (continuum-like) graviscalar states. Instead of a single Higgs boson, one must consider the
production of the full set of densely spaced mass eigenstates all of which are mixing with one another.
The new signature that arises as a result of this mixing is that the Higgs boson will effectively acquire a
possibly very large branching ratio to invisible final states composed primarily of graviscalars [32,46,47].
If the Higgs-graviscalar mixing parameter is of order one, then the Higgs decays to invisible final states
will provide invaluable probes of the ADD model, often allowing detection of the extra dimensions
in portions of parameter space for which the jets/γ + E/ T signal is not observable. If both types of
signal are observable, a complete determination of the model parameters is generally possible [36]. The
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Fig. 8.3: γ + E/ T cross sections vs.
√
s, normalized to a common value at

√
s = 500 GeV. Thus, energy

dependence gives δ via ratio of cross sections. Absolute normalization then gives MD. Taken from [35].

interaction between the Higgs complex doublet field H and the Ricci scalar curvature R of the induced
4-dimensional metric gind is derived from the following action

S = −ξ
∫
d4x
√−gindR(gind)Φ†Φ . (8.14)

After the usual shift Φ = (v + h√
2
, 0), this interaction leads to the mixing term [32], (we have rewritten

the graviscalars H (~n) = 1/
√

2(s~n + ia~n))

Lmix = εh
∑

~n>0

s~n (8.15)

with

ε = − 2
√

2

MP l

ξvm2
h

√
3(δ − 1)

δ + 2
. (8.16)

This mixing generates an oscillation of the Higgs itself into the closest KK graviscalar levels which
decay invisibly. The invisible width Γh→invisible ≡ Γinv can be calculated by extracting the imaginary
part of the mixing contribution to the Higgs self energy [32]. In an equivalent way the mixing requires
diagonalization to the physical eigenstates h′ and s′~n: the s′~n are nearly continuous and so those near in
mass to the h′ act coherently together with the h′. Then when computing a process such as WW →
h′ +

∑
~m>0 s

′
~m → F , the full coherent sum over physical states must be performed. The result at the

amplitude level is

A(WW → F )(p2) ∼ gWWhghF
p2 −m2

h + imhΓh + iG(p2) + F (p2) + iε̄
(8.17)

where ε̄ provides the standard Feynman prescription and

F (p2) ≡ −ε2Re

[∑

~m>0

1

p2 −m2
~m + iε̄

]
, G(p2) ≡ −ε2Im

[∑

~m>0

1

p2 −m2
~m + iε̄

]
(8.18)
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Fig. 8.4: Left: pp → l+l− cross section versus di-lepton invariant mass for SM and for 3 extra-dimensions with
MS = 4.7 TeV. Labeled contributions qq̄ or gg correspond to a graviton exchange with qq̄ or gg initial state. Right:
same for pp→ γγ. Taken from [38].

Writing F (p2) = F (mh
2
eff )+(p2−mh

2
eff )F ′(mh

2
eff )+. . ., wheremh

2
eff−m2

h+F (mh
2
eff ) = 0,

we obtain the structure

A(WW → F )(p2) ∼ gWWhghF
(p2 −mh

2
eff )[1 + F ′(mh

2
eff )] + imh(Γh + Γinv)

(8.19)

with
mhΓinv = G(p2)|mh2

eff
= ImΣ(p2)|mh2

eff
(8.20)

A simple estimate of the mass renormalization is that F (m2
heff

) should be of order ξ2m6
h/Λ

4,
where Λ is an unknown ultraviolet cutoff energy presumably of order Λ ∼ MD [22]. In this case, the
contribution from F (m2

heff
) is small for mh � MD. A simple estimate of the quantity F ′(m2

heff
),

associated with wave function renormalization, suggests that it is of order ξ2m
4
h

Λ4 . In this case, F ′ will
provide a correction to coherently computed LHC production cross sections that is very probably quite
small for mh �MD. Neglecting the terms F, F ′, then mheff ∼ mh. Taking the amplitude squared and
integrating over dp2 in the narrow width approximation we get

σ(WW → h′ +
∑

~n>0

s~n → F ) = σSM(WW → h→ F )×
[

ΓSMh→F
ΓSMh + Γinv

]
(8.21)

with

mhΓinv = G(mh
2) → −ε2Im1

2

∫
dm2ρδ(m)

1

mh
2 −m2 + iε̄

= −ε2 1

4

M
2
P

M2+δ
D

Sδ−1(−π)(mh
2)(δ−2)/2 (8.22)

So finally

Γinv = 2πξ2v2 3(δ − 1)

δ + 2

m1+δ
h

M2+δ
D

Sδ−1 ∼ (16MeV )202−δξ2Sδ−1
3(δ − 1)

δ + 2

×
( mh

150 GeV

)1+δ
(

3 TeV

MD

)2+δ

(8.23)
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Fig. 8.5: Invisible decay width effects in the ξ - MD plane for mh = 120 GeV. The plots are for δ = 2 (left), 3
(right). The green (grey) regions indicate where the Higgs signal at the LHC drops below the 5σ threshold for 100
fb−1 of data. The regions above the blue (bold) line are where the LHC invisible Higgs signal in the WW -fusion
channel exceeds 5σ significance. The solid vertical line at the largest MD value in each figure shows the upper
limit on MD at the 5σ level by the analysis of jets/γ with missing energy at the LHC. The middle dotted vertical
line shows the value ofMD below which the theoretical computation at the LHC is ambiguous. The dashed vertical
line at the lowestMD value is the 95% CL lower limit coming from combined Tevatron and LEP/LEP2 limits. The
regions above the yellow (light grey) line are the parts of the parameter space where the ILC invisible Higgs signal
will exceed 5σ assuming

√
s = 350 GeV and L = 500 fb−1. Taken from [36].

In the ADD model, the statistical significance for detecting a SM Higgs in the standard visible
channels is suppressed by the appearance of this invisible decay width. There are regions at high ξ
where the significance of the Higgs boson signal in the canonical channels drops below the 5σ threshold.
Fortunately, the LHC experiments will also be sensitive to an invisibly decaying Higgs boson produced
via WW -fusion, with tagged forward jets. In Ref. [48] the results of a detailed CMS study for this mode
are given in Fig. 25, (see also Fig. 8.10). With only 10 fb−1, a Higgs boson produced with the SM
WW →Higgs rate and decaying to an invisible final state with BR(h → invisible) = 0.12 − 0.28
exceeds the 95% CL for 120 GeV < mh < 400 GeV. Fig. 8.5 summarizes the results for different values
of δ when mh = 120 GeV. In the green (light grey) region, the Higgs signal in standard channels drops
below the 5σ threshold with 100 fb−1 of LHC data. But in the area above the bold blue line the LHC
search for invisible decays in the fusion channel yields a signal with an estimated significance exceeding
5σ. It is important to observe that, whenever the Higgs boson sensitivity is lost due to the suppression of
the canonical decay modes, the invisible rate is large enough to still ensure detection through a dedicated
analysis. For increasing mh the invisible decay mode is important in a more limited range because
the SM Higgs decay width is much larger in this latter case, mh being above the WW,ZZ pair decay
thresholds.

The 5σ upper reach in MD at each δ from the analysis of jets/γ+ missing energy [33] is shown
in the figures by the solid medium gray (purple) line. The reliability of the theory prediction at the LHC
fails for MD below the medium gray (purple) dotted line. Also shown in each figure is the 95% CL lower
limit on MD coming from the combination of LEP, LEP2 and Tevatron data, as summarized in [49]. A
TeV-class e+e− linear collider will be able to see the Higgs signal regardless of the magnitude of the
invisible branching ratio simply by looking for a peak in the MX mass spectrum in e+e− → ZX events.
We should note that the e+e− → ZE/ T events from direct graviton emission do not result in substantial
background [50] to the Higgs signal when

√
s <∼ 500 GeV. The region above the light grey (yellow)

356

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

356



curves in Fig. 8.5 corresponds to the portion of (MD, ξ) parameter space for which the invisible Higgs
signal will be observable at the ILC at the 5σ or better level. Not surprisingly, the ILC will be able to
detect this signal over an even larger part of the parameter space than can the LHC.

The parameters of the model can be determined by combining several measurements that can be
performed at LHC and at ILC [36]. In general the ability of the LHC to determine the model parameters
is limited; however by including the ILC data, associated to the Higgs signals in both visible and invisible
final states and also to the γ +E/ T signal, a good determination of δ and MD is possible so long as MD

is not too big [36].

Invisible Higgs decays are discussed further in two contributions in this report: Section 8.2 dis-
cusses the weak boson fusion, Z + hinv , tt̄+ hinv channels at the LHC and describes a new method to
extract the Higgs mass from production cross sections. In Section 8.3, the CMS strategy for discovering
an invisible Higgs at LHC is presented.

8.1.5 Universal extra dimension and TeV −1 models

More general constructions have been proposed, where gravity propagates in the entire 4+δ dimensional
space-time, while the SM lives in a subspace with p ≥ 3 space dimensions. The scale associated to these
extra p− 3 compact dimensions is assumed of the TeV−1 size.

The Universal Extra Dimensions model [10] is an extension of the ADD model [1,51] in which all
the SM fields, fermions as well as bosons, propagate in the bulk, so that each SM particle has an infinite
tower of KK partners. The spin of the KK particles is the same as their SM partners, as well as the strength
of the couplings (up to a normalization factor such as

√
2). The minimal UED (mUED) [52,53] scenario

is based on the following hypotheses: the fields of the theory propagate in a single extra dimension; the
extra dimension is compactified on the orbifold S1/Z2 of size R (compactification radius). The choice
of the topology is very important since different topologies give different realizations of the low energy
theory even when one starts with the same five-dimensional Lagrangian. Compactification on the orbifold
has two advantages: only four of the five components of the vector fields and chiral fermions are present
in the low energy spectrum. Therefore the SM could be the low energy regime of a UED theory. The tree
level Lagrangian has a local five-dimensional Lorentz symmetry responsible for the conservation of the
momentum in the extra dimension. The quantum number associated to the symmetry is the KK number.
The symmetry, however, is broken due to the presence of additional interactions at the boundaries of
the orbifold. But the KK-parity is still conserved with important phenomenological consequences: the
lightest massive KK particle (LKP), the KK photon, is stable and can be a candidate for dark matter;
the level 1 KK states must be pair produced. 95% CL lower bound on the compactification scale is
M = 1/R ∼ 800 GeV (for a recent analysis, see [11]). Dark matter constraints imply that R−1 ∈
[600, 1050] GeV [13]. The UED Lagrangian in 4+δ dimensions contains two parts, the bulk Lagrangian
(SM like) and the boundary interaction terms. If only the bulk Lagrangian is taken into account, the mass
of the n-th KK mode is

mn =
√
n2/R2 +m2

0 (8.24)

where m0 is the zero mode mass which could be identified as the SM particles. Therefore the model
has a highly degenerate spectrum at each KK level except for large m0 like t, W , Z , etc. The boundary
terms coefficients constitute new free parameters of the model renormalized by the bulk interactions, thus
scale dependent. The mUED model assumes they are negligible at the scale Λ > R−1. In conclusion the
mUED has only three parameters R,Λ,mh. The new terms of this Lagrangian, besides being responsible
for breaking the KK number conservation down to the KK parity, split the near degeneracy of each KK
level. The corrections to the masses are such that mgn > mQn > mqn > mWn ∼ mZn > mLn >
mln > mγn . Therefore the heaviest first level KK modes are pair produced and then cascade decay until
the LKP. The experimental signature for KK modes production at hadron colliders will be the missing
energy carried away by the LKPs in addition to soft SM leptons and/or jets radiated in the cascade decay
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process.

TeV−1 models are extra dimension models where electroweak interactions propagate in the bulk,
while matter and/or Higgses live on the branes [15, 54, 55]. These models are more constrained than the
UED ones, since, due to fact that there is no KK number conservation, KK excitations of gauge bosons
can mix with the standard electroweak gauge bosons. Using the electroweak precision measurements,
95% CL lower bound on the compactification scale is R−1 ∼ 5− 6 TeV [14–21, 56]. A second peculiar
consequence is that these KK excitations of W , Z and γ can be singly produced at LHC [57, 58]. The
discovery potential of LHC for the heavy neutral resonances using the e+e− decay channel will be
discussed in detail in 8.4.

8.2 Invisibly decaying Higgs at the LHC
Heather E. Logan

In models of large extra dimensions, the Higgs boson often acquires an invisible decay width. This
invisible width, Γinv, can be due to the mixing of the Higgs with graviscalars which escape the detec-
tor [32, 46, 47]. It can also arise from Higgs decays to Kaluza-Klein neutrinos if neutrinos are allowed
to propagate in the bulk [59]. In particular, if mh < 160 GeV ' 2mW so that the Higgs partial width
into SM particles is very small, the invisible width Γinv can dominate the Higgs width, so that the Higgs
decays predominantly into invisible modes. An invisibly decaying Higgs can also arise in supersymmet-
ric models, with Higgs decays to pairs of lightest neutralinos or to a neutralino plus neutrino in models
with Higgs-sneutrino mixing due to R-parity violation [60]; in Majoron models [61, 62]; and in generic
models of dark matter containing a stable singlet scalar [63–65]. The combined LEP experimental bound
on the mass of an invisibly-decaying Higgs boson is 114.4 GeV at 95% confidence level [66], assuming
the Higgs is produced with Standard Model rate.

In this contribution we review existing studies [67–75] of detection of an invisibly decaying Higgs
boson at the LHC. If the invisible branching fraction is large enough that the usual visible Higgs signals
drop below the 5σ threshold, the Higgs mass will be difficult to measure at the LHC; we describe a new
method [75] to extract the Higgs mass from production cross sections in a fairly model independent way.

8.2.1 Invisible Higgs detection at LHC

Studies of an invisibly decaying Higgs hinv typically assume Standard Model Higgs production cross
sections and a 100% invisible branching fraction. Results can easily be rescaled for non-SM Higgs
production rates and partly-visible decay branching fractions. The signal rate is simply scaled by the
production rate and invisible branching fraction:

S = S0
σ

σSM

BRinv

1
, (8.25)

where S0 is the signal rate from the studies, σ/σSM is the ratio of the nonstandard production cross
section to that of the SM Higgs, and BRinv is the invisible branching fraction. Ignoring systematic
uncertainties and assuming that the SM is the only source of background, the luminosity required for a
given signal significance then scales like

L = L0

[
σ

σSM

BRinv

1

]−2

, (8.26)

where L0 is the luminosity required for a given significance found in the studies. Certainly, many models
of new physics that can give rise to an invisibly decaying Higgs boson can also give rise to non-SM
backgrounds with large missing energy, which must then be dealt with in order to isolate the invisibly-
decaying Higgs signal. The studies discussed below assume only SM backgrounds.
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Weak boson fusion

Production of an invisible Higgs via weak boson fusion (WBF) was studied for the LHC in Refs. [70,72]
and in Section 8.3 of this report. These studies showed that WBF could provide significant signals
for invisible Higgs discovery, even at low luminosity. The most important backgrounds are Zjj (with
Z → νν̄) and Wjj (with W → `ν and the lepton missed), with the jets produced by either QCD or
electroweak (EW) processes. The QCD backgrounds are reduced by taking advantage of the colour-
flow structure of these backgrounds versus the signal: the two jets in the QCD backgrounds are colour-
connected while those in the signal process (and the EW backgrounds) are not. This leads to a depletion
of gluon emission in the region between the two jets in the signal process; the QCD background can then
be suppressed by vetoing additional soft jet activity in the central region [76]. Applying this central jet
veto and characteristic “WBF cuts”, the parton-level study in Ref. [70] found a significance of S/(

√
B+

∆B) ' 15 (6.4) for mh = 120 (400) GeV and 10 fb−1. Note that this study takes into account a
“systematic” uncertainty ∆B on the background normalization, arising from a separate analysis of the
uncertainty on a direct background measurement from data on Zjj (with Z → ``) and Wjj (with
W → `ν and the lepton detected) events. A 5σ detection of hinv is possible for Higgs masses up to 480
(770) GeV with 10 (100) fb−1 [70]. This large Higgs mass reach is characteristic of WBF processes,
which proceed through t-channel weak boson exchange and thus fall slowly with increasing Higgs mass.

The analysis was extended with a more realistic experimental simulation in Ref. [72], which con-
sidered the importance of triggering on high rapidity jets, as well as the impact of showering and detector
effects on the central jet veto, which is not yet well understood. Signal and background cross sections
in [72] are generally in good agreement with the parton-level results [70], with the exception of the
central jet veto. Analytic calculations [77] of soft central jet production used in [70] lead to a factor 2
smaller QCDWjj, Zjj backgrounds compared to Pythia generation; taking the more pessimistic Pythia
backgrounds leads to a significance of S/(

√
B + ∆B) ' 5.6 (4.7) for mh = 120 (250) GeV and 10

fb−1 [72]. For the relatively soft central jets that dominate in the QCD background processes, it is be-
lieved that a resummation is needed and the perturbative showering in Pythia is unreliable; this was the
purpose of the analytic calculations [77].

Z + hinv

Discovery of the Higgs in the Z + hinv channel was studied for the LHC in Refs. [68, 69, 73, 75]. (This
channel was also analyzed for the Tevatron in Ref. [78].) The signal is Z(→ ``) + hinv , where ` = e, µ.
The most important backgrounds are Z(→ ``)Z(→ νν̄), W (→ `ν)W (→ `ν), Z(→ ``)W (→ `ν)
where the lepton from the W decay is missed, tt̄ with each top decay yielding a lepton, and Z(→
``) + jets with fake pT/ from jet energy mismeasurements or jets escaping down the beam hole.

The WW background can be largely eliminated by requiring that the `+`− invariant mass is close
to the Z mass. This requirement introduces a dependence on the electron and muon energy resolution of
the LHC detectors. A cut on the azimuthal angle of the lepton pair eliminating back-to-back leptons also
reduces the WW background and eliminates Drell-Yan backgrounds with fake pT/ caused by mismea-
surement of the lepton energies. The WZ background is reduced by vetoing events with a third isolated
lepton. The Z+ jets background with fake pT/ can be largely eliminated by vetoing events with hard jets;
for this the large rapidity coverage of the LHC calorimetry is vital [69]. The jet veto and the cut on the
`+`− invariant mass also largely eliminate the tt̄ background.

The ZZ background is largely irreducible, but can be controlled to some extent with a cut on pT/ .
The number of `+`−pT/ signal events typically falls more slowly with pT/ than those of the ZZ or WW
backgrounds. The pT/ of the WW background is typically quite low because the pT/ comes from the two
neutrinos emitted independently in the two W decays. Although the pT/ of the ZZ background is also
typically not quite as large as that of the signal, due to the t-channel nature of the ZZ background in
which the Z decaying to neutrinos itself tends to carry less pT than the hinv produced via s-channel
Higgsstrahlung, this background still dominates after cuts. The pT/ distribution of the signal is somewhat
sensitive to the Higgs mass; it falls off more slowly with increasing pT/ as mh gets larger. Thus a fit to
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the pT/ distribution can in principle give some (very) limited sensitivity to the Higgs mass.

The parton-level study in Ref. [75] found a significance of S/
√
B ' 5.3 (2.9) for mh = 120 (160)

GeV and 10 fb−1. This is in good agreement with the results of the more realistic experimental simulation
in Ref. [73], which included hadronization of the Z+hinv signal and backgrounds using Pythia/Herwig.
For comparable cuts, Ref. [73] found a signal cross section smaller by about 30% and a total background
cross section (dominated by ZZ production) smaller by about 20% compared to Ref. [75]; this reduction
in both signal and background cross sections is due to events being rejected by the jet veto imposed in
Ref. [73] after including QCD initial-state radiation. However, the 30% reduction in signal cross section
is compensated [78] by the known NLO QCD K-factor for Z + h at LHC of about 1.3 [79, 80], and the
reduction in the dominant ZZ background is compensated by the known NLO QCD K-factor for ZZ at
LHC of about 1.2 [81,82], yielding cross sections consistent with the leading order partonic results [75].

The channel W + hinv was also studied in Refs. [68, 73]; however, in the leptonic W decay
channels the signal is `+ pT/ and is swamped by overwhelming backgrounds.

tt̄+ hinv

Detection of hinv produced by Yukawa radiation off of a top quark pair was studied for the LHC in
Refs. [67, 71]. The most important background is tt̄ production, with tt̄Z , tt̄W , bb̄Z , and bb̄W also
contributing. The analysis in Ref. [71] reconstructs one top quark in its hadronic decay mode and requires
an isolated lepton (electron or muon) from the decay of the second top quark along with large missing
transverse energy. Both b quarks from the two top decays are required to be tagged.

Ref. [71] found a background after cuts dominated by tt̄ production with one top decaying lep-
tonically and the other decaying to a tau. Vetoing the taus would significantly improve the results but
was beyond the scope of the study in [71]. From the results of Ref. [71] we calculate a significance of
S/
√
B ' 2.0 (0.7) for mh = 120 (200) GeV and 10 fb−1. If the background from top decays to taus

could be eliminated, this would improve to S/
√
B ' 3.2 (1.1) for mh = 120 (200) GeV. The signal

observability should not degrade significantly for the high-luminosity LHC running; thus the S/
√
B

numbers quoted can be scaled up by
√

30 to estimate the ultimate LHC sensitivity with 300 fb−1: i.e.,
S/
√
B ' 11.1 (3.8) [17.7 (6.0)] for mh = 120 (200) GeV including [excluding] the t → τ back-

ground. More experimental work is needed to understand the systematic uncertainties in both physics
and detector simulation.

Although the discovery potential of this mode is much less than that of WBF or Z+hinv , its study
is well motivated because it offers access to the coupling of hinv to top quarks. This may well be the only
Higgs coupling to SM fermions measurable at the LHC in the case that BR(h → invisible) ∼ 100%,
and thus provides a valuable input to the study of electroweak symmetry breaking.

Diffraction

Detection of hinv produced by central exclusive diffraction at the LHC was studied in Ref. [74]. The
signal process is pp→ phinvp, with the two final-state protons very forward. In such a process, the mass
of the Higgs boson can be very accurately measured using the missing-mass method; the sharp peak in the
missing mass spectrum dramatically reduces background contributions. In fact, one can imagine using
an ILC-style missing-mass analysis to measure the pp→ php cross section and h branching fractions in
a model-independent way. Further, such a “Pomeron-Pomeron fusion” process can only produce neutral,
colourless, flavourless particles of parity P = (−1)J , enabling these quantum numbers of the invisibly
decaying state to be pinned down.

The difficulty arises in detecting and triggering on phinvp events. The final-state protons must
be detected by far-forward proton detectors (roman pots or microstations) installed up to 400 m from
the interaction point. These detectors would register protons that have lost a small fraction of their
incoming energy through the diffractive process; the trigger would have to be on the far-forward protons,
since hinv leaves “nothing” (except noise) in the central detector. The main backgrounds consist of
soft inelastic Pomeron-Pomeron fusion yielding hadrons in the central detector and events in which the
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Table 8.2: Higgs mass determination from Z + hinv with 10 (100) fb−1, assuming Standard Model production
cross section and 100% invisible decays. The signal and background cross sections were taken from Table I of
Ref. [75] for the cut pT/ > 75 GeV. The total uncertainty includes a theoretical uncertainty on the signal cross
section from QCD and PDF uncertainties of 7% [83] and an estimated lepton reconstruction efficiency uncertainty
of 4% (2% per lepton) and luminosity normalization uncertainty of 5% [84]. From Ref. [75].

mh (GeV) 120 140 160
ρ = (dσS/dmh)/σS (1/GeV) −0.013 −0.015 −0.017
Statistical uncert. 21% (6.6%) 28% (8.8%) 37% (12%)
Background normalization uncert. 33% (10%) 45% (14%) 60% (19%)
Total uncert. 40% (16%) 53% (19%) 71% (24%)
∆mh (GeV) 30 (12) 35 (12) 41 (14)

final-state protons lose energy through QED radiation. In order for the Higgs events to be separated,
these backgrounds must be suppressed by forward calorimeters able to reject events with additional
high-energy photons and charged pions with very high efficiency [74].

8.2.2 Higgs boson mass measurement

The mass of an invisibly-decaying Higgs boson obviously cannot be reconstructed from the Higgs decay
products. Unless the Higgs is also observed in a visible channel, our only chance of determining the
Higgs mass at the LHC comes from the mh dependence of the production process. Here we describe the
method of Ref. [75] to extract the Higgs boson mass from cross sections in a fairly model-independent
way.

Extracting mh from the cross section of a single production channel requires the assumption that
the production couplings are the same as in the SM. Non-observation of the Higgs in any visible final
state implies that the invisible branching fraction is close to 100%. The Higgs mass extraction from
LHC measurements of the production cross sections in Z + hinv and WBF under these assumptions
are shown in Tables 8.2 and 8.3, respectively. There are two main sources of uncertainty in the signal:
statistical and from background normalization. The statistical uncertainty is ∆σS/σS =

√
S + B/S.

Ref. [75] estimated the total background normalization uncertainty for Z + hinv to be the same size
as that of the dominant process involving Z → νν̄: ∆B/B = ∆B(ZZ)/B(ZZ). They assumed that
this background can be measured via the corresponding channels in which Z → `+`− and took the
uncertainty to be the statistical uncertainty on the Z → `+`− rate: ∆B(ZZ)/B(ZZ) ' 7.1% (2.2%),
for an integrated luminosity of 10 (100) fb−1. Tables 8.2 and 8.3 quote the resulting uncertainty on the
signal cross section, given by ∆σS/σS = (B/S)×∆B/B. The total uncertainty [∆σS/σS ]tot presented
in Tables 8.2 and 8.3 is then the sum, in quadrature, of the statistical and background uncertainties, as
well as the other uncertainties described in the table captions. We then have ∆mh = (1/ρ)[∆σS/σS ]tot,
where ρ ≡ (dσS/dmh)/σS is the “slope” of the cross section.

The cross section for Z + hinv production falls quickly with increasing mh due to the s-channel
propagator suppression. This is in contrast to the WBF production, which provides a > 5σ signal up to
mh ' 480 GeV with 10 fb−1 if the Higgs decays completely invisibly [70]. Thus, while the statistics are
much better on the WBF measurement than on Z + hinv , the systematic uncertainties hurt WBF more
because (dσS/dmh)/σS is much smaller for WBF than for Z + hinv . The Z + hinv cross section is
therefore more sensitive to the Higgs mass than the WBF cross section.

More importantly, however, taking the ratio of the Z + hinv and WBF cross sections allows for
a more model-independent determination of the Higgs mass. This is due to the fact that the production
couplings in Z+hinv (hZZ) and in WBF (contributions from hWW and hZZ) are related by custodial
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Table 8.3: Higgs mass determination from WBF → hinv with 10 (100) fb−1, assuming Standard Model produc-
tion cross section and 100% invisible decays. The background and signal cross sections were taken from Tables
II and III, respectively, of Ref. [70], and include a central jet veto. The total uncertainty includes a theoretical
uncertainty from QCD and PDF uncertainties of 4% [85, 86], and an estimated uncertainty on the efficiency of the
WBF jet tag and central jet veto of 5% and luminosity normalization uncertainty of 5% [84]. From Ref. [75].

mh (GeV) 120 130 150 200
ρ = (dσS/dmh)/σS (1/GeV) −0.0026 −0.0026 −0.0028 −0.0029
Statistical uncert. 5.3% (1.7%) 5.4% (1.7%) 5.7% (1.8%) 6.4% (2.0%)
Background normalization uncert. 5.2% (2.1%) 5.3% (2.1%) 5.6% (2.2%) 6.5% (2.6%)
Total uncert. 11% (8.6%) 11% (8.6%) 11% (8.6%) 12% (8.8%)
∆mh (GeV) 42 (32) 42 (33) 41 (31) 42 (30)

Table 8.4: Higgs mass determination from the ratio method discussed in the text, with 10 (100) fb−1. The event
rates for WBF were interpolated linearly for Higgs masses of 140 and 160 GeV, which were not given explicitly
in Ref. [70]. Statistical uncertainties were obtained assuming SM signal rates. The total uncertainty includes
theoretical uncertainties from QCD and PDF uncertainties of 7% for Z + hinv [83] and 4% for WBF [85, 86],
and estimated uncertainties on the lepton reconstruction efficiency in Z + hinv of 4% (2% per lepton) and on the
efficiency of the WBF jet tag and central jet veto of 5% [84]. The luminosity normalization uncertainty cancels
out in the ratio of cross sections and is therefore not included. From Ref. [75].

mh (GeV) 120 140 160
r = σS(Zh)/σS(WBF) 0.132 0.102 0.0807
(dr/dmh)/r (1/GeV) −0.011 −0.013 −0.013
Total uncert., ∆r/r 41% (16%) 54% (20%) 72% (25%)
∆mh (GeV) 36 (14) 43 (16) 53 (18)

SU(2) symmetry in any model containing only Higgs doublets and/or singlets. The production couplings
thus drop out of the ratio of rates in this wide class of models (which includes the MSSM, multi-Higgs-
doublet models, and models of singlet scalar dark matter), leaving dependence only on the Higgs mass.
(The dependence on the invisible branching fraction of the Higgs also cancels in the ratio.) The resulting
Higgs mass extraction is illustrated in Table 8.4. Assuming SM event rates for the statistical uncertainties,
the Higgs mass can be extracted with an uncertainty of ±35–50 GeV (±15–20 GeV) with 10 (100) fb−1

of integrated luminosity. The ratio method also allows a test of the SM cross section assumption by
checking the consistency of the separate mh determination from the Z + hinv or WBF cross section
alone with the mh value extracted from the ratio method. Furthermore, observation of the invisibly-
decaying Higgs in WBF but not in Z + hinv allows one to set a lower limit on mh in this class of
models.

8.3 Search for invisible Higgs decays in CMS
Kajari Mazumdar and Alexandre Nikitenko

There are several scenarios beyond Standard Model where the Higgs boson can decay invisibly [87].
These mechanisms also modify the production and decay rates of the Higgs in visible modes at the LHC
and hence model-independent, experimental investigation for invisible decay of Higgs boson constitutes
an essential aspect of the Higgs search program at the collider experiments..
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The discovery potential of an invisible Higgs boson in the context of the LHC has been discussed
in various production modes. The sensitivities of the CMS detector for the invisibly decaying Higgs
boson, when it is produced via vector boson fusion (VBF) process [70], have been evaluated in [88]
with CMS-specific detailed detector simulation and event reconstruction softwares. We discuss here the
salient features.

8.3.1 Invisible Higgs boson signal and the background

We note that in the invisible decay channel no mass can be reconstructed and hence the discovery is
established by observing an excess of events compared to predicted backgrounds. Therefore sufficient
signal cross-section and a good signal-to-background ratio are the requirements for the experimental
search. In gluon-gluon fusion process the final state is nothing and hence can’t even be identified. The
VBF channel offers the highest cross-section among all the processes where Higgs is not produced alone
in the final state and thus provides a handle to tag the event via accompanying particle(s).

The dynamics of the signal channel in the VBF process leads to energetic jets in the forward
and backward directions due to the continuation of the interacting quarks in original direction, after the
simultaneous emission of W/Z bosons. The absence of colour exchange between the scattered quarks
and the colourless Higgs boson leads to low hadronic activity in the central region. Consequently, this
process has special signature of two jets with distinct topology in the final state: (i) the rapidity gap
between the jets is large, (ii) the jets are in opposite hemispheres, (iii) the jets carry large energy and so
invariant mass of jets is large.

There are several SM processes which can have similar final state as this signal. For the final state
under study, ie, 2 jets plus missing energy, QCD di-jet production may mimic the signal characteristics,
the rate being very high. The other SM processes, QCD and electroweak production of W + 2jets and Z
+ 2jets events with leptonic decays of the W,Z bosons which, in particular, are potential backgrounds.
For W → `ν and Z → `` events with (` = e, µ, τ ) and e, µ decays of τ , if the charged lepton is not
identified within the detector acceptance, the final state effectively consists of 2 jets and missing energy.
The genuine background is due to the process Z → νν̄ and the event is almost similar to the signal when
Z + 2 jets events are produced via weak interaction (t-channel exchange of W ). As will be discussed
later, fortunately the jets in the signal channel seem to balance the Higgs and hence the angle between
the jets is smaller which is not the case for these background events when the satisfy VBF like criteria.

The search strategy heavily relies on the optimal performance of the calorimeters of the LHC de-
tectors for jets and missing transverse energy (Emiss

T ) reconstruction as well as on a dedicated calorimeter
trigger.

8.3.2 Event generation, simulation and reconstruction

The signal events, qq → qqH, H → invisible were generated with PYTHIA event generator, [89], and
using the CTEQ5L structure function parameterization. Since the process H → invisible is not actually
available in PYTHIA, we generated H → ZZ(∗)→ νν̄νν̄. We produced signal samples for different
Higgs masses ranging from 110 − 400 GeV. The SM production cross section considered is calculated
by the VV2H program [90]. The PYTHIA package was also used to simulate QCD di-jet production
(MSEL=1) processes, in various p̂T bins from 10−15 GeV (σ = 8.868×1012 fb) up to 2600-3000 GeV
(σ = 11.25 fb) for a total of about 106 events.

For W + 2jets and Z + 2jets processes (2 → 3) parton level events were produced, according to
Leading Order matrix element calculations, with dedicated event generators combined with forced lep-
tonic decays. The QCD subprocess events were produced with MadCUP [91] based on the work of [92]
using CTEQ4L structure function. The electroweak subprocess events were generated with the COM-
PHEP generator [93], with the CTEQ5L structure function. The parton level events were subsequently
hadronized through PYTHIA. The production rates were found to be in good agreement with the values

363

LARGE EXTRA DIMENSIONS

363



Table 8.5: Cross sections (in pb) for backgrounds as given by LO matrix element calculations with preselection
cuts described in the text. BR(Z → νν) and BR(W → `ν) are included.

QCD Wjj QCD Zjj EW Wjj EW Zjj
76.0 15.7 4.7 0.644

Table 8.6: Survival probabilities for signal and background for a veto on central jets with ET > 20 GeV [77].

Signal QCD W + 2jets & QCD Z + 2jets EW W + 2jets & EW Z + 2jets
0.87 0.28 0.82

from other packages, Madgraph [94] and ALPGEN [95].

Loose selection criteria were used to generate W + 2jets and Z + 2jets events.

p1,2
T > 20 GeV, |η1,2| < 5.0, |η1 − η2| > 4.2, η1 × η2 < 0, M1,2 > 900 GeV

where 1 and 2 refer to the partons (gluons and quarks) accompanying Z and W production. The cross
sections (in pb) given by the matrix element calculations with these cuts are presented in Table 8.5.
Cross sections include the leptonic branching ratios, BR(Z → νν̄) and BR(W → `ν), for three lepton
generations.

All the signal samples and QCD multijet events after generation are fully simulated in CMS de-
tector, using GEANT-based detector simulation package CMSIM [96]. Subsequently the events were
digitized and reconstructed with CMS-specific reconstruction software ORCA [97]. Event pile up, cor-
responding to instantaneous luminosity of 2×1033 cm−2 s−1, was taken into account. The W + 2jets
and Z + 2jets events were processed using the fast simulation package CMSJET [98].

A key point of the search is the use of a mini-jet veto, namely the rejection of events with ad-
ditional soft (ET > 20 GeV) jet(s) inside the rapidity gap between the two forward tagging jets as
discussed before. The efficiency of the mini-jet veto is expected to be sensitive to detector effects like
calibration, electronic noise and readout thresholds, interaction of soft particles in the tracker in front of
the calorimeter, magnetic field, or pile up activity. Since the fast CMSJET simulation is not expected to
properly reproduce these effects, the mini-jet veto efficiency was not evaluated for the background events
with CMSJET. Instead the background efficiency was multiplied by Psurv, defined as the probability for
a jet (parton) to be radiated in the rapidity gap between the two tagging jets and with the ET > 20 GeV
cut. The values of Psurv calculated in [77] and used in the analysis [70] are listed in Table 8.6. In the
parton level study it has been assumed that such jets will be reconstructed with 100 % efficiency. The
effect of the central jet veto is realistically evaluated for the Higgs boson signal with detailed simulations
and it causes a 24 % reduction of the signal which is worse than that quoted in [70].

8.3.2.1 Event Analysis

For the present analysis the signal-to-background ratio is effectively enhanced by identifying the forward
jets obeying topological features and applying further requirements on the effective mass of the tagging
jets (Mjj), the missing transverse energy (Emiss

T ) and the azimuthal angle between the two jets in the
transverse plane (φjj). These are

Ej1, j2
T > 40 GeV, |ηj1, j2| < 5.0, |ηj1 − ηj2| > 4.4, ηj1 × ηj2 < 0, (8.27)

Emiss
T > 100 GeV (8.28)
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T trigger as a function of Emiss

T threshold for given values of jet threshold.
Trigger rate vs efficiency for qq → qqH, H → invisible events which passed VBF cuts.

Mjj > 1200 GeV, (8.29)

φjj < 1 rad (8.30)

In addition a mini-jet veto in the central region, and a lepton veto, i.e. the requirement that no lepton be
reconstructed with transverse momentum pT > pcut

T , pcut
T = 10 (5) GeV for electron (muon) have also

been used. In the present study the veto on taus is separated into a lepton veto and a jet veto, depending on
whether the tau decays leptonically or hadronically. The full set of these cuts we shall refer to, hereafter,
as VBF cuts.

8.3.2.2 Triggers

At LHC the collision and the overall data rate being much higher than the data archival storage capability
the required rejection power, O(105), is achieved in two steps for CMS experiment. At lower level (L1)
the trigger conditions are implemented through hardware and in the second/higher level (HLT) selection
algorithms are executed in processor farm [99]. The invisible Higgs decay channel requires dedicated
calorimeter trigger both at L1 and at HLT. The Hadron Forward calorimeter (HF) of the CMS detector
plays a crucial role in the on-line and off-line selections. The combined jet−plus−Emiss

T trigger condition
is the most effective for the invisible Higgs boson selection. The trigger bandwidth is dominated by
QCD jet events which has huge cross-section. At low luminosity, the trigger threshold optimization was
performed by studying the trigger rate for jet−plus−Emiss

T trigger vs. the signal efficiency by varying
the Emiss

T threshold for a fixed set of single jet threshold values as illustrated in Fig.8.6. The optimum
values were found to be 60 and 64 GeV, corresponding to a signal efficiency of 98%. In the off-line
reconstruction both jet ET and Emiss

T are corrected for the effects of calorimeter non-linearity. Jet energy
corrections are also applied at L1, while it is not foreseen to correct Emiss

T at L1.

At HLT, the off-line requirement (1) on the pseudorapidity gap between the two highestET jets can
be exploited concurrently with the minimum threshold requirements on Emiss

T and Mjj. Full-granularity
calorimeter information is available at HLT and hence jet and Emiss

T will be reconstructed like in the
off-line analysis. The left plot in Figure 8.7 shows the rate of QCD multi-jet events after cut (1) as a
function of the cutoff on Emiss

T .

8.3.2.3 Event selection

One of the crucial problems of this study is a proper simulation of the tails in the Emiss
T distribution of

the QCD multi-jet background events which could be due to real Emiss
T from heavy quarks decays, but

also due to a number of detector effects. To make reliable estimates, a total of about one million of QCD
multi-jet events was used. However, this statistics was still not enough to directly prove that the QCD
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Fig. 8.8: The Mjj distribution for 120 GeV Higgs boson and background events after cuts (1-2).

background could be suppressed. The right plot of Figure 8.7 shows the Emiss
T distribution of the QCD

jet background (open histogram) and of the Higgs boson signal (dark shaded area) after cuts (1) and (3).
With an additional cut (4), the Emiss

T distribution for the signal events is superposed as the light shaded
area. It can be observed that the tail in the background distribution goes well beyond 100 GeV. The
QCD multi-jet events in the tail come from p̂T bins between 300 and 600 GeV. Once the cut (4) on φjj

is applied, no background event with Emiss
T > 100 GeV is left. With the statistics used in the analysis,

this leads to an upper limit of ' 1 pb on the QCD background contribution, i.e., about of 10 times higher
than the signal expected after the same selections (1-4). In the final analysis for signal observability
in CMS, it is assumed that QCD multi-jet events can be entirely suppressed with a cut on the minimal
angle in the transverse plane between missing pT and a jet as implemented in the ATLAS fast simulation
study [100]. The Emiss

T requirement reduces the W/Z + 2jets backgrounds as well. Figure 8.8 shows
the Mjj distributions for the signal and background events after cuts (1) and (2) and the same electron,
muon veto. In signal events the transverse momenta of the tagging jets balance the Emiss

T due to the
invisible Higgs boson. An upper threshold on the azimuthal angle between the two jets reduce further
the background of W/Z+2 jets types of events as shown in Figure 8.9.
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Table 8.7: Cross sections in fb for the background and a 120 GeV Higgs boson assuming BR(H → inv.) = 100%

and Standard Model production cross section for the Higgs boson.

cross section, fb Higgs QCD Z + 2 jets QCD W + 2 jets EW Z + 2 jets EW W + 2 jets
after cuts (1-3), e, µ veto 238 857 1165 141.5 145.1

+ mini-jet veto 180 240 237 116 84.5
+ φjj ≤ 1 rad. 74.7 48.0 40.0 12.8 8.7

8.3.3 Results

Estimated cross sections (in fb) for the Higgs boson and various types of backgrounds at different steps
of the event selection are shown in Table 8.7. SM production cross sections and BR(H → inv.) = 100 %
are assumed. The first row of Table 8.7 presents the cross sections after cuts (1-3) and a veto on identified
leptons. The second row presents the cross sections after the mini-jet veto where the survival efficiencies
are obtained from Table 8.6. The last row of the Table 8.7 shows the cross sections after all selection
cuts.

8.3.4 Limit on branching ratio for invisible decay

It is evident that background estimation is a crucial aspect of this study. At present we have considered
the rates of the background events as calculated at the Leading Order. It is expected that at the LHC we
can estimate the cross-sections directly from data utilizing W + 2jets and Z + 2jets events for leptonic
decays of W, Z where the lepton is identified (and isolated). As estimated in [70], this method leads to a
systematic uncertainty on the background evaluation to be about of ∼ 3%. It is taken into account along
with the statistical uncertainty. The total error on the background cross section is evaluated to be 4.7 fb.

The sensitivity to invisible decay mode of the Higgs boson is defined as 1.96 standard deviation
(95 % CL) from the expected background. The absence of a signal can be interpreted as an upper limit
on branching ratio for invisible decay of the Higgs boson which can be probed at a given luminosity,
assuming SM-like production rate. We define the parameter,

ξ = BR(H → invisible)
σ(qq → qqH)

σ(qq → qqH)SM
(8.31)

which can be probed at 95% CL as a function of Higgs mass with an integrated luminosity of 10 fb−1 as
displayed in Figure 8.10.
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8.3.5 Summary

The potential of the CMS experiment for the observability of the Higgs boson in Vector Boson Fusion
production channel with an invisible decay has been studied. The viability of the basic selection criteria
is checked with realistic detector simulation. The signal channel has very high efficiency for the CMS
trigger condition. A reasonably low value for the lower limit on the branching fraction for the invisible
mode of the Higgs boson can be obtained with a limited luminosity for a light Higgs boson, for example
about 12% for a Higgs mass of 120 GeV.

8.4 Search for heavy resonances
Barbara Clerbaux, Tariq Mahmoud, Caroline Collard, Philippe Miné

As explained in Section 8.1, in addition to large extra dimensions where only gravity may propagate,
the electroweak interactions could possibly also propagate in TeV−1-sized extra dimensions. This pos-
sibility allows for new model building, which address gauge coupling unification [101] or fermion mass
hierarchy [9]. The phenomenological consequence of this scenario is the appearance of a KK tower of
states for gauge boson fields. The masses of the gauge boson modes are given by: M 2

n = M2
0 + n2M2,

where M0 is the mass of the zeroth mode, corresponding to the SM fields, n is the mode number and
M is the compactification scale, M = 1/R (R being the compactification radius). In this approach,
the existence of only one extra dimension, of radius R ' TeV−1 ' 10−17cm, compactified on a circle
with an orbifold condition, (compactification on S1/Z2), is assumed. In the model considered here,
all the SM fermions are localized at the same orbifold point. The couplings of fermions to KK gauge
bosons are the same as in the SM, but scaled by a factor

√
2. The model has only one free parameter, the

compactification scale M .

In fact, heavy resonances with mass above 1 TeV are predicted by several models beyond the
Standard Model. Superstring-inspired E6 models [102] or left-right symmetry-breaking models [103,
104], predict the existence of an extra heavy neutral gauge boson, generically called Z ′ (c.f. Section 6).
Currents lower limits on the Z ′ mass are (depending on the model) of the order of 600-900 GeV [105].
In addition to the KK Z resonances, we consider six cases of Z ′ bosons which are frequently discussed
and whose properties are thought to be representative of a broad class of extra gauge bosons:

– ZSSM within the Sequential Standard Model (SSM), which has the same couplings as the Standard
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Model Z and is often used as a benchmark by experimentalists.
– Zψ, Zη , and Zχ, arising in E6 and SO(10) GUT groups.
– ZLRM and ZALRM , arising in the framework of the so-called ”left-right” and ”alternative left-

right” models. Their couplings were calculated according to the formalism in Ref. [103,104] with
gR = gL.
In the framework of the Randall and Sundrum (RS) model, see Section 9 of this report, gravitons

appear as massive resonances, with masses of order of TeV. Two parameters control the properties of the
RS model: the mass of the first KK graviton excitation, and the coupling constant c determining graviton
couplings and widths.

In this contribution we present the CMS experiment discovery potential for new heavy resonances,
decaying into an electron pair. The e+e− decay channel provides a clean signature in the CMS detector.
The presence of a heavy particle would be detected in CMS by the observation of a resonance peak in the
dielectron mass spectrum over the Drell-Yan process (pp → γ/Z → e+e−) which constitutes the main
Standard Model background. We also show how to contrast Standard Model Drell-Yan process and Z ′

production (spin 1) from graviton production (spin 2). Details of the analyses presented in this Section
can be found in [106] and [107].

8.4.1 Event selection and correction

Two electrons are requested for this analysis. They are reconstructed as super-clusters (SC) in the CMS
electromagnetic calorimeter ECAL in the barrel and the endcap regions [108]. For endcap SC, the energy
loss in the preshower detector is taken into account. The two SC with highest energies are selected as the
electron candidates.

An important characteristic of the signal events is that the final state electrons are very energetic
and may have a significant energy leakage beyond the ECAL clusters. An improvement in the energy
determination is achieved by including the hadronic calorimeter HCAL measurement, event by event.

Reducible backgrounds (like QCD jets and γ-jets) are suppressed by applying the following re-
quirements:

– The ratio of the HCAL to ECAL energy deposits is required to be H/E < 10%.
– The two SC must be isolated: the total additional transverse energy in a cone of radius 0.1 <

∆R < 0.5 is required to be below 2% of the SC transverse energy (where ∆R =
√

∆η2 + ∆φ2).
– To identify electrons and reject neutral particles, a track is requested to be associated for each

electron candidate. If a track is associated with only one of these SC, the event is however kept
if it contains a third SC with E > 300 GeV with an associated track and satisfying the H/E and
isolation cuts described above.
The selected events are then corrected for the following effects:

– Saturation correction: for very energetic electrons and photons, saturation occurs in the ECAL
electronics because of the limited dynamical range of the Multi-Gain-Pre-Amplifier. The satura-
tion threshold has been established to be at 1.7 TeV in crystals of the barrel and 3.0 TeV in the
endcaps. A correction method (for barrel only) has been developed using the energy deposit in
crystals surrounding the saturated crystal. The correction leads to the correct estimate of energy
deposit with a resolution of around 7% [109].

– Energy correction: the ECAL measured electron energy after preshower, HCAL and saturation
corrections, is smaller than the generated energy. Dedicated energy correction factors for very
energetic electrons have been determined using calibration files. These factors depend on both
energy, η and whether saturation occurs or not. The resolution on the corrected SC energy is 0.6%
at E = 1000 GeV.

– z-vertex distribution: the measurement in η takes into account the knowledge of the z-vertex posi-
tion.
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Fig. 8.11: Ratio Mee/Mtrue before and after corrections for KK Z boson production, for M = 4 TeV (a) and
M = 6 TeV (b).

– FSR recovery: hard photon emission from Final State Radiation can induce the detection in the
event of a third energetic SC. If a SC with E > 300 GeV satisfying the H/E and isolation cuts
is observed very close to the SC of the electron candidates (∆R < 0.1 ), this additional SC is
associated to the corresponding electron.

The signal efficiency for the three heavy resonance production models is typically of the order of
80%.

8.4.2 Mass peak distributions

The resonance mass is reconstructed from the energies and angles of the 2 electron candidates, after the
selection cuts and energy corrections mentioned above. Figures 8.11(a) and (b) show the ratio of the
reconstructed and the true masses, Mee/Mtrue, before and after energy corrections for KK Z production
with M =4 and 6 TeV, respectively. The peaks at low values of Mee/Mtrue correspond to events with
saturated ECAL electronics. The final resolution on the resonance mass is around 0.6% for events with
no saturation, and 7% in case of saturation.

Figure 8.12(a) presents the signal and the Drell-Yan background for KK Z boson production with
M = 4 TeV; Figure 8.12(b) for Z ′ boson production with M = 3.0 TeV; Figure 8.12(c) for graviton
production with M = 1.5 TeV and coupling parameter c = 0.01.

8.4.3 Discovery potential of CMS

The discovery potential of a new physics resonance is determined using the likelihood estimator S based
on event counting [110], suited for small event samples:

S =

√
2[(Ns +Nb) log(1 +

Ns

Nb
)−Ns], (8.32)

where Ns (resp. Nb) is the number of signal (resp. background) events. The discovery limit is defined
by S > 5.

The number of signal and background events, Ns and Nb, computed for a given mass window
around the peak, are presented in Table 8.8 for the three models, together with the corresponding signifi-
cance, for an integrated luminosity of 30 fb−1. The 5σ discovery limits as a function of mass are given in
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Fig. 8.12: Resonance signal (white histograms) and Drell-Yan background (shaded histograms) for KK Z boson
production with M = 4.0 TeV (a), SSM Z ′ boson production with M = 3.0 TeV (b), and graviton production
with M = 1.5 TeV, c = 0.01 (c), for an integrated luminosity of 30 fb−1.

Fig. 8.13(a) and Fig. 8.13(b), for KK Z boson production and Z ′ production (for the 6 considered mod-
els), respectively. In the graviton case, the 5σ discovery plane as a function of the coupling parameter c
and the resonance mass is given in Fig. 8.13(c).

For KK Z bosons, a 5σ discovery can be achieved for a resonance mass up to M = 4.97 TeV for
an integrated luminosity of 10 fb−1, M = 5.53 TeV for 30 fb−1 and M = 5.88 TeV for 60 fb−1.

For Z ′ boson production, with an integrated luminosity of 30 fb−1, a 5σ discovery can be extracted
for masses up to 3.31 TeV for model ψ and up to 4.27 TeV for model ARLM.

For gravitons, with an integrated luminosity of 30 fb−1, a 5σ discovery can be extracted for masses
up to 1.64 TeV for c = 0.01 and up to 3.81 TeV for c = 0.1. Similar discovery limits are obtained in the
graviton di-photon decay channel (see Section 9.5).

The 5σ discovery limits on the resonance masses for 10, 30 and 60 fb−1 are summarized in Ta-
ble 8.9.

For KK Z boson production, the luminosities needed for a 5σ discovery are 1.5, 4.0, 10.8, 29.4,
and 81.4 fb−1 for M = 4.0, 4.5, 5.0, 5.5 and 6.0 TeV, respectively; for SSM Z ′ boson production, they
are 0.015, 3.0 and 260 fb−1 for M = 1, 3 and 5 TeV; for graviton production, most of the interesting
region of the (mass, coupling) plane is already covered with 10 fb−1.

For KK Z and Z ′ production, a K factor of 1 was taken for both the signal and the Drell-Yan
background, since heavy Z production interferes with Z/γ Drell-Yan production. For the graviton anal-
ysis, as little interference is present with the Standard Model processes, a K factor of 1.0 is used for the
signal and of 1.3 for the Drell-Yan background, in order to take into account the higher order terms in
the cross section. The latter number comes from the CDF analysis [111] and is compatible with the K
factor obtained from theoretical computations [112, 113].

8.4.4 Systematic uncertainties

The uncertainty coming from the choice of the parton distribution function (PDF) was investigated using
the set of 20 positive and 20 negative errors, of the CETQ6.1M ”best fit” parameterization [114–116].
For each event, a weight factor is computed according to the x1, x2, and Q2 variables, for each of the
40 PDF errors, in the case of graviton production with M = 1.5 TeV (c = 0.01) and M = 3.5 TeV
(c = 0.1). The uncertainties on the PDF modify the number of signal events by a factor 1.20 (positive
deviations) and 0.86 (negative deviations) for M = 1.5 TeV (c = 0.01). The corresponding numbers
for M = 3.5 TeV (c = 0.1) are 1.47 and 0.78. For the Drell-Yan background, the re-weighting effects
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Table 8.8: Number of events for resonant signal, Ns, and for Drell-Yan background, Nb, and corresponding
significances as defined by Eq. 8.32, for an integrated luminosity of 30 fb−1. The massesM and the mass windows
Mw are in TeV.

KK Z SSM Z ′ G, c = 0.01 G, c = 0.1

M 4.0 6.0 1.0 5.0 1.5 3.5
Mw 3.5-4.5 5.0-6.7 0.92-1.07 4.18-5.81 1.47-1.52 3.30-3.65
Ns 50.6 1.05 72020 0.58 18.8 7.30
Nb 0.13 0.005 85.5 0.025 4.16 0.121
S 22.5 3.0 225 1.63 6.39 6.83
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Fig. 8.13: 5σ discovery limit as a function of the resonance mass for KK Z boson production (a), for the 6 Z ′

models (b); 5σ discovery plane for graviton production as a function of the coupling parameter c and the graviton
mass (c).
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Table 8.9: The 5σ discovery limit on the resonance mass (given in TeV), for an integrated luminosity of 10, 30 and
60 fb−1.

Model Luminosity (fb−1)
10 30 60

KK Z 4.97 5.53 5.88
Z ′ (ψ) 2.85 3.31 3.62

Z ′ (ALRM) 3.76 4.27 4.60
G (c = 0.01) 1.38 1.64 1.82
G (c = 0.1) 3.34 3.81 4.10

on the numbers of events are 1.065 and 0.941 for masses around 1.5 TeV , and 1.19 and 0.88 for masses
around 3.5 TeV. For an integrated luminosity of 30 fb−1, the significances with the ”best fit” and with the
positive/negative deviations are equal respectively to 6.40 and 7.25/5.78 for M = 1.5 TeV (c = 0.01),
and to 6.83 and 8.54/5.93 for M = 3.5 TeV (c = 0.1). A lower dependence is observed for the KK Z
and Z ′ channels, which are produced by quark-antiquark annihilation. For KK Z boson production at
M = 4 TeV with an integrated luminosity of 30 fb−1, the significances with the ”best fit” and with the
positive/negative errors are equal respectively to 22.5 and 23.3/21.9.

Changing to 1 the value of the K factor of the DY background for RS graviton production increases
the significance from 6.39 to 6.87 (M = 1.5 TeV , c = 0.01) and from 6.83 to 7.09 ( M = 3.5 TeV ,
c = 0.1). The discovery limits increase respectively from 1.64 to 1.68 TeV and from 3.81 to 3.84 TeV.

8.4.5 Identification of new particles

Once a resonance is found, information will be gained on its characterization from the study of other
decay channels, like γγ (see Section 9.5), of angular distributions and of asymmetries, in view of the
spin determination (see also [117]).

As an example, RS gravitons with spin 2 can be distinguished from the Standard Model back-
ground and Z ′ bosons with spin 1 using the distribution of the cos θ∗ variable, computed as the cosine of
the polar angle between the electron and the boost direction of the heavy particle in the latter rest frame.
In addition to the cuts defined above, the electron and positron candidates are requested to have opposite
charges, in order to identify the electron, from which the cos θ∗ variable is computed.

The cos θ∗ distributions for graviton production with M = 1.25 TeV, c = 0.01, and M = 2.5 TeV,
c = 0.1, are presented in Fig. 8.14, for an integrated luminosity of 100 fb−1. The error bars represent the
corresponding statistical uncertainties, applied to the signal distribution obtained from a large statistics
simulation. The spin-2 hypothesis is compared to the spin-1 hypothesis (red curve in the figures), formed
by the Drell-Yan production (Figs. 8.14(a) and (b)) or the ALRM Z ′ production (Figs. 8.14(c) and (d)).
For graviton production, the expected background is included in the cos θ∗ distributions.

The spin 2 of RS gravitons can be determined by contrast with the Drell-Yan production or the Z ′

boson production for an integrated luminosity of 100 fb−1 up to 1.25 TeV for c = 0.01 and 2.5 TeV for
c = 0.1.
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9 WARPED EXTRA DIMENSIONS AND THE RANDALL-SUNDRUM MODEL

9.1 Introduction
JoAnne L. Hewett and Thomas G. Rizzo

The Randall-Sundrum (RS) model of localized gravity [1] offers a potential solution to the hierarchy
problem that can be tested at present and future accelerators [2, 3]. In the original (and most simple)
version of this model, all of the Standard Model (SM) fields are confined to one of two branes that are
sited at the S1/Z2 orbifold fixed points embedded in a 5-dimensional anti-de Sitter space (AdS5). The
theory is described by the metric ds2 = e−2k|y|ηµνdxµdxν − dy2, with y being the extra dimension
and where rc is the compactification radius; thus the two branes are separated by a distance πrc. The
parameter k characterizes the curvature of the 5-dimensional space and is naturally of order the Planck
scale. The two branes form the boundaries of the AdS5 slice and gravity is localized on the Planck brane
located at y = 0. Mass parameters on the TeV brane, located at y = rcπ, are red-shifted compared to
those on the y = 0 brane and are typically given by Λπ = MP le

−krcπ, where MP l is the reduced Planck
scale. In order to address the hierarchy problem, Λπ ∼ TeV and hence the separation between the two
branes, rc, must have a value of krc ∼ 11 − 12. It has been [4] demonstrated that this quantity can be
naturally stabilized to this range of values.

There are very many variations on this basic model mostly having to do with placing at least
some of the SM fields into the bulk for model building purposes [5–8]. In many cases it is also useful
to include brane kinetic terms for these fields [9–15] to increase model flexibility. In almost all cases
where a fundamental Higgs field is present it remains on the TeV brane (without Kaluza-Klein (KK)
excitations) even when fermion and gauge fields are in the bulk. Up until recently this was thought to
be necessary to avoid fine-tuning and phenomenological requirements. It has recently been shown that
the fundamental Higgs can also be a bulk field [16, 17] which can lead to significant changes in Higgs
phenomenology.

9.1.1 Graviton phenomenology

Since in all cases the graviton is a bulk field in 5-d we not only have the familiar zero mode massless
graviton but also the massive tower of Kaluza-Klein excitations. The wavefunctions of these states in the
extra dimension (in this simple version of the model) are given by

χn =
e2σ

Nn
J2

(
xnεe

σ
)
, (9.1)

with J2 the usual Bessel function, σ = k|y| and Nn a normalization factor. The KK graviton masses are
given by mn = xnkε with ε = e−πkrc ' 10−16, while the xn roots can be obtained from the equation

J1(xn) = 0 . (9.2)

The wavefunction of the ordinary massless graviton is flat. Note that since kε ∼ TeV, the graviton KK
excitations are TeV-scale.

In this simplest scenario, the graviton KK phenomenology is governed by 2 parameters, k/M P l

and m1 (or Λπ). The action is computed by performing a linear expansion of the flat metric gAB =

e−2ky(ηAB + 2hAB/M
3/2
5 ) , which for this scenario includes the warp factor. The interactions of the

graviton KK tower with the SM fields on the TeV-brane are given by

L = − 1

MP l

T µν(x)h0
µν(x)− 1

Λπ
T µν(x)

∞∑

n=1

h(n)
µν (x) , (9.3)

where T µν is the conserved stress-energy tensor. The zero-mode decouples and the couplings of the
excitation states are inverse-TeV strength. The hallmark signature for this scenario [2] is the presence of
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Fig. 9.1: The cross section for e+e− → µ+µ− including the exchange of a KK tower of gravitons in the RS model
with m1 = 500 GeV. The various curves correspond to k/MPl in the range 0.01− 0.1. From [2].

TeV-scale spin-2 graviton resonances at colliders; the KK spectrum in e+e− → µ+µ−, taking m1 = 500
GeV, is shown in Fig. 9.1. Note that the curvature parameter controls the width of the resonance. The
LHC can discover these resonances in the Drell-Yan channel if Λπ < 10 TeV [3], provided that the
resonance width is not too narrow, and determine their spin-2 nature via the angular distributions of the
final-state lepton pairs [18] if enough statistics are available. This is illustrated in Fig. 9.2 which displays
the LHC search reach and the present experimental and theoretical constraints on the RS parameter space.

If the KK gravitons are too massive to be produced directly, their contributions to fermion pair
production may still be felt via virtual exchange. In this case, the uncertainties associated with a cut-
off (as present in the large extra dimensions scenario) are avoided, since there is only one additional
dimension and thus the KK states may be neatly summed. The resulting sensitivity to the scale Λπ at the
LHC is Λπ = 3.0 − 20.0 TeV as k varies in the range k/M P l = 0.01 − 1.0. The 1 TeV International
Linear Collider extends this reach by a factor of 1.5 − 2.

Extensions of this simplest scenario modify the graviton KK spectrum and couplings. If the SM
fields are allowed to propagate in the bulk, then each SM state also expands into a KK tower. The
couplings of the bulk SM fields to the graviton KK states are cataloged in [3], where it is shown that
the zero-mode fermion and gauge couplings to the graviton KK excitations are substantially reduced
compared to the case where the SM fields are constrained to the TeV-brane. Graviton searches can then
become more difficult in this scenario and are highly dependent on the explicit localization of the SM
fields in the 5th dimension.

The inclusion of brane kinetic terms, which arise from higher order effects, also alter the graviton
KK phenomenology [10]. The graviton KK masses are again given by mn = xnΛπk/MP l, where the
xn are now roots of the equation J1(xn) − γπxnJ2(xn) = 0. Here, γπ represents the coefficient of the
boundary term for the TeV-brane and is naturally of order unity. The couplings are modified to be

L = − 1

MP l

T µν(x)h0
µν(x)− 1

Λπ
T µν(x)

∞∑

n=1

λnh
(n)
µν (x) , (9.4)

where λn depends on the coefficient of the boundary terms on both branes. This yields a dramatic
reduction of the graviton KK couplings to SM fields on the TeV-brane, even for small values of the brane
kinetic term coefficients. The resulting degradation in the graviton search reach at the LHC is displayed
in Fig 9.3 for 100 fb−1 of integrated luminosity. From this figure, it is clear that the LHC can no longer
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Fig. 9.2: Summary of experimental and theoretical constraints on the RS model in the two-parameter plane
k/MPl −m1. The allowed region lies in the center. From [3].

cover all of the interesting parameter space for this model. For example, a first graviton KK excitation
of mass 600 GeV with k/MP l = 0.01 may still miss detection.

From a theoretical perspective, the RS model may be viewed as an effective theory whose low en-
ergy features originate from a full theory of quantum gravity, such as string theory. One may thus expect
that a more complete version of this scenario admits the presence of additional dimensions compactified
on a manifoldMδ of dimension δ. The existence of an extra manifold also modifies the conventional RS
phenomenology and collider signatures [19]. For the simplest scenario of an additional S 1 manifold, the
RS metric is expanded to ds2 = e−2krcφηµνdx

µdxν + r2
cdφ

2 + R2dθ2 , where θ parameterizes the S1,
and R represents its radius. The masses of the KK states are now given by mn` = xn`Λπk/MP l, where
the xn` are solutions of the equation 2Jν(xn`) + xn`J

′
ν(xn`) = 0 , with ν ≡

√
4 + (`/kR)2. The KK

mode number ` corresponds to the orbital excitations, while n denotes the usual RS AdS5 mode levels.
The couplings of the mn` graviton KK states are then given by

L = − 1

MP l

T µν(x)h0
µν(x)− 1

Λπ
T µν(x)

∞∑

n=1

ξ(n`)h(n,`)
µν (x) , (9.5)

where ξ(n`) depends on k ,R, and xn` [19]. In particular, the addition of the Sδ background to the RS
setup results in the emergence of a forest of graviton KK resonances. These originate from the orbital
excitations on the Sδ and occur in between the original RS resonances. A representative KK spectrum is
depicted in Fig. 9.3 for the additional S1 manifold.

Finally, we note that the graviton KK spectrum and couplings to matter fields on the TeV brane
will be modified if higher curvature terms are present in the action [20].

9.1.2 Radion basics

Fluctuations about the stabilized RS configuration allow for two massless excitations described by the
metric tensor. The first of these corresponds to the usual graviton as discussed above while the second
is a new scalar field essentially arising from the ∼ g55 component of the 5-d metric and is known as the
radion (φ0). Recall that when the 5-d graviton field is decomposed into 4-d fields it consists of a tower
of tensor fields ∼ gµν in addition to a tower of vectors ∼ g5µ and a tower of scalars ∼ g55. When the
graviton KK fields acquire mass by eating the corresponding vector and scalar fields. With the orbifold
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Fig. 9.3: Top: Search reach for the first graviton KK resonance employing the Drell-Yan channel at the LHC with an
integrated luminosity of 100 fb−1 as a function of the boundary term coefficient γπ assuming γ0 = 0. From bottom
to top on the RHS of the plot, the curves correspond to k/MPl = 0.01, 0.025, 0.05, 0.075, 0.10, 0.125 and 0.15,
respectively. The unshaded region is that allowed by naturalness considerations and the requirement of a ghost-free
radion sector. From [10]. Bottom: The solid (red) curve corresponds to the cross section for e+e− → µ+µ− when
the additional dimension is orbifolded, i.e., for S1/Z2, with m10 = 600 GeV, k/MPl = 0.03 and kR = 2.0. The
result for the conventional RS model is also displayed, corresponding to the dotted curve. From [19].
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symmetry imposed only a massless graviton and radion remain. This scalar radion field corresponds to a
quantum excitation of the separation between the two branes. The mass of the radion is proportional to
the backreaction of the bulk scalar vacuum expectation value (vev) on the metric and is correlated with
the stabilization mechanism.

Generally, one expects that the radion mass should be in the range of a few×10 GeV≤ mφ0 ≤ Λπ,
where the lower limit arises from radiative corrections and the upper bound is the cutoff of the effective
field theory. The radion mass mφ0 is then expected to be below the scale Λπ implying that the radion
may be the lightest new field present in the RS model. A basic introduction to the radion and its origins
can be found in [21, 22] while some basic phenomenology can be found in [23–25].

Unlike the graviton which couples directly to the stress-energy tensor, T µν , as seen above, the
radion’s couplings to SM matter fields on the TeV brane are proportional to the trace of the stress tensor,
T µµ :

Leff = −φ0(x) T µµ√
6Λπ

. (9.6)

These simplified couplings can be modified by the existence of brane kinetic terms for the graviton
[10,16] as well as when SM fields are placed in the bulk. The explicit couplings of the (unmixed) radion
to SM fields are qualitatively similar to that of the Higgs, e.g., for fermions and massive gauge bosons
we have

L =
1

v
γ(mf f̄f −m2

V VµV
µ)φ0 , (9.7)

where v is the SM Higgs vev and γ is the ratio

γ =
v√
6Λπ

, (9.8)

which we might expect to be of order a few percent. The corresponding coupling to gluon pairs occurs
through the trace anomaly and can be written as

L = c0g
αs
8π
GµνG

µνφ0 , (9.9)

with
c0g =

1

2v
γ[Fg − 2b3] . (9.10)

Here b3 = 7 is the SU(3) β-function and Fg is a well-known kinematic loop-function [26] of the ratio
of masses of the top-quark to the radion while the second term originates from the anomaly. Similarly
the radion coupling to two photon pairs is now given by

L = c0γ
αem
8π

FµνF
µνφ0 , (9.11)

where
c0γ =

1

v
γ[Fγ − (b2 + bY )] . (9.12)

Here, b2 = 19/6 and bY = −41/6 are the SU(2) × U(1) β-functions and Fγ is another well-known
kinematic function [26] of the ratios of the W boson and top-quark masses to the radion and the second
term again originates from the trace anomaly.

9.1.3 Radion-Higgs mixing

Since the radion and Higgs are both real scalar fields they might mix. In fact such a mixing can proceed
through a dimension-4 brane term when there is a single Higgs doublet on the TeV brane, through an
interaction term of the form

SrH = −ξ
∫
d4x
√−gindR(4)[gind]H

†H . (9.13)
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Here H is the Higgs doublet field, R(4)[gind] is the 4-d Ricci scalar constructed out of the induced metric
gind on the SM brane, and ξ is a dimensionless mixing parameter assumed to be of order unity (since
there is no reason why such an operator should be suppressed) and with unknown sign. We note that the
structure of this mixing is quite different when the Higgs field is in the bulk [16]. In any case, such an
interaction term leads to both gauge kinetic and mass mixing between the unmixed Higgs, h0, and the
radion.

The resulting Lagrangian can be diagonalized by a set of field redefinitions and rotations [22]

h0 = Ah+Bφ , (9.14)

φ0 = Ch+Dφ ,

with

A = cos θ − 6ξγ/Z sin θ , (9.15)

B = sin θ + 6ξγ/Z cos θ ,

C = − sin θ/Z ,

D = cos θ/Z ,

where h , φ represent the physical, mass-eigenstate fields, and

Z2 = 1 + 6ξ(1 − 6ξ)γ2 , (9.16)

The factor Z serves to bring the physical radion kinetic term to canonical form and as such it must
satisfy Z > 0 to avoid ghosts. For a fixed value of γ this implies that the range of ξ is bounded, i.e.,
ξ− ≤ ξ ≤ ξ+, where

ξ± =
1

12
[1± (1 + 4/γ2)1/2] , (9.17)

For example, if γ takes on the natural values, e.g., γ = 0.1 then ξ must lie in the approximate range
−1.585 ≤ ξ ≤ 1.752. The masses of the physical states, φ, h, are then given by

m2
± =

1

2

[
T ±

√
T 2 − 4F

]
, (9.18)

where m+(m−) is the larger(smaller) of the two masses and

T = (1 + t2)m2
h0

+m2
φ0
/Z , (9.19)

F = m2
h0
m2
φ0
/Z2 ,

withmh0,φ0 being the weak interaction eigenstate masses and t = 6ξγ/Z . This mixing will clearly affect
the phenomenology of both the radion and Higgs fields, for example, the bounds on the Higgs mass from
LEP searches. Here, we note the modifications to the properties of the Higgs boson, in particular its decay
widths and branching fractions, induced by this mixing and find that substantial differences from the SM
expectations for the Higgs can be obtained. In the case where the Higgs is in the bulk a general procedure
similar to the above can be followed to get to the mass eigenstate basis [16]. The main difference, in
addition to the existence of the Higgs KK tower (all of whose members now mix with the radion), is that
the Higgs-radion mixing term now occurs both in the bulk as well as on both branes.
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9.2 Higgs–radion phenomenology
Daniele Dominici and John F. Gunion

The main consequence of Higgs-radion mixing is a modification of the prospects for discovering a light
Higgs boson at the LHC [23, 25, 27]. In particular, this mixing could suppress or enhance the signal rate
in the channel gg → H → γγ. The effect of this mixing has been studied [25] by implementing the
new Higgs and radion couplings in the HDECAY program [28]. Let us first recall the parameters of the
model: when the mixing parameter ξ 6= 0, there are four independent parameters that must be specified
to fix the mixing coefficients A,B,C,D (d, c, a, b in the notation of [25]) defining the mass eigenstates,
h and φ, in terms of the unmixed Higgs and radion states, h0 and φ0. These are

ξ , Λφ =
√

6Λπ , mh , mφ , (9.20)

where mh and mφ denote the eigenstate masses of the Higgs and of the radion, defined so that h → h0

and φ→ φ0 in the ξ → 0 limit. An additional parameter is required to determine the phenomenology of
the scalar sector, including all possible decays: the mass, m1, of the first KK graviton excitation.

Let us first review how the most relevant Higgs decays are modified. In Fig. 9.4, we plot the
branching ratios for h → bb, gg, WW ∗, ZZ∗ and γγ as a function of the mixing parameter ξ, taking
mh = 120 GeV and Λφ = 5 TeV. Results are shown for three different mφ values: 20, 55 and 200 GeV.
These plots are limited to ξ values allowed by the theoretical and experimental constraints [25]. Large
values for the gg branching ratio, due to the anomalous contribution to the hgg coupling, suppress the
other branching ratios to some extent. The anomalous contribution to the hγγ coupling is less important
due to presence of the large W loop contribution in this case. Second, for mφ = 55 GeV, BR(h→ φφ)
is large at large |ξ| and suppresses the conventional branching ratios. For larger |ξ|, the changes in the
branching ratio of the h with respect to the SM are at a level that would be observable, often at the LHC
but with greatest certainty at the ILC. In addition, the anomalous contribution to the ggh coupling implies
substantial changes in the gg → h production rate at the LHC.

The above results imply that detection of the h at the LHC could be significantly modified if |ξ| is
large. To illustrate this, we plot in Fig. 9.5 the ratio of the rates for gg → h→ γγ, WW → h→ τ +τ−

and gg → tth → ttbb (the latter two ratios being equal) to the corresponding rates for the SM Higgs
boson. For this figure, we take mh = 120 GeV and Λφ = 5 TeV and show results for mφ = 20, 55 and
200 GeV. The result is that prospects for h discovery in the gg → h → γγ and WW → h → τ+τ−

modes could be either substantially poorer or substantially better than for a SM Higgs boson of the same
mass, depending on ξ and mφ.

For mφ > mh, the suppression is very substantial for large, negative values of ξ. This region
of significant suppression becomes wider at large values of mφ and Λφ. In contrast, for mφ < mh,
the gg → h → γγ rate is generally only suppressed when ξ > 0. All this is shown, in a quantitative
way, by the contours in Fig. 9.6 [29]. The outermost, hourglass shaped contours define the theoretically
allowed region. Three main regions of non-detectability may appear. Two are located at large values of
mφ and |ξ|. A third region appears at low mφ and positive ξ, where the above-noted gg → h → γγ
suppression sets in. It becomes further expanded when 2mφ < mh and the decay channel h → φφ
opens up, thus reducing the h → γγ branching ratio. These regions shrink as mh increases, since
additional channels, in particular gg → h → ZZ∗ → 4 `, become available for Higgs discovery.
At mh = 120 GeV, these regions are reduced by considering either a larger data set or qqh Higgs
production, in association with forward jets. An integrated luminosity of 100 fb−1 would remove the
regions of non-detection shown in Fig. 9.6 at large positive ξ in the case of Λφ = 5 TeV. Similarly,
including the qqh, h→WW ∗ → ``νν̄ channel in the list of the discovery modes removes the same two
regions and reduces the large region of h non-observability at negative ξ values. In all these regions, a
complementarity is potentially offered by the process gg → φ→ ZZ ∗ → 4 `, which becomes important
for mφ > 140 GeV. At the LHC, this process would have the same event structure as the golden SM
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Fig. 9.4: The branching ratios for h decays to bb, gg, WW ∗, ZZ∗ and γγ for mh = 120 GeV and Λφ = 5 TeV

as functions of ξ for mφ = 20, 55 and 200 GeV.

Higgs mode, H → ZZ∗ → 4 `, which has been thoroughly studied for an intermediate mass Higgs
boson. By computing the gg → φ → ZZ∗ → 4 ` rate relative to that for the corresponding SM H
process and employing the LHC sensitivity curve for H → ZZ ∗ of [30], the significance for the φ signal
in the 4 ` final state at the LHC can be extracted. Results are overlayed on Fig. 9.6 assuming 30 fb−1 of
data.

The observability of φ production in the four lepton channel fills most of the gaps in (mφ, ξ)
parameter space in which h detection is not possible (mostly due to the suppression of the loop-induced
gg → h → γγ process). For example, for Λφ = 5 TeV and L = 30 fb−1, the observation of at least
one scalar is guaranteed over almost the full parameter phase space, with the exception of: (a) the region
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Fig. 9.5: The ratio of the rates for gg → h → γγ and WW → h → τ+τ− (the latter is the same as that for
gg → tth→ ttbb) to the corresponding rates for the SM Higgs boson. Results are shown for mh = 120 GeV and
Λφ = 5 TeV as functions of ξ for mφ = 20, 55 and 200 GeV.

of large positive ξ with mφ < 120 GeV, where the φ → ZZ∗ decay is phase-space-suppressed; and
(b) a narrow region with ξ < 0 and mφ ' 170 GeV. The latter region arises due to the ramp-up of the
φ → W+W− channel; in this region a luminosity of order 100 fb−1 is required to reach a ≥ 5σ signal
for φ → ZZ∗. We should also note that the φ → ZZ decay is reduced for mφ > 2mh by the onset of
the φ → hh decay, which can become the main decay mode. The resulting hh → bb̄bb̄ topology, with
di-jet mass constraints, may represent a viable signal for the LHC in its own right [31, 32].

As seen in Fig. 9.6, there are regions of (mφ, ξ) parameter space in which both the h and φ mass
eigenstates will be detectable. In these regions, the LHC will observe two scalar bosons somewhat
separated in mass with the lighter (heavier) having a non-SM-like rate for the gg-induced γγ (ZZ) final
state. Despite the ability to see both eigenstates, still more information will be required to ascertain
whether these two Higgs bosons derive from a multi-doublet or other type of extended Higgs sector or
from the present type of model with Higgs-radion mixing [29].

The ILC should guarantee observation of both the h and the φ even in most of the regions within
which detection of either at the LHC might be difficult. In particular, in the region with mφ > mh the
hZZ coupling is enhanced relative to the SM HZZ coupling and h detection in e+e− collisions would
be even easier than SM H detection. Further, assuming that e+e− collisions could also probe down to
φZZ couplings of order g2

φZZ/g
2
HZZ ' 0.01, the φ would be seen in almost the entirety of the region

for which φ detection at the LHC would not be possible. In this case, the measurements of the ZZ
boson couplings of both the Higgs and the radion particles would significantly constrain the values of
the ξ and Λφ parameters of the model. Furthermore, the ILC has the capability of extending the coupling
measurements to all fermions separately with accuracies of order 1%-5% and achieves a determination
of the total width to 4% - 6% accuracy [33]. This is shown in Fig. 9.7 by the additional contours, which
indicate the regions where the discrepancy with the SM predictions for the Higgs couplings to pairs of b
quarks and W bosons exceeds 2.5σ.

As already noticed, the presence in the Higgs radion sector of trilinear terms opens up the impor-
tant possibility of φ → hh decay and h → φφ. For example, for mh = 120 GeV, Λφ = 5 TeV and
mφ ∼ 250 − 350 GeV one finds BR(φ → hh) ∼ 0.2 − 0.3. In [34], the CMS discovery potential for
the radion in its two Higgs decay mode (φ → hh) with γγ+bb̄, ττ+bb̄ and bb̄+bb̄ final states was esti-
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Fig. 9.6: Regions in (mφ, ξ) parameter space of h detectability (including gg → h→ γγ and other modes) and of
gg → φ→ ZZ∗ → 4 ` detectability at the LHC for one experiment and 30 fb−1. The outermost, hourglass shaped
contours define the theoretically allowed region. The light gray (cyan) regions show the part of the parameter space
where the net h signal significance remains above 5σ. In the empty regions between the shading and the outermost
curves, the net h signal drops below the 5σ level. The thick gray (blue) curves indicate the regions where the
significance of the gg → φ → ZZ∗ → 4 ` signal exceeds 5σ. Results are presented for mh=120 GeV and Λφ=
2.5 TeV (left), 5.0 TeV (right).

Fig. 9.7: Same as Fig. 9.6 formh = 120 GeV (left), 140 GeV (right) and Λφ = 5 TeV with added contours, indicated
by the medium gray (red) curves, showing the regions where the ILC measurements of the h couplings to bb̄ and
W+W− would provide a > 2.5σ evidence for the radion mixing effect. (Note: the gray (red) lines are always
present along the outer edge of the hourglass in the mφ > mh region, but are sometimes buried under the darker
(blue) curves. In this region, the > 2.5σ regions lie between the outer hourglass edges and the inner gray (red)
curves.)
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mated, assuming mh = 125 GeV and mφ = 300 GeV. The γγ+bb̄ topology provides the best discovery
potential. Details of this analysis and the corresponding analysis by ATLAS can be found respectively in
Section 9.4 and Section 9.3.

9.3 Radion search in ATLAS
Georges Azuelos, Donatella Cavalli, Helenka Przysieniak and Laurent Vacavant

As explained in the introduction, the radion is a physical scalar that remains in 4-d from the 5-d metric
tensor and from fluctuations about a stabilized Randall-Sundrum (RS) configuration. The presence of the
radion is one of the important phenomenological consequences of theories of warped extra dimensions
and observation of this scalar therefore constitutes a crucial probe of the model. This section summarizes
the main results of a study performed for ATLAS [35].

The radion, being a scalar, has a Higgs-like phenomenology [21, 22, 36] but has large effective
coupling to gluons. The decay branching ratios and widths depend on three parameters: the physical
mass of the radion mφ, the vacuum expectation value of the radion field, Λφ =

√
6Λπ where Λπ is the

mass scale at the TeV brane in the RS model, and the radion-SM Higgs mixing parameter ξ.

Here, we have investigated the possibility of observing a RS radion with the ATLAS detector
through the following decays: φ → γγ, φ → ZZ (∗) → 4`, φ → hh → bb̄γγ and φ → hh → bb̄τ+τ−.
Only the direct production of the radion gg → φ has been considered since it is the main process at LHC
and it benefits from the enhancement of the coupling φgg.

9.3.1 φ→ γγ and ZZ (∗) → 4`

For the γγ (mφ < 160 GeV) and ZZ(∗) (mφ > 100 GeV) decay channels, the radion signal significance
is determined by reinterpreting the results from the SM Higgs analyses obtained with ATLAS [37], for
100 fb−1. The ratio of the radion S/

√
B over that of the SM Higgs is given by [21]:

S/
√

B (φ)

S/
√

B (h)
=

Γ(φ→ gg) BR(φ→ γγ, ZZ)

Γ(h→ gg) BR(h→ γγ, ZZ)

√
max(Γhtot, σm)

max(Γφtot, σm)
(9.21)

where the σm are the experimentally reconstructed resonance widths for each of the two decay processes.
The radion signal significance thus determined is shown as a function of the mass of the radion, in
Fig. 9.8, for Λφ = 1, 10 TeV, ξ = 0, 1/6, and for an integrated luminosity of 100 fb−1.

9.3.2 φ→ hh→ γγbb̄

For the purpose of estimating the limits of observation of radion decay to a pair of SM Higgs bosons,
two reference values are taken for the mass of the radion: 300 GeV and 600 GeV and a Higgs mass
of 125 GeV (assumed to be known). The production cross sections in these cases are 58 pb and 8 pb
respectively.

The specific decay channel φ → hh → γγbb̄ offers an interesting signature, with two high-pT
isolated photons and two b-jets. The background rate is expected to be very low for the relevant mass
region mh > 115 GeV and mφ > 2mh. In addition, triggering on such events is easy and the diphoton
mass provides very good kinematical constraints for the reconstruction of mφ.

The backgrounds for this channel are γγbb̄ (irreducible), γγcc̄, γγbj, γγcj and γγjj (reducible
with b-tagging). In the region of mass considered for the Higgs, the main production processes are the
Born diagram qq → γγ and the box diagram gg → γγ. The events were generated with PYTHIA [38]
and some cuts had to be applied at the event generation: the sample was generated in seven different bins
of p̂⊥, the transverse momentum defined in the rest frame of the hard interaction. Detector effects on the
signal and background events were taken into account by the fast simulation code ATLFAST [39].
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Fig. 9.8: Signal significance versus the mass of the radion, for the γγ channel (top) and for the ZZ(∗) channel
(bottom). In both plots, the values for Λφ = 1, 10 TeV and ξ = 0, 1/6 are shown, for an integrated luminosity of
100 fb−1.

To extract the signal, two isolated photons with pT > 20 GeV and |η| < 2.5, and two jets with
pT > 15 GeV, |η| < 2.5 are required. At least one of the jets has to be tagged as a b. Fig. 9.9 shows the
reconstructed radion mass for the case of mφ = 300 GeV and Table 9.1 shows the expected number of
events for different cases of ξ and Λφ. The background is negligible. A few fb−1 would be sufficient to
observe the radion if Λφ = 1 TeV, and it is estimated that with 30 fb−1, the reach in Λφ would be ∼ 2.2
TeV for mφ = 300 GeV.

9.3.3 φ→ hh→ bb̄τ+τ−

The channel φ → hh → bb̄τ+τ− provides another potentially interesting signal for radion discovery,
although the background is higher and the reconstructed mass resolutions are poorer than in the φ →
hh→ γγbb̄ channel.

The background here are: hh → bb̄ τ+τ−, tt̄ → bW+ b̄W−, Z +jets, followed by Z →
τ+τ− and W + jets. In order to provide a trigger, a leptonic decay of one of the two τ ’s is required.
Although the signal efficiency is low, the background rejection is high, after application of simple cuts
(for details, see [35]). Figure 9.10 shows the reconstructed masses for signal when mφ=300 and 600
GeV respectively, for 30 fb−1, Λφ = 1 TeV and ξ = 0. The shape for a 300 GeV radion resonance is
not distinguishable from the background (mostly tt̄). Therefore systematic errors will most probably be
dominated by the understanding of the level of this background.
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Fig. 9.9: Reconstructed γγbj invariant mass distribution, for mφ = 300 GeV, ξ = 0, Λφ = 1 TeV and for 30
fb−1. The plots on the left show all combinations and the ones fulfilling the mass window cuts shown on the two
Higgs resonances: mγγ = mh ± 2 GeV and mbj = mh ± 20 GeV . The distribution on the right is obtained by
constraining the reconstructed masses mbj and mγγ to the light Higgs mass mh, after the mass window cuts.

mφ = 300 GeV mφ = 600 GeV
ξ = 0,Λφ = 1 TeV 84.5 7.0
ξ = 0,Λφ = 10 TeV 0.9 0.1
ξ = 1/6,Λφ = 1 TeV 150.9 5.3
ξ = 1/6,Λφ = 10 TeV 1.2 0.1

Table 9.1: Number of events selected for signal, φ→ hh→ γγbb̄ for mφ =300 and 600 GeV, for 30 fb−1 and for
mh = 125 GeV.
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Fig. 9.10: Reconstructed mass of the radion, for 30 fb−1 and Λφ = 1 TeV, ξ = 0. Left plot: expected signal (light)
and tt̄ background (dark). Right plot: tt̄ background (dark), expected signal (light) and Z+jets background (very
light).

Requiring a minimum of 10 events and S/
√
B ≥ 5, the maximum reach in Λφ is 1.04 TeV for both

mφ=300 GeV andmφ=600 GeV, but the uncertainties in background subtraction may affect considerably
the observability of this channel in the first case.

9.3.4 Conclusions

The search for the radion at the LHC is similar to the case of the SM Higgs boson, and indeed the
analyses already performed for the latter can be re-interpreted in terms of a radion search, after rescaling
the branching ratios and widths. For an integrated luminosity of 100 fb−1, the values S/

√
B ∼10 (0.1)

are obtained for the γγ channel, with a mixing parameter ξ=0 and a scale Λφ=1 (10) TeV, in the range
80 GeV < mφ < 160 GeV. For the ZZ (∗) channel, S/

√
B ∼100 (1) for 200 GeV < mφ < 600 GeV

for the same conditions. Because the couplings are similar to those of the SM Higgs, a good measurement
of the production cross section and branching ratios will be necessary to discriminate between the two
scalars.

The radion can also decay into a pair of Higgs scalars, if the masses permit. Two cases were
examined: φ → hh → γγbb̄ and φ → hh → ττbb̄, for radion masses of 300 and 600 GeV, for
mh = 125 GeV and for an integrated luminosity of 30 fb−1. The maximal reach in Λφ is ∼ 1− 2 TeV. It
must be remarked that a value of Λφ = 1 TeV could be overly optimistic since, with the corresponding
value of Λπ and with a value of k/MP l even as large as 0.1, the mass of the first KK graviton state
(m1 = 3.83(k/MP l)Λπ) would be very low [40].

9.4 Radion search in CMS

Albert De Roeck, Guy Dewhirst, Daniele Dominici, Livio Fano, Simone Gennai and Alexander Nikitenko

The CMS discovery potential is estimated for the decay of the radion in a pair of Higgs bosons, with
γγbb̄, ττbb̄ and bb̄bb̄ final states and for an integrated luminosity of 30 fb−1. The study has been carried
out for the radion mass of 300 GeV and the Higgs boson mass of 125 GeV . The sensitivity was evaluated
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Fig. 9.11: The di-jet (left plot) and the di-photon (right plot) mass distribution for the background (open histogram)
and the signal of φ→ hh→ γγbb̄ (full black histogram) after all selections except the mass window cuts with 30
fb−1. The signal is shown for the maximal cross section times branching ratios point in (ξ-Λφ) plane.

in the (ξ,Λφ) plane, with systematics uncertainties included. A detailed description of the analysis can
be found in [34]. A brief summary of the analysis and the results is presented below.

Signal events gg → φ→ hh were generated with PYTHIA. The cross sections and branching ra-
tios were evaluated using rescaled NLO cross sections for the SM Higgs boson and a modified HDECAY
program. For the radion and Higgs boson mass points considered (mh = 125 GeV, mφ=300 GeV) and
for Λφ= 1 TeV the maximal cross section times branching ratio is 71 fb for γγbb̄ final state. For the ττbb̄
final state with the topology considered in the analysis, one τ lepton decaying leptonically and the other
τ lepton decaying hadronically (producing a τ jet), the maximal cross section times branching ratio is
960 fb. This maximal cross section is reached for the radion mixing parameter ξ = −0.35.

For the γγbb̄ final state the irreducible backgrounds γγjj(j = u, d, s, g) (generated with Com-
pHEP) and the γγcc̄ and γγbb̄ (generated with MadGraph) were studied. The reducible background from
γ+three jets and four-jet processes was not evaluated directly, but assumed to be the same as in for the
inclusive h → γγ analysis, namely 40% of the total background after all selection. For the ττbb̄ final
state, the tt̄, Z+jets, W+jets backgrounds (generated with PYTHIA) and the bb̄Z background (generated
with CompHEP) were studied.

9.4.1 The φ→ hh→ γγbb̄ channel

The γγbb̄ events were required to pass the Level-1 and HLT di-photon trigger. In the off-line analysis
two photon candidates with Eγ1,γ2

T > 40, 25 GeV were required to pass tracker cuts and calorimeter
isolation cuts. Events with only two calorimeter jets of ET >30 GeV and within |η| <2.4 were selected.
At least one of these jets must be tagged as a b-jet. Finally, the di-photon mass, Mγγ , was required to be
in a window of ± 2 GeV, the di-jet mass, Mjb̄, in a window of ± 30 GeV and the di-photon-di-jet mass,
Mγγbb̄, in a window ± 50 GeV around the Higgs and radion mass. Figure 9.11 shows the di-jet (left
plot) and the di-photon (right plot) mass distribution for the background (open histogram) and the signal
of φ → hh → γγbb̄ (full, black histogram) after all selections except the mass window cuts, and for 30
fb−1. The signal is shown for the maximal cross section times branching ratios point in (ξ-Λφ) plane.
Figure 9.12 (left plot) shows the Mγγbj distribution for the background (dashed histogram) and for the
signal of φ→ hh→ γγbb̄ plus background (solid histogram) after all selections, and for 30 fb−1.
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Fig. 9.12: Left plot: the Mγγbj distribution for the background (dashed histogram) and for the signal of φ→ hh→
γγbb̄ plus background (solid histogram) after all selections for 30 fb−1. Right plot: the Mττbj distribution for the
background (full gray histogram) and for the signal of φ → hh → ττbb̄ plus background (black points with the
error bars) after all selections for 30 fb−1. The fitted curves for the background and signal plus background are
superimposed. On both plots the signal is shown for the maximal cross section times branching ratios point in
(ξ-Λφ)

9.4.2 The φ→ hh→ ττbb̄ channel

The ττbb̄ events were selected by the single electron and muon triggers and by the combined e-plus-τ -
jet and the µ-plus-τ -jet triggers. In the off-line analysis a lepton and τ -jet identification was performed.
The requirements on the jets were similar to the ones used in the γγbb̄ analysis. In addition a cut of
the transverse mass of the lepton and missing transverse momentum, M `ν

T <35 GeV was applied to
suppress the tt̄ and W+jets backgrounds. The di-τ -lepton mass was reconstructed using the missing
transverse energy. The significance of the discovery was calculated using expected number of the signal
and background events after the mass window selections: 100< Mbj <150 GeV, 100< Mττ <160 GeV
and 280< Mττ <330 GeV. Figure 9.12 (right plot) shows the Mττbj distribution for the background
(full, gray histogram) and for the signal of φ→ hh→ ττbb̄ plus background (black points with the error
bars) after all selections, for 30 fb−1. Fitted curves for the background and the signal plus background
are superimposed.

9.4.3 The φ→ hh→ bb̄bb̄ channel

The four b-jet final state yields the highest rate for the signal. The maximal cross section times branching
ratio at Λφ = 1 TeV is 10.3 pb, which results in about 3.1 × 105 signal events for 30 fb−1. The effective
triggering and selection in the off-line analysis of the events is, however a big challenge due to the huge
multi-jet background rate. In fact the remaining background is a few orders of magnitude larger that the
signal in the relevant mass range. Techniques can be envisaged to normalize the background directly
from a signal free region and predict the number of background events in the signal region. In order to
make a 3σ discovery, such extrapolation needs to be performed with a precision of about 0.1%, making
this channel essentially hopeless.

9.4.4 Results

The background contribution to the γγbb̄ final state can be determined directly from the γγ-plus-two-jets
data obtained after all selections, except the final mass window cuts on the Mγγ , Mjb̄ and Mγγbb̄. The
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Fig. 9.13: Left plot: the 5σ discovery contours for the φ → hh → γγbb̄ channel for 30 fb−1. The solid (dashed)
contour shows the discovery region without (with) the effects of the systematic uncertainties (find more explana-
tions in the text). Right plot: the 5σ discovery contours for the φ → hh → ττbb̄ channel for 30 fb−1. The two
contours corresponds to the variation of the background NLO cross sections due to the scale uncertainty. The 5%
experimental systematics on the background is taken into account (see text).

signal-to-background ratio is always less than 10% before the mass cuts are applied. The final cuts on
the Mγγ , Mjb̄ and Mγγbb̄ introduce a systematic uncertainty on the number of the background events
expected after these cuts. This uncertainty is determined by the following factors: the energy scale
uncertainty for the photons and jets, and the theoretical uncertainty of the shape of the mass distributions
due to the scale and PDF uncertainties. Figure 9.13 (left plot) shows the 5σ discovery contours for the
φ → hh → γγbb̄ channel for 30 fb−1. The solid (dashed) contour shows the discovery region without
(with) the effects of the systematic uncertainties.

For the ττbb̄ final state the background uncertainty due to the experimental selections was esti-
mated to be between 5% and 10% [34]. Figure 9.13 (right plot) shows the 5σ discovery contours for the
φ → hh → ττbb̄ channel for 30 fb−1. The two contours correspond to the variation of the background
NLO cross sections due to the scale uncertainty. The 5% experimental systematics on the background is
taken into account.

9.5 Search for Randall-Sundrum excitations of gravitons decaying into two photons in CMS
Marie-Claude Lemaire, Vladimir Litvin and Harvey Newman

To test the Randall-Sundrum model, not only Higgs/radion but also graviton production needs to be
studied. This contribution discusses the CMS discovery potential; full simulation and reconstruction are
used to study diphoton decay of Randall-Sundrum gravitons. For an integrated luminosity of 30 fb−1

diphoton decays of Randall-Sundrum gravitons can be discovered at 5σ level for masses up to 1.61 TeV in
case of weak coupling between graviton excitations and Standard Model particles k/M̄P l ≡ c (c = 0.01).
Heavier resonances can be detected for larger coupling constant (c = 0.1), with mass reach of 3.95 TeV.

The search for the G→ γγ signal at LHC is affected by four types of backgrounds:

– The prompt di-photon production from the quark annihilation (“Born”) and gluon fusion diagrams
(“Box”), which provides an intrinsic or ‘irreducible’ background.

– The γ + jets (“Brem”) production consisting of two parts: i) prompt photon from hard interaction
+ the second photon coming from the outgoing quark due to final state radiation and ii) prompt
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photon from hard interaction + the decay of a neutral hadron (mostly isolated π0) in a jet, which
could fake a real photon.

– The background from QCD hadronic jets (“QCD”), where electromagnetic energy deposits result
from the decay of neutral hadrons (especially isolated π0s) in both jets.

– Drell Yan process with e+e− in a final state (“DY”) which could mimic photons when correspon-
dent electron tracks will not be assigned to the superclusters during the reconstruction.

The analysis was done as follows:
1 To find two super-clusters (SCs) with ET > 150 GeV and two HLT trigger bits triggered at the

same time: 1) 2p (two isolated photons with trasnverse energies larger than 40 GeV and 25 GeV
respectively, without any other energy deposited in electromagnetic calorimeter within distance
R (R =

√
δη2 + δφ2) less than 0.5 from the photon); and 2) r2p (two photons with trasnverse

energies larger than 40 GeV and 25 GeV respectively, without any isolation).
2 Calorimeter isolation criteria: for each SC the energy in a cone of ∆R = 0.5 (excluding SC itself)

should be < 0.02ET (SC)

3 E(HCAL)/E(ECAL) < 0.05

4 Tracker isolation: the sum of the energy of all tracks in a cone ∆R = 0.5 around the SC should
be < 0.01ET (SC)

5 Photon energy corrections are done in a simple way so far:
- If the crystal in SC with largest deposited energy had less than 1.7 TeV, only simple energy

dependent part of correction is applied (just a shift of the peak)
- If the crystal in SC with largest deposited energy had more than 1.7 TeV, the Multi-Gain-Pre-

Amplifier (MGPA) saturation correction (1d) was applied
To produce the final results and to calculate the expected statistical significance for RS-1 graviton

search recently calculated next-to-leading order corrections (K factors) to the cross sections of different
types of background are used: K = 1.5 for quark annihilation [41], K = 1.2 for gluon fusion [42], K = 1
for the γ + hadronic jets [42] and K = 1 for QCD jets. For signal, a conservative K= 1 value is taken.

The graviton invariant mass is reconstructed from the two Super-Clusters. For each value of the
generated graviton mass, the corresponding peak is fitted to a Gaussian distribution. The σ of the fit is '
10 GeV for MG = 1.5 TeV and c=0.01, reflecting the detector energy resolution, which is slightly below
0.5% constant term, as obtained from 2004 test beam data; and an additional contribution of 0.16%
which is due to the reconstruction. For MG = 3.5 TeV and c=0.1 it increases up to ' 35 GeV, due to the
natural width of the resonance.

A±3σ window is defined around the fitted peak to compute the numbers of signal and background
events, Ns and Nbkg. The corresponding number of events, obtained through the successive analysis cuts
described above are given for an integrated luminosity 30 fb−1 in Table 9.2 for (MG = 1.5 TeV, c = 0.01)
and in Table 9.3 for (MG = 3.5 TeV, c = 0.1).

Signals over backgrounds with all events satisfying all the selection cuts are displayed in Fig. 9.14
for (MG = 1.5 TeV, c = 0.01), (MG = 3.0 TeV, c = 0.1) and for an integrated luminosity of 30 fb−1. In
Fig. 9.15, signal over backgrounds are given for (MG = 1.0 TeV, c = 0.01), (MG = 2.5 TeV, c = 0.1)
and for an integrated luminosity of 10 fb−1.

Taking into account the K-factors described above, we have got next number of events for signal
and background and calculated significance for c = 0.01 and c = 0.1 , for the L = 30 fb−1. S =√

2lnQ, with Q = (1 + ns/nb)
ns+nbexp(−ns) in Tables 9.4 and 9.5.

Expected statistical significance SL2 is plotted for (MG, c) space for 10, 30 and 60 fb−1 (Fig. 9.16).
Uncertainties were not taken into account in Fig. 9.16.

The discovery region in the plane of the coupling parameter c and the graviton mass is given in
Fig. 9.17.
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Table 9.2: Number of events passed through the analysis cuts defined above for MG = 1.5 TeV, c = 0.01 and
L = 30 fb−1. Leading column is non-saturated events, all saturated events, passed through the analysis, were
added in brackets, where applied.

Signal Born Box Brem QCD DY
(k=1.5) (k=1.2) (k=1) (k=1) (k=1)

trigger + 2SC 28.9 8.6 0.10 29.2 798.7 4.3
+ EM isolation 24.5 5.5 0.08 20.3 361.8 3.5
+ HCAL/ECAL 24.3 5.4 0.08 4.4 12.8 3.5
+ tracker isolation 17.6 4.2(+0.2) 0.05 0.17 0.0 0.0

Table 9.3: Number of events passed through the analysis cuts defined above for MG = 3.5 TeV, c = 0.1 and
L = 30 fb−1. Leading column is non-saturated events, all saturated events, passed through the analysis, were
added in brackets, where applied.

Signal Born Box Brem QCD DY
(k=1.5) (k=1.2) (k=1) (k=1) (k=1)

trigger + 2SC 11.6 0.20 4.4 ∗ 10−4 0.78 821.9 0.10
+ EM isolation 10.8 0.14 3.6 ∗ 10−4 0.32 164.4 0.095
+ HCAL/ECAL 10.6 0.13 3.4 ∗ 10−4 0.016 0.0 0.095
+ tracker isolation 8.9(+1.0) 0.10(+0.02) 2.7(+0.24) ∗ 10−4 1.7 ∗ 10−3 0.0 7.2 ∗ 10−4

Table 9.4: Significance for c = 0.01 and L = 30 fb−1

MG = 1.0 MG = 1.25 MG = 1.5 MG = 1.75 MG = 2.0
TeV TeV TeV TeV TeV

Ns 135.8 44.0 17.6 7.3 3.9
Nbkg 15.0 8.8 4.6 1.8 1.2
Significance 20.6 10.1 5.9 3.9 2.6

Table 9.5: Significance for c = 0.1 and L = 30 fb−1

MG = 2.5 MG = 3.0 MG = 3.5 MG = 4.0 MG = 4.5
TeV TeV TeV TeV TeV

Ns 103.8 31.6 9.9 3.44 1.11
Nbkg 1.11 0.35 0.13 0.06 0.02
Significance 27.3 15.0 8.2 4.6 2.6
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gravitons for 10 fb−1 integrated luminosity.

Recent results for 5σ discovery limits for 10, 30 and 60 fb−1 are presented in Table 9.6. Confidence
limits uncertainties were calculated for 30 fb−1 and also presented in Table 9.6. The first uncertainty
corresponds to hard scale uncertainties (it was varied from 0.25ŝ to 4ŝ, default value was ŝ of the subpro-
cess). The second uncertainty corresponds to cross section uncertainties because of PDF uncertainties.
The third uncertainty corresponds to the fact, that Tevatron most recent measures pointed out that Born
K-factor might be closer to 2 [43] instead of 1.5 as was used in this study.

Table 9.6: Results for 5σ discovery limits for 10, 30 and 60 fb−1 and confidence limits uncertainties for 30 fb−1

for 60 fb−1, GeV for 30 fb−1, GeV for 10 fb−1, GeV
c = 0.01 1820 1610 + (+56 − 62) ± 55± 50 1310
c = 0.1 4270 3950 + (+42− 47)± 152 ± 30 3470
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9.6 SUSY Higgs production from 5-D warped supergravity
Steve Fitzgerald

Scenarios which combine the five-dimensional warped spacetime of the Randall-Sundrum model [1, 44]
with supersymmetry are interesting for a number of reasons. Firstly, they address the issue of radion
stabilization – the energy scale at which SUSY is broken corresponds to the scale at which the scale-
invariance of the Randall-Sundrum solution is broken, and hence sets the scale of the extra dimension;
see for example [45–49]. Secondly, since they are derived from supergravity, the Giudice-Masiero mech-
anism [50] to resolve the µ-problem can be implemented. Thirdly, it seems possible to make contact with
Type IIB string theory via a supersymmetric warped intermediate sector [51–54]. In this work, Higgs
production in vector boson fusion is investigated, in the context of a minimal supersymmetric extension
of the Standard Model realized onM4×S1/Z2. The model, [55], is inspired by 5-DN = 2 supergravity.
The V V −H0

i channel is sensitive to these scenarios, as it receives contributions both from corrections
to the V V −H0

i vertex itself, and from new 4-point vertices appearing in the 4-D effective Lagrangian.
Production cross-sections, kT and rapidity distributions are calculated for a high-energy e+e− collider,
and compared with those of the MSSM.

9.6.1 The model

The model under consideration first appeared in [55]. Starting from 5-D, N = 2 supergravity realized
on M4 ⊗ S1/Z2, constant brane energy densities are added at the Z2 fixed points. The 5-D Einstein
equations then admit the Randall-Sundrum solution

ds2 = e−2krcφηµνdx
µdxν − r2

cdφ
2 (9.22)

and the 5-D,N = 2 SUSY in bulk is broken to 4-D,N = 1 on the brane by the localized energy densities
and orbifold projection. If we give the modulus field for the fifth dimension (T ) a VEV:

〈T + T †〉 = log

[
3M2

p

Λ2

]
; T = 〈T 〉+

t

Λ
(9.23)

we can extract the 4-D effective theory on the brane fixed at φ = π, and arrive at a theory which looks
like the MSSM with some important differences. In the equation above, MP is the unwarped 4-D Planck
mass, related to the 5-D Planck mass via kM 2

P = M3
5 ; Λ and t are defined below.

We use the standard MSSM superpotential with µ-term modified (see later):

W = hijUQLi ·H2URj + hijDH1 ·QLiDRj

+ hijEH1 · LLiERj + µH1 ·H2. (9.24)

A non-minimal effective Kähler potential Keff is obtained by integrating the action over the com-
pactified dimension and comparing the curvature term with 4-D SUGRA. This is due to the fact that we
are trying to match an effective theory defined on a flat 4-D spacetime with a higher-dimensional bulk
which is curved. This necessitates some important field redefinitions which result in an additional level
of mixing (see later).

Keff = Λ2 exp

{
− t+ t∗

Λ
+

1

Λ2

∑

i

|φi|2+ (λH1 ·H2 + h.c.)

}
(9.25)

In the above expression, Λ represents the cutoff for the effective theory, φi represents all matter + Higgs
scalars, and λ is a parameter allowing “chiral” Higgs terms in K (“·” = SU(2) product H1 · H2 =
H0

1H
0
2−H−1 H+

2 ). There also arises an extra neutral scalar t – the radion, which can mix with the neutral
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Higgses, and its fermionic partner χt, the radino, which can mix with the neutral gauginos and Higgsinos,
resulting in five neutralinos, compared with four in the MSSM. λ contributes to the µ-parameter in the
superpotential:

µ = µ0 + λm3/2, (9.26)

via the Giudice-Masiero mechanism. One can remove µ0 entirely, so µ ∼ m3/2, or leave it in atO(MP ),
naturally warped down to O(Λ). The ‘free’ parameters Λ, λ, µ0, and m3/2 are constrained by elec-
troweak symmetry breaking (EWSB) as follows [55]:

λ ∼ −1

3 +
√

3

{
1− (1 +

√
3)

µ

m3/2
+

µ2

m2
3/2

}
. (9.27)

The MSSM parameter tanβ = 1 after EWSB.

The scalar kinetic terms in the effective Lagrangian

∼ ∂2K

∂φI∂φ∗J
DµφID

µφJ ≡ KIJDµφID
µφJ , (9.28)

where KIJ is the Kähler metric. For a minimal K =
∑

i |φi|2, KIJ = δIJ , and the usual structure is
recovered. However, a non-minimal K leads to a non-diagonal KIJ and what is known as kinetic mixing
of the scalar fields, when one performs the field redefinition to return the kinetic terms to canonical form.
The effect is least suppressed in the neutral scalar and neutralino sector.

These (holomorphic) transformations take the form (to O(1/Λ)):




H0
1

H0
2

t


 −→




1 0 1+λ
4

v
Λ

0 1 1+λ
4

v
Λ

1+λ
4

v
Λ

1+λ
4

v
Λ 1






H0
1

H0
2

t


 (9.29)

diagonalizing kinetic terms and rescaling fields. There are two levels of mixing: the above plus the
normal weak mixing of neutral degrees of freedom. This leads to (CP-even scalar) mass matrix

M2 =




A+B/Λ2 0 0
0 C/Λ2 D/Λ
0 D/Λ E + F/Λ2


 (9.30)

with A to F depending on other scales in the theory, v, m3/2, µ (Appendix C of [55]). The first scalar is
still an exact eigenstate – there is no 1–2, 1–3 mixing. As Λ → ∞, tanβ → 1, i.e. a D-flat direction in
this limit. The finite-Λ corrections break the D-flatness. Also, the lightest Higgs can be up to∼ 700 GeV
without violating the LEP bounds. Figure 9.18 shows the mass of the lightest scalar vs. µ for various
values of Λ. One finds an an upper bound of Λ ∼ 4.4–9.5 TeV from mH > 114 GeV (from breaking of
D-flatness by Λ-suppressed terms).

9.6.2 SUSY Higgs production in W+W− fusion

We now consider the process e+e− −→ νν̄H0. Below are the SM/MSSM tree-level diagrams:

Z

e+

e−

ν

H0
i

ν̄

W

W

e+

e−

H0
i

ν̄

ν
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Fig. 9.18: The mass of the lightest scalar as a function of µ for (top to bottom) Λ = 2, 4, 6, 8 TeV.

We can safely neglect the Higgsstrahlung diagram at high
√
s, as t-channel ln s growth dominates, and

we also neglect diagrams with Higgs radiation off e+, e−, due to the small Yukawas. New and modified
vertices appear in the 4-D effective interaction Lagrangian: the WWH vertex is modified and a new
adjacency 4 vertex arises (with associated Feynman rules in Eq. (9.31)):

W µ W ν

Hi
0

W µ

Hi
0

e−

ν

ie2

2 sin2 θW

{
v(Z1i

R + Z2i
R ) +

1− 2
√

2 + λ

2

v2

Λ
Z3i
R

}
gµν ;

ie

Λ sin θW
γµPLZ

3i
R . (9.31)

The following new diagrams appear:

W

e+

e−

H0
i

ν̄

ν

W

e+

e−

H0
i

ν̄

ν
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Table 9.7: Parameters of points used

Point 1 Point 2 Point 3 MSSM SM

Λ (GeV) 4000 4000 8000 N/A N/A
m3/2 (GeV) 500 350 500 N/A N/A
R1 +R2 0.97 0.96 0.99 0.90 0
R3 −8D − 7 −1.9D − 6 −5.5D − 7 0 0

µ (GeV) 1695 1234 1853 1850 N/A

The extra ( 1
Λ -suppressed) diagrams come from the following structure in the effective Lagrangian:

L ∼
(

1− t+ t∗

Λ

)
×Lkinetic

MSSM (9.32)

Also, the contribution from term (1/Λ)χ̄tσ
µχt∂µt gives a correction to Yukawas, and hence the follow-

ing diagrams appear:

W W

W W

However, their contributions cancel exactly in the matrix element. Any potentially large effects on the
decays, say,

√
s/Λ, say, cancel, leaving observables unaffected toO(mf/Λ). We parameterize the matrix

element as
|M|2 = |MSM |2{R1 +R2 +R3(p1 · p′1 + p2 · p′2 +m2

W )}, (9.33)

where:

– R1 : like sin2(β − α) in MSSM.
– R2 : Correction to WWH vertex.
– R3 : Contribution from new diagrams.

The dominant effect arises from the WWH vertex modification (see Table 9.7). Can it be distinguished
from normal mSUGRA? We choose a Higgs mass of 120 GeV (we assume it is known from LHC). The
mixing matrices, and hence the normalization of the cross-section, will differ from that of mSUGRA.
Table 9.7 gives the parameters of the points chosen for comparison. The mSUGRA point used has
lightest scalar at 120 GeV and tanβ = 3, (from using the low energy mass matrix, β,mA,mZ in the
standard way).
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Fig. 9.19: Total cross sections for the points of Table 9.7.
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Fig. 9.20: pT distributions for the points of Table 9.7.

It should be noted that these example points above represent a ‘worst case scenario,’ where the
model would be most difficult to distinguish from the closest mSUGRA point, and indeed in this sce-
nario it would be difficult, as the differences are only about 10%. This is illustrated in Figs. 9.19 and
9.20, where the cross sections and pT distributions for the example points are plotted against

√
s. A

more likely scenario would be an unusually heavy lightest scalar, which could be satisfactorily explained
by a scenario like the one under consideration. Having a cutoff for an effective theory in the TeV re-
gion necessarily makes phenomenological effects small, and a linear collider would be indispensable in
distinguishing this model from other SUSY scenarios.
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10 HIGGSLESS MODELS

10.1 Introduction

Ben Lillie and John Terning

Recent developments in string theory have definitely had an impact of phenomenological model build-
ing. The possible existence of branes in large extra dimensions has opened up new classes of theo-
ries, especially in the area of electroweak symmetry breaking. The anti-de Sitter/conformal field theory
(AdS/CFT) correspondence led to the Randall-Sundrum (RS) model [1], see Section 9, which allows for
a new approach to the hierarchy problem. Thus discovering inverse TeV sized extra dimensions at the
LHC has become a tantalizing possibility.

The existence of inverse TeV sized dimensions themselves allow for a completely new way to
break electroweak symmetry: boundary conditions in the extra dimension [2]. Since this mechanism
is intrinsically extra dimensional it leads to a very different phenomenology from the standard Higgs
mechanism. In fact, the Dirichlet boundary condition required to break the gauge symmetry can be
thought of as arising through the limit of a Higgs with an infinite VEV. Since the Higgs mass is of the
order of its VEV, we see that boundary condition breaking is effectively a class of Higgsless models for
electroweak symmetry breaking.

At asymptotically high energies it can be shown that the terms in the WW scattering amplitude
that grow with energy are cancelled by the exchange of W Kaluza-Klein (KK) modes [2, 3]. Quark and
lepton masses can also arise through boundary conditions [4]. In a warped AdS background (like the RS
model) a custodial symmetry can ensure the correct ratio for the W and Z masses [5]. Most corrections
to precision electroweak measurements and Z ′ couplings can suppressed if the quarks and leptons are
approximately uniformly spread out in the extra dimension.

However not everything is rosy in Higgsless models. If the W ′ and Z ′ resonances are too heavy
(roughly > 1 TeV) then WW scattering becomes strongly coupled [6–8]. Also implementing a mecha-
nism to produce the top quark mass without messing up the Zbb̄ coupling is quite difficult.

The most obvious implication of this model for colliders is that no physical Higgs state will be
found. However, there are many new positive signals that can be searched for. In particular the Kaluza-
Klein states of the gauge bosons will be easily visible in the Drell-Yan and dijet channels [8], and analysis
of longitudinal gauge boson scattering can directly probe the Higgsless mechanism of electroweak sym-
metry breaking [9].

In the following we will review the requirements for maintaining perturbative unitarity, the con-
straints imposed by precision electroweak measurements, and the collider signatures.

10.1.1 KK mode couplings

We will mainly focus on the most interesting case of a warped extra dimension. We will use the confor-
mally flat metric

ds2 = h(z)2
(
ηµνdx

µdxν − dz2
)

(10.1)

where the extra spatial dimension z is on the interval [R,R′]. A flat extra dimension can be recovered
by taking h(z) = constant, while AdS is obtained by taking h(z) = R/z. If one is uncomfortable
with a non-renormalizable 5D theory, one can always deconstruct the theory [10, 11] which provides a
renormalizable 4D ultraviolet completion of the theory with the same low-energy (TeV) predictions.

The 5D gauge boson decomposes into a 4D gauge boson Aaµ and a 4D scalar Aa5 in the adjoint
representation. Since there is a quadratic term mixing Aµ and A5 we need to add a gauge fixing term
that eliminates this cross term. Thus (using

√−g = h5(z)) we write the action after gauge fixing in Rξ
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gauge as

S =

∫
d4x

∫ R′

R
dz h(z)

(
−1

4
F aµνF

aµν − 1

2
F a5νF

a5ν − 1

2ξ
(∂µA

aµ − ξ∂5A
a
5)2

)
, (10.2)

where F aMN = ∂MA
a
N −∂NAaM +g5f

abcAbMA
c
N , and the fabc’s are the structure constants of the gauge

group. The gauge fixing term is chosen such that (as usual) the cross terms between the 4D gauge fields
Aaµ and the 4D scalars Aa5 cancel (see also [12]). Taking ξ → ∞ will result in the unitary gauge, where
all the KK modes of the scalars fields Aa5 are unphysical (they become the longitudinal modes of the
4D gauge bosons), except if there is a zero mode for the A5’s. We will assume that every Aa5 mode is
massive, and thus that all the A5’s are eliminated in unitary gauge.

The variation of the action (10.2) leads, as usual after integration by parts, to the bulk equations of
motion as well as to boundary terms (we denote by [F ] the boundary quantity F (R ′)− F (R)):

δS =

∫
d4x dz

(
∂MhF

aMν − g5f
abchF bMνAcM +

h

ξ
∂ν∂σAaσ − h∂ν∂5A

a
5

)
δAaν

−
∫
d4x dz

(
h∂σF aσ5 − g5f

abchF bσ5A
cσ + ∂5h∂σA

aσ − ξ∂5h∂5A
a
5

)
δAa5

+

∫
d4x ([hF a5ν δA

aν ] + [h(∂σA
aσ − ξ∂5A

a
5)δAa5 ]) . (10.3)

The bulk terms will give rise to the usual bulk equations of motion:

∂MhF
aMν − g5f

abchF bMνAcM +
h

ξ
∂ν∂σAaσ − h∂ν∂5A

a
5 = 0,

h∂σF aσ5 − g5f
abchF bσ5A

cσ + ∂5h∂σA
aσ − ξ∂5h∂5A

a
5 = 0. (10.4)

However, one has to ensure that the variation of the boundary pieces vanish as well. This will lead to the
requirements

hF aν5 δA
aν |R,R′ = 0, (10.5)

h(∂σA
aσ − ξ∂5A

a
5)δAa5 |R,R′ = 0. (10.6)

The boundary conditions (BCs) have to be such that the above equations be satisfied.

For the case of a scalar (Higgs) with a VEV localized at the endpoint the generic form of the BC
for the gauge fields (in unitary gauge) will be of the form

∂5A
a
µ|R,R′ = V |abR,R′Abµh|R,R′ , (10.7)

where V |abR and V |abR′ are proportional to the VEV’s squared at R and R′. The BCs in (10.7) are mixed
BCs that still ensure the hermiticity (self-adjointness) of the Hamiltonian. In the limit V ab → 0 the
mixed BC reduces to a Neumann BC, while the limit V ab →∞ the mixed BC reduces to a Dirichlet BC.

Finding the KK decomposition of the gauge field reduces to solving a Sturm–Liouville problem
with Neumann or Dirichlet BCs, or in the case of boundary scalars with mixed BCs. Those general BCs
lead to a Kaluza–Klein expansion of the gauge fields of the form

Aaµ(x, z) =
∑

n

εµ ψ
a
n(z)eipnx, (10.8)

where p2
n = M2

n and εµ is a polarization vector. These wavefunctions then satisfy the equation:

h(z)ψan
′′(z) + h′(z)ψan

′(z) +Ma 2
n h(z)ψan(z) = 0, ψan

′|R,R′ = hV |abR,R′ ψbn|R,R′ . (10.9)
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The KK mode wavefunctions can be normalized by requiring

∫
dz h(z)(ψan(z))2 = 1 . (10.10)

The couplings between the different KK modes can then be obtained by substituting this expression into
the Lagrangian (10.2) and integrating over the extra dimension. The resulting couplings are then the
usual 4D Yang-Mills couplings, with the gauge coupling g4 in the cubic and gauge coupling square in
the quartic vertices replaced by the effective couplings involving the integrals of the wave functions of
the KK modes over the extra dimension:

gcubic → gabcmnk = g5

∫
dz h(z)ψam(z)ψbn(z)ψck(z), (10.11)

g2
quartic → g2 abcd

mnkl = g2
5

∫
dz h(z)ψam(z)ψbn(z)ψck(z)ψdl (z). (10.12)

Here a, b, c, d refer to the gauge index of the gauge bosons and m,n, k, l to the KK number.

10.1.2 The elastic scattering amplitude
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Fig. 10.1: Elastic scattering of longitudinal modes of KK gauge bosons, n + n → n + n, with the gauge index
structure a+ b→ c+ d.

We want to calculate the energy dependence of the amplitude of the elastic scattering of the
longitudinal modes of the KK gauge bosons n + n → n + n with gauge index structure a + b →
c + d (see Fig. 10.1), where this process involves both exchange of the k’th KK mode from the cu-
bic vertex, and the direct contribution from the quartic vertex. There are four diagrams as shown
in Fig. 10.2: the s, t and u-channel exchange of the KK modes, and the contribution of the quar-
tic vertex. The kinematics assumed for this elastic scattering is in the center of mass frame, where
the incoming momentum vectors are pµ = (E, 0, 0,±

√
E2 −M2

n), while the outgoing momenta are
(E,±

√
E2 −M2

n sin θ, 0,±
√
E2 −M2

n cos θ). E is the incoming energy, and θ the scattering angle
with forward scattering for θ = 0. The longitudinal polarization vectors are as usual εµ = ( |~p|M , EM

~p
|~p|)

and accordingly the contribution of each diagram can be as bad as E4/M4
n . It is straightforward to

evaluate the full scattering amplitude, and extract the leading behavior for large values energies of this
amplitude. The general structure of the expansion in energy contains three terms:

A = A(4) E
4

M4
n

+A(2) E
2

M2
n

+A(0). (10.13)

We would like to understand under what circumstances will A(4) and A(2) vanish, this does not
imply that the conventional unitarity bounds on the finite amplitudes have to be satisfied for all processes.
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Fig. 10.2: The four gauge diagrams contributing at tree level to the gauge boson elastic scattering amplitude.

The term growing with E4 depends only on the effective couplings and not on the mass spectrum.
The condition for cancelling the coefficient of this term is:

g2
nnnn =

∑

k

g2
nnk. (10.14)

Using this relation the condition for the E2 terms to cancel can be simplified to:

4g2
nnnnM

2
n = 3

∑

k

g2
nnkM

2
k . (10.15)

The goal of the remainder of this section is to examine under what circumstances the terms that
grow with energy actually cancel. Consider first the E4 term. According to (10.14) the requirement for
cancellation is

∫ R′

R
dz h(z)ψ4

n(z) =
∑

k

∫ R′

R
dy

∫ R′

R
dz h(y)h(z)ψ2

n(y)ψ2
n(z)ψk(y)ψk(z). (10.16)

One can easily see that this equation is in fact satisfied no matter what BC one is imposing, as long as
that BC still maintains hermiticity of the kinetic operator

h ∂2
z + (∂zh)∂z . (10.17)

In this case one can explicitly check that

∫ R′

R
hψ∗nψ

′
m
′
+ h′ψ∗nψ

′
m =

∫ R′

R
hψ∗n

′′ψm + h′ψ∗n
′ψm . (10.18)
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For such hermitian operators one is guaranteed to get an orthonormal complete set of solutions ψk(y),
thus from the completeness it follows that

∑

k

ψk(y)ψk(z) =
1

h(z)
δ(y − z), (10.19)

which immediately implies (10.16).

The condition for the cancellation of the E2 terms is as in (10.15)

3
∑

k

M2
k

∫ R′

R
dy

∫ R′

R
dz h(y)h(z)ψ2

n(y)ψ2
n(z)ψk(y)ψk(z) = 4M 2

n

∫ R′

R
dz h(z)ψ4

n(z). (10.20)

By integration by parts we find (we denote again by [F ] the boundary quantity F (R ′)− F (R))

∑

k

M2
k

(∫
dzh(z)ψ2

n(z)ψk(z)

)2

= 4
3M

2
n

∫
dzh(z)ψ4

n(z) − 2
3 [hψ3

nψ
′
n]

−
∑

k

[hψ2
nψ
′
k]

∫
dzh(z)ψ2

n(z)ψk(z) + 2
∑

k

[hψnψ
′
nψk]

∫
dzh(z)ψ2

n(z)ψk(z). (10.21)

Thus one can see that for arbitrary BCs the E2 terms do not cancel. However, if one has pure Dirichlet
or Neumann BCs for all modes then all the extra boundary terms will vanish, and thus the cancellation of
the E2 terms goes through [2]. The fact that in the absence of a Higgs VEV, or any other source of gauge
symmetry breaking, (i.e. the Neumann BC) there is no problem with unitarity is not really surprising.
It is somewhat surprising that with an infinite Higgs VEV (the Dirichlet BC) there is also no problem.
To understand what is happening it is useful to recall what actually happens in the general mixed case.
Even with mixed BCs there is no problem with unitary once one includes the diagrams corresponding
to the exchange of the Higgs on the boundary. These diagrams cancel the E2 terms just as they do in
4D. However in the limit that Higgs VEV is large the gauge boson wavefunctions are repelled from the
boundary since it costs a lot of energy to reside there. A simple calculation shows that the product of the
Higgs VEV times the gauge boson wavefunction squared evaluated on the boundary goes to zero in the
large VEV limit. Thus the Higgs decouples in the infinite VEV limit and unitarity is preserved without
any need for a physical Higgs boson.

10.1.3 Electroweak gauge bosons

We will now apply the Higgsless idea to electroweak symmetry breaking in a mostly realistic RS type
model. We denote by ARaM , ALaM and BM the gauge bosons of SU(2)R, SU(2)L and U(1)B−L respec-
tively; g5 is the gauge coupling of the two SU(2)’s and g̃5, the gauge coupling of U(1)B−L. We impose
the following BCs:

at z = R′ :
{
∂z(A

La
µ +ARaµ ) = 0, ALaµ −ARaµ = 0, ∂zBµ = 0,

(ALa5 +ARa5 ) = 0, ∂z(A
L a
5 −ARa5 ) = 0, B5 = 0.

(10.22)

at z = R :





∂5A
La
µ = 0, AR 1,2

µ = 0,

∂z(g5Bµ + g̃5A
R 3
µ ) = 0, g̃5Bµ − g5A

R 3
µ = 0,

ALa5 = 0, ARa5 = 0, B5 = 0.

(10.23)

The BCs break SU(2)R × U(1)B−L down to U(1)Y on the Planck brane (z = R) and break SU(2)L ×
SU(2)R down to a diagonal SU(2) on the TeV brane (z = R′).

The Euclidean bulk equation of motion satisfied by spin-1 fields in AdS space is

(∂2
z −

1

z
∂z + q2)ψ(z) = 0, (10.24)
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where the solutions in the bulk are assumed to be of the form Aµ(q)e−iqxψ(z). The KK mode expansion
is given by the solutions to this equation which are of the form

ψ
(A)
k (z) = z

(
a

(A)
k J1(qkz) + b

(A)
k Y1(qkz)

)
, (10.25)

where A labels the corresponding gauge boson.

To leading order in 1/R and for log (R′/R)� 1, the lightest solution for eigenvalue equation for
the mass of the W±’s is

M2
W =

1

R′2 log
(
R′
R

) , (10.26)

while the lowest mass in the Z tower is approximately given by

M2
Z =

g2
5 + 2g̃2

5

g2
5 + g̃2

5

1

R′2 log
(
R′
R

) . (10.27)

The correct mass ratios (a small T parameter) are guaranteed by the unbroken diagonal SU(2) symmetry
on the TeV brane which acts as a custodial symmetry [5].

From the expansion for small arguments of the Bessel functions appearing in (10.25), the wave-
function of a mode with mass M � 1/R′ can be written as [13]:

ψ(A)(z) ≈ c
(A)
0 +M2

Az
2

(
c
(A)
1 − c

(A)
0

2
log(z/R)

)
+O(M4

Az
4), (10.28)

with c(A)
0 at most of order one, c(A)

1 ∼ O(log(R′/R)), and M 2 ∼ O(1/ log(R′/R)).

The boundary conditions on the bulk gauge fields give the following results for the leading and
next-to-leading log terms in the wavefunction for the lightest charged gauge bosons

c
(L±)
0 = c± , c

(R±)
0 ≈ 0 , (10.29)

c
(L±)
1 ≈ 0 , c

(R±)
1 ≈ c±

2
log

(
R′

R

)
, (10.30)

while for the neutral gauge bosons we find in the same approximation

c
(L3)
0 ≈ c , c

(R3)
0 ≈ −c g̃2

5

g2
5 + g̃2

5

, c
(B)
0 ≈ −c g5 g̃5

g2
5 + g̃2

5

. (10.31)

To leading log order we also have:

c
(L3)
1 ≈ 0 , c

(R3)
1 ≈ c g2

5

2
(
g2

5 + g̃2
5

) log

(
R′

R

)
, c

(B)
1 ≈ −c g5 g̃5

2
(
g2

5 + g̃2
5

) log

(
R′

R

)
. (10.32)

10.1.4 Precision electroweak measurements

The simplest way to calculate the contributions to precision electroweak measurements is to use “equiv-
alent vacuum polarizations” that can be extracted from the gauge boson wavefunction renormalizations:

Zγ = 1 , ZW = 1− g2Π′11 , ZZ = 1− (g2 + g′ 2)Π′33 , (10.33)

Since the photon is massless it’s wavefunction is exactly flat, so requiring that the quarks and leptons
have the correct charge fixes Zγ = 1. For the W and Z however the wavefunctions have some nontrivial
shape so canonically normalizing the light quark and lepton modes and requiring that their overlaps with
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the W and Z reproduce the standard model couplings fixes ZW , ZZ 6= 1. Given these “equivalent
vacuum polarizations” it is straightforward to compute the S, T , and U parameters.

S ≡ 16π(Π′33 −Π′3Q),

T ≡ 4π

s2c2M2
Z

(Π11(0) −Π33(0)),

U ≡ 16π(Π′11 −Π′33), (10.34)

where Πii(0) is simply extracted from the gauge boson mass terms. For fermions localized on the Planck
brane the calculation can be perfomed analytically and we find there is a problem with S:

S ≈ 8πR′ 2M2
z

g2 + g′2
≈ 1.5 (10.35)

Such a large value is reminiscent of technicolor models.

However if we allow the quarks and leptons can have an arbitrary bulk mass then the lightest
modes can be localized with a wavefunction that is arbitrary power of z. Then since it is known that in
RS models with quarks and leptons on the TeV brane (at z = R′) S is large and negative [13], it is clear
that S will vanish for some intermediate localization. Indeed when the fermions are roughly uniformly
distributed through the bulk S goes through zero [10, 14–17]. The fact that S vanishes has a deeper
significance, since it follows from orthogonalilty of wavefunctions. If the currents that couple to the W
and Z have the same profile as the gauge bosons then the overlap of the current with all higher gauge
boson KK modes will be exactly zero. If the current and the gauge bosons have very similar profiles
in the extra dimension then the gauge boson coupling is still relatively enhanced while the coupling to
higher KK modes is suppressed. Thus in the region where the precision electroweak constraints are
satisfied (S ≈ 0) because the coupling to higher KK is suppressed, the bounds from the Tevatron and
LEP on such KK modes are relaxed down to a bound around 500 − 600 GeV.

The remaining problem with precision electroweak measurements is the compatibility of a large
top quark mass with the observed Zbb coupling. The large top mass requires the left-handed and right-
handed top quarks to have a profile which is localized toward the TeV brane. However if the left-
handed top (and thus the left-handed bottom) are too close to the TeV brane then the gauge couplings
of the bottom will be too different from the down and strange quarks. This problem may be avoided by
separating the physics which generates the top quark mass [17, 18] or by allowing the Higgs VEV to
extend slightly into the bulk [19].

10.1.5 Collider phenomenology

The most distinctive feature of the Higgsless models is, of course, the absence of a physical scalar
state in the spectrum. However, other models exist in which the Higgs is unobservable at the LHC.
For this reason, identification of this as the mechanism of electroweak symmetry breaking will require
examination of other sectors. There are two potential types of signals that will help to identify the
model: those that are related to the RS physics required to realize the Higgsless mechanism, and those
that directly probe this as the mechanism of symmetry breaking and unitarity restoration. In the first
class are observations of Kaluza-Klein of electroweak gauge bosons and gluons [8]. In the second class
are observations of resonances in the scattering of longitudinal electroweak bosons [20].

The easiest signal to see is the first gluon Kaluza-Klein (KK) resonance. This will show up as a
resonance in the dijet spectrum, as seen in Fig. 10.3. Like all low-lying KK resonances, this is localized
near the IR brane. In most RS models with fermions in the bulk the need to produce a large top mass
forces the right-handed top and third generation quark doublet to also be localized near the IR brane.
This means that the gluon resonances will generically couple more strongly to tops and bottoms than to
light quarks, and observation of this will be a clue that the model may be RS.
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Fig. 10.3: Dijet invariant mass spectrum at the LHC showing a prominent resonance due to the first gluon Kaluza-
Klein state.

Fig. 10.4: Event rate for Drell-Yan production of the first neutral KK gauge boson, as a function of the invariant
mass of the lepton pair. The dotted line is the SM background. The other histograms, from top to bottom, include
the resonance with width parameter c = (1, 2, 3, 5, 10, 25, 100).

More important for studies of electroweak symmetry breaking, of course, is the observation of
gauge boson KK resonances. The simplest place to look is in the Drell-Yan spectrum. The couplings of
these states to fermions depend on the fermion localization parameters, in particular the top localization.

Fig. 10.4 shows the Drell-Yan spectrum from a neutral KK at about 2.3 TeV. We can write the
width as Γ = cΓ0, where Γ0 is what the width of the state would be if all fermions were localized to the
Planck brane. The different curves in Fig. 10.4 correspond to different values of c, ranging from c = 1
to c = 100. Note that the state presented is at a high mass. In general, a successful Higgsless model is
expected to have lighter states, and hence they should be more easily discoverable at the LHC.

As shown in [20] searches for the process WZ → WZ can directly probe the Higgsless mecha-
nism for electroweak symmetry breaking. In particular, the sum rules that ensure unitarity can be directly
probed by measurements of the couplings of the gauge KKs to longitudinal gauge bosons. Fig. 10.5
shows the production of the first charged KK resonance in this channel. For comparison, two resonances
appearing in different technicolor-type models are also shown. As can be seen, the most striking feature
of the Higgsless model is the narrow width of the resonance. Note that these searches have the additional
advantage of being largely independent of the parameters in the fermion sector.
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Fig. 10.5: Event rate for production of 2j + 3`+ ν, corresponding to WZ production with fully leptonic decays.
From ref. [9].

10.2 Quark and lepton masses

Christophe Grojean

10.2.1 Chiral fermions from a 5D theory on an interval

In the SM, quarks and leptons acquire a mass, after EWSB, through their Yukawa couplings to the Higgs.
In absence of a Higgs, one cannot write any Yukawa coupling and one should expect the fermions
to remain massless. However, as for the gauge fields, appropriate boundary conditions will force the
fermions to acquire a momentum along the extra dimension and this is how they will become massive
from the 4D point of view. We are now going to review this construction [4].

The SM fermions cannot be completely localized on the UV boundary: since the unbroken gauge
group on that boundary coincides with the SM SU(2)L × U(1)Y symmetry, the theory on that brane
would be chiral and there is no way for the chiral zero mode fermions to acquire a mass. The SM
fermions cannot live on the IR brane either since the unbroken SU(2)D gauge symmetry will impose an
isospin invariant spectrum and the up-type and down-type quarks will be degenerate. The only possibility
is thus to embed the SM fermions into 5D fields living in the bulk and feeling the gauge symmetry
breakings on both boundaries. Since the irreducible spin-1/2 representations of the 5D Lorentz group
correspond to 4-component Dirac spinor, extra fermionic degrees of freedom are needed to complete the
SM chiral spinors to 5D Dirac spinors and we are back to a vector-like spectrum. However, as it is well
known, orbifold like projections (or equivalently appropriate boundary conditions) can get rid of half of
the spectrum at the lowest KK level to actually provide a 4D effective chiral theory. This way we can
embed the SM quarks and leptons into 5D Dirac spinors following Table 10.1.

10.2.2 Fermions in AdS background

In principle when one is dealing with fermions in a non-trivial background, one needs to work with the
“square-root” of the metric also known as vielbeins and to introduce the spin connection to covariantize
derivatives. Fortunately, in an AdS background, the spin connection drops out from the spin-1/2 action
that simply reads

S =

∫
d5x

R4

z4

(
−iχ̄σ̄µ∂µχ− iψσµ∂µψ̄ + (ψ

←→
∂5χ− χ̄

←→
∂5 ψ̄) +

c

z

(
ψχ+ χ̄ψ̄

))
(10.36)
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Table 10.1: Embedding of the SM fermions into 5D Dirac spinors. We have indicated the quantum numbers of the
different components under the bulk SU(2)L × SU(2)R × U(1)B−L symmetry, the subgroup SU(2)L × U(1)Y
that remains unbroken on the UV boundary, the subgroup SU(2)D × U(1)B−L unbroken on the IR brane and
finally the electric charge. The shaded spinors are the fields with the right quantum numbers to be identified as the
massless SM fermions while the other spinors correspond to partners needed to complete 5D Dirac spinors. The
latter become massive by the orbifold projection/boundary conditions. Through the Dirac mass added on the IR
boundary, there will be a mixing between the would be zero modes and some partners and at the end the guy that
would be identified as the SM uL is a mix of χuL and a small amount of χuR . Since this last field has wrong SM
quantum numbers, we would end up with deviations in the couplings of the fermions to the gauge bosons. These
deviations will be particularly sizable for the third generation due to the heaviness of the top.

where the coefficient c = mR is the bulk Dirac mass in units of the AdS curvature (and
←→
∂5 = (

−→
∂5 −←−

∂5)/2). The bulk equations of motion are:

−iσ̄µ∂µχ− ∂5ψ̄ +
c+ 2

z
ψ̄ = 0 − iσµ∂µψ̄ + ∂5χ+

c− 2

z
χ = 0. (10.37)

The KK decomposition is of the form

χ =
∑

n

gn(z)χn(x) and ψ̄ =
∑

n

fn(z) ψ̄n(x). (10.38)

and the 5D Dirac equation is equivalent to the coupled first order differential equations

f ′n +mngn −
c+ 2

z
fn = 0, g′n −mnfn +

c− 2

z
gn = 0, (10.39)

which can be combined into uncoupled second order differential equations

f ′′n − 4
zf
′
n + (m2

n − c2−c−6
z2 )fn = 0, g′′n − 4

z g
′
n + (m2

n − c2+c−6
z2 )gn = 0. (10.40)

The solutions are now linear combinations of Bessel functions, as opposed to sin and cos functions for
the flat case:

gn(z) = z
5
2

(
AnJc+ 1

2
(mnz) +BnYc+ 1

2
(mnz)

)
(10.41)

fn(z) = z
5
2

(
CnJc− 1

2
(mnz) +DnYc− 1

2
(mnz)

)
. (10.42)
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The first order bulk equations of motion (10.39) further impose that

An = Cn and Bn = Dn. (10.43)

The remaining undetermined coefficients are determined by the boundary conditions, and the wave func-
tion normalization.

Finally, when the boundary conditions permit, there can also be a zero mode. For instance, if
ψ|R,R′ = 0, the zero mode is given by

g0(z) = A0

( z
R

)2−c
, f = 0. (10.44)

The coefficient A0 is determined by the normalization condition

∫ R′

R
dz

(
R

z

)5 z

R
A2

0

( z
R

)4−2c
= A2

0

∫ R′

R

( z
R

)−2c
dz = 1. (10.45)

To understand from these equations where the fermions are localized, we study the behavior of this
integral as we vary the limits of integration. If we send R′ to infinity, we see that the integral remains
convergent if c > 1/2, and the fermion is then localized on the UV brane. If we send R to zero, the
integral is convergent if c < 1/2, and the fermion is localized on the IR brane. The value of the Dirac
mass determines whether the fermion is localized toward the UV or IR branes. We note that the opposite
choice of boundary conditions that yields a zero mode (χ|R,R′ = 0) results in a zero mode solution for ψ
with localization at the UV brane when c < −1/2, and at the IR brane when c > −1/2. The interesting
feature in the warped case is that the localization transition occurs not when the bulk mass passes through
zero, but at points where |c| = 1/2. This is due to the curvature effects of the extra dimension. The CFT
interpretation of the c parameter is an anomalous dimension that controls the amount of compositeness
of the fermion [21].

10.2.3 Higgsless fermions masses

We have already explained how to embed SM fermions into 5D Dirac spinors. To get the zero modes we
desire, the following boundary conditions have to be imposed




χuL
ψ̄uL
χdL
ψ̄dL




+ +
− −
+ +
− −




χuR
ψ̄uR
χdR
ψ̄dR




− −
+ +
− −
+ +

(10.46)

Where the + and − refer to Neumann and Dirichlet boundary conditions, the first/second sign denoting
the BC on the UV/IR brane respectively. These boundary conditions give massless chiral modes that
match the fermion content of the standard model. However, the uL, dL, uR, and dR are all massless
at this stage, and we need to lift the zero modes to achieve the standard model mass spectrum. While
simply giving certain boundary conditions for the fermions will enable us to lift these zero modes, in the
following discussion, we talk about boundary operators, and the boundary conditions that these operators
induce. There are some subtleties in dealing with boundary operators for fermions. These arise from the
fact that the fields themselves are not always continuous in the presence of a boundary operator. This
is due to the fact that the equations of motion for fermions are first order. The most straightforward
approach is to enforce the boundary conditions that give the zero modes as shown in Eq. (10.46) on the
real boundary at z = R,R′ while the boundary operators are added on a fictitious brane a distance ε
away from it. The new boundary condition is then obtained by taking the distance ε to be small. This
physical picture is quite helpful in understanding what the different boundary conditions will do. The
details can be found in [4].

417

HIGGSLESSMODELS

417



SU(2)D x U(1)B-L

SU(2)L x U(1)Y

IR

UV

vector-like mass
isospin splitting

−iκψdRσµ∂µψ̄dR R′MD (χuLψuR + χdLψdR + h.c.)

Fig. 10.6: Brane localized operators needed to lift up the masses of the SM fermions.

The IR brane being vector-like, we can now form an SU(2)D mass term that will mix the L and
R SM helicities. However, this Dirac mass term has to be the same for the up and the down quarks (the
mass term is isospin invariant). Fortunately, the SU(2)R invariance is broken on the UV brane and there
we can introduce operators that will distinguish between uR and dR. Technically, the effects of the brane
localized operators is to modified the BCs. Explicitly, the IR Dirac mass affect the BCs as follows

χL +
ψL −
χR −
ψR +

ψL|IR = 0

χR|IR = 0
MD

=⇒
discontinuities

in
χL &ψR

ψL|IR = −MDR
′ ψR|IR

χR|IR = MDR
′ χL|IR

In the same way, the UV brane operator will modify the BCs as follows

χuR −
ψuR +

χuR |UV = 0
κ

=⇒
discontinuity

in
ψuR

χuR |UV = κmψuR |UV

It is now easy to enforce these modified boundary conditions using the general form of the wavefunc-
tions (10.41)–(10.42) that satisfy the bulk equations of motion. For fermions localized toward the UV
brane (cL > 1/2 and cR < −1/2), we obtain the approximate expression

m ≈
√

2cL − 1√
κ2 − 1/(2cR + 1)

MD

(
R UV

RIR

)cL−cR−1

. (10.47)

10.2.4 Top mass and ZbLb̄L deviation

The spectrum of the light generations of quarks can be easily reproduced along these lines. The top mass
poses a difficulty, however. Indeed, increasing MD won’t arbitrarily increase the fermion mass which
will saturate: the situation is similar to what happens with a large Higgs vev localized on the boundary,
the gauge boson masses remain finite even when the vev is sent to infinity. The maximum value of the
fermion mass can be inferred by noticing that in the infinite MD limit, there is a chirality flip in the BCs
that become

χL +
ψL −
χR −
ψR +

ψL|IR = −MDR
′ ψR|IR

χR|IR = MDR
′ χL|IR

MD →∞
=⇒

ψR|IR = 0

χL|IR = 0

χL −
ψL +
χR +
ψR −
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and the corresponding mass is

m2 =
2

R′2 logR′/R
= 2M2

W . (10.48)

where in the last equality, we used the expression of the W mass in terms of R and R ′ and we have
assumed g5R = g5L. If we want to go above this saturated mass, one needs to localize the fermions
toward the IR brane. However, even in this case a sizable Dirac mass term on the TeV brane is needed to
obtain a heavy enough top quark. The consequence of this mass term is the boundary condition for the
bottom quarks

χbR = MDR
′ χbL. (10.49)

This implies that if MDR
′ ∼ 1 then the left handed bottom quark has a sizable component also living in

an SU(2)R multiplet, which however has a coupling to the Z that is different from the SM value. Thus
there will be a large deviation in the ZbLb̄L coupling. Note, that the same deviation will not appear in
the ZbRb̄R coupling, since the extra kinetic term introduced on the Planck brane to split top and bottom
will imply that the right handed b lives mostly in the induced fermion on the Planck brane which has the
correct coupling to the Z .

The only way of getting around this problem would be to raise the value of 1/R ′, and thus lower
the necessary mixing on the TeV brane needed to obtain a heavy top quark. One way of raising the value
of 1/R′ is by increasing the ratio g5R/g5L (at the price of also making the gauge KK modes heavier and
thus the theory more strongly coupled). Another possibility for raising the value of 1/R ′ is to separate
the physics responsible for electroweak symmetry breaking from that responsible for the generation of
the top mass. In technicolor models this is usually achieved by introducing a new strong interaction
called topcolor. In the extra dimensional setup this would correspond to adding two separate AdS5

bulks, which meet at the Planck brane [18]. One bulk would then be mostly responsible for electroweak
symmetry breaking, the other for generating the top mass. The details of such models have been worked
out in [18] (see also [22]). The main consequences of such models would be the necessary appearance of
an isotriplet pseudo-Goldstone boson called the top-pion, and depending on the detailed implementation
of the model there could also be a scalar particle (called the top-Higgs) appearing. This top-Higgs would
however not be playing a major role in the unitarization of the gauge boson scattering amplitudes, but
rather serve as the source for the top-mass only.

10.2.5 Fermion delocalization and EW precision tests

As already mentioned in earlier, the delocalization of SM fermions in the bulk is helpful in keeping the
oblique corrections under control. In order to quantify this statement, it is sufficient to consider a toy
model where all the three families of fermions are massless and have a universal delocalized profile in the
bulk. When the profile of the fermion wavefunction is almost flat, cL ≈ 1/2, the leading contributions to
S are:

S =
2π

g2 log R′
R

(
1 + (2cL − 1) log

R′

R
+O

(
(2cL − 1)2

))
. (10.50)

In the flat limit cL = 1/2, S is already suppressed by a factor of 3 with respect to the Planck brane
localization case. Moreover, the leading terms cancel out for:

cL =
1

2
− 1

2 log R′
R

≈ 0.487 . (10.51)

In Fig. 10.7 we have plotted the value of the NDA cut-off scale as well as the mass of the first
resonance in the (cL − R) plane. Increasing R also affects the oblique corrections. However, while it
is always possible to reduce S by delocalizing the fermions, T increases and puts a limit on how far R
can be raised. One can also see from Fig. 10.8 that in the region where |S| < 0.25, the coupling of
the first resonance with the light fermions is generically suppressed to less than 10% of the SM value.
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Fig. 10.7: Contour plots of ΛNDA (solid blue lines) and MZ(1) (dashed red lines) in the parameter space cL–R.
The shaded region is excluded by direct searches of light Z ′ at LEP.

This means that the LEP bound of 2 TeV for SM–like Z ′ is also decreased by a factor of 10 at least
(the correction to the differential cross section is roughly proportional to g2/M2

Z′). In the end, values of
R as large as 10−7 GeV−1 are allowed, where the resonance masses are around 600 GeV. So, even if,
following the analysis of [23], we take into account a factor of roughly 1/4 in the NDA scale, we see that
the appearance of strong coupling regime can be delayed up to 10 TeV.

It is fair to say that, to date, the major challenge facing Higgsless models is really the incorporation
of the third family of quarks while the oblique corrections can be kept under control, at a price of some
conspiracy in the localization of the SM quarks and leptons along the extra dimension.

10.3 Higgsless electroweak symmetry breaking from moose models

Stefania De Curtis and Daniele Dominici

Higgsless models, in their ”modern” version, are formulated as gauge theories in a five dimensional
space-time and symmetry breaking is realized by means of field boundary conditions in the fifth dimen-
sion [2]. One of the interesting features of these schemes is the possibility to delay the unitarity violation
scale via the exchange of massive (Kaluza Klein) KK modes [2, 3]. However, it is generally difficult to
reconcile a delayed unitarity with the electroweak (EW) constraints. For instance in the framework of
models with only ordinary fermions, it is possible to get a small or zero S parameter [24], at the expenses
of having a unitarity bound as in the Standard Model (SM) without the Higgs, that is of the order of 1
TeV. A recent solution to the problem, which does not spoil the unitarity requirement at low scales, has
been found by delocalizing the fermions in five dimensional theories [14, 25]. We will investigate this
possibility in the context of deconstructed gauge theories which come out when the extra dimension is
discretized [26]. Through discretization of the fifth dimension we get a finite set of four-dimensional
gauge theories each of them acting at a particular lattice site. In this construction, any connection field
along the fifth dimension, A5, goes naturally into the link variables Σi = e−iaA

i−1
5 realizing the parallel

transport between two lattice sites (here a is the lattice spacing). The link variables satisfy the condition
ΣΣ† = 1 and can be identified with chiral fields. In this way the discretized version of the original
5-dimensional gauge theory is substituted by a collection of four-dimensional gauge theories with gauge
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Fig. 10.8: In the left, the contours of S (red), for |S| = 0.25 (solid) and 0.5 (dashed) and T (blue), for |T | = 0.1

(dotted), 0.3 (solid) and 0.5 (dashed), as function of cL and R are shown. On the right, contours for the generic
suppression of fermion couplings to the first resonance with respect to the SM value can be seen. The region for
cL, allowed by S, is between 0.43± 0.5, where the couplings are suppressed at least by a factor of 10.

interacting chiral fields Σi, synthetically described by a moose diagram (an example is given in Fig. 10.9).
Here we consider the simplest linear moose model for the Higgsless breaking of the EW symmetry and
we delocalize fermions by introducing direct couplings between ordinary left-handed fermions and the
gauge vector bosons along the moose string [27].

Let us briefly review the linear moose model based on the SU(2) symmetry [24,27]. We consider
K + 1 non linear σ-model scalar fields Σi, i = 1, · · · ,K + 1, K gauge groups Gi, i = 1, · · · ,K and
a global symmetry GL ⊗ GR as shown in Fig. 10.9. A minimal model of EW symmetry breaking is

G1 G2

Σ1 Σ3Σ2

Uuuu

GL GR
.....

ΣK-1 KΣ K+1Σ

GK-1 KG

Fig. 10.9: The simplest moose diagram for the Higgsless breaking of the EW symmetry.

obtained by choosing Gi = SU(2), GL ⊗GR = SU(2)L ⊗ SU(2)R. The SM gauge group SU(2)L ×
U(1)Y is obtained by gauging a subgroup of GL ⊗ GR. The Σi fields can be parameterized as Σi =
exp [i/(2fi)~πi · ~τ ] where ~τ are the Pauli matrices and fi are K + 1 constants that we will call link
couplings. The Lagrangian of the linear moose model is given by

L =
K+1∑

i=1

f2
i Tr[DµΣ†iD

µΣi]−
1

2

K∑

i=1

Tr[(F iµν)2]− 1

2
Tr[(Fµν(W̃ ))2 − 1

2
Tr[(Fµν(Ỹ ))2], (10.52)

with the covariant derivatives defined as follows:

DµΣ1 = ∂µΣ1 − ig̃W̃µΣ1 + iΣ1g1V
1
µ (10.53)

DµΣi = ∂µΣi − igi−1V
i−1
µ Σi + iΣigiV

i
µ (i = 2, · · · ,K) (10.54)

DµΣK+1 = ∂µΣK+1 − igKV K
µ ΣK+1 + ig̃′ΣK+1Ỹµ (10.55)
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where V i
µ = V ia

µ τa/2, gi are the gauge fields and gauge coupling constants associated to the groups Gi,
i = 1, · · · ,K , and W̃µ = W̃ a

µ τ
a/2, Ỹµ = Ỹµτ3/2 are the gauge fields associated to SU(2)L and U(1)Y

respectively. Notice that, in the unitary gauge, all the Σi fields are eaten up by the gauge bosons which
acquire mass, except for the photon corresponding to the unbroken U(1)em. By identifying the lowest
mass eigenvalue in the charged sector with MW , we get at O(g̃2/g2

i ) a relation between the EW scale v
(≈ 250 GeV ) and the link couplings of the chain:

4

v2
≡ 1

f2
=

K+1∑

i=1

1

f2
i

. (10.56)

Concerning fermions, we will consider only the standard model ones, that is: left-handed fermions ψL
as SU(2)L doublets and singlet right-handed fermions ψR coupled to the SM gauge fields through the
groups SU(2)L and U(1)Y at the ends of the chain.

10.3.1 Constraints from perturbative unitarity and EW tests

The worst high-energy behavior of the moose models arises from the scattering of longitudinal vector
bosons whose calculation is simplified by using the equivalence theorem. This allows to evaluate these
amplitudes in terms of the corresponding Goldstone boson ones. However this theorem holds in the
approximation where the energy of the process is much higher than the mass of the vector bosons. Let
us evaluate the amplitude for the SM W scattering at energies MW � E � MVi . The unitary gauge
for the Vi bosons is given by the choice Σi = exp[if~π · ~τ/(2f 2

i )] with f given in Eq. (10.56) and ~π the
GB’s giving mass to W and Z . The resulting four-pion amplitude is

Aπ+π−→π+π− = −f
4u

4

K+1∑

i=1

1

f6
i

+
f4

4

K∑

i,j=1

Lij

(
(u− t)(s−M2)−1

ij + (u− s)(t−M2)−1
ij

)
, (10.57)

with (M2)ij the square mass matrix for the gauge fields, and

Lij = gigj(f
−2
i + f−2

i+1)(f−2
j + f−2

j+1) . (10.58)

Note that this amplitude grows linearly with the squared energy, for every choice of fi. This reflects the
fact that in the continuum limit the theory corresponds to a 5D gauge theory with boundary conditions
which are not simply Neumann or Dirichlet, see 10.3.3 and [2]. In the high-energy limit, where we
can neglect the second term in Eq. (10.57), the amplitude has a minimum for all the fi’s being equal
to a common value fc. As a consequence, the scale at which unitarity is violated by this single channel
contribution is delayed by a factor (K+1) with respect to the one in the SM without the Higgs: Λmoose =
(K + 1)ΛHSM .

However the moose model has many other longitudinal vector bosons with bad behaving scattering
amplitudes. For energies much higher than all the masses of the vector bosons, we can determine the
unitarity bounds by considering the eigenchannel amplitudes corresponding to all the possible four-
longitudinal vector bosons. Since in the unitary gauge for all the vector bosons Σi are given by Σi =
exp[i~π · ~τ/(2fi)], the amplitudes are diagonal, and the high-energy result is simply

Aπiπi→πiπi → −
u

4f2
i

. (10.59)

We see that, also in this case, the best unitarity limit is for all the link couplings being equal: f i = fc.
Then: ΛTOTmoose =

√
K + 1 ΛHSM (for similar results see ref. [23] in [27]). However, in order our

approximation to be correct, we have to require Mmax
Vi

� ΛTOTmoose. By using the explicit expression for
the highest mass eigenvalue, in the case of equal couplings gi = gc, we get an upper bound gc ∼ 5. As
we will see, this choice gives unacceptable large EW correction.
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In this class of models all the corrections from new physics are ”oblique” since they arise from the
mixing of the SM vector bosons with the moose vector fields (we are assuming the standard couplings
for the fermions to SU(2)L ⊗ U(1)). As well known, the oblique corrections are completely captured
by the parameters S, T and U or, equivalently by the parameters εi, i = 1, 2, 3. For the linear moose, the
existence of the custodial symmetry SU(2)V ensures that ε1 ≈ ε2 ≈ 0. On the contrary, the new physics
contribution to the EW parameter ε3 is sizeable and positive [24]:

ε3 = (g̃2/g2
i )

K∑

i=1

(1− yi)yi (10.60)

where yi =
∑i

j=1 f
2/f2

j . Since 0 ≤ yi ≤ 1 it follows ε3 ≥ 0 (see also [28–30]). As an example, let us
take equal couplings along the chain: fi = fc, gi = gc. Then ε3 = g̃2 K(K + 2)/(6 g2

c (K + 1)), which
grows with the number of sites of the moose. The requirement of satisfying the experimental constraints
( ε3 ≈ 10−3), already for K = 1 would imply gc ≥ 15.8g̃, leading to a strong interacting gauge theory in
the moose sector and unitarity violation. Notice also that, insisting on a weak gauge theory would imply
gc of the order of g̃, then the natural value of ε3 would be of the order 10−1 − 10−2, incompatible with
the experimental data.

10.3.2 Effects of fermion delocalization

A way to reconcile perturbative unitarity requirements with the EW bounds is to allow for delocalized
couplings of the SM fermions to the moose gauge fields and some amount of fine tuning [27]. In fact, by
generalizing the procedure in [31, 32], the SM fermions can be coupled to any of the gauge fields at the
lattice sites by means of Wilson lines.

Define χiL = Σ†iΣ
†
i−1 · · ·Σ

†
1ψL, for i = 1, · · · ,K . Since under a gauge transformation, χiL →

Uiχ
i
L, with Ui ∈ Gi, at each site we can introduce a gauge invariant coupling given by

biχ̄
i
Lγ

µ

(
∂µ + igiV

i
µ +

i

2
g̃′(B − L)Ỹµ

)
χiL, (10.61)

where B(L) is the barion(lepton) number and bi are dimensionless parameters. The new fermion in-
teractions give extra non-oblique contributions to the EW parameters. These are calculated in [27] by
decoupling the V i

µ fields and evaluating the corrections to the relevant physical quantities. To the first
order in bi and to O(g̃2/g2

i ), the εi parameters are modified as follows:

ε1 ≈ 0, ε2 ≈ 0, ε3 ≈
K∑

i=1

yi

(
g̃2

g2
i

(1− yi)− bi
)
. (10.62)

This final expression suggests that the introduction of the bi direct fermion couplings to Vi can compen-
sate for the contribution of the tower of gauge vectors to ε3. This would reconcile the Higgsless model
with the EW precision measurements by fine-tuning the direct fermion couplings.

As shown in the left panel of Fig. 10.10, in the simplest model with all fi = const = fc, gi =
const = gc and bi = const = bc, the experimental bounds from the ε3 parameter can be satisfied by
fine-tuning the direct fermion coupling bc along a strip in the plane (Kbc,

√
K/gc) (we have chosen these

parameters due to the scaling properties of gc and bc with K , see ref. [27] for details).

The expression for ε3 given in Eq. (10.62) suggests also the possibility of a site-by-site cancella-
tion, provided by:

bi = δ(g̃2/g2
i )(1 − yi). (10.63)

This choice, for small bi, gives ε3 ≈ 0 for δ = 1. Assuming again fi = fc, gi = gc, the allowed region
in the space (δ,

√
K/gc) is shown on the right panel of Fig. 10.10.
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Fig. 10.10: The 95% CL bounds on the plane (Kbc,
√
K/gc)-left panel, (δ,

√
K/gc)-right panel, from the experi-

mental value of ε3 for K = 1 (solid green lines), K = 10 (dash blue lines). The allowed regions are between the
corresponding lines.

In conclusion, by fine tuning every direct fermion coupling at each site to compensate the corre-
sponding contribution to ε3 from the moose gauge bosons (see also [15, 16]), it is possible to satisfy the
EW constraints and improve the unitarity bound of the Higgsless SM at the same time.

10.3.3 Continuum limit

We would like to discuss the continuum limit of the previously discussed moose model by takingK →∞
with the condition Ka = πR, where πR is the length of the segment in the fifth dimension and a→ 0 is
the lattice spacing. By defining

lim
a→0

af2
i = f2(y), lim

a→0
ag2
i = g2

5(y) (10.64)

the action obtained as the continuum limit of the Lagrangian (10.52), for flat metric g5(y) = g5 and
f(y) = f̄ , can be written as [11]

S = −1

4

∫
d4x

∫ πR

0
dy
[ 1

g2
5

(F aMN )2 +
1

g̃2
(F aµν)2δ(y) +

1

g̃′2
(F 3

µν)
2
δ(y − πR)

]
+ Sferm

where FMN is the tensor associated to the 5D field AN and the brane kinetic terms, arising from the left
and right ends of the moose chain, are the terms which modify the otherwise linear mass spectrum of KK
excitations of gauge bosons. These are necessary in order to avoid light KK excitations of the standard
gauge bosons.

In the continuum limit, left- and right-handed fermions live at the opposite ends of the extra-
dimension. However, in the discrete, we have introduced an interaction term invariant under all the
symmetries of the model which delocalizes the left-handed fermions in the continuum limit. In fact, we
have seen that the fermionic fields along the string are defined in terms of the operator

Σ1Σ2 · · ·Σi . (10.65)

In five-dimensions the fields Σ’s can be interpreted as the link variables along the fifth dimension. As
such they can be written in terms the fifth component of the gauge fields AN . As a consequence the
operator given in Eq. (10.65) becomes a Wilson line

Σ1Σ2 · · ·Σi → P

[
exp

(
−i
∫ y

0
dzA5(z)

)]
. (10.66)
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In this way the original fermionic fields acquire a non-local interaction induced by Wilson lines. The
fermion action in Eq. (10.65) is therefore given by

Sferm =

∫
d4x

∫ πR

0
dy
[
δ(y)iψ̄LD/ψL + δ(πR − y)iψ̄RD/ψR + b(y)iχ̄LD/χL

]
(10.67)

where

b(y) = lim
a→0

bi
a
, χL(y) = P

[
exp

(
−i
∫ y

0
dzA5(z)

)]
ψL (10.68)

and

D/ ψL =

(
∂/ + i

τa

2
A/ a(y) + iYLA/

3(πR)

)
ψL, D/ ψR =

(
∂/ + iYRA/

3(y)
)
ψR (10.69)

D/χL =

(
∂/ + i

τa

2
A/ a(y) + iYLA/

3(πR)

)
χL (10.70)

with YL,R the left and right hypercharges. Mass terms for the fermions can be generated by

λijψ̄iLP
[

exp(−i
∫ πR

0
dzA5(z))

]
ψjR.

The breaking of SU(2) to U(1)em is obtained by the following boundary conditions:

∂yA
1,2
µ −

g2
5

g̃2
A1,2
µ |y=0 = 0, A1,2

µ |y=πR = 0, (10.71)

∂yA
3
µ −

g2
5

g̃2
A3
µ|y=0 = 0, ∂yA

3
µ +

g2
5

g̃′2
A3
µ|y=πR = 0 (10.72)

We would like to discuss what is the continuum limit for the direct fermionic couplings when we
choose the bi’s according to the Eq. (10.63) with δ = 1 which corresponds to a site-by-site cancellation.
By assuming g5(y) = g5, with g5 constant, we get

b(y) =
g̃2

g2
5

∫ πR

y
dt

f2

f2(t)
, with

1

f2
=

∫ πR

0

dy

f2(y)
. (10.73)

From Eq. (10.73) we see that b(0) = g̃2/g2
5 , b(πR) = 0 . Therefore the direct fermionic coupling

decreases along the fifth dimension going from the brane located at y = 0 to the brane at y = πR. For
the case of constant f(y) = f̄ we find

b(y) =
g̃2

g2
5

(
1− y

πR

)
. (10.74)

With this choice the contribution from the new delocalized fermion interactions to ε3 is given by

ε3|ferm = − 1

πR

∫ πR

0
dy yb(y) = − g̃

2

g2
5

πR

6
(10.75)

which is just the opposite of the contribution to ε3 in the linear moose [11, 24].

Another interesting case corresponds to a Randall-Sundrum metric along the fifth dimension [1,
33]. It corresponds to

f(y) = f̄eky (10.76)
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and we find

b(y) =
g̃2

g2
5

e−2πkR − e−2ky

e−2πkR − 1
. (10.77)

In this case we get

ε3|ferm = −
∫ πR

0
dy

e−2ky − 1

e−2kπR − 1
b(y) = − g̃

2

g2
5

1

4k

e4kπR − 4kπRe2kπR − 1

(1− e2kπR)2
(10.78)

which is the opposite of the contribution from the gauge bosons derived in [24].

Therefore by allowing for a fine tuning obtained with a convenient delocalization of the fermion
couplings, the contribution to the S parameter coming from the gauge and fermion sectors vanishes. We
are currently investigating whether a geometrical mechanism can be found in order to guarantee such a
cancellation. Notice that in the previous formulation we do not assume the existence of bulk fermions;
under certain hypotheses these can generate the delocalization of the standard model fermionic couplings,
parameterized by b.
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11 STRONGLY INTERACTING HIGGS SECTOR AND ANOMALOUS COUPLINGS

11.1 Introduction
Georges Azuelos, Tao Han and Wolfgang Kilian

There is no fundamental principle that requires the physics responsible for electroweak symmetry break-
ing to be weakly interacting. In fact, there are many well-understood cases of spontaneous symmetry
breaking in quantum physics, among them the breaking of electromagnetic gauge symmetry in super-
conductors and chiral symmetry breaking in QCD. In all these cases, the symmetry breaking is due to
some interaction effectively becoming strong in a certain low-energy regime. In superconductors, this
is the exchange of phonons near the Fermi surface. In QCD, the gluon coupling is effectively strong at
energies below a GeV. These non-perturbative effects lead to a condensation of a field bilinear 〈ψφ〉 6= 0
which breaks the symmetry of the basic Lagrangian.

Mathematically, in such models of strong (dynamic) symmetry breaking the corresponding local
operator ψφ is a Higgs field. In general, the characteristics of the resulting Higgs boson will depend on
the model. In QCD, for instance, the composite “Higgs” of chiral symmetry breaking is a heavy (∼GeV),
poorly defined state. The lightest CP-even scalar, the broad σ(600) meson resonance, may not even be
thought of as a qq̄ state [1] [cf. Section 12] and experimentally, its importance for low-energy hadronic
interactions is minor compared to other states such as the ρ vector resonance. In QCD-like theories
of electroweak symmetry breaking, the Higgs scalar is therefore expected to be very heavy and broad
(∼ TeV). In other dynamical theories, however, it can be associated with a low-lying excitation, such as
in models with specific symmetry structure [cf. Section 7], or in technicolor theories with fermions in
a higher dimensional representions of the gauge group [cf. Section 12]. Other conceivable mechanisms
of electroweak symmetry breaking extend beyond four-dimensional quantum field theory. For instance,
spontaneous symmetry breaking due to string interactions, bulk-brane interplay, or explicit symmetry-
breaking boundary interactions in extra dimensions also could lead to a strongly-interacting effective
field theory at the electroweak scale that need not involve Higgs-like states [cf. Section 10].

In this section, we consider first the scenario of electroweak symmetry breaking where the Higgs
boson is either absent from the spectrum, or it is merely one among several heavy resonances, similar to
the QCD case. In that case, strong interactions of some of the known particles are guaranteed in the TeV
energy range. From the experience with QCD we can deduce that direct detection of the underlying new
physics, analogous to quark-induced jets, may then need multi-TeV energies. However, even without
a-priori knowledge of the underlying model we can nevertheless investigate the low-energy effective
theory and identify observables that carry nontrivial information.

This could be the first information on the Higgs sector that becomes available through collider
experiments at the LHC and the ILC.

We then consider the scenario where a light Higgs is present. The new physics, described by
dimension-six operators of an effective Chiral Lagrangian, is then manifest, at high energy colliders, by
anomalous couplings of the Higgs and Standard Model gauge bosons.

11.1.1 Weak interactions without a Higgs

In principle, it is trivial to write down the generic low-energy effective theory for a strongly interacting
Higgs sector: this is simply the Standard Model (SM) with the physical Higgs field omitted. More
precisely, we can formally remove the Higgs in the tree-level action by pushing its self-coupling in the
potential to infinity, keeping the vacuum expectation value and all gauge and Yukawa couplings constant.

However, there is a tricky point with this approach. Since, in a generic gauge, the Higgs boson
is part of a complex SU(2)L doublet together with the Goldstone bosons that provide the longitudinal
components of the massive W and Z bosons, removing the Higgs also removes the gauge symmetry.
The natural choice of removing the Higgs in unitarity gauge where Goldstone bosons do not appear,
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results in an effective theory that does not exhibit any electroweak symmetry at all [2, 3]. This is a
valid approach, but such a model does not naturally implement any of the well-established facts about
electroweak symmetry, e.g., the left-handedness of charged currents, CKM unitarity for flavor mixing,
or the W -Z mass relation.

Therefore, it is customary to construct the low-energy effective theory for electroweak interactions
bottom-up by explicitly implementing gauge invariance [4–12]. In the absence of a Higgs boson, the
SU(2)L × U(1)Y electroweak symmetry has then to be nonlinearly realized on the Goldstone-boson
fields.

For the construction of the effective Lagrangian, let us introduce some notation. As building
blocks we need the left-handed quark and lepton doublet fields (QL, LL) and corresponding right-handed
fields. For notational convenience, we also can write them as doublets (QR, LR). Next, we introduce the
Goldstone bosons of SU(2)L × U(1)Y → U(1)QED spontaneous symmetry breaking, wa (a = 1, 2, 3)
and their contraction with the Pauli matrices τ a to a matrix-valued scalar field w = waτa. A possible
nonlinear representation is realized by a derived matrix-valued scalar field of the form

Σ(x) = exp

(
− i
v
w(x)

)
, (11.1)

where v is the electroweak constant v = (
√

2GF )−1/2 = 246 GeV. This field is required to transform as
a SU(2)L doublet, transformations applied to the left. Local U(1)Y (hypercharge) transformations apply
as Σ→ Σ exp(iβ(x) τ 3/2). Note that Σ is a unitary matrix (Σ†Σ = 1), and electroweak transformations
act linearly on Σ(x), but nonlinearly on w(x).

The electroweak gauge boson fields areW a
µ (a = 1, 2, 3) andBµ, which we contract with the Pauli

matrices τa to matrix-valued vector fields Wµ = W a
µ τ

a/2 and Bµ = ΣBµ(τ3/2)Σ†. In accordance with
the gauge transformation properties, the covariant derivative of Σ is

DµΣ = (i∂µ + gWµ − g′Bµ)Σ. (11.2)

The covariant derivatives of fermion fields involve the corresponding representation matrices of the
SU(2)L × U(1)Y symmetry, which differ between left- and right-handed fermions. We also need field-
strength tensors

Wµν = ∂µWν − ∂νWµ + ig[Wµ,Wν ] and Bµν = ∂µBν − ∂νBµ. (11.3)

Finally, it is convenient to introduce two covariant fields derived from Σ, a vector and a scalar:

Vµ = Σ(DµΣ†), T = Στ 3Σ†. (11.4)

With these definitions, the generic low-energy effective Lagrangian for the electroweak interactions of
leptons, quarks, and gauge bosons is

L = −1

2
tr[WµνW

µν ]− 1

2
tr[BµνB

µν ] +
v2

4
tr[(DµΣ)(DµΣ)†]− β′ v

2

8
tr[TVµ] tr[TVµ]

+ Q̄Li /DQL + Q̄Ri /DQR + L̄Li /DLL + L̄Ri /DLR

− (Q̄LΣMQQR + L̄LΣMLLR + h.c.)− L̄cLΣ∗MNL

1 + τ3

2
ΣLL − L̄cRMNR

1 + τ3

2
LR

+ · · · , (11.5)

where we wrote only the operators with the lowest dimension. In this Lagrangian, QED (and, implicitly,
QCD) gauge invariance is still linearly realized.

Before continuing, let us add a few remarks on this Lagrangian: (i) the particular representation of
Σ in terms of w is irrelevant, only the symmetry properties matter; (ii) the unitarity gauge is recovered
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by w ≡ 0, i.e., Σ ≡ 1, and yields a Lagrangian identical to the Standard Model with Higgs removed;
(iii) we could write Majorana and Dirac masses for both left- and right-handed neutrinos.

The Lagrangian (11.5) uniquely determines the leading term in a low-energy expansion of all
scattering amplitudes. The W and Z masses result from the first term in the Σ expansion,

MW = gv/2 and MZ =
√
g2 + g′ 2(1 + β′/2) v/2 (11.6)

The experimental results imply that the ρ parameter, related to the coefficient β ′, vanishes at tree level [1],
hence β′ = 0. This is understood as an extra SU(2)R symmetry of the dimension-2 part of the (bosonic)
Lagrangian, called custodial symmetry [13–16]. It is often assumed to be an approximate symmetry of
the fundamental physics responsible for electroweak symmetry breaking, even though there are further
parameters in the tree-level Lagrangian that break the symmetry explicitly, most notably g ′ and mt.

This effective theory is formally non-renormalizable. While the Lagrangian already contains an
infinite number of terms with prefactor 1/vn due to the infinite series expansion of Σ, computing radia-
tive corrections requires another infinite series of higher-dimensional counterterms, indicated by dots in
(11.5). These extra counterterms carry prefactors 1/(4πv)n and are therefore suppressed. Below ener-
gies of about 4πv = 3 TeV the effective theory has some region of applicability. Above that scale, it has
no physical content anymore.

In addition to counterterms, we can add extra contributions to higher-dimensional operators with
arbitrary coefficients. Within a specific underlying strong-interaction model we expect the actual co-
efficients, computed in a given renormalization scheme, to be well-defined. A similar program, set up
for low-energy hadronic interactions, has proven very successful [4, 17, 18], and is currently used as a
convenient gauge for lattice QCD calculations. In the electroweak case, the list of CP-even dimension-4
bosonic operators reads [7, 8]

L1 = α1gg
′ tr[BµνW

µν ], L6 = α6 tr[VµVν ] tr[TV µ] tr[TV ν ], (11.7)

L2 = iα2g
′ tr[Bµν [V µ, V ν ]], L7 = α7 tr[VµV

µ] tr[TVν ] tr[TV ν ], (11.8)

L3 = iα3g tr[Wµν [V µ, V ν ]], L8 = 1
4α8g

2(tr[TWµν ])2, (11.9)

L4 = α4(tr[VµVν ])2, L9 = i
2α9g tr[TWµν ] tr[T[V µ, V ν ]], (11.10)

L5 = α5(tr[VµV
µ])2, L10 = 1

2α10(tr[TVµ] tr[TVν ])
2, (11.11)

L11 = α11gε
µνρλ tr[TVµ] tr[VνWρλ]. (11.12)

CP-odd operators, operators involving fermions, and higher-dimensional terms may be added to this list,
but are not considered in most studies.

In the above list, the coefficients αi are dimensionless. As long as the operators are generated only
as counterterms, their coefficients are naturally of order 1/16π2; for this reason, a different normalization
that multiplies the coefficients by 16π2 is used frequently in the literature. Additional contributions due
to new physics can in principle be of arbitrary magnitude, but in a strong-interaction scenario they tend
to be somewhat larger than the loop contributions. Higher-dimensional terms, which we do not consider
at this point, would be suppressed by additional factors of 1/(4πv)2 .

Due to the fact that β ′ = 0 at tree level, bosonic loops generate those operators that involve T
factors only with coefficients suppressed by g ′ 2, the small hypercharge coupling squared. Nevertheless,
these terms may be present in the tree-level Lagrangian with unsuppressed coefficients. Loops involving
top quarks also break the custodial symmetry.

11.1.2 Vector-Boson Scattering

Despite the fact that the use of the effective Chiral Lagrangian is limited to the range up to a few TeV, it is
nevertheless a valuable tool since this is exactly the energy range that will be accessed by the upcoming
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LHC and ILC colliders. The bilinear couplings α1 and α8, related to the S and T parameters [19,
20], have already been measured at LEP1 in 2-fermion production [1, 21]. For the trilinear couplings
α2, α3, α9, α11, 4-fermion processes (W pair and single-W or single-Z production) are needed [21–23]
There was some sensitivity at LEP2, but in order to reach the order of magnitude αi ∼ 1/16π2 implied
by the perturbative expansion, LHC and ILC data will be necessary [24–27]. Finally, the remaining
couplings are accessed at the LHC [28–33] and the ILC [27, 34–38] by 6-fermion processes (Fig. 11.1).
Since the 4-fermion processes also depend on the anomalous two-boson couplings, and the 6-fermion
processes also depend on all lower-order couplings, in practice a simultaneous fit of all couplings is
necessary to extract their physical values.

Z
γ

(a)

Z/γ

W

W

(b)

Z

W

W
Z

(c)

W/Z

W/Z

W/Z

W/Z

(d)

Fig. 11.1: Processes that involve the anomalous couplings (a) α1,8; (b) α2,3,9,11; (c,d) α4,5,6,7,10, respectively. The
fermions may be either quarks or leptons.

The 6-fermion processes of type Fig. 11.1d are of particular interest, since in the limit that the
intermediate vector bosons get on-shell, they include 2 → 2 quasi-elastic vector boson scattering as
subprocesses. (Processes of type Fig. 11.1c probe the same interactions in a far off-shell regime.) These
are the only accessible 2 → 2 processes1 that contain the Higgs, if it exists, at tree-level. Consequently,
the absence of a Higgs boson has a strong effect: quasi-elastic vector-boson scattering amplitudes, as
calculated at lowest order, rise without bound and surpass their unitarity limit in the TeV range [42, 43].
Higher-order corrections would remedy this, but depend on the unknown infinite series of higher-order
counterterms and thus leave the actual result undetermined. Observing the presence or absence of strong
interactions in 6-fermion production is thus the ultimate experimental test of the Higgs mechanism,
independent of its particular realization: strong interactions are absent if light scalar state(s) are present
in the model and couple exactly as required by the constraint that the symmetry is broken exclusively by
their vacuum expectation value(s).

For quantitative estimates, it is convenient to start with the limit g, g ′,mf → 0 (but v constant),
where the gauge symmetry is formally broken, but the gauge-boson and fermion masses are arbitrarily
small. In this limit, several simplifications apply to the processes of type Fig. 11.1d: (i) the final-state
gauge bosons can be treated in the narrow-width approximation; (ii) the initial-state gauge bosons are
approximately on-shell and can, at small angles, be treated as partons within the incoming fermions: the
Effective W Approximation [44–46]; (iii) the scattering amplitudes of longitudinally polarized vector
bosons become equal to corresponding scattering amplitudes of Goldstone bosons, while the transversal
degrees of freedom decouple: the Goldstone-boson Equivalence Theorem [47–49]; (iv) the resulting
Lagrangian is exactly identical to the effective Lagrangian of low-energy pion scattering in the mπ → 0
limit: Chiral Perturbation Theory [4, 17, 18].

The last analogy allows us to transfer QCD knowledge to the present case. Noting that the scatter-
ing amplitudes of transversal gauge bosons do not violate unitarity limits, we conclude that the dominant
contributions to quasi-elastic vector boson scattering amplitudes fulfil, like pion scattering amplitudes,
SU(2) symmetry relations. We can diagonalize the 2 → 2 scattering matrix and derive the strongest
bound on the low-energy effective theory: The amplitude projected onto J = 0 (angular momentum)
and I = 0 (weak isospin) saturates the unitarity limit at E =

√
8π v = 1.2 TeV [42, 43]. Due to the

1with the exception of vector-boson scattering into heavy-quark pairs [39–41], which however is an experimental challenge.
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rapidly falling W/Z structure functions, the c.m. energy of the incoming fermions has to be considerably
above that limit if this unitarity saturation is to have an observable effect.

In the actual environment of the LHC and ILC colliders with their limited energy reach, cuts and
backgrounds, it turns out that these estimates in the gaugeless limit are useful for qualitative consider-
ations, but fail if reasonably precise values for cross sections and simulated event samples are desired.
Dropping the approximations (i) to (iv) above altogether, the physical picture becomes much less clear;
in particular, the implications of unitarity saturation for the complete off-shell process are not obvious.
While at the ILC it is unlikely that the unitarity limit can be reached, the kinematic capability of the
LHC does extend into that range. However, the high background and the rapidly falling structure func-
tions make it a challenge also at the LHC to detect observable consequences of unitarity violation in a
naive tree-level extrapolation. Therefore, the Chiral Lagrangian (11.5), optionally augmented by reso-
nances coupled with free coefficients, is a theoretical framework sufficient for all practical purposes. As
a consequence, while we are not allowed to use simplifying approximations in calculating the 6-fermion
processes of interest at the LHC or the ILC, with appropriate calculational tools it is possible to make
reliable predictions and to compare them with data.

11.1.3 Low-Energy Parameters

Without any knowledge about the underlying mechanism that triggers electroweak symmetry breaking,
we have no idea about how the scattering amplitudes will evolve beyond the limit where the effective
theory fails. At least, the α parameters allow us to parameterize scattering amplitudes, and once data are
available, values for the parameters can be obtained. For the ILC studies, we essentially have a complete
picture about the possible sensitivity on the α couplings [27,50,51] which involves a complete simulation
of the 6-fermion process and does not rely on further simplifying assumptions at the theoretical level.
For isolating the strong scattering signal, one looks at four-jet events in association with missing energy
due to the forward-scattered neutrinos or electrons in the final state. The main uncertainties originate
from the ambiguity in identifying W and Z bosons in their hadronic decay modes, which for the current
detector designs appears to be manageable. These results currently include all known backgrounds and
detector effects based on fast simulation.

11.1.4 Resonances

It is likely that WW scattering amplitudes do not just saturate unitary and remain featureless at higher
energies. Just like in the analogous situation of ππ scattering, there may be strong resonances on top of
that which could be observable at the LHC at energies above the 1.2 TeV cutoff. The best-studied cases
are (i) a heavy scalar, or (ii) a heavy vector. The first case is just the heavy-mass extrapolation of the
Standard Model, while the second one is modelled after the QCD case with its strong ρ resonances [52–
54].

It should be kept in mind, however, that the actual situation may be very different. For instance,
in the context of models that entangle electroweak symmetry with extra dimensions and gravitation,
tensor resonances could play an important role. So far, a few studies have considered the prospects for
distinguishing qualitatively different scenarios at hadron and lepton colliders [28–30], and for the case
of vector resonances, the possibility of resonance parameter measurements have been discussed. An
experimental analysis of the general case that would allow for quantitative conclusions on all possible
resonance couplings is desirable, but so far has not been attempted. In the ILC context, a detailed study
that relates the estimated uncertainties of anomalous coupling measurements to the coupling parameters
of heavy resonances can be found in [51] (see also Section 11.2).

Without a preferred underlying model, extrapolating the scattering amplitudes of vector bosons
beyond the range where the lowest-order prediction saturates unitarity remains speculative. There exists
an infinite set of extrapolation prescriptions that, at least, maintain elastic unitarity. Particularly popular
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are the K-matrix model [55, 56] that parameterizes featureless amplitudes (resonant at infinity), and the
Padé or inverse-amplitude method [57, 58] that parameterizes in each channel, up to the order where
it is typically evaluated, a single resonance with a specified mass and coupling strength. The latter
method has proven successful in the description of low-energy QCD amplitudes [59]; this success is
due to the particular property of QCD to contain dominant resonances in its hadron form factors and
scattering amplitudes. Adopting this unitarization prescription and making further assumptions such as
custodial symmetry, with which vector boson scattering is determined by the only coefficients α4 and
α5, resonances can be mapped in two-dimensional parameter space [58]. Unfortunately, despite the good
description of QCD amplitudes by such a model, we have no clue whether a strong-interaction theory of
electroweak interactions would actually exhibit such a behavior.

LHC studies [30, 32, 33, 58, 60–62] on prospects for observing vector boson scattering remain at
the parton or fast detector simulation level, but full detector simulation analyses are in progress. They
generally rely on the abovementioned simplifying assumptions, and should therefore not be taken at face
value. The results are valid, however, for a generic resonance and can be re-interpreted in the context
of a more general Chiral Lagrangian model. They could serve, in principle, to derive limits on the α
couplings. The WZ scattering signal, with one or two leptons in the final state, can be observed up to a
mass of ∼ 1500 GeV [60] within a few years of LHC running at nominal luminosity (see Fig. 11.2).
The major irreducible background is WZjj from SM processes involving gluon or γ/Z exchange dia-
grams, with transversely polarized vector bosons radiated from incoming or outgoing quarks. It has been
shown [63, 64] that a complete description of the 6-fermion process is necessary for a correct evaluation
of vector boson scattering. The reducible backgrounds are tt̄ production and W + j or Z + j, which
have all very high cross sections. Using either the Padé or N/D unitarization protocol, it has also been
shown [33] that scalar and vector resonances may occur in the channel WW → jj + `ν in the TeV
region and if so, should be observable at the LHC. In all cases, the requirement of forward jets, expected
to result from the outgoing primary quarks in Fig. 11.1d, and of a veto on an excess of central jets is
essential for an effective reduction of these backgrounds.

The BESS model [52, 53] (which stands for Breaking Electoweak Symmetry Strongly) is another
general framework for describing resonances in gauge boson scattering. The model is without a Higgs,
but with a triplet of new massive QCD-like vector bosons V . These bosons are originally auxiliary fields
of a hidden SU(2) symmetry, but it is explicitly assumed that they become physical and a kinetic term
is added for them. The new V ±,0 bosons mix with the W and Z of the SM through a mixing angle
proportional to x = g/g′′, where g′′ is the self-coupling of the V . Another parameter, b, governs the
coupling to fermions. A variant of this model, called the degenerate BESS model [65, 66], predicts the
existence of two triplets of new gauge bosons L±, L3, R

±, R3 which are almost degenerate in mass, the
mass splitting depending on the above parameter x, and with the neutral bosons mixing with the SM
electroweak boson. The BESS models could be an effective theory for which walking type technicolor
theories (see Section 12) are possible prototypes of an underlying gauge theory [67,68]. Expected bounds
on the parameters of the BESS model can be found in [27]. The degenerate model is best studied in the
ff̄ decay channels of the new resonances. Expected 95% limits in the parameter space {x,M} in present
and future colliders are given in [69, 70], where it is shown that with 100 fb−1, the LHC can discover
resonances up to ∼ 2 TeV, for x = 0.1, and that CLIC could measure the width, mass, double peak
structure and forward-backward asymmetries around the L3 and R3 resonances. A CMS study [71] has
investigated in detail the discovery reach for the channel decaying to muons.

11.1.5 Weak interactions with a Higgs

While the effective Lagrangian (11.5) may be obtained as the heavy-Higgs limit of the Standard Model,
the reverse construction can also be made: we may introduce a CP-even neutral scalar resonance h and
couple it to any of the terms in (11.5) with a-priori arbitrary strength. This case is covered by the reso-
nance studies mentioned above. If we make the particular choice of replacing Σ by (1 + h/v)Σ in all of
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Fig. 11.2: Reconstructed mass distribution the WZ → jj `` system for different assumed resonance masses, and
for an integrated luminosity of 300 fb−1. The background shown is Z + jets. Fast detector simulation was used.
(from ref [60])

its explicit occurences, and add some specific scalar self-couplings, we can apply a nonlinear field redef-
inition and transform the Chiral Lagrangian coupled to the resonance h into the usual Standard Model.
Since nonlinear field redefinitions, with proper renormalizations of higher-dimensional counterterms, do
not affect the S-matrix, one thus proves that the Chiral Lagrangian coupled to a scalar in a specific way
is exactly equivalent to the Standard Model. This also means that a fictitious heavy Higgs boson is equiv-
alent to a formal cutoff for the extra loop divergences and, conversely, a cutoff can be interpreted as an
effective Higgs mass.

If the Higgs state is sufficiently light such that the linear realization of the Chiral Lagrangian
appears appropriate as a theoretical framework, we should revise the power-counting implicit in our
previous discussion. After the appropriate nonlinear redefinition of h and w that turns a generic param-
eterization into the linear representation, we may consider the resulting matrix field

H = v(1 + h/v)Σ = (v + h′)1− iw′ (11.13)

as a canonical scalar multiplet with mass dimension 1 and vacuum expectation value 〈H〉 = v1 that can
alternatively be decomposed in terms of column vectors Φ̃,Φ with Φ̃ = iτ2Φ∗:

H =

(
v + h− iz −i

√
2w+

−i
√

2w− v + h+ iz

)
=
√

2
(
Φ̃ Φ

)
. (11.14)

Rewriting everything in terms of the complex doublet Φ, the lowest-order terms of the Chiral Lagrangian
turn into the textbook expression for the SM Lagrangian.

There is no reason to discard the possibility of anomalous couplings in this linear realization,
where the dimensionality of the operators is modified. Eliminating factors Σ†Σ = 1 as far as possible
before the transformation to the linear representation is made, in (11.5) we thus assign dimension 6 to
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the operators multiplying β ′ and MNL , dimension 4 to the kinetic energy of Σ, replaced by H , while
only the operator multiplying MNR retains dimension 2. In the list (11.7–11.12), the operators L1,2,3

are assigned dimension-6, L4,5,9,11 become dimension-8, and the others acquire even higher canonical
dimension. Furthermore, at the level of dimension-6 operators we have to include four-fermion operators
and additional terms that involve vector bosons and the Higgs field; various operator bases and detailed
discussions can be found in Refs. [72–79].

Conventionally, the effective interactions are parameterized as

Leff =
∑

n

fn
Λ2
On , (11.15)

where fn’s are dimensionless “anomalous couplings”, and On the gauge-invariant dimension-6 opera-
tors, constructed from the SM fields. If Λ appropriately parameterizes the new physics scale (such as the
mass of the next resonance), then one would expect fn’s to be of the order of unity. The anomalous cou-
plings of the Higgs boson and gauge bosons are of special interest since they may be directly related to
the mechanism of EWSB. A possible parameterization of the C and P conserving dimension-6 effective
operators of our current interests involving the SU(2) gauge field W i

µ, the U(1) gauge field Bµ as well
as a Higgs doublet h is given by

OBW = Φ†B̂µνŴ
µνΦ, OΦ,1 = (DµΦ)† Φ†Φ (DµΦ) , (11.16)

OΦ,2 =
1

2
∂µ
(

Φ†Φ
)
∂µ

(
Φ†Φ

)
, OΦ,3 =

1

3

(
Φ†Φ

)3
, (11.17)

OW = (DµΦ)†Ŵ µν(DνΦ), OB = (DµΦ)†B̂µν(DνΦ),

OWW = Φ†ŴµνŴ
µνΦ, OBB = Φ†B̂µνB̂

µνΦ, (11.18)

where B̂µν and Ŵµν stand for

B̂µν = i
g′

2
Bµν , Ŵµν = i

g

2
τaW a

µν ,

in which g and g′ are the SU(2) and U(1) gauge couplings, respectively.

Precision electroweak data and the measurements of the triple-gauge-boson couplings give con-
siderable constraints on some of the anomalous couplings fn/Λ2 [78–80]. For instance, the oblique
correction parameters S and T [19] give rise to constraints on the anomalous coupling constants fBW
and fΦ,1 in Eq. (11.16). Assuming either fBW or fΦ,1 dominance, the 2σ constraints obtained are quite
strong [80],

−0.07 <
fBW

(Λ/TeV)2
< 0.04, −0.02 <

fΦ,1

(Λ/TeV)2
< 0.02.

At the LHC, considerably improved bounds on anomalous triple gauge boson couplings can be ex-
pected [24], with 30 fb−1. Systematic errors arise from higher order QCD contributions to vector boson
pair production [81], and from uncertainties in parton distibution functions. These couplings, expressed
as energy dependent form factors in order to safe-guard unitarity, are related [76] to fW , fB given above,
as well as fWWW . A study of the LHC sensitiviy to anomalous quartic couplings is in progress [82]

The next two operators in Eq. (11.17) are purely Higgs boson self-interactions, and lead to correc-
tions to the Higgs triple and quartic vertices. They have been dedicatedly studied in [79] at linear colliders
and we will not pursue them further. However, the present experimental observables are not sensitive to
the four anomalous coupling operators OW , OWW , OB and OBB (with anomalous coupling constants
fW/Λ

2, fWW/Λ
2, fB/Λ

2 and fBB/Λ2) in Eq. (11.18). The constraints from the existing experiments
and the requirement of unitarity of the S matrix element on these four anomalous coupling constants are
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Table 11.1: Current 2σ constraints on fn/Λ2 from existing studies. The results are obtained by assuming that only
one anomalous coupling is nonzero at a time.

Constraints from fn/Λ
2 in TeV−2

Precision EW fit [80]: −6 ≤ fW
Λ2 ≤ 5

4.2 ≤ fB
Λ2 ≤ 2.0

−5.0 ≤ fWW

Λ2 ≤ 5.6

17 ≤ fBB
Λ2 ≤ 20

Triple gauge couplings [78] −31 ≤ fW+fB
Λ2 ≤ 68

LEP2 Higgs searches [83]: −7.5 ≤ fWW (BB)

Λ2 ≤ 18

Unitarity (at
√
s=2 TeV) [84, 85]: | fB

Λ2 | ≤ 24.5; | fW
Λ2 | ≤ 7.8

−160 ≤ | fBBΛ2 | ≤ 197; | fWW

Λ2 | ≤ 39.2

rather weak. We summarize the above constraints on those four anomalous couplings in Table 11.1. The
results are obtained by assuming that only one anomalous coupling is nonzero at a time.

It is perhaps more intuitive to express the new operators in terms of couplings of the explicit phys-
ical component fields. Taking into account of the mixing between W 3

µ and Bµ, the effective couplings
of the Higgs boson H and the electroweak gauge bosons V (V = γ, W ±, Z) in Eq. (11.18) can be cast
into [78]

LHeff = gHγγHAµνA
µν + g

(1)
HZγAµνZ

µ∂νH + g
(2)
HZγHAµνZ

µν + g
(1)
HZZZµνZ

µ∂νH

+g
(2)
HZZHZµνZ

µν + g
(1)
HWW (W+

µνW
−µ∂νH + h.c.) + g

(2)
HWWHW

+
µνW

−µν , (11.19)

where the anomalous couplings gHV V ’s (of dimension −1) are related to those Lagrangian parameters
fn’s by

gHγγ = −αs
2(fBB + fWW )

2
,

g
(1)
HZγ = α

s(fW − fB)

2c
, g

(2)
HZγ = α

s[s2fBB − c2fWW ]

c
,

g
(1)
HZZ = α

c2fW + s2fB
2c2

, g
(2)
HZZ = −αs

4fBB + c4fWW

2c2
,

g
(1)
HWW = α

fW
2
, g

(2)
HWW = −αfWW , (11.20)

with the weak mixing s ≡ sin θW , c ≡ cos θW and α = gMW /Λ
2 ≈ 0.053 TeV−1 ≈ 1/(19 TeV) for

Λ = 1 TeV . Roughly speaking, an order unity coupling of fn translates to g(i)
HV V ∼ 1/(20 TeV)=0.05

TeV−1.

Since new physics responsible for the mechanism of the EWSB is more likely to show up with
the Higgs couplings to gauge bosons, these couplings should be tested as thoroughly as possible at
future high energy colliders. At the LHC the most sensitive constraints on fW/Λ2 and fWW/Λ

2 will be
from the measurement of the gauge-boson scattering W +W+ → W+W+ [80]. The obtained 2σ level
constraints on these two anomalous couplings are

−1.4 TeV−2 < fW/Λ
2 < 1.2 TeV−2, and 2.2 TeV−2 ≤ fWW/Λ

2 < 2.2 TeV−2, (11.21)
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which may reach the parameter regime sensitive to TeV-scale new physics. Those processes are insen-
sitive to fB/Λ2 and fBB/Λ2 however. At the e+e− linear colliders on the other hand, the anomalous
couplings g(1)

HZZ and g(2)
HZZ can be constrained at the 2σ sensitivity to (10−3 − 10−2) TeV−1 from the

Higgs-strahlung process e+e− → Z∗ → ZH [86–91].

Due to the renormalizability of the dimension-4 part of the SM effective Lagrangian, there is no
a-priori limit on the prefactors multiplying the higher-dimensional operators 1/Λn: the cutoff Λ may be
arbitrarily high. However, the naturalness problem of the Higgs self-energy (an uncancelled quadratic
divergence that would imply strong fine-tuning for high cutoff Λ) lets us argue that Λ is nevertheless in
the TeV range or below, and new particles or interactions should be expected there that induce anoma-
lous couplings at the same level as in the nonlinear Higgs-less representation. From the power-counting
in the linear realization we may draw the qualitative conclusions that custodial symmetry is approxi-
mately conserved (since β ′ now multiplies a dimension-6 operator), that the Majorana mass parameters
of right-handed neutrinos are large (MNR multiplying a dimension-2 operator), effectively removing
right-handed neutrinos from the low-energy spectrum, and that the Majorana mass parameters MNL of
left-handed neutrinos are small (dimension-6). These properties are apparently realized in Nature and
therefore provide some support for the light-Higgs hypothesis.

In weakly-interacting extensions of the SM (e.g., Little-Higgs models), some combinations of the
anomalous coefficients can be induced at tree-level and are thus suppressed by factors of v2/Λ2, while the
rest requires loops and is thus suppressed by additional factors 1/16π2 . In particular, in models where all
extra low-lying particles carry a conserved parity quantum number (e.g., the MSSM, Little-Higgs models
with T-parity, universal extra dimensions), anomalous couplings have a common suppression of at least
v2/(16π2Λ2) and are very difficult to detect. This could be an explanation of the absence of deviations
from the SM in the precision data obtained so far. However, the list of anomalous couplings has not been
exhausted by previous measurements, and precise data from LHC and ILC will be necessary to complete
the picture.

11.2 Anomalous quartic gauge couplings at the ILC
Michael Beyer, Wolfgang Kilian, Predrag Krstonošić, Klaus Mönig, Jürgen Reuter, Erik Schmidt and
Henning Schröder

A measurement of quasi-elastic vector boson scattering, i.e., of quartic gauge couplings, is clearly the
most direct probe of the Higgs mechanism. In this subsection we present a new determination of the
sensitivity the ILC can provide for the couplings α4,5,6,7,10 that modify the quartic gauge couplings. Fur-
thermore, we translate this sensitivity into the physics reach for new resonances that could be responsible
for such anomalous couplings. Details of the study can be found in Ref. [51].

11.2.1 Analysis of triple weak-boson production

We first consider the triple gauge-boson production processes e+e− → W+W−Z and e+e− → ZZZ .
In these processes not all anomalous couplings can be disentangled individually. The process e+e− →
W+W−Z depends on the α parameters in the two linear combinations α4 + α6 and α5 + α7, while the
process e+e− → ZZZ depends on the single combination α4 + α5 + 2(α6 + α7 + α10). For the study
of triple gauge-boson production we concentrate on α4 and α5 as independent couplings.

The total cross section at
√
s = 1000 GeV as calculated with the event generator WHIZARD [92] is

given in Table 11.2. For the analysis presented here, we produce SM events corresponding to a luminosity
of 1000 fb−1. Three-boson events are reconstructed via six (hadronic) jets utilizing the YCLUS jet-
finding algorithm with the Durham recombination scheme. The dominant background is due to tt̄ →
bb̄WW → 6 jets. We select events with kinematical conditions for a combination of missing energy and
transverse momentum and combine jets to form a W or a Z by requiring a window in invariant mass
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Table 11.2: Cross section for triple boson production at
√
s = 1000 GeV for different initial state polarization. (A)

unpolarized, (B) 80%R electrons, and (C) 80%R electrons with 60%L positrons.

WWZ ZZZ

no pol. e−pol. both pol. no pol.

59.1 fb 12.3 fb 5.57 fb 0.79 fb

Table 11.3: Sensitivity of α4 and α5 expressed as 1σ errors. WWZ: two-parameter fit; ZZZ: one-parameter fit;
best: best combination of both. Positive (σ+) and negative (σ−) errors are given separately.

WWZ ZZZ best
no pol. e− pol. both pol. no pol.

(case A) (case B) (case C)
16π2∆α4 σ+ 9.79 4.21 1.90 3.94 1.78

σ− −4.40 −3.34 −1.71 −3.53 −1.48

16π2∆α5 σ+ 3.05 2.69 1.17 3.94 1.14
σ− −7.10 −6.40 −2.19 −3.53 −1.64

around the nominal mass. Finally, we take the combination that minimizes the deviation from the PDG
values and do a kinematical fit of the bosonic momenta to the total energy and momentum. For a binned
likelihood fit, we do not consider the bosonic spins, and choose as observables two invariant masses,
M2
WZ = (pW + pZ)2, M2

WW = (pW+ + pW−)2, and the angle θ between the e− beam axis and the
direction of the Z-boson.

Results are shown in Fig. 11.3 and Tab. 11.3. For WWZ we give in Fig. 11.3A the 90% contours
for the different polarization cases A, B, and C, and for both beams polarized also the 68% contour. The
respective ∆αi are given in Tab. 11.3. We find that the sensitivity strongly increases with polarization,
cf. the different cases A, B, and C. A best combined fit for triple boson production is given in Fig. 11.3B.

11.2.2 Analysis of weak-boson scattering

In this section we consider those six-fermion processes in e+e− and e−e− collisions that depend on
quartic gauge couplings via quasi-elastic weak-boson scattering subprocesses, i.e., V V → V V , where
V = W±, Z . We use full six-fermion matrix elements and thus do not rely on simplifications such as
the effective W approximation, the Goldstone-boson equivalence theorem, or the narrow-width approx-
imation for vector bosons.

For the simulation we assume a c.m. energy of 1 TeV and a total luminosity of 1000 fb−1 in the
e+e− mode. Beam polarization of 80% for electrons and 40% for positrons is also assumed. Since the
six-fermion processes under consideration contain contributions from triple weak-boson production pro-
cesses (ZZ orW+W− with neutrinos of second and third generation as well as a part of νeν̄eWW (ZZ),
eνeWZ and e+e−W+W− final states), there is no distinct separation of signal and background.

The present study extends the previous study [50] which considered a restricted set of channels and
parameters. In addition to the backgrounds considered there, we include single weak-boson production in
the background simulation for completeness. We take initial-state radiation into account when generating
events. For the generation of tt̄ events we use PYTHIA [93]. The event samples are generated by the
multi-purpose event generator O’Mega/WHIZARD [92, 94–96], using exact six-fermion tree-level matrix
elements. Hadronization is done with PYTHIA. We use the SIMDET [97] program to produce the detector
response of a possible ILC detector.
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Fig. 11.3: Expected sensitivity for α4/α6 and α5/α7 at
√
s = 1000 GeV. Luminosity assumption 1000 fb−1. A)

WWZ-channel only, for an unpolarized beam (A) and the different polarizations cases, e− only polarized (B) and
both beams polarized (C) as explained in the text. Solid lines represent 90% confidence level, the dashed line is for
68%, i.e. ∆χ2 = 2.3. B) Combined fit using WWZ of case C and ZZZ production. Lines represent 90% (outer
line), 68% (inner line) confidence level.

Table 11.4 contains a summary of all generated processes used for analysis and their corresponding
cross sections. For pure background processes a full 1 ab−1 sample is generated. All signal processes
are generated with higher statistics. Single weak-boson processes and qq̄ events are generated with an
additional cut on M(qq̄) > 130 GeV to reduce the number of generated events.

The event selection is done by a cut-based approach, using again hadronic W/Z decays. The
observables sensitive to the quartic couplings are the total cross section (either reduction or increase de-
pending on the interference term in the amplitude and the point in parameter space), and modification of
the differential distributions in vector-boson production angle and decay angle. The extraction of quartic
gauge couplings from reconstructed kinematic variables is done by a binned likelihood fit. To determine
the dependence of the cross section on the parameters within each bin, starting from an unweighted event
sample as generated by WHIZARD, we use the complete matrix elements encoded in the event generator
itself to reweight each event as a function of the quartic gauge couplings. The obtained four-dimensional
event distributions are fitted with MINUIT [98], maximizing the likelihood as a function of αi,αj .

11.2.3 Combined results and resonance interpretation

In Tables 11.5 and 11.6 we combine our results for the measurement of anomalous electroweak couplings
for an integrated luminosity of 1000 fb−1 in the e+e− mode, assuming conservation of the custodial
symmetry (i.e., α6,7,10 = 0) and non-conservation, respectively. In Fig. 11.4, the results are displayed in
graphical form, projecting the multi-dimensional exclusion region in α space around the reference point
αi ≡ 0 onto the two-dimensional subspaces (α4, α5) and (α6, α7).

In order to get a more intuitive physical interpretation in terms of a new-physics scale, we can
transform anomalous couplings into resonance parameters. In each spin/isospin channel we may place
a single resonance, one at a time. For each measured value of some α parameter, we may deduce the
properties of the resonance that would result in this particular value, assuming that no other contributions
to the anomalous couplings are present. Inserting the values that correspond to the sensitivity bound
obtained by the experimental analysis, we get a clear picture on the possible sensitivity to resonance-like
new physics in the high-energy region.

A resonance in a given scattering channel has two parameters, the mass M and the coupling to
this channel. If we are just interested in the sensitivity reach, we have to get rid of the arbitrariness
in the coupling. To this end, we first note that the total resonance width does not exceed the mass —
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Table 11.4: Generated processes and cross sections for signal and background for
√
s = 1 TeV, polarization

80% left for electron and 40% right for positron beam. For each process, those final-state flavor combinations are
included that correspond to the indicated signal or background subprocess.

Process Subprocess σ [fb]

e+e− → νeν̄eqq̄qq̄ W+W− →W+W− 23.19
e+e− → νeν̄eqq̄qq̄ W+W− → ZZ 7.624
e+e− → νν̄qq̄qq̄ V → V V V 9.344
e+e− → νeqq̄qq̄ WZ →WZ 132.3
e+e− → e+e−qq̄qq̄ ZZ → ZZ 2.09
e+e− → e+e−qq̄qq̄ ZZ →W+W− 414.
e+e− → bb̄X e+e− → tt̄ 331.768
e+e− → qq̄qq̄ e+e− →W+W− 3560.108
e+e− → qq̄qq̄ e+e− → ZZ 173.221
e+e− → eνqq̄ e+e− → eνW 279.588
e+e− → e+e−qq̄ e+e− → e+e−Z 134.935
e+e− → X e+e− → qq̄ 1637.405

Table 11.5: The expected sensitivity from 1000
fb−1e+e− sample at 1 TeV in the SU(2)c conserv-
ing case, positive and negative one sigma errors given
separately.

coupling σ− σ+

16π2α4 -1.41 1.38
16π2α5 -1.16 1.09

Table 11.6: The expected sensitivity from 1000
fb−1e+e− sample at 1 TeV in the broken SU(2)c
case, positive and negative 1 sigma errors given sepa-
rately.

coupling σ− σ+

16π2α4 -2.72 2.37
16π2α5 -2.46 2.35
16π2α6 -3.93 5.53
16π2α7 -3.22 3.31
16π2α10 -5.55 4.55

16π2α5

16π
2
α4

16π
2
α5

16π
2
α4 16π

2
α6

16π
2
α7

Fig. 11.4: Expected sensitivity (combined fit for all sensitive processes) to quartic anomalous couplings for a 1000
fb−1 e+e− sample. The full line (inner one) represents 68%, the dotted (outer) one 90% confidence level. a)
conserved SU(2)c case b) broken SU(2)c case.

441

STRONGLY INTERACTING HIGGS SECTOR AND ANOMALOUS COUPLINGS

441



0.1 0.2 0.3 0.4 0.5

16 Π2 Α50.8

1.2

1.4

1.6

1.8

2

2.2
M @TeVD

Fig. 11.5: Allowed region for a scalar singlet resonance with isospin breaking as a function of α5 between the
upper (full) and lower bound (dashed). Ratio of width to mass of the resonance equal to 1.0 (top curve, red), 0.8

(middle curve, green), and 0.6 (lower curve, blue), respectively.

Table 11.7: Mass reach for the scalar singlet resonance in the case of isospin breaking.

fσ = Γσ
Mσ

1.0 0.8 0.6

Mσ [TeV] 1.39 1.32 1.23

otherwise the notion of a resonance is meaningless. To be more specific, we can introduce the ratio of
width and mass as a parameter f ≡ Γ/M . Since the low-energy effect of tree-level resonance exchange
is proportional to f 2, the ultimate sensitivity of a low-energy measurement can be associated with the
possible maximum f ≈ 1, i.e., a resonance that is as wide as heavy.

As an example, in Fig. 11.5 we display the allowed mass range for an isosinglet scalar resonance
as a function of the measured anomalous coupling α5, assuming no other new physics to be present.
Inserting the sensitivity on α5 as obtained from the ILC analysis above, we end up with a mass reach,
depending on the resonance width ratio, as listed in Table 11.7.

Similar analyses can be carried out for all possible spin/isospin channels, where for the particular
case of vector resonances the results from oblique corrections and triple gauge couplings have to be
included in the fit. Detailed results can be found in Ref. [51]. Here, we just quote the final results in
Table 11.8.

To conclude, from purely bosonic interactions we find limits for the sensitivity of the ILC in the
1 to 3 TeV range, where the best reach corresponds to the highest-spin channel. These limits are not as
striking as possible limits from contact interactions, but agree well with the expected direct-search limits
for resonances at the LHC. Note that the selection of purely bosonic interaction depends on the choice
of operator basis. In concrete models such as the Technicolor, in a generic basis fermionic couplings
of new resonances have to be accounted for (cf. the discussion in [51]), and by including those, better
limits can be obtained. Our results thus correspond to the ‘worst-case’ parameter set where new-physics
contributions are minimized.

Performing global fits of all electroweak parameters, analogous to LEP analyses, and combining
data from both colliders will be important for disentangling the contributions. Significant knowledge
about the mechanism of electroweak symmetry breaking can thus be gained even in scenarios that do not
lead to striking new-physics signatures at all.
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Table 11.8: Accessible resonance mass in TeV for all possible spin/isospin channels. The results are derived from
the analysis of vector-boson scattering processes at the ILC, assuming a single resonance with optimal properties.
Left: custodial SU(2) symmetry is assumed to hold; right: no constraints beyond the SM symmetries are assumed.

Spin I = 0 I = 1 I = 2

0 1.55 − 1.95
1 − 2.49 −
2 3.29 − 4.30

Spin I = 0 I = 1 I = 2

0 1.39 1.55 1.95
1 1.74 2.67 −
2 3.00 3.01 5.84

11.3 WW scattering at high WW centre-of-mass energy

Jonathan M. Butterworth

Given the issues already discussed in the introduction, it is clear that whatever scenario for electroweak
symmetry breaking is realised in nature, the measurement of the vector-boson scattering process qq →
qqWW → qqWW , where “W” implies both charged and neutral vector bosons, is a priority for the
LHC experiments. Without a Higgs, the standard model makes no prediction for this cross section above
1.2 TeV; put another way - this cross section is almost entirely determined by the electroweak symmetry-
breaking mechanism, and thus is the most model-independent probe of this mechanism.

These processes have been widely studied (see references in the previous section). However, many
of these processes focus on Higgs searching. In this case, the mass range of interest is well below 1 TeV,
and in addition, since one is searching for a resonance, it is acceptable to look for threshold enhancements
in a lepton transverse momentum spectrum where both W ’s decay leptonically. However, since the cross
section is dominated by charged vector bosons, this implies the presence of two neutrinos in the final
state, and prohibits an accurate measurement of the WW centre-of-mass energy.

Here we briefly summarise a study [33] of the charged-WW scattering process at WW centre-
of-mass energies of 0.6 TeV and above. This study was motivated by the desire to measure the WW
cross section as a function of WW centre-of-mass energy as accurately as possible, regardless of the
(unknown) structure of the cross section. Therefore the requirement of sufficient statistics at the extreme
kinematic limit, as well as the requirement that a maximum of one neutrino be in the final state, and the
control of QCD backgrounds, drives the study toward measuring the cross section where one W decays
leptonically and the other decays hadronically.

The high energy implies that the decaying W ’s are very highly boosted. This aids reconstruction
of the neutrino kinematics, but implies that the hadronically decaying W is generally reconstructed as
a single jet. The principal backgrounds are W+jet production where the jet fakes a hadronic W , and t t̄
production.

One interesting feature of the study was the use of the kT jet algorithm [99] to reconstruct the
jets. This is theoretically preferred to simple cone algorithms, meaning that comparisons to predictions
can eventually be made with greater confidence. This is in part because it mirrors the structure of the
QCD cascade itself. This property can be exploited in identifying the hadronically-decaying W , since
in this case the highest kT “splitting” of the jet is expected to be the W decay, i.e. at a characteristic
scale of MW , whereas for the QCD jet in the W+jet process, it is a gluon radiation which will typically
be at a scale much lower than the pT of the jet. By decomposing the W -candidate jet into subjets in the
kT algorithm, this splitting scale may be evaluated and used to suppress the W+jet background. This is
similar in principle to rerunning the cone algorithm with a smaller cone, as was done in previous studies;
however, the kT approach is better theoretically controlled, less ambiguous and is invariant under boosts
along the W direction. The latter property is particularly important when the desire is to study the shape
of the cross section as a function of the WW centre-of-mass energy. This technique is in fact generally
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Fig. 11.6: Measurement expectation after 100 fb−1 of LHC luminosity at 14 TeV cm energy. (a,c,e) dσ/dMWW

and (b,d,f) dσ/d| cos θ∗|. (d) shows dσ/d| cos θ∗| for the high and low mass subsamples for the double resonance
model, separated by a cut at 1200 GeV. (Figure taken from [33]).

applicable to any highly boosted massive particle decaying to hadrons. We note that the kT algorithm is
available in a standard implementation, used by the experiments and theorists alike [100], and a recent
reimplementation improves the speed dramatically [101], a factor which was previously a limitation on
its use.

Other new features of the analysis included a top quark veto and a cut on the transverse momentum
of the hard subsystem. In addition, the established tag jet and minijet veto cuts were applied.

Five different physics scenarios, representative of the different types of physics which might rea-
sonably be expected at the LHC, were studied. The effect of uncertainties in the underlying event leads
to a model dependent systematic error of 40-50%. The results compare very well with previous Higgs
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search studies in the semi-leptonic channel. Over a wide range of parameter space signal/background
ratios of greater than unity can be obtained, and the cross-section can be measured differentially in the
WW centre-of-mass energy within one year of high luminosity LHC running (100 fb−1). Vector and
scalar resonances up to around 1.5 TeV may well be observable, and their spins measureable. Figure 11.6
shows the simulated measurements, after background subtraction, estimated for 100 fb−1 of LHC lumi-
nosity at 14 TeV cm energy.

These studies are currently being repeated and updated using a simulation of the ATLAS detec-
tor [102–104]. Early indications are that the conclusions are robust against detector effects, but clearly
much more detailed work is needed to realise these measurements in LHC data.

11.4 VV-fusion in CMS: a model-independent way to investigate EWSB

Elena Accomando, Nicola Amapane, Alessandro Ballestrero, Aissa Belhouari, Riccardo Bellan, Giuseppe
Bevilacqua, Sara Bolognesi, Gianluca Cerminara, Vladimir Kashkan, Ezio Maina and Chiara Mariotti

Vector boson scattering is the reaction of choice to probe the nature of Electroweak Symmetry Breaking
(EWSB), for which the Standard Model (SM) provides the simplest and most economical explanation. In
the SM the Higgs particle is essential to the renormalizability of the theory and is also crucial to ensure
that perturbative unitarity bounds are not violated in high energy reactions. Scattering processes between
longitudinally polarized on shell vector bosons (VL) are particularly sensitive in this regard. Without a
Higgs the VL’s interact strongly at high energy, violating perturbative unitarity at about one TeV. If, on
the contrary, a relatively light Higgs exists then they are weakly coupled [105]. In the strong scattering
case one is led to expect the presence of resonances in VLVL interactions. Unfortunately the mass, spin
and even number of these resonances are not uniquely determined [33]. If a Higgs particle is discovered
it will nonetheless be necessary to verify that indeed longitudinally polarized vector bosons are weakly
coupled at high energy by studying boson boson scattering in full detail. Studying the large mass region
of boson-boson scattering could provide an alternative method to determine the Higgs mass range. This
could be very useful in case of a light Higgs which will require several years of data taking for a reliable
discovery.

In the absence of firm predictions in the strong scattering regime, trying to gauge the possibilities
of discovering signals of new physics at the LHC requires the somewhat arbitrary definition of a model
of VLVL scattering beyond the boundaries of the SM. The simplest approach is to consider the SM in
the presence of a very heavy Higgs. While this entails the violation of perturbative unitarity, the linear
rise of the cross section with the invariant mass squared in the hard V V scattering will be swamped
by the decrease of the parton luminosities at large momentum fractions and, as a consequence, will be
particularly challenging to detect. At the LHC, the offshellness of the incoming vector bosons will further
increase the difference between the expectations based on the behaviour of on shell V V scattering and
the actual results. For MH >10 TeV, all Born diagrams with Higgs propagators become completely
negligible in the Unitary gauge, and all expectations reduce to those in the MH → ∞ limit. Since this
limit is gauge invariant, the results for the no Higgs case presented in the following do not depend on the
gauge choice.

At the LHC no beam of on shell EW bosons will be available. Incoming quarks will emit spacelike
virtual bosons which will then scatter among themselves and finally decay. All previous studies of boson
boson scattering at high energy hadron colliders, with the exception of Refs. [64, 106], have resorted to
some approximation, either the Equivalent Vector Boson Approximation (EVBA), or a production times
decay approach. There are however issues that cannot be tackled without a full six fermion calculation
like exact spin correlations between the decays of different heavy particles, the effect of the non resonant
background, the relevance of the offshellness of boson decays, the question of interferences between
different subamplitudes.
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Fig. 11.7: The general diagram of vector boson fusion processes.

Fig. 11.8: The qq → qqqqµν/µ process generic diagram.

11.4.1 Semileptonic final states

At the LHC the large V V invariant mass region can be explored studying the following processes

qq → qqV W → qqqqµν

qq → qqV Z → qqqqµµ

They offer a clear experimental signature, because of the presence of high pT muons from the W or Z
decay, together with the highest branching ratio among the final states which can be reconstructed in
an hadronic environment. In fact boson boson scattering with a totally hadronic final state cannot be
isolated from the non resonant QCD background whose cross section is much larger while final states
where both bosons decay leptonically have a smaller rate. Moreover in qqWW → qqµνµν processes
the V V invariant mass cannot be reconstructed. Up to now, only final states with muons have been
considered, but processes with electrons can be used as well. In the future four lepton final state channels
will also be studied.

11.4.2 Signal definition and simulation

In order to explore the EWSB mechanism through the analysis of V V scattering processes, a precise
knowledge of the cross section σ(qq → qqV V ) over the whole V V invariant mass spectrum is essential.
The choice of the MC generator is therefore a key aspect of this study. The qq → qqqqµν processes have
been simulated with PHASE [107, 108] and the qq → qqqqµµ with PHANTOM which are exact leading
order matrix element MC’s at order α6

EW .

The general diagram of the vector boson fusion process is shown in Fig. 11.7. Once vector bosons
are decayed we have a six fermion final state. If the virtuality of the incoming vector bosons is properly
taken into account and the outgoing vector bosons are allowed to be off mass shell then the full set of dia-
grams describing qq → qqqqll′ has to be considered in order to preserve gauge invariance (see Fig. 11.8).
This process includes not only boson boson scattering but also all the irreducible backgrounds that in-
terfere with the signal and cannot be computed and simulated separately. They include the production
of a V V pair produced without undergoing scattering as well as diagrams describing tt and single top
electroweak production. Furthermore there can be subprocesses with three outgoing vector bosons from
Triple or Quartic Gauge Couplings or from Higgs production via Higgstrahlung. Finally “non resonant”
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Table 11.9: Standard acceptance cuts applied during event simulation. Here lepton refers only to l±.

E(quarks)> 20 GeV E(lepton)> 20 GeV
pT (quarks)> 10 GeV pT (lepton)> 10 GeV
|η(quarks)| < 6.5 |η(lepton)| < 3

M(qq)> 20 GeV M(ll)> 20 GeV

Table 11.10: Cross sections and percentages of qq → 4qµν and qq → 4qµµ events generated for the signal and
the irreducible background.

qq → qqqqµν qq → qqqqµµ
no Higgs 500 GeV no Higgs 500 GeV

σ (pb) perc. σ (pb) perc. σ (pb) perc. σ (pb) perc.
total 0.689 100% 0.718 100% 0.0430 100% 0.0482 100%
signal 0.158 23% 0.184 26% 0.0170 39% 0.0213 44%
top 0.495 72% 0.494 69% 0.0206 48% 0.0206 43%
non resonant 0.020 3% 0.023 3% 0.0039 9% 0.0046 10%
three bosons 0.016 2% 0.017 2% 0.0015 4% 0.0017 3%

diagrams are considered where only one pair of fermions in the final state comes from a vector boson
decay. For a detailed description of all these contributions see [64].

11.4.2.1 qqV V signal selection at partonic level

In order to comply with the acceptance of the CMS detector and with the CMS trigger requirements, the
cuts shown in Table 11.9 have been applied to all events.

With the aim to enhance the contribution of boson boson scattering with respect to the irreducible
background and investigate EWSB, additional kinematical cuts have been applied at parton level. Single
top and tt production are the main backgrounds. They represent about 70% (45%) of the total cross
section in the 4qµν (4qµ+µ−) channel. To suppress them, events with a b-quark and two other quarks
(with flavour compatible with W decay) are rejected if the invariant mass of these three particles is
between 160 and 190 GeV. Analogously, events in which the muon, the neutrino and a b-quark have an
invariant mass between 160 and 190 GeV are rejected.

The two leptons have to reconstruct the mass of a W or a Z , so their invariant mass is required to
be in the range MV ±10 GeV. In V V fusion an additional W or a Z decaying hadronically is expected to
be present. Therefore events are required to contain two quarks with the correct flavours to be produced
in W or Z decay and with an invariant mass of ± 10 GeV around the central value of the corresponding
gauge boson. If more than one combination of two quarks satisfy these requirements, the one closest to
the corresponding central mass value is selected. This combination will in the following be assumed to
originate from the decay of an EW vector boson. The requirement of at least two reconstructed vector
bosons in the final state eliminates about 3% (10%) of the total cross section. Finally one has to reject
events with the production of three outgoing vector bosons: if the two remaining quarks have the right
flavour to reconstruct a W or a Z boson and if their invariant mass is compatible within 10 GeV with
the corresponding boson mass then the event is rejected. This happens in about 2% (3%) of the cases.
As shown in [106] the requirement that quark pairs which have masses in the neighborhood of the EW
vector boson masses also have the correct flavour content has a very modest impact on our results.

In the following we will refer as ”signal” to the events which pass the selection cuts in Table 11.9
and the additional kinematical cuts mentioned above: top veto and presence of two and only two particle
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quarks in the no-Higgs scenario for the 4qµν channel.

pairs (ll and jj) with masses close to the masses of the EW vector bosons. In Table 11.10 we list the
cross sections for the signal and the irreducible backgrounds corresponding to the described cuts. In
Fig. 11.9, the M(VW ) spectrum is shown.

11.4.2.2 Signal topology

The lepton and the neutrino (l+l− pair) in the final state come from the decay of a W (Z). They are
expected to have a quite high transverse momentum (pT ) and to be mostly produced centrally in the
detector, i.e. at low absolute value of the pseudo-rapidity (η). Similarly the two quarks from the decay
of the second vector boson. On the contrary, the two quarks which emit the two incoming vector bosons
tend to go in the forward/backward region (high |η|) with very large energy and pT . Thanks to their
peculiar kinematical pattern these two spectator quarks are essential to tag the V V fusion events among
all six fermions final states, therefore they will also be called “tag quarks”. In Fig. 11.10 the kinematics
of the two quarks from the boson decay and of the two tag quarks are compared.

It is interesting to look at possible differences in the kinematics of the VV-fusion signal with
respect to the irreducible background. In Fig. 11.11 the distributions of some kinematical variables are
presented for the signal and for the full sample in case of the qqqqµν final state. We expect similar

448

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

448



) [GeV]ν,µM(q,q,q,q,
1000 2000 3000 4000 5000 6000

) [
pb

/G
eV

]
ν,µ

/d
M

(q
,q

,q
,q

,
σd

-610

-510

-410

-310

total
signal

Six fermions mass

 [GeV]
T

p
0 100 200 300 400 500 600

 [p
b/

G
eV

]
T

/d
p

σd

-610

-510

-410

-310

-210

total
signal

T
Muon p

 [GeV]
T

p
0 100 200 300 400 500 600 700 800 900 1000

 [p
b/

G
eV

]
T

/d
p

σd

-610

-510

-410

-310

-210

total
signal

 of tag quarksTP

η∆
0 1 2 3 4 5 6 7 8 9 10

) [
pb

]
η∆

/d
(

σd

-310

-210

-110 total
signal

Delta Eta between tag quarks
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difference in pseudorapidity between the two tag quarks for all the events (black) and for the signal events (red).
All plots refer to the no-Higgs case.

results for the qqqqµ+µ− final state as well. In the figure the no-Higgs case is chosen as an example,
but there are no significant differences with the case of a visible Higgs. Only some variables, which are
connected to the mass of the Higgs boson, show the presence of the resonance. The total invariant mass
of the six fermions in the final state is presented for the signal and for the full sample: the signal tends to
have a very large final six fermion mass. The muon from the signal has a larger pT than the one from the
background, and the same applies to the spectator quarks. The difference of the η’s of the tag quarks is
also shown: the signal tends to have a larger ∆η with respect to the background.

11.4.2.3 Main backgrounds

The most problematic background for the vector boson fusion signal is the production of a single W
(or Z) in association with n jets (n=1,2,3,4). In this case the outgoing jets come from gluons or quarks
produced via QCD processes, so we expect a larger occupancy of the central pseudorapidity region with
respect to the pure EW signal process.

tt and single top production via QCD processes, e.g. qq̄ → tt̄ and gg → tt̄, are other backgrounds
with very large cross sections. Top quarks decay into a W boson and a b-quark with a branching ratio
of almost 100% giving a final state similar to that produced in V V fusion events. However the outgoing
b-quarks can be recognized through a b-tagging algorithm and they have a kinematical behaviour quite
different from the signal tag quarks: the former are in fact more central and have much lower energy.

Exactly the same final state of the signal jjV W → jjqqµν (or jjV Z → jjqqµµ) can be pro-
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GeV.

duced also at a different perturbative order: α2
Sα

4
EW . In this case the two jets not coming from a boson

decay are generated from QCD processes so they can come from a quark or a gluon. These background
processes can be distinguished from the V V fusion signal thanks to the fact that in the first case the
outgoing bosons have very high energy and quite high pseudorapidity so they have lower transverse
momentum with respect to the signal bosons that are produced in the central region. Moreover the two
outgoing QCD quarks (or gluons) have very high energy, higher than the energy of the signal tag quarks,
and their pseudorapidity distribution and their transverse momentum spectrum are intermediate between
that of the signal quarks from the boson decay and that of the signal tag quarks.

Some preliminary studies have been done with the CMS detector fast simulation (refs. [109], [110],
[111], [112]). In these references you can find a detailed description of all mentioned backgrounds
together with some preliminary strategies to eliminate them and to reconstruct the signal in the CMS
detector.

11.4.3 The high mass region

An interesting physics possibility is to investigate whether there exist or not an elementary Higgs boson
by measuring the VW cross section at large M(VW ). The rise of the cross section related to unitarity
violation in the no-Higgs case is difficult to detect at the LHC, since the center-of-mass energy is still
rather low and the decrease of the proton distribution functions at large x has the dominant effect.

As discussed in [64], the unitarity violation is related only to the scattering of longitudinally polar-
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ized vector bosons. In fact, in presence of a light Higgs, the cross section at high VW invariant masses
is due essentially to transversely polarized bosons while in the no Higgs case the cross section the con-
tributions of longitudinally and transversely polarized bosons are comparable. Thus, if it was possible
to distinguish WLWL from WTWT the difference in cross section at high masses between the no Higgs
and the light Higgs scenarios would be sizeable. In order to distinguish WLWL from WTWT we must
exploit the different behaviour of the final state in the two cases. Preliminary studies in this direction
have been presented in [64].

In Fig. 11.12 several kinematical distributions for M(H)=170 GeV, M(H)=500 GeV and the no-
Higgs case have been compared for M(VW )>800 GeV in the qqqqµν final state2. The variables most
sensitive to the different behaviour of the two cases (Higgs and no Higgs) have been selected and then
used to train a Neural Network focusing on events in the high mass region (M(V V )>800 GeV).

Thus the Neural Network becomes able to distinguish the light Higgs from the no Higgs scenario
and a significative difference in the integrated cross section in these two cases can be achieved imposing
a cut on the Neural Network output. It is also interesting to study how the difference at high invariant
masses changes if we consider different processes. In Fig. 11.13 we show the ratio

∫ ∞

Mcut

dMVW
dσnoHiggs
dMVW∫ ∞

Mcut

dMVW
dσMH=500

dMVW

(11.22)

for different groups of processes for a given cut on the Neural Network output (for details see [64]). The
set which includes W±W± → W±W± is the one with the largest separation, while the sets including
ZZ → W±W∓ and ZW → ZW scattering show a smaller difference between the Higgs/no–Higgs
scenarios.

For the final states 4qµ+µ− simple kinematical cuts have been applied to enhance the difference
between the case of Higgs and no Higgs [106]. With the requirement of |η(V )| < 2 we obtain a difference

2Recall that only purely EW processes has been included in this study.
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Fig. 11.14: Invariant mass distribution for M(V Z) > 800 GeV in the 4qµ+µ− case. The full line refers to the no-
Higgs case, the dashed one to M(H)=200 GeV. The upper two curves present the results for our signal definition.
For the two lower ones we have further required |η(Zll)| < 2 and |η(qV )| < 2.

between the Higgs/no–Higgs case of a factor 2 to 3 with a cross section of 0.4 to 0.04 in the first case
and 0.7 to 0.1 fb in the no Higgs scenario (see Fig. 11.14).

11.4.4 Summary and future

We have studied at parton level the processes qq → qqqqµν and qq → qqqqµµ at the LHC using two new
MonteCarlo generators PHASE and PHANTOM. A strategy to enhance boson boson scattering with respect
to the irreducible backgrounds has been developed.

The SM predictions in the absence of the Higgs have been chosen as a benchmark scenario for
possible signals of new physics in the EWSB sector: a comparison with the standard case of a visible
Higgs has been performed focusing on the high M(V V ) region.

The effect of the CMS detector is under study. Preliminary analyses [112], using different genera-
tors and an old version of the detector simulation, showed that at CMS a good resolution on the M(V V )
variable can be achieved along with a resonable signal over background ratio. Since the cross section of
the process is very small a few years of data taking will be necessary to be able to study these channels.

Channels with four leptons in the final state will be investigated in the near future.
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12 TECHNICOLOR

12.1 Introduction
Georges Azuelos and Francesco Sannino

A number of possible generalizations of the standard model have been conceived. Such extensions are
introduced on the basis of one or more guiding principles or prejudices.

By invoking the absence of fundamental scalars in Nature one is led to construct theories in which
the electroweak symmetry breaks via a fermion bilinear condensate. The Higgs sector of the Standard
Model becomes an effective description of a more fundamental fermionic theory. This is similar to the
Ginzburg-Landau theory of superconductivity. If the force underlying the fermion condensate driving
electroweak symmetry breaking is due to a strongly interacting gauge theory these models are termed
technicolor. Here we will discuss the basic models and summarize experimental searches.

Technicolor, in brief, is an additional non-abelian and strongly interacting gauge theory augmented
with (techni)fermions transforming under a given representation of the gauge group. The Higgs La-
grangian is replaced by a suitable new fermion sector interacting strongly via a fifth force (technicolor).
Schematically:

LHiggs → −
1

4
FµνF

µν + iQ̄γµD
µQ , (12.1)

where, to be as general as possible, we have left unspecified the underlying nonabelian gauge group
and the associated technifermion representation. The characteristic scale of the new theory is expected
to be less than or of the order of one TeV. The chiral-flavor symmetries of this theory, as for ordinary
QCD, break spontaneously when the technifermion condensate Q̄Q forms. It is possible to choose
the fermion charges in such a way that there is, at least, a weak left-handed doublet of technifermions
and the associated right-handed one which is a weak singlet. The covariant derivative contains the new
gauge field as well as the electroweak ones. The condensate spontaneously breaks the electroweak
symmetry down to the electromagnetic and weak interactions. The Higgs is now interpreted as the
lightest scalar field with the same quantum numbers of the fermion-antifermion composite field. The
Lagrangian part responsible for the mass-generation of the ordinary fermions will also be modified since
the Higgs particle is no longer an elementary object.

Models of electroweak symmetry breaking via new strongly interacting theories of technicolor
type [1,2] are a mature subject (for recent reviews see [3,4]). One of the main difficulties in constructing
such extensions of the standard model is the very limited knowledge about generic strongly interacting
theories. This has led theorists to consider specific models of technicolor which resemble ordinary
quantum chromodynamics and for which the large body of experimental data at low energies can be
directly exported to make predictions at high energies.

To be able to make contact with experiments we need to introduce some of the phenomenological
key players of technicolor theories. These are some of the hadronic states of the theory.

As we have already explained above, the techniflavor global symmetries, as for ordinary QCD,
break spontaneously and technipions πT will emerge as light states of the theory. Three of them become
the longitudinal components of theW and Z gauge bosons. Since the quantum numbers of the remaining
technipions are model dependent, it can happen that some carry weak charges and/or ordinary color
charges. New sources of techniflavor symmetry breaking are needed to be able to provide large masses
to the technipions. Vector mesons are relevant in QCD and their technivector cousins may equally play
an important role for the technicolor theories. According to the underlying model, as for technipions,
these technihadrons can also experience the color and electroweak force. A mass in the several hundred
GeV range is expected.

The situation for the composite Higgs boson is more delicate. According to the common lore
generic theories of composite Higgs contain large corrections with respect to the minimal standard model,
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similar to those of a heavy elementary Higgs boson [5]. However, a heavy composite Higgs is not
necessarily an outcome of strong dynamics [6–10]. Here we are not referring to models in which the
Higgs is a quasi Goldstone boson [11], investigated recently in [12] (see Section 7).

In the analysis of QCD-like technicolor models information on the non-perturbative dynamics at
the electroweak scale is obtained by simply scaling up QCD phenomenology to the electroweak energy
scale. The Higgs particle is then mapped into the qq̄ scalar partner of the pions in QCD. However, the
scalars are a complicated sector of QCD (see the PDG - review dedicated to this sector of the theory).
There is a growing consensus that the low lying scalar object, i.e. f0(600), needed to provide a good
description of low energy pion pion scattering [13, 14] is not the chiral partner of the pions but is of
four quark nature à la Jaffe [15, 16]. Recent arguments, based on taking the ’t Hooft limit of a large
number of colors N , also demonstrate that the low energy scalar is not of qq̄ nature [17]. The natural
candidate for the scalar partner of the ordinary pions is very heavy, i.e. it has a mass larger than one GeV.
When transposed to the electroweak theory by simply taking the scaled pion decay constant Fπ as the
electroweak scale, one concludes that in technicolor theories with QCD-type dynamics the composite
Higgs is very heavy, mH ∼ 4πFπ , of the order of the TeV scale. This implies that corrections are
needed to compensate the effects of such a heavy Higgs in order not to be at odds with the electroweak
precision measurements data. The presence of a heavy Higgs, however, does not exclude the possibility
to observe a lighter and very broad techniscalar below the TeV region constructed with more than two
technifermions in analogy with the f0(600) of QCD. For strongly interacting theories with non-QCD-like
dynamics we are no longer guaranteed that the associated composite Higgs particle is heavy.

To generate standard model fermion masses in technicolor theories additional interactions are
needed. Extended technicolor (ETC) models (Section 12.2), which couple technifermions to ordinary
fermions [18], are an example of such interactions. Typically one imagines a very large gauge group in
which color, flavor and technicolor are embedded simultaneously. Such a gauge group must then break
to ordinary color and technicolor. The breaking of the ETC gauge group provides also masses to the ETC
gauge bosons which are not part of the technicolor and color interactions. ETC massive gauge bosons
and associated dynamics can lead to:
• a mass term for the standard model fermions,
• provide sufficiently large masses for some of the dangerously light technipions,
• technipions decaying into ordinary fermion pairs,
• couplings between fermions of different generations and hence to flavor-changing neutral currents.

Experimental constraints on interactions mediating flavor-changing neutral currents are obtained via the
K0 K̄0 system [18]. These constraints for technicolor theories have been re-analyzed in [19] and found
to be less restrictive. It turns out that the scale of ETC breaking must be of the order of hundreds to
thousands of GeV. Such a high scale for the ETC interactions leads to very light technipions and quarks.
This problem can be alleviated if the technifermion bilinear, whose condensate breaks the electroweak
symmetry, can be dynamically enhanced. This is possible in theories in which the technicolor gauge
coupling as function of the renormalization scale walks rather than run [20–24]. In Fig. 12.1 we provide
a sketch of a typical walking coupling constant versus a standard running one. The enhancement of the
condensate allows reasonable masses for light quarks and leptons, even for large ETC scales necessary
to suppress flavor-changing neutral currents sufficiently well. However, to obtain the observed top mass,
one can use the ETC type models presented in [19], or one must rely on additional dynamics, as in so-
called non-commuting ETC models, where the ETC interaction does not commute with the electroweak
interaction [25]. This last mechanism is similar in spirit to the topcolor assisted technicolor models
[26, 27] which will be introduced later in the text.

Most of the models used in the literature have considered the technifermions in the fundamental
representation of the gauge group. In this case one needs a very large number of technifermions, roughly
of the order of 4NTC with NTC the number of technicolors, to achieve walking [28–31]. It is, in general,
hard to reliably compute physical quantities in walking theories [4]. However attempts have been made
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Fig. 12.1: Left Panel: A standard running behavior of a coupling constant in a generic asymptotically free theory.
Right Panel: The walking behavior of the coupling constant when the number of flavors is near a conformal fixed
point.

in the literature to provide an estimate of the S parameter [32]. One expects a reduced S parameter with
respect to the naive one computed in perturbation theory [32–34].

Some of the previous problems can be ameliorated [8–10, 35] if one considers technifermions in
higher dimensional representations of the technicolor gauge group. Here one achieves walking for a
very small number of technifermions. Technicolor-like theories with fermions in higher dimensional
representations of the gauge group have also been considered in the past [36–38]. For the walking type
theories introduced in [8] it is argued that: i) The S-parameter is naturally small [9, 10]; ii) One has
zero or a very small number of technipions [8]. A possible feature of these theories is that the resulting
composite Higgs can be light with a mass of the order of 150 GeV. The phenomenology of these theories
leads to interesting signatures as shown in Section 12.5.

It is instructive to examine the constraints from new precision measurements on the model pre-
sented in [10]. The model consists of two techniflavors in the adjoint representation of a two technicolor
theory. A new lepton family is needed to have a consistent theory while the hypercharge needs not be the
one of the standard model. In Fig. 12.2 the ellipse corresponds to the one sigma contour in the T−S plane.
The central values for S= +0.07 ± 0.10 and T = +0.13 ± 0.10 have been taken from reference [39].
The black area bounded by parabolas corresponds to the region in the T−S plane obtained when varying
the relative Dirac masses of the two new leptons. The point at T= 0 where the inner parabola meets the S
axis corresponds to the contribution due solely to the technicolor theory. The electroweak parameters are
computed perturbatively. Fortunately for walking technicolor theories the nonperturbative corrections
further reduce the S parameter contribution [32, 33] and hence our estimates are expected to be rather
conservative.

The figure clearly shows that the walking technicolor type theories are still viable models for
dynamical breaking of the electroweak symmetry [40].

We stress that the S parameter problem, per se, can be alleviated in different ways [3, 41], also
for walking technicolor theories with technifermions in the fundamental representation of the gauge
group [42].

Although the ETC problem it not yet solved, some progress in building ETC models has been
made in [19, 35] also with respect to the problem of generating neutrino masses [43]. The improvement
with respect to earlier models is due to a better assignment of left and right-handed fermions to specific
representations of a given ETC gauge group as well as of a better control over the walking dynamics [35].
Also the intragenerational mass splitting problem, especially the top-bottom mass one, has been recently
re-investigated [19,35,44] with promising results. Particular care was payed in avoiding generating large
corrections to the electroweak precision parameters.

There is the possibility that a top quark condensation may be responsible for part or all of the
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Fig. 12.2: Left Panel: The black shaded parabolic area corresponds to the accessible range of S and T for the extra
neutrino and extra electron for masses from mZ to 10mZ for the model of ref [10]. The perturbative estimate for
the contribution to S from techniquarks equals 1/2π. The ellipse is the 90% confidence level contour for the global
fit to the electroweak precision data with U kept at 0. The contour is for the reference Higgs mass of mH = 150

GeV. Right Panel: Here the plot is obtained with a larger value of the hypercharge choice, according to which one
of the two fermions is doubly charged and the other is singly charged under the electromagnetic interactions.

electroweak symmetry breaking [45–48]. This may happen due to the fact that the top quark is very
heavy and hence strongly coupled to the electroweak symmetry breaking sector. Unfortunately the top-
quark condensation mechanism per se seems to yield a too large top mass [49]. This problem can be
addressed by re-introducing a technicolor theory [27]. One has also to invent a new strongly interacting
theory coupling to the third generation of quarks and an additional strongly coupled U(1) forbidding the
formation of the bottom condensate. In this model one predicts the existence of topgluons, i.e. a massive
color octet of vectors coupling mostly to the third generation. Due to the presence of the U(1) interaction
one predicts also the presence of a topcolor Z ′ particle.

Another promising idea is the top-seesaw model [6,50] in which the electroweak symmetry is bro-
ken thanks to the topcolor dynamics augmented with a seesaw mechanism involving an extra vectorlike
quark, χ. The Higgs boson is composite, resulting from a I = 1/2 condensate of a left-handed top quark
and a right-handed state of the new isosinglet quark. With the condensate mass scale at ∼ 600 GeV, the
vev of the Higgs field is at the right scale for electroweak symmetry breaking (EWSB) and the correct
physical top mass will derive from the diagonalization of the mass matrix.

A summary of direct experimental limits on the existence of technicolor particles, as well as other
resonances predicted in dynamical electroweak breaking scenarios can be found in [3, 51].

Most of the searches for technicolor resonances, have been performed in the context of a “multi-
scale” technicolor model [36,37] in which “walking” of αTC is achieved by the presence of a large num-
ber of technifermions, which are copies of the fundamental representation of the technicolor gauge group,
or which belong to a few higher representations, or both. It is then expected, in a “technicolor straw man
model”(TCSM) [52–54], that the low energy phenomenology will be determined by the lowest-lying
bound states associated to the lightest technifermion family doublet. The lowest technicolor scale could
be of a few hundred GeV’s, and therefore these bound states, the isovector technipions π±,0T and tech-
nirho ρ±,0 and the isoscalar π′T and techniomega ωT , would have a good chance of being seen at the
Tevatron and should certainly be accessible at the LHC. A limited number of parameters is assumed in
the TCSM model: (i) NTC , the number of technicolors of the SU(NTC) group, (ii) ND, the number of
technifermion families (iii) χ, the mixing angle between the longitudinal vector bosons and the physical
technipions, (iv) Q = QU + QD, the sum of the electric charges of the technifermions, (v) mV ∼ mA,
the mass parameters that control the strength of the technivector decay to a technipion and a transversely
polarized electroweak boson (e.g., ωT → π0

T + γ), (vi) |ερω|, a mixing amplitude between ρ0
T and ωT ,

and (vii) mρT ,mωT ,mπT , the masses of the vector resonances and of the technipions.

At LEP, in technicolor searches based on the TCSM [55–58] the processes considered were:
e+e− → ρ0

T , ωT → π+
T π
−
T → bq̄b̄q′, as well as final states π0

Tγ → bb̄γ and WπT . As a result of
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2 jets signal (from ref. [66]).
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these searches, an excluded region was obtained in the (MπT ,mρT /ωT ) plane. An upper bound of 87
GeV is obtained on the mass of πT , at 95% CL, in the TCSM with ND = 9, (χ = 1/3), independent of
the mass of the vector states mρT ,mωT . This limit is somewhat reduced for larger values of the angle χ.

Presently, the most stringent experimental constraints on masses of technicolor particles are de-
rived from Tevatron searches. Since technipions, similarly to the Higgs, are expected to couple prefer-
entially to the heavier fermions, one possible signal of technicolor would be the detection of leptoquarks
(color-triplet technipion) of the second or third generation, decaying to bτ, cν or bν. Pair production of
these leptoquarks should be enhanced by the s-channel exchange of the color octet technirho resonance,
ρ8 → 2πLQ, coupling in a vector dominance model (VDM) to the gluon propagator. Searches for these
processes [59, 60] have excluded regions of the mπLQ −mρT plane, in the kinematically allowed areas
of phase space. Typically, the limit on mρT is about 600 GeV (for mπT < mt in the cc̄νν̄ channel),
but depends on the assumed value of the mass difference ∆M = mπ8 − mπLQ . For high masses of
technipions, a color-octet technirho could decay to di-jets. The mass range 350 < mρ8 < 440 GeV, has
been excluded [61, 62] in the ρ8 → bb̄ channel. The absence of such bb̄ mass peak also serves to set
limits, depending on the assumed width of the resonance, on the masses of topgluon states. The above
limits on the color octet vector resonance carry high uncertainty as it has been shown that the coupling of
the state to two gluons is forbidden by gauge invariance [63] in a VDM, although higher order operators
will lead to such couplings [64]. Furthermore, it has been argued [65] that in a model deviating even
slightly from VDM, where some direct coupling exists between a quark and the interaction eigenstate of
a technihadron, the coupling of the quark to the physical technirho would be highly suppressed.

Searches at the Tevatron have also been performed in the context of the TCSM model described
above. The principal decay channels of ρT are πTπT , V πT and V V , (V = W or Z), but depending on
the mass relations, branching ratios vary or some decay channels could be closed. Searches for event
topologies containing leptons + jets [66, 68], or 4-jets were therefore performed, with selection of b-jets
in the final state to reduce the backgrounds. The resulting contours of exclusion are shown in Fig. 12.3.
Even with b-tagging of the jets, large backgrounds from W + heavy flavor, mistags, tt̄ and single top
events remain. Similarly, in the absence of evidence for peaks in the {m(γbj) − m(bj)} distribution,
searches [67, 68] for ωT → γπT followed by πT → bb̄ have also led to cross section limits, or to
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GeV) or of the parameter mV = 500, 200 and 100 GeV (see ref. [70]).

exclusion regions of approximately 150 < mωT < 300 GeV when mωT > mZ + mπT (see Fig. 12.4).
Another relatively clean possible signature, which will be enhanced if decays of the vector resonances to
technipions are kinematically closed, is a Z ′-like peak in the di-lepton invariant mass: ρT , ωT → e+e−.
Fig. 12.5 shows preliminary bounds from D0 [69, 70] on the cross section times branching ratio of this
process, obtained in RunII.

At the LHC, fast simulation studies [71], performed in the context of an earlier version of the
TCSM model, implemented in PYTHIA, suggest that the technirho, techniomega and technipions could
be detected up to masses of around 1 TeV. The LHC reach depends strongly on the assumed parameters,
as the various branching ratios and decay widths are sensitive to the relative masses, as well as the mixing
angles. Nevertheless, depending on parameters, a variety of signals can be investigated. For example,
with an integrated luminosity of 30 fb−1, the technirho can be observed up to masses of ∼ 800 GeV
and the technipion up to ∼ 500 GeV, in channels: ρ±T → W±Z , ρ±T → π±T Z and ρ±T → W±π0

T , when
the vector bosons decay leptonically and the technipions decay to heavy flavor quarks. Fig. 12.6 shows
an example of some specific cases of ρT resonances. It has been assumed that the πT coupling to the
top is small, as one would expect in topcolor models. As emphasized above, such plots are meant to
be only indicative of the expected signals as the results are parameter dependent and as the branching
ratios do not account for certain possible decays [53], implemented in later version of PYTHIA. The
production of ρ±T by a vector boson fusion process is another possibility [72], which could complement
the qq̄ fusion process. In all cases, it will be important to have efficient b−tagging of jets, and good
lepton-jet discrimination.

At the ILC, a big advantage is the clean final state which allows reconstruction of hadronic decay
modes of the W’s, although di-jets will tend to have small opening angle because of the kinematic boost.
Depending on the center of mass energy, resonances could be observed up to ∼ 2 TeV in channels
of resonant vector boson scattering or of vector boson fusion producing fermion pairs, including top
pairs. A summary of the potential for observing scalar and vector resonances at the ILC can be found,
for example in [73–75]. In [74], expected bounds on the BESS model [76, 77] parameters are shown.
This model assumes a triplet of vector resonances V ±,0 with parameters describing the mixing to the
electroweak gauge bosons and the coupling to the fermions (see Section 11).

The topcolor models mentioned above have a rich phenomenology (for a review, see [3]). A triplet
of top pions of mass ∼ 200 GeV could look like W ′ or Z ′ decaying to the third generation, and a scalar
top Higgs could decay by the flavor changing process π0′

t → t̄c. Color octet topgluons will produce
resonances in the tt̄ system. In the top condensation see-saw model, in general several composite scalars
are predicted [6, 7]. From a phenomenological point of view, the mass of the isosinglet quark may be
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Fig. 12.6: ρ±T → W±Z: expected signals and background at the LHC, for 30 fb−1 and for different masses of the
techni-resonances (from ref. [71]).

too high (∼ 4 TeV) to be easily observed at the LHC, but a heavy Higgs (mH ∼ TeV) is predicted and
the mixing between the interaction states of t and of χ of same chirality affects the interaction of the
physical top with the gauge bosons [41].

Other promising signatures for technicolor have been recently suggested. One very interesting
possibility is the discovery of a fourth family of leptons, which could serve to confirm the model, dis-
cussed above, of electroweak symmetry breaking from technifermions in higher dimensional representa-
tions of the technicolor gauge group [10]. In this theory one would also expect a light composite Higgs,
and the associated production of this Higgs boson with vector gauge bosons could be enhanced with re-
spect to the Standard Model [78] (see Section 12.5). Another striking signal [79] (see also Section 12.6)
would be a strong narrow resonance in the ττ and γγ channels. Indeed, a light technipion could be
abundantly produced by gg fusion via techniquark loops, or by bb̄ annihilation. The large enhancement
factors predicted in models of dynamical symmetry breaking for resonances in these channels will allow
to distinguish these technipions from the light scalars of the Standard Model or of Supersymmetry.

Many other phenomena possibly observed at the LHC could be interpreted in the context of a
technicolor model, and indeed, it is by combining different signatures that confusion with other models
can be cleared and that the nature of these resonances could be understood. For example, pair pro-
duction of leptoquarks could be enhanced by a technirho resonance, as discussed above; or a Z ′-like
signature could signal a technivector resonance decay into leptons; a narrow tt̄ or bb̄ resonance which is
non-flavour-universal can also signal topgluons (or leptophobic Z ′). It is intriguing that an excess (not
statistically significant) of tt̄ events with an invariant mass around ∼ 500 GeV at the Tevatron [80, 81],
could be a hint for the existence of such a resonance.
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12.2 Extended technicolor
Nick Evans

The idea of breaking electroweak symmetry by a dynamically generated fermion condensate is both
elegant and phenomenologically achievable. The harder challenge for such technicolor theories is to
feed the electroweak symmetry breaking order parameter down to generate the diverse masses of the
standard model fermions. The top mass presents a particular challenge because its large mass cannot be
considered a small perturbation on the electroweak scale.

The most appealing mechanism for generating the standard model fermion, f , masses is extended
technicolor [18, 82]. The technicolor gauge group is unified at high energies with a gauged flavour
symmetry of the standard model fermions. This symmetry is then broken above the technicolor scale
leaving massive gauge bosons that link the standard model fermions to the technicolour sector. The basic
fermion mass generation mechanism is depicted in figure (12.7). The resulting mass generated is given
in terms of the techniquark condensate 〈T̄ T 〉 by

mf '
g2
ETC

M2
ETC

〈T̄ T 〉 (12.2)

where gETC and METC are the coupling and mass of the ETC gauge boson.

T L TRfL fR

ETC gauge boson

Fig. 12.7: ETC mass generation mechanism for a standard model fermion f . The ETC gauge boson converts f to
a techni-fermion, T . The chirality mixing of the interactions is explicitly shown.

12.2.1 Model building

Many ETC models exist in the literature including [18, 19, 35, 82–91]. There are two common patterns
chosen for the ETC gauge symmetry (see Fig 12.8). A natural choice is to gauge the family symmetry
of the standard model fermions and then unify it with technicolor to give an SU(N+3) ETC group. Such
a model will have a partner techni-fermion for each member of a standard model family - so called one
family technicolor models. The ETC group is envisaged to be broken in the cascading pattern

SU(N + 3)→ SU(N + 2)→ SU(N + 1)→ SU(N) (12.3)

If the breakings occur at the scales of a few 100 TeV, a few 10TeV and of order a few TeV then the rough
structure of the three family mass hierarchy is reproduced.

Another commonly used pattern of ETC leaves a one doublet technicolor model and appeals to the
ideas of Pati Salam unification of quarks and leptons [92]. For example for the third family one might
gauge the SU(4) flavour symmetry on the three colors of quarks and the tau lepton doublet. This could
then be unified at high scales with the technicolor group leaving an SU(N+4) ETC group and a breaking
pattern
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Fig. 12.8: Example ETC fermion multiplets - SU(N) technicolor acts on the techni-quarks with colors 1..N above
the dashed line. The ETC group acts on the techni-quarks and standard model fermions so there are gauge bosons
that convert one to the other. In (a) the four fermion multiplets of a one family model are shown and the ETC group
is a family symmetry group. The c index indicates which mulitplets have QCD color. In (b) a one doublet model’s
multiplets are shown. Here the ETC group contains the QCD color symmetry acting on the r, g, b colors of quarks,
and leptons are the ”fourth” color.

SU(N + 4)→ SU(N + 3)→ SU(N)⊗ SU(3) (12.4)

Expanding this scenario to incorporate the full set of standard model fermions involves promoting
the ETC group to SU(N+12) and a very complicated symmetry breaking pattern.

Many examples of the ETC symmetry breaking mechanisms exist in the literature including en-
tirely dynamical sectors or less satisfactorily higgs fields. Another idea that has been proposed is that
the ETC group might sequentially break itself via a “tumbling” mechanism [93–96] in which non-color
singlet condensates are formed by the ETC dynamics. All these models are typically complicated since
they seek to explain many different symmetry breaking sectors. Given that we still struggle to understand
electroweak symmetry breaking these mechanisms are perhaps best left for the future if technicolor is
discovered.

The ETC schemes sketched so far contain no dynamics capable of explaining the splitting in
masses between different weak isospin partner fermions. The most marked splitting is in the top bottom
quark doublet which must have the lowest ETC scale - such isospin breaking will be apparent in any
initial discovery of such a sector.

One solution is to make the ETC gauge symmetries chiral (eg [87–89]) so that the right handed
top and bottom quarks transform under different groups with potentially different breaking scales and
couplings. The ETC symmetry breaking sector must then be further complicated as these different ETC
groups are broken together to leave a single technicolor group. Extra fermions must be included in such
a model to maintain the anomaly freedom of the ETC gauge groups and a mechanism must be found to
give these fermions masses above current limits. Such models predict a rich structure of new physics
beyond the standard model.

Alternatively the right handed top or bottom could be placed in a different representation of a
single ETC group (eg [42]). This approach is a model building challenge since the top and bottom must
emerge without extra fields present at low energy from the higher dimensional representation.

The generation of the fermion CKM mixing angles and CP violation are also a challenge to ETC
models [97–99]. Models have been made in which these aspects of the mass spectrum are inherited
from physics at higher energy scales without explanation [88, 89]. There are models that more directly
attack their generation which typically try to arrange the mixings’ emergence from a dynamical vacuum
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alignment problem (eg [99]). The small size of the neutrino masses need explanation too. Recently
dynamical generation of a Majorana mass for the right handed neutrinos has been investigated leading to
a see-saw mechanism to suppress their masses [19].

Finally we note that in the schemes discussed above the SU(2) gauge symmetry of the weak
interactions was assumed to commute with the ETC group. In principle this need not be the case. One
could imagine a chiral ETC symmetry as large as

SU(N + 24)R ⊗ SU(N + 24)L (12.5)

with the weak SU(2) embedded in the ETC dynamics. Such models are called non-commuting ETC
[25, 100].

12.2.2 Indirect constraints

A number of indirect constraints exist on ETC theories.

12.2.2.1 Flavour changing neutral currents

The gauging of flavour symmetries is well known to induce flavour changing neutral currents (FCNC)
since the flavour group’s gauge eigenstates cannot be expected to match the standard model fermion
mass eigenstates. The absence of FCNC in the standard model makes these constraints (from kaon and
D-meson physics), on the first two families, very restrictive [18,101]. In fact such a flavour gauge boson
must have a mass in excess of 500 TeV. This is hard to reconcile in an ETC model with the measured
values of the second family quark masses.

An early model building suggestion for overcoming the difficulty was walking technicolor [20,22].
If the technicolor gauge coupling runs close to an infra-red fixed point, so it is strong over a large energy
range, then the techni-fermion condensate is enhanced pushing up the ETC scale needed to generate
a particular fermion mass. Pushing the ETC scale up by an order of magnitude does though require
walking dynamics over a long energy regime.

An alternative solution has been to build models that have a GIM mechanism [88, 89, 102] in the
spirit of the standard model. These models have separate ETC groups acting on the left handed doublets,
and on both the +1/2 and −1/2 isospin right handed doublets. The constraints on such models from
FCNC are very much weaker than on normal ETC models.

12.2.2.2 ρ/T parameter

To generate the large top mass by a standard ETC mechanism requires the ETC scale to be as low as 1
TeV. Since this dynamics breaks isospin in order to explain the top bottom mass splitting, the light ETC
gauge bosons must also violate isospin. These gauge bosons will enter into virtual contributions to the
W and Z boson masses through diagrams like those in Fig 12.9(a). There will thus be contributions to
the δρ or T parameter of rough order of magnitude

αT ∼ v2

M2
ETC

(12.6)

where α is the electromagnetic coupling.

For a 1TeV ETC scale such contributions are huge (T ∼ 10!) [103, 104]. One concludes the ETC
scale must be larger than about 4TeV to stand a chance of being compatible with precision data. Some
method for enhancing the top mass over the predictions from naive ETC are then needed.

The ETC isospin breaking will also generate techni-fermion masses which break isospin. Typ-
ically one might expect this mass splitting, ∆M , to be of order the top bottom mass splitting. The
contribution to T is given by roughly [5]
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bosons that couple the left handed bottom quark to the techni-quark sector generate substantial corrections to the
Zbb̄ vertex.

T ∼ NTC

12π2α

∆M2

v2
∼ 0.6NTC

∆M2

m2
t

(12.7)

with NTC the number of techni-colors, which lies close to the upper experimental bound.

12.2.2.3 Zbb̄ vertex

The most strongly coupled ETC gauge bosons responsible for the top mass must also couple to the left
handed bottom quark. The exchange of such a gauge boson across the Zbb̄ vertex, as shown in Fig
12.9(b), leads to a correction to the Zbb̄ width that has been estimated to be of the order [105]

δΓ

Γ
∼ −6.5%

( mt

175GeV

)
(12.8)

Such a large contribution is not compatible with data. If a mechanism for enhancing the top mass
over naive ETC estimates can be found then this contribution will fall off quadratically as the ETC scale is
raised. Finally we note that positive corrections to the width are possible in non-commuting technicolor
theories [25].

12.2.3 Strong ETC and top condensation

It is clear from the estimates of the T parameter and the corrections to the Zbb̄ vertex that a naive ETC
model can not generate the observed top mass. The lowest ETC scale must be pushed up to of order 4
TeV or above. One mechanism for enhancing the top mass is walking technicolor which enhances the
techni-fermion condensate. In such a scenario the ETC interactions will themselves be strong [106–108]
and there will be further non-perturbative enhancement of the top mass. The extreme version of such a
model has the ETC interactions on the top quark sufficiently large on their own that they generate a top
quark condensate and the top mass independently of the rest of the ETC sector [27, 45, 46, 49]. When
the ETC couplings lie close to the critical values for triggering chiral symmetry breaking on their own,
small isospin violating effects, such as from an extra U(1) gauge group, which tip the combined coupling
super critical may generate large top bottom splitting. This would reduce tension with the T parameter
measurements. If strong ETC is the route nature has chosen it is most likely that a combination of all
these ideas are responsible for the large top mass.
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12.2.4 Direct searches for ETC

ETC gauge bosons are flavour gauge bosons and their presence can be seen as an enhancement of a
number of standard model processes [109]. They most strongly couple to the third family where they
are most likely to be observed first. Models with additional gauged flavour symmetries on the quarks
such as top color models [27] will generate enhanced dijet production in hadronic machines. ETC gauge
bosons coupling to quarks may also mediate large enhancement of single top production processes over
the standard model rate. A wider set of models was considered in [110,111] which also include couplings
to leptons - the ETC gauge bosons then give new contributions in Drell Yan production.

12.3 Composite Higgs from higher representations
Dennis D. Dietrich

12.3.1 The minimal walking technicolour theory

Technicolour theories [1–4] can be constructed with techniquarks in higher dimensional representations
[18, 36, 38] of the technicolour gauge group. One of these theories, denoted by S(N,Nf )=S(2,2), with
two techniflavours in the two-index symmetric representation of SU(2) 1 [10,40,112,113] is found to be
in agreement with electroweak precision data [39]. This variant of the model is closest to the currently
available data and is the main subject of this contribution. There exists another version, S(3,2), which is
consistent at the two sigma (standard deviation) level and which is discussed briefly toward the end of
this contribution.

The important feature of the S(2,2) theory is that, with the smallest possible number of techni-
flavours and -colours, it is quasi conformal [8,9], that is it possesses a walking coupling constant (see In-
troduction, Fig. 12.1). The small number of additional degrees of freedom leads only to small corrections
to the standard model at energies below ΛTC. The quasi-conformality allows to generate the required
masses for the ordinary fermions by means of extended technicolour interactions (ETC) [42,43,91,114]
while avoiding flavour-changing neutral currents and lepton number violation, which would be at odds
with data [35] (see below).

Furthermore, the walking of a theory has the capability to reduce the mass of the composite scalar
(the Higgs) below the value of the typical scale of the underlying theory. Due to its very near conformal-
ity, the theory S(2,2) is likely to feature a remarkably light Higgs (see below). Whether a technicolour
theory is nearly conformal depends on the number of technicolours and techniflavours as well as of the
representation of the techniquarks. If a theory is not conformal for a given number of techniflavours
it will enter the conformal phase when their number is increased. At leading order, the point where
this happens can be characterised by the anomalous dimension of the quark mass operator becoming
unity [114, 115] 2. Hence, for a given number of technicolours and a given representation of the tech-
nicolour gauge group, the aforementioned criterion defines the critical number of techniflavours. Based
on the two-loop beta-function, which in the t’Hooft scheme is exact, the critical number of flavours for
a theory with adjoint techniquarks is found to be Nf,crit. = 2.075, independent of the number of tech-
nicolours. The squared mass of the Higgs scalar is suppressed with respect to the scale of the theory
by a factor of the small difference of the critical number of flavours and the actual number of flavours,
(Nf,crit. −Nf) [10, 40], 3 the latter of which is necessarily an even integer. This leads to an estimated
mass for the composite Higgs of about 150 GeV [10, 40].

1For two (techni-)colours the two-index symmetric representation coincides with the adjoint representation.
2At any finite higher order the criterion will usually receive corrections.
3Note, however, that this result might acquire corrections [29, 116]. Near the conformal phase transition other states could

become light, which, in turn, could affect the argument supporting universal behavior near the phase transition [117]. That,
however, need not change the result. Especially, a vanishing chiral symmetry scale does not imply that the chiral partner of
the pions does not become parametrically lighter and narrow near the phase transition, as the self coupling of the scalar is also
expected to vanish near a continuous phase transition [35].
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Usually ETC models comprise all massive particles. Here, however, the matter content of the residual ETC model
of Ref. [35] is indicated. Right panel: Electric charges, q, of the new particles—U (techniup), D (technidown), as
well as N and E (fourth family leptons)—in the three studied cases.

In the S(2,2) model the topological Witten anomaly [118] is evaded by including a fourth lepton
family [10, 40]. The matter content of the model is summarised in the left panel of Fig. 12.10. At this
point, only the hypercharge assignment of the new particles remains to be specified. It is constrained but
not uniquely determined by requiring the absence of gauge anomalies [10, 40]. Here three possibilities
for the electric charge, q, of the techniup (U), technidown (D), the fourth neutrino (N), and the fourth
electron (E) are considered (see Fig. 12.10, right panel).

In case (I) the neutrino, N, can constitute a non-hadronic component of dark matter. The techni-
colour of any number of techniquarks in the adjoint representation can be neutralised by adding tech-
nigluons. With respect to the standard model sector, such bound states interact only weakly and behave
like leptons. In case (III) a D techniquark whose colour has been neutralised by additional gluons can
contribute to dark matter. In the same case, (III), bound states of two D techniquarks and in case (II) UD
bound states represent potential technihadronic contributions to dark matter. For more details on these
technihadrons and dark matter candidates see Section 12.4.

In [10, 40, 112, 113] predictions from these models have been compared to electroweak precision
data. To this end the oblique parameters S and T [119] have been calculated and compared to data.
They quantify the contribution to the vacuum polarisation of the gauge bosons from the particles which
are not contained in the standard model. Therefore, per definition, the standard model with a reference
Higgs mass has S = 0 = T . S is a measure for the mixing between the photon and the Z0, while T
measures the additional breaking of the custodial symmetry. In Fig. 12.2 of the Introduction, the areas
filled in black depict the perturbatively calculated values taken by the oblique parameters for degenerate
techniquarks and when the masses of the two additional leptons are varied independently between one
and ten mZ . The ellipse represents the 68% confidence level contour from the global fit to data in [39].
There it is assumed that the third oblique parameter, U , is zero, which is consistent with the values
predicted in the present framework. In the fractionally charged case there is no variation in the direction
of S and varying the masses of the leptons gives a vertical line exactly in the opening of the area shaded
in black.

Already this perturbative analysis of the oblique parameters, which can be seen as conservative,
displays a sizeable overlap with the range favoured by the data. In quasi-conformal theories like the
present one, the techniquarks’ contribution to S is lowered by non-perturbative effects [32–34,120,121],
corresponding to a reduction of about 20% [34, 121]. The aforementioned reduction of the value of S
caused by the walking of the coupling has also been confirmed by a holographic analysis of technicolour
theories [122]. If the reduction of 20% is taken into account the overlap between the 68% level of
confidence ellipse and the values predicted for the S(2,2) technicolour model becomes even larger (see
Fig. 12.11). Especially, an overlap with the right branch of the area filled in black can be achieved.
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Fig. 12.11: Including nonperturbative corrections. The black area represents the accessible range for the oblique
parameters S and T for the masses of the fourth family leptons mE ,mN ∈ [mZ ; 10mZ ] and with degenerate
techniquarks, which corresponds to a contribution of 0.8/2π to S from the latter. The ellipse is the 68% confidence
level contour for a global fit to electroweak precision data [39] with the third oblique parameter U put to zero and
for a Higgs mass of mH = 150 GeV, as expected for the S(2,2) model. Putting U to zero is also consistent with
the S(2,2) model, where it lies typically between 0 and 0.05.

In the purely perturbative computation of the oblique parameters, the overlap between the el-
lipses and the black shaded areas in Fig. 12.2 of the Introduction corresponds to the masses depicted in
Fig. 12.12 of the present contribution. In the cases (I) and (III) the main feature is a mass gap of the
order of mZ between the new leptons by which N is lighter (m2) than E (m1). The mass gap is mostly
determined by the limits in (S − T )-direction. In the case (II) an additional branch with the opposite
sign for the mass gap is present. Including nonperturbative corrections to the technicolour sector, the
additional overlap of the 68% level of confidence contour with the right-hand side of the black areas in
Fig. 12.11 translates to a second branch also for cases (I) and (III), which is otherwise suppressed by the
limit on S. In the present model the expected mass for the composite Higgs is 150 GeV, but even if it
was as heavy as 1 TeV there would still be an overlap to the data at the 68% level of confidence.

Recently, there have been indications that the experimental constraints on the oblique parameters
are much weaker than obtained in previous analyses [123,124]. In [123] it has been demonstrated that the
bounds become much less stringent when the uncertainty in the triple and quartic gauge boson couplings
is taken into account. Hence, the range of favoured masses tends to be even larger.

12.3.2 Extended technicolour

As mentioned above, the masses of the standard model fermions are to be generated by ETC interac-
tions, that is the direct exchange of ETC gauge bosons between the fermions of the standard model and
the techniquarks. For this purpose the TC model is embedded in a larger gauge group, whose addi-
tional symmetries are broken successively. In the broken phase of the ETC group typically three types
of effective four-fermion interactions occur, (a) Q̄QQ̄QΛ−2

ETC, (b) ψ̄ψQ̄QΛ−2
ETC, and (c) ψ̄ψψ̄ψΛ−2

ETC,
where Q stands for any techniquark and ψ represents any standard model fermion. (Different fermion
types may be coupled together in this way.) In the broken phase of the TC group a chiral condensate of
techniquarks develops, Q̄Q → 〈Q̄Q〉, which leads to the following contributions: (a) Q̄Q〈Q̄Q〉Λ−2

ETC,
(b) ψ̄ψ〈Q̄Q〉Λ−2

ETC, and (c) ψ̄ψψ̄ψΛ−2
ETC. Terms of the type (c) are a byproduct of the ETC mechanism

and lead to flavour changing neutral currents and lepton number violation. If no suitable GIM mecha-
nism [88, 89, 125, 126] can be devised, the breaking scale ΛETC must be sufficiently large to suppress
these terms. Terms of the type (b) provide the masses for the standard model fermions. With a running
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Fig. 12.12: The black slabs mark the combination of masses favoured by electroweak precision data [39, 40] at
the 68% level of confidence based on the conservative perturbative estimate. m1 (m2) denotes the mass of the
fourth family lepton with the higher (lower) charge. The black stripes do not correspond exactly to the overlap
of the parabolic area with the 68% ellipse in Fig. 12.2 of the Introduction but with a polygonal area defined by
−0.1 < S + T < +0.5, −0.15 < S − T < +0.025, and S < 0.22.

TC sector (see Introduction, Fig. 12.1, left panel) the one-loop estimate for the mass, mt, is given by [35]

mt =
N

4π2

Σ(0)2

Λ2
ETC

Σ(0), (12.9)

where Σ(0) stands for the self energy of the techniquark at zero momentum and is of the order of 1 TeV.
In a walking TC theory, where the scale ΛETC can be larger than Σ(0) (see Introduction, Fig. 12.1, right
panel), the attainable mass, mt, is enhanced by a factor of up to ΛETC/Σ(0) [19, 35],

mt =
N

4π2

Σ(0)

ΛETC
Σ(0). (12.10)

Therefore, the top quark mass can still be generated if ΛETC = 4-8 TeV [35], whereas, in the running case,
it is already difficult to reach it with ΛETC = 1 TeV. Thus, ΛETC may be sufficiently large to suppress
terms of type (c). Terms of type (a) are even more enhanced than terms of type (b) and provide very
large masses for additional (pseudo) Goldstone bosons, which do not become the longitudinal degrees of
freedom of the gauge bosons and which might be present depending on the symmetry breaking pattern.
Thereby their direct detection is impeded.

After these general considerations we consider below a concrete ETC model [35], which generates
the mass of the top quark. It contains the type (I) S(2,2) model. The matter fields are arranged in a SU(7)
multiplet and a SU(4) right-handed part [35],

SU(7) :

{[(
Ua

Da

)

L

,

(
N
E

)

L

,

(
tc

bc

)

L

]
, [Ua

R , NR , t
c
R]

}
× SU(4) : {[Da

R , ER]}.
(12.11)

a and c are the proto TC and QCD indices, respectively. The symmetry breaking pattern is

SU(7)× SU(4)× SU(3)→ SO(3)TC × SU(3)QCD, (12.12)

which exploits the fact that the fundamental representation of SO(3) coincides with the adjoint of SU(2).
Here the bottom quark is excluded from the second multiplet because its mass is negligible compared
to the top mass. It will be generated by the breaking of a larger ETC group at higher energies, which
will certainly lie outside the reach of experiments of the near future. The specific arrangement of the
particles implies that, if the top mass is generated, the mass gap between U and D as well as between
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N and E must be of the same order. This is consistent with the size of the mass gap favored by data
presented in reference [39]. Especially, in view of the findings of [123] the above scheme represents a
viable candidate for a residual ETC model. The same conclusion is obtained from direct calculation of
the oblique parameters in [35].

12.3.3 A different variant, S(3,2)

The S(2,2) model with two technicolours and two techniflavours in the two-index symmetric represen-
tation represents the scenario favoured by data. The runner-up is the S(3,2) model (three technicolours,
two techniflavours). Its perturbative contribution to the S parameter equals 1/π, which is exactly twice
the value of the S(2,2) model. Thereby, according to [39], S(3,2) lies still within two standard deviations
from the mean value even before taking into account non-perturbative reductions. The set-up S(3,2) is not
as close to the conformal window as S(2,2), whence a heavier Higgs with mH = 170 − 300 GeV [10]
is expected. The symmetric representation of SU(3) is of dimension six. Hence, from the point of view
of the electroweak sector, the family of techniquarks comes in an even number of (colour-)copies, which
does not trigger a topological Witten anomaly even without a fourth family of leptons. It does not feature
the enhanced flavour symmetry SU(2Nf ) of the adjoint S(2,2), whence the breaking of S(3,2) only leads
to the three Goldstone bosons, which represent the longitudinal degrees of freedom of the electroweak
gauge bosons. In the case of S(2,2) one has a total of nine, that is six unabsorbed Goldstone bosons [127],
because of the enhanced symmetry [SU(2Nf=4)] for the adjoint matter (for more details see again Sec-
tion 12.4). Hence, for energies below the technicolour scale ΛTC, which might be larger than 1 TeV,
S(3,2) looks identical to the standard model; apart from a higher but not inconsistent contribution to the
S parameter.

12.4 Minimal walking technicolor: effective theories and dark matter
Sven Bjarke Gudnason and Chris Kouvaris

In this contribution we examine the phenomenological implications of the technicolor theory with two
techniquarks transforming according to the adjoint representation of SU(2) [127] (see Section 12.3).
The theory predicts Goldstone bosons that carry nonzero technibaryon number. These technibaryons
must acquire a mass from some, yet unspecified, theory at a higher scale. Since we assume a bottom
up approach we postpone the problem of producing the underlying theory providing these masses, but
we expect it to be similar to the ETC type theory proposed in [35] (see Sections 12.2 and 12.3). If the
technibaryon number is left intact by the ETC interactions, the lightest technibaryon (LTB) is stable and
the hypercharge assignment can be chosen in a way that the LTB is also electrically neutral. The mass of
the LTB is expected to be of the order of the electroweak scale. Therefore it has many features required
for a dark matter component.

In the first part of the contribution, we provide the associated linear and non-linear effective theo-
ries. In the second part of this contribution we consider the scenario of one of the Goldstone bosons to
be a dark matter component. We assume one of the Goldstone bosons to be neutral and we calculate its
contribution to the dark matter density.

12.4.1 The model

The new dynamical sector underlying the Higgs mechanism we consider is an SU(2) technicolor gauge
group with two adjoint technifermions. The theory is asymptotically free if the number of flavors Nf <
2.75.

As it is shown in Ref. [8], the number of flavors Nf = 2 lies sufficiently close to the critical
value for which an infrared stable fixed point emerges so the theory is a perfect candidate for a walking
technicolor theory. Although the critical number of flavors is independent of the number of colors when
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keeping the underlying fermions in the adjoint representation of the gauge group, the electroweak preci-
sion measurements do depend on it. Since the lowest number of colors is privileged by data [10, 40] we
choose the two-technicolor theory.

Then the two adjoint fermions may be written as

T aL =

(
Ua

Da

)

L

, UaR , Da
R , a = 1, 2, 3 , (12.13)

with a the adjoint technicolor index of SU(2). The left fields are arranged in three doublets of the
SU(2)L weak interactions in the standard fashion. The condensate is 〈ŪU + D̄D〉 which breaks spon-
taneously the electroweak symmetry.

Our additional matter content is essentially a copy of a standard model fermion family with quarks
(here transforming in the adjoint of SU(2)) and the following lepton doublet in order to cancel Witten’s
global anomaly

LL =

(
N
E

)

L

, NR , ER . (12.14)

Since we do not wish to disturb the walking nature of the technicolor dynamics, the doublet (12.14)
must be a technicolor singlet [10]. In general, the gauge anomalies cancel using the following generic
hypercharge assignment

Y (TL) =
y

2
, Y (UR, DR) =

(
y + 1

2
,
y − 1

2

)
, (12.15)

Y (LL) =− 3
y

2
, Y (NR, ER) =

(−3y + 1

2
,
−3y − 1

2

)
, (12.16)

where the parameter y can take any real value. In our notation the electric charge is Q = T3 + Y , where
T3 is the weak isospin generator. One recovers the SM hypercharge assignment for y = 1/3. In [35],
the SM hypercharge has been investigated in the context of an extended technicolor theory. Another
interesting choice of the hypercharge is y = 1, which has been investigated, from the point of view of
the electroweak precision measurements, in [10, 40]. In this case

Q(U) = 1 , Q(D) = 0 , Q(N) = −1 , and Q(E) = −2 , with y = 1 . (12.17)

Notice that in this particular hypercharge assignment, the D technidown is electrically neutral.

Since we have two Dirac fermions in the adjoint representation of the gauge group, the global
symmetry is SU(4). To discuss the symmetry properties of the theory it is convenient to use the Weyl
base for the fermions and arrange them in the following vector transforming according to the fundamental
representation of SU(4)

Q =




UL
DL

−iσ2U∗R
−iσ2D∗R


 , (12.18)

where UL and DL are the left handed techniup and technidown respectively and UR and DR are the cor-
responding right handed particles. Assuming the standard breaking to the maximal diagonal subgroup,
the SU(4) symmetry breaks spontaneously down to SO(4). Such a breaking is driven by the following
condensate

〈Qαi Qβj εαβEij〉 = −2〈URUL +DRDL〉 , (12.19)

where the indices i, j = 1, . . . , 4 denote the components of the tetraplet of Q, and the Greek indices
indicate the ordinary spin. The matrix E is a 4 × 4 matrix defined as E = σ1 ⊗ �

, where
�

is the
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2-dimensional unit matrix. We have used εαβ = −iσ2
αβ and 〈Uα

LUR
∗βεαβ〉 = −〈URUL〉. A similar

expression holds for the D techniquark. The above condensate is invariant under an SO(4) symmetry.

In terms of the underlying degrees of freedom, and focusing only on the techniflavor symmetries,
there are nine Goldstone bosons, three of which, transforming like

DRUL , URDL ,
1√
2

(URUL −DRDL) , (12.20)

will be eaten by the longitudinal components of the massive electroweak gauge bosons. The electric
charge is respectively one, minus one and zero. For the other six Goldstone bosons we have

ULUL, DLDL, ULDL , with electric charges y + 1, y − 1, y , (12.21)

together with the associated anti-particles. These Goldstone bosons (Eq. (12.21)) are di-technibaryons
carrying technibaryon number. The technibaryon generator can be identified with one of the generators
of SU(4).

12.4.2 Effective theories

While the leptonic sector can be described within perturbation theory since it interacts only via elec-
troweak interactions, the situation for the techniquarks is more involved since they combine into com-
posite objects interacting strongly among themselves. It is therefore useful to construct low energy
effective theories encoding the basic symmetry features of the underlying theory. We construct the lin-
early and nonlinearly realized low energy effective theories for our underlying theory. The theories we
will present can be used to investigate relevant processes of interest at LHC and LC.

12.4.2.1 The linear realization

The relevant effective theory for the Higgs sector at the electroweak scale consists, in our model, of a
light composite Higgs and nine Goldstone bosons. These can be assembled in the matrix

M =
(σ

2
+ i
√

2ΠaXa
)
E , (12.22)

which transforms under the full SU(4) group according to M → uMuT , with u ∈ SU(4) , and
Xa are the generators of the SU(4) group which do not leave invariant the vacuum expectation value
〈M〉 = vE/2 .

It is convenient to separate the fifteen generators of SU(4) into the six that leave the vacuum
invariant (Sa) and the other nine that do not (Xa). One can show that the Sa generators of the SO(4)
subgroup satisfy the following relation

SaE +E SaT = 0 , with a = 1, . . . , 6 . (12.23)

The electroweak subgroup can be embedded in SU(4), as explained in detail in [33]. The main
difference here is that we have a more general definition of the hypercharge. The electroweak covariant
derivative is

DµM = ∂µM − i g
[
GµM +MGTµ

]
, (12.24)

with

Gµ =

(
Wµ 0

0 − g′
g B

T
µ

)
+
y

2

g′

g
Bµ

(
1 0
0 −1

)
, Wµ = W a

µ

τa

2
, BT

µ = Bµ
τ3T

2
= Bµ

τ3

2
,

(12.25)
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where τa are the Pauli matrices. The generators satisfy the normalization conditions Tr[X aXb] =
δab/2, Tr[Sa Sb] = δab/2 and Tr[SX] = 0. Three of the Goldstone bosons in the unitary gauge, are
absorbed in the longitudinal degrees of freedom of the massive weak gauge bosons while the extra six
Goldstone bosons will acquire a mass due to extended technicolor interactions as well as the electroweak
interactions per se. Assuming a bottom up approach we will introduce by hand a mass term for the
Goldstone bosons. The new Higgs Lagrangian is then

L =
1

2
Tr
[
DµMDµM †

]
+
m2

2
Tr[MM †]

− λ

4
Tr
[
MM †

]2
− λ̃Tr

[
MM †MM †

]
− 1

2
Πa(M

2
ETC)abΠb , (12.26)

with m2 > 0 and a and b running over the six uneaten Goldstone bosons. The matrix M 2
ETC is dy-

namically generated and parametrizes our ignorance about the underlying extended technicolor model,
yielding the specific mass texture. The pseudo Goldstone bosons are expected to acquire a mass of
the order of a TeV. Direct and computable contributions from the electroweak corrections break SU(4)
explicitly down to SU(2)L × SU(2)R yielding an extra contribution to the uneaten Goldstone bosons.
However the main contribution comes from the ETC interactions.

We stress that the expectation of a light composite Higgs relies on the assumption that the quantum
chiral phase transition as function of number of flavors near the nontrivial infrared fixed point is smooth
and possibly of second order 4. The composite Higgs Lagrangian is a low energy effective theory and
higher dimensional operators will also be phenomenologically relevant.

12.4.2.2 The non-linearly realized effective theory

One can always organize the low energy effective theory in a derivative expansion. The best way is to
make use of the exponential map

U = exp

(
i
ΠaXa

F

)
E , (12.27)

where Πa represent the 9 Goldstone bosons and Xa are the 9 generators of SU(4) that do not leave
the vacuum invariant. To introduce the electroweak interactions one simply adopts the same covariant
derivative used for the linearly realized effective theory, see Eqs. (12.24)–(12.25).

The associated non-linear effective Lagrangian reads

L =
F 2

2
Tr
[
DµUD

µU †
]
− 1

2
Πa(M

2
ETC)abΠb . (12.28)

Still the mass squared matrix parametrizes our ignorance about the underlying ETC dynamics.

A common ETC mass for all the pseudo Goldstone bosons carrying baryon number can be pro-
vided by adding the following term to the previous Lagrangian

2CTr
[
UBU †B

]
+C =

C

4F 2

6∑

i=1

Πi
BΠi

B , with B =
1

2
√

2

( �
0

0 − �
)
. (12.29)

Dimensional analysis requires C ∝ Λ6
TC/Λ

2
ETC . A similar term can be added to the linearly realized

version of our theory.

4We have provided supporting arguments for this picture in [10] where the reader will find also a more general discussion
of this issue and possible pitfalls.
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Fig. 12.13: The fraction of technibaryon matter density over the baryonic one as function of the technibaryon mass.
The desired value of ΩTB/ΩB ∼ 5 depends on the lightest technibaryon mass and the value of T ∗.

12.4.3 The dark-side of the 5th force

According to the choice of the hypercharge there are two distinct possibilities for a dark matter candi-
date. If we assume the SM-like hypercharge assignment for the techniquarks and the new lepton family,
the new heavy neutrino can be an interesting dark matter candidate. For that, it must be made suffi-
ciently stable by requiring no flavor mixing with the lightest generations and be lighter than the unstable
charged lepton [10]. This possibility is currently under investigation [128]. However, we can also con-
sider another possibility. We can choose the hypercharge assignment in such a way that one of the
pseudo Goldstone bosons does not carry electric charge. The dynamics providing masses for the pseudo
Goldstone bosons may be arranged in a way that the neutral pseudo Goldstone boson is the LTB. If con-
served by ETC interactions the technibaryon number protects the lightest baryon from decaying. Since
the masses of the technibaryons are of the order of the electroweak scale, they may constitute interesting
sources of dark matter. Some time ago in a pioneering work Nussinov [129] suggested that, in analogy
with the ordinary baryon asymmetry in the Universe, a technibaryon asymmetry is a natural possibility.
A new contribution to the mass of the Universe then emerges due to the presence of the LTB. It is useful
to compare the fraction of technibaryon mass ΩTB to baryon mass ΩB in the Universe

ΩTB

ΩB
=
TB

B

mTB

mp
, (12.30)

where mp is the proton mass, mTB is the mass of the LTB. TB and B are the technibaryon and baryon
number densities, respectively.

Knowing the distribution of dark matter in the galaxy, earth based experiments can set stringent
limits on the physical features of the dominant component of dark matter [130]. Such a distribution,
however, is not known exactly [131] and it depends on the number of components and type of dark
matter. In order to determine few features of our LTB particle we make the oversimplified approximation
in which our LTB constitutes the whole dark matter contribution to the mass of the Universe. In this
limit the previous ratio should be around 5 [132]. By choosing in our model the hypercharge assignment
y = 1 the lightest neutral Goldstone boson is the state consisting of the DD techniquarks. The fact that
it is charged under SU(2)L makes it probably detectable in Ge detectors [133].

It is well known that weak anomalies violate the baryon and the lepton number. More precisely,
weak processes violate B + L, while they preserve B − L. Similarly, the weak anomalies violate also
the technibaryon number, since technibaryons couple weakly. The weak technibaryon-, lepton- and
baryon- number violating effects are highly suppressed at low temperatures while they are enhanced at

476

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

476



temperatures comparable to the critical temperature of the electroweak phase transition [134]. With T ∗

we define the temperature below which the sphaleron processes cease to be important. This temperature
is not exactly known but it is expected to be in the range between 150 − 250 GeV [134].

Following early analysis [135, 136] we have performed a careful computation of ΩTB/ΩB within
our model. Imposing thermal equilibrium, electric neutrality condition and the presence of a continuous
electroweak phase transition (T ∗ now is below the critical temperature) we find:

TB

B
=

11

36
σTB

(mTB

T ∗

)
, (12.31)

with σTB the statistical weight function

σTB

(mTB

T ∗

)
=

3

2π2

∫ ∞

0
dx x2 sinh−2

(
1

2

√
x2 +

(mTB

T ∗

)2
)
. (12.32)

In the previous estimate (12.31) the LTB is taken to be lighter then the other technibaryons and the new
lepton number is violated. We have, however, considered different scenarios and various limits which
will be reported in [137]. Our results are shown in Fig. 12.13. The desired value of the dark matter
fraction in the Universe can be obtained for a LTB mass of the order of a TeV for quite a wide range
of values of T ∗. The only free parameter in our analysis is essentially the mass of the LTB which is
ultimately provided by ETC interactions.

12.5 Associate production of a light composite Higgs at the LHC
Alfonso R. Zerwekh

Very recently a new kind of technicolor models has been proposed [10] whose main characteristic is that
technifermions are not in the fundamental representation of the technicolor group. In these models the
walking behavior of the coupling constant appears naturally and they are not in conflict with the current
limits on the oblique parameters. But the most remarkable feature of these models is that they predict
the existence of a light composite Higgs with a mass around 150 GeV.

Inspired by such models, we write down an effective Lagrangian which describes the Standard
Model with a light Higgs and vector resonances [78] which are a general prediction of dynamical sym-
metry breaking models [138]. The model is minimal in the sense that we assume that any other composite
state would be heavier than the vector resonances, and so they are not taken into account, and there are
no physical technipions in the spectrum.

We start by noticing that, in general, dynamical electroweak symmetry breaking models predict
the existence of composite vector particles (the so called technirho and techniomega) that mix with
the gauge bosons of the Standard Model. In order to describe this mixing, we use a generalization of
Vector Meson Dominance [139] introduced in [63] and developed in [140]. In this approach we choose
a representation where all vector fields transform as gauge fields and mix through a mass matrix. On
the other hand, gauge invariance imposes that the mass matrix has a null determinant. In our case, the
Lagrangian for the gauge sector can be written as:

L = −1

4
W a
µνW

aµν − 1

4
ρ̃aµν ρ̃

aµν +
M2

2

(
g2

g2
2

W a
µW

aµ + ρ̃aµρ̃
aµ − 2g

g2
W a
µ ρ̃

aµ

)

−1

4
BµνB

µν − 1

4
ω̃µνω̃

µν +
M ′2

2

(
g′2

g′22
BµB

µ + ω̃µω̃
µ − 2g′

g′2
Bµω̃

µ

)
(12.33)

Notice that our Lagrangian is written in terms of non-physical fields. The physical ones will be
obtained by diagonalizing the mass matrix.
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By construction, Lagrangian (12.33) is invariant under SU(2)L×U(1)Y. The symmetry breaking
to U(1)em will be described by mean of the vacuum expectation value of a scalar field, as in the Standard
Model. In other words, we will use an effective gauged linear sigma model as a phenomenological
description of the electroweak symmetry breaking.

As usual, fermions are minimally coupled to gauge bosons through a covariant derivative. Because
in our scheme all the vector bosons transform as gauge fields, it is possible to include the proto-technirho
and the proto-techniomega in an “extended” covariant derivative [140], resulting in the following La-
grangian for the fermion sector:

L = ψ̄Liγ
µDµψL + ψ̄Riγ

µD̃µψR (12.34)

with
Dµ = ∂µ + iτag(1− x1)W a

µ + iτag2x1ρ̃
a
µ + i

Y

2
g′(1− x2)Bµ + i

Y

2
g′2x2ω̃µ

and
D̃µ = ∂µ + i

Y

2
g′(1− x3)Bµ + i

Y

2
g′2x3ω̃µ (12.35)

Although a direct coupling between fermions and the vector resonances can appear naturally in
technicolor due to extended technicolor interactions we will set xi = 0 (i = 1, 2, 3), for simplicity.

In our effective model the Higgs sector is assumed to be the same as in the Standard Model.
We avoid the possibility of a direct coupling between the vector resonances and the Higgs because, in
principle, it can introduce dangerous tree level corrections to the ρ parameter.

Once the electroweak symmetry has been broken, the mass matrix of the vector bosons takes
contributions from (12.33) and from the Higgs mechanism. For the neutral vector bosons, the resulting
mass matrix is (written in the basis (W 3, ρ̃3, B, ω̃) and assuming M ′ = M and g′2 = g2):

Mneutral =
v2

4




(1 + α)g2 −αgg2 −gg′ 0
−αgg2 αg2

2 0 0
−gg′ 0 (1 + α)g′2 −αg′g2

0 0 −αg′g2 αg′2


 (12.36)

where α = 4M2

v2g2
2

.

On the other hand, the mass matrix for the charged vector bosons can be written as(written in the
basis (W̃+, ρ̃+) where W̃+ = (W 1 − iW 2)/

√
2 and ρ̃+ = (ρ̃1 − iρ̃2)/

√
2):

Mcharged =
v2

4

[
(1 + α)g2 −αgg2

−αgg2 αg2
2

]
(12.37)

After diagonalizing the mass matrix we can write the interactions in terms of the physical fields.
The relevant Feynman rules for the associate production of a Higgs and a gauge boson, in the limit
g/g2 � 1, can be found in Table 12.1.

We compute the cross section of the associate production of a Higgs and a gauge boson at the
LHC. We choose to work with α = 0.1 because for values of α of this order, the vector resonances can
be light (i.e. Mρ ≈ 250 GeV) while g2/g is still much bigger than one. As α approaches unity, the vector
resonances became too heavy and their observation increasingly difficult. On the other hand, if α is too
small the coupling of the vector resonances to the SM fields are suppressed.

In Fig. 12.14 we show the value of (σ − σSM)/σSM as a function of the mass of the technirho
(Mρ) for three values of the Higgs mass (MH = 115 GeV (solid line),150 GeV (dashed line) and 200
GeV (dotted line)) for the process pp → HW+ at the LHC. Observe that in this case, the cross section
is significatively enhanced with respect to the Standard Model when the technirho has a mass between

478

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

478



Table 12.1: Feynman Rules for the relevant couplings of the vector resonances for the associated production of a
Higgs and a gauge bosons. The couplings of the W± and Z to the quarks are identical, in our limit, to the SM.

Fields in the vertex Variational derivative of Lagrangian by fields
H ω0

µ Zν
1
2
e2MW

√
αv

cw3Mρ
gµν

H ρ0
µ Zν −1

2
e2MW

√
αv

cw2Mρsw
gµν

H ρ+
µ W

−
ν −1

2
e2MW

√
αv

Mρsw2 gµν

ū d ρ+
µ

1
8
e2
√

2
√
αVudv

Mρsw2 (1− γ5)γµ

ū u ω0
µ

1
24

e2
√
αv

cw2Mρ
γµ
(
(1− γ5) + 4(1 + γ5)

)

ū u ρ0
µ

1
8
e2
√
αv

cwMρsw
(1− γ5)γµ
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Fig. 12.14: Enhancement of the cross section, (σ − σSM)/σSM, in the process pp → W+H at the LHC for three
values of the Higgs mass: MH = 115 GeV (solid line), 150 GeV (dashed line) and 200 GeV (dotted line). In all
cases we took α = 0.1.

200 GeV and 350 GeV. The variation of this enhancement as a function of α is shown in Fig. 12.15 for
MH = 150 GeV and g2/g = 10. On the other hand, when a Higgs and a Z are produced (Fig. 12.16),
the cross section is less enhanced and we expect that this channel will not be sensible to the presence of
the vector resonances.

The point in the parameter space we use for studying our model was chosen in order to maximize
the deviation from the Standard Model for the selected channel. This procedure allows us to evaluate
the possibility of testing the model. Unfortunately, this point is disfavored by precision measurements.
Nevertheless, we can be consistent with the constrains imposed by precision data by choosing x1 =
2(g/g2)2 in (12.34). In this case, our results on σ − σSM are modified by a factor 0.60 and an important
enhancement remains in the channel pp→ HW+ for Mρ around 250 GeV.

In conclusion, we have constructed an effective Lagrangian which represents the Standard Model
with a light (composite) Higgs boson and vector resonances that mix with the gauge bosons. We fixed the
parameter of the model that connects the mass of the new vector bosons with their coupling constant, in
such a way that the model is compatible with light resonances. The most obvious process for searching
differences between our model and the predictions of the Standard Model is the associate production of
a Higgs and a gauge boson. We found that the most sensitive channel is the production of the Higgs and
W .
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Fig. 12.15: Enhancement of the cross section in the process pp̄ → W+H at the LHC as a function of α for
MH = 150 GeV and g/g2 = 0.1.
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Fig. 12.16: Enhancement of the cross section in the process pp→ ZH at the LHC for MH = 200 GeV.

For a range of resonance’s mass between 200 GeV and 350 GeV the enhancement of the cross
section is significant at the LHC, depending on the Higgs mass. A relative light Higgs (MH = 115 GeV)
would be sensible to a technirho with mass between 200 GeV and 270 GeV while the production of a
heavier Higgs (MH = 200 GeV) would be enhanced by the presence of a technirho with a mass around
320 GeV.

12.6 Towards understanding the nature of electroweak symmetry breaking at hadron colliders:
distinguishing technicolor and supersymmetry.

Alexander Belyaev

Many alternative models of electroweak symmetry breaking have spectra that include new scalar or
pseudoscalar states whose masses could easily lie in the range to which Run II is sensitive. The new
scalars tend to have cross-sections and branching fractions that differ from those of the SM Higgs. Here
we discuss how to extract information about non-Standard theories of electroweak symmetry breaking
from searches for a light SM Higgs at Tevatron Run II and CERN LHC. Ref. [141] studied the potential of
Tevatron Run II to augment its search for the SM Higgs boson by considering the process gg → hSM →
τ+τ−. Authors determined what additional enhancement of scalar production and branching rate would
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enable a scalar to become visible in the τ+τ− channel alone at Tevatron Run II. Similar work has been
done for gg → hMSSM → τ+τ− at the LHC [142] and for gg → hSM → γγ at the Tevatron [143] and
LHC [144].

This contribution builds on these results and studies enhanced signals from (pseudo)scalar pro-
duction in dynamical electroweak symmetry and supersymmetry considering an additional production
mechanism (b-quark annihilation), more decay channels (bb̄, W+W−, ZZ , and γγ). We suggest the
mass reach of the standard Higgs searches for each kind of non-standard scalar state. We also compare
the key signals for the non-standard scalars across models and also with expectations in the SM, to show
how one could identify which state has actually been found.

12.6.1 Models of electroweak symmetry breaking

12.6.1.1 Supersymmetry

One interesting possibility for addressing the hierarchy and triviality problems of the Standard Model
is to introduce supersymmetry. In order to provide masses to both up-type and down-type quarks, and
to ensure anomaly cancellation, the MSSM contains two Higgs complex-doublet superfields: Φd =
(Φ0

d,Φ
−
d ) and Φu = (Φ+

u ,Φ
0
u) which aquire two vacuum expectation values v1 and v2 respectively. Out

of the original 8 degrees of freedom, 3 serve as Goldstone bosons, absorbed into longitudinal components
of the W± and Z , making them massive. The other 5 degrees of freedom remain in the spectrum as
distinct scalar states, namely two neutral CP-even states(h, H), one neutral, CP-odd state (A) and a

charged pair (H±). It is conventional to choose tanβ = v1/v2 and MA =
√
M2
H± −M2

W to define the
SUSY Higgs sector. There are following tree-level relations between Higgs masses which will be useful
for understanding enhanced Higgs boson interactions with fermions:

M2
h,H =

1

2

[
(M2

A +M2
Z)∓

√
(M2

A +M2
Z)2 − 4M2

AM
2
Z cos2 2β

]
,

cos2(β − α) =
M2
h(M2

Z −M2
h)

M2
A(M2

H −M2
h)
, (12.38)

where α is the mixing angle of CP-even Higgs bosons. The Yukawa interactions of the Higgs fields with
the quarks and leptons can be written as:

Yhtt̄/Y
SM
htt̄ = cosα/ sin β, YHtt̄/Y

SM
htt̄ = sinα/ sin β, YAtt̄/Y

SM
htt̄ = cot β,

Yhbb̄/Y
SM
hbb̄ = − sinα/ cos β, YHbb̄/Y

SM
hbb̄

= cosα/ cos β, YAbb̄/Y
SM
hbb̄ = tanβ, (12.39)

relative to the Yukawa couplings of the Standard Model (Y SM
hff̄

= mf/v). Once again, the same
pattern holds for the tau lepton’s Yukawa couplings as for those of the b quark. There are several
circumstances under which various Yukawa couplings are enhanced relative to Standard Model val-
ues. For high tanβ (small cos β), Eqs. (12.39) show that the interactions of all neutral Higgs bosons
with the down-type fermions are enhanced by a factor of 1/ cos β. In the decoupling limit, where
MA →∞, applying Eq. (12.38) to Eqs. (12.39) shows that the H and A Yukawa couplings to down-type
fermions are enhanced by a factor of ' tan β. Conversely, for low MA ' Mh, one can check that
Yhbb̄/Y

SM
hbb̄

= Yhτ τ̄/Y
SM
hττ̄ ' tan β and that h and A Yukawas are enhanced instead.

12.6.1.2 Technicolor

Another intriguing class of theories, dynamical electroweak symmetry breaking (DEWSB), supposes that
the scalar states involved in electroweak symmetry breaking could be manifestly composite at scales not
much above the electroweak scale v ∼ 250 GeV. In these theories, a new asymptotically free strong gauge
interaction (technicolor [1,2,145]) breaks the chiral symmetries of massless fermions f at a scale Λ ∼ 1
TeV. If the fermions carry appropriate electroweak quantum numbers (e.g. left-hand (LH) weak doublets
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and right-hand (RH) weak singlets), the resulting condensate 〈f̄LfR〉 6= 0 breaks the electroweak sym-
metry as desired. Three of the Nambu-Goldstone Bosons (technipions) of the chiral symmetry breaking
become the longitudinal modes of the W and Z . The logarithmic running of the strong gauge coupling
renders the low value of the electroweak scale natural. The absence of fundamental scalars obviates
concerns about triviality. For details, we refer the reader to section 12.1.

Many models of DEWSB have additional light neutral pseudo Nambu-Goldstone bosons which
could potentially be accessible to a standard Higgs search; these are called “technipions” in technicolor
models. Our analysis will assume, for simplicity, that the lightest PNGB state is significantly lighter
than other neutral (pseudo) scalar technipions, so as to heighten the comparison to the SM Higgs boson.
The specific models we examine are: 1) the traditional one-family model [146] with a full family of
techniquarks and technileptons, 2) a variant on the one-family model [147] in which the lightest techni-
pion contains only down-type technifermions and is significantly lighter than the other pseudo Nambu-
Goldstone bosons, 3) a multiscale walking technicolor model [37] designed to reduce flavor-changing
neutral currents, and 4) a low-scale technicolor model (the Technicolor Straw Man model) [53] with
many weak doublets of technifermions, in which the second-lightest technipion P ′ is the state relevant
for our study (the lightest, being composed of technileptons, lacks the anomalous coupling to gluons
required for gg → P production). For simplicity the lightest relevant neutral technipion of each model
will be generically denoted P ; where a specific model is meant, a superscript will be used. One of the
key differences among these models is the value of the technipion decay constant FP , which is related to
the number ND of weak doublets of technifermions that contribute to electroweak symmetry breaking.
We refer the reader to [148] for details.

12.6.2 Results for each model

12.6.2.1 Supersymmetry

Let us consider how the signal of a light Higgs boson could be changed in the MSSM, compared to
expectations in the SM. There are several important sources of alterations in the predicted signal, some
of which are interconnected. First, the MSSM includes three neutral Higgs bosonsH = (h,H,A) states.
The apparent signal of a single light Higgs could be enhanced if two or three neutral Higgs species are
nearly degenerate. Second, the alterations of the couplings between Higgs bosons and ordinary fermions
in the MSSM can change the Higgs decay widths and branching ratios relative to those in the SM.
Radiative effects on the masses and couplings can substantially alter decay branching fractions in a non-
universal way. For instance, B(h → τ+τ−) could be enhanced by up to an order of magnitude due to
the suppression of B(h → bb̄) in certain regions of parameter space [149, 150]. However, this gain in
branching fraction would be offset to some degree by a reduction in Higgs production through channels
involving YHbb̄ [141]. Third, a large value of tanβ enhances the bottom-Higgs coupling (Eqs. (12.39) ),
making gluon fusion through a b-quark loop significant, and possibly even dominant over the top-quark
loop contribution. Fourth, the presence of superpartners in the MSSM gives rise to new squark-loop
contributions to Higgs boson production through gluon fusion. Light squarks with masses of order
100 GeV have been argued to lead to a considerable universal enhancement (as much as a factor of
five) [151–154] for MSSM Higgs production compared to the SM. Finally, enhancement of the YHbb̄
coupling at moderate to large tanβ makes bb̄ → H a significant means of Higgs production in the
MSSM – in contrast to the SM where it is negligible. To include both production channels when looking
for a Higgs decaying as H → xx, we define a combined enhancement factor

κHtotal/xx =
σ(gg →H→ xx) + σ(bb→H→ xx)

σ(gg → hSM → xx) + σ(bb→ hSM → xx)
≡ [κHgg/xx + κHbb/xxRbb:gg]/[1 +Rbb:gg].

(12.40)
Here Rbb:gg is the ratio of bb̄ and gg initiated Higgs boson production in the Standard Model, which can
be calculated using HDECAY.
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Fig. 12.17: Enhancement factor κHtot/xx for final states xx = bb̄, τ+τ−, WW, ZZ, γγ when both gg → H and
bb̄→ H are included and the signals of all three MSSM Higgs states are combined. Frames (a) and (b) correspond
to tanβ = 10 and 50, respectively, at the Tevatron (solid lines) and at the LHC (dashed lines).

In the MSSM the contribution from bb̄ → H becomes important even for moderate values of
tan β ∼ 10 and both, bb̄→H and gg →H productions are significantly enchanced with tanβ compared
to the SM rates [148]. For MH < 110 − 115 GeV the contribution from gg →H process is a bit bigger
than that from bb̄ → H, while for MH > 115 GeV b-quark-initiated production begins to outweigh
gluon-initiated production. Results for LHC are qualitatively similar, except the rate, which is about
two orders of magnitude higher compared to that at the Tevatron. Using the Higgs branching fractions
with these NLO cross sections for gg → H and bb̄ → H allows us to derive κHtotal/xx, as presented in
Fig. 12.17 for the Tevatron and LHC. There are several “physical” kinks and peaks in the enhancement
factor for various Higgs boson final states related to WW , ZZ and top-quark thresholds which can be
seen for the respective values of MA. At very large values of tanβ the top-quark threshold effect for the
γγ enhancement factor is almost gone because the b-quark contribution dominates in the loop. One can
see from Fig. 12.17 that the enhancement factors at the Tevatron and LHC are very similar. In contrast to
strongly enhanced bb̄ and τ τ̄ signatures, the γγ signature is always strongly suppressed! This particular
feature of SUSY models, as we will see below, may be important for distinguishing supersymmetric
models from models with dynamical symmetry breaking. It is important to note that combining the
signals from A, h,H has the virtue of making the enhancement factor independent of the degree of top
squark mixing (for fixed MA, µ and MS and medium to high values of tan β), which greatly reduces the
parameter-dependence of our results.

12.6.2.2 Technicolor

Single production of a technipion can occur through the axial-vector anomaly which couples the techni-
pion to pairs of gauge bosons. For an SU(NTC) technicolor group with technipion decay constant FP ,
the anomalous coupling between the technipion and a pair of gauge bosons is given, in direct analogy
with the coupling of a QCD pion to photons, by [155–157]. Comparing a PNGB to a SM Higgs boson
of the same mass, we find the enhancement in the gluon fusion production is

κgg prod =
Γ(P → gg)

Γ(h→ gg)
=

9

4
N2
TCA2

gg

v2

F 2
P

(12.41)

The main factors influencing κgg prod for a fixed value of NTC are the anomalous coupling to gluons
and the technipion decay constant. The value of κprod for each model (taking NTC = 4) is given in
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Table 12.2: Enhancement Factors for 130 GeV technipions produced at the Tevatron and LHC, compared to
production and decay of a SM Higgs Boson of the same mass. The slight suppression of κPprod due to the b-quark
annihilation channel has been included. The rightmost column shows the cross-section (pb) for pp̄/pp→ P → xx

at Tevatron Run II/LHC.

Model Decay mode κPprod κPdec κPtot/xx σ(pb) Tevatron/LHC
bb 47 1.1 52 14 / 890

1) one family τ+τ− 47 0.6 28 0.77 / 48
γγ 47 0.12 5.6 6.4× 10−3 / 0.4

bb 5.9 1 5.9 1.8 / 100
2) variant τ+τ− 5.9 5 30 0.84 / 52
one family γγ 5.9 1.3 7.7 8.7× 10−3 / 0.55

bb 1100 0.43 470 130 / 8000
3) multiscale τ+τ− 1100 0.2 220 6.1 / 380

γγ 1100 0.27 300 0.34 /22
4) low scale τ+τ− 120 0.6 72 2/120

γγ 120 2.9 350 0.4/25

Table 12.2. One should note, that the value of κbb prod is at least one order of magnitude smaller than
κgg prod in each model. From the κgg prod/κbb prod ratio which reads as

κgg prod
κbb prod

=
9

4
N2
TCA2

ggλ
−2
b

(
1− 4m2

b

m2
h

) 3−s
2

, (12.42)

we see that the larger size of κgg prod is due to the factor of N 2
TC coming from the fact that gluons couple

to a technipion via a techniquark loop. Technicolor models with a large number of techniquarks are in
quite a tension with the precision data. However the recent Technicolor models with two technicolors
and only two Dirac technifermions in the adjoint representation of the Technicolor gauge group [35]
are in better agreement with the precision electroweak measurements. The extended technicolor (ETC)
interactions coupling b-quarks to a technipion have no such enhancement. With a smaller SM cross-
section and a smaller enhancement factor, it is clear that technipion production via bb̄ annihilation is
essentially negligible at these hadron colliders. Comparing the technicolor and SM branching ratios in,
we see immediately that all decay enhancements are of the order of one. Model 2 is an exception; its
unusual Yukawa couplings yield a decay enhancement in the τ+τ− channel of order the technipion’s
(low) production enhancement. In the γγ channel, the decay enhancement strongly depends on the
group-theoretical structure of the model, through the anomaly factor. Our results for the Tevatron Run II
and LHC production enhancements (including both gg fusion and bb̄ annihilation), decay enhancements,
and overall enhancements of each technicolor model relative to the SM are shown in Table 12.2 for a
technipion or Higgs mass of 130 GeV. Multiplying κPtot/xx by the cross-section for SM Higgs production
via gluon fusion [158] yields an approximate technipion production cross-section, as shown in the right-
most column of Table 12.2.

In each technicolor model, the main enhancement of the possible technipion signal relative to that
of an SM Higgs arises at production, making the size of the technipion decay constant the most critical
factor in determining the degree of enhancement for fixed NTC .

12.6.3 Interpretation

We are ready to put our results in context. The large QCD background for qq̄ states of any flavor makes
the tau-lepton-pair and di-photon final states the most promising for exclusion or discovery of the Higgs-
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Fig. 12.18: Observability of Supersymmetric Higgs boson production gg+bb̄→ h+H+A→ τ+τ− for Tevatron
(left) and LHC (right). For nearly degenerate Higgs bosons signal is combined in the mass window around MA

(see [148] for details). The parameter space above curves is covered with a given confidence level (CL). The
collider reach is based on the hSM → τ+τ− studies of [142], in the MSSM parameter space.

like states of the MSSM or technicolor.

In Figure 12.18 we summarize the ability of Tevatron (left) and LHC (right) to explore the MSSM
parameter space (in terms of both a 2σ exclusion curve and a 5σ discovery curve) using the process
gg + bb̄ → h + A + H → τ+τ−. Translating the enhancement factors into this reach plot draws
on the results of [141]. As the MA mass increases up to about 140 GeV, the opening of the W +W−

decay channel drives the τ+τ− branching fraction down, and increases the tanβ value required to make
Higgses visible in the τ+τ− channel. At still larger MA, a very steep drop in the gluon luminosity
(and the related b-quark luminosity) at large x reduces the phase space for H production. Therefore
for MA >170 GeV, Higgs bosons would only be visible at very high values of tanβ. The pictures for
Tevatron and LHC are qualitatively similar, the main differences compared to the Tevatron are that the
required value of tanβ at the LHC is lower for a given MA and it does not climb steeply for MA >170
GeV because there is much less phase space suppression.

It is important to notice that both, Tevatron and LHC, could observe MSSM Higgs bosons in the
τ+τ− channel even for moderate values of tan β forMA . 200 GeV, because of significant enhancement
of this channel. However the γγ channel is so suppressed that even the LHC will not be able to observe
it in any point of the MA < 200 GeV parameter space studied in this paper! 5

The Figure 12.19 presents the Tevatron and LHC potentials to observe technipions. For the Teva-
tron, the observability is presented in terms of enhancement factor, while for the LHC we present signal
rate in term of σ ×Br(P → ττ/γγ). At the Tevatron, the available enhancement is well above what is
required to render the P of any of these models visible in the τ+τ− channel. Likewise, the right frame
of that figure shows that in the γγ channel at the Tevatron the technipions of models 3 and 4 will be
observable at the 5σ level while model 2 is subject to exclusion at the 2σ level. The situation at the LHC
is even more promising: all four models could be observable at the 5σ level in both the τ +τ− (left frame)
and γγ (right frame) channels.

Once a supposed light “Higgs boson” is observed in a collider experiment, an immediate important
task will be to identify the new state more precisely, i.e. to discern “the meaning of Higgs” in this

5In the decoupling limit with large values of MA and low values of tan β, the lightest MSSM Higgs could be dicovered in
the γγ mode just like the SM model Higgs boson

485

TECHNICOLOR

485



Model 1

5σ CL (10 fb-1)

Model 2

Model 3

Model 4

MP(GeV)

κ ττ

1

10

10 2

10 3

100 105 110 115 120 125 130 135 140 145 150

Model 1

5σ CL (10 fb-1)

Model 2

Model 3

Model 4

2σ CL (10 fb-1)

MP(GeV)

κ γγ

1

10

10 2

10 3

100 105 110 115 120 125 130 135 140 145 150

Model 1

5σ CL (100 fb-1)

Model 2

Model 3

Model 4

MP(GeV)

σx
B

R
(P

→
ττ

)(
pb

)

1

10

10 2

10 3

100 105 110 115 120 125 130 135 140 145 150

Model 1

5σ CL (30 fb-1)

Model 2

Model 3

Model 4

MP(GeV)

σx
B

R
(P

→
γγ

)(
pb

)

10
-2

10
-1

1

10

100 105 110 115 120 125 130 135 140 145 150

Fig. 12.19: Observability of technipions as a function of technipion mass for tau pair (left frame) or photon pair
(right frame) at the Tevatron and LHC in the final state. Top: enhancement factors required for a 5σ discovery and
2σ exclusion for a Higgs-like particle at Tevatron Run II. Bottom: the lowest curve is the σ×Br required to make
a Higgs-like particle visible in τ+τ− or in γγ at LHC.

context. Comparison of the enhancement factors for different channels will aid in this task. Our study has
shown that comparison of the τ+τ− and γγ channels can be particularly informative in distinguishing
supersymmetric from dynamical models. In the case of supersymmetry, when the τ+τ− channel is
enhanced, the γγ channel is suppressed, and this suppression is strong enough that even the LHC would
not observe the γγ signature. In contrast, for the dynamical symmetry breaking models studied we expect
simultaneous enhancement of both the τ+τ− and γγ channels. The enhancement of the γγ channel is
so significant, that even at the Tevatron we may observe technipions via this signature at the 5σ level
for Models 3 and 4, while Model 2 could be excluded at 95% CL at the Tevatron. The LHC collider,
which will have better sensitivity to the signatures under study, will be able to observe all four models
of dynamical symmetry breaking studied here in the γγ channel, and can therefore distinguish more
conclusively between the supersymmetric and dynamical models.
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12.6.4 Conclusions

We have shown that searches for a light Standard Model Higgs boson at Tevatron Run II and CERN LHC
have the power to provide significant information about important classes of physics beyond the Standard
Model. We demonstrated that the new scalar and pseudo-scalar states predicted in both supersymmetric
and dynamical models can have enhanced visibility in standard τ+τ− and γγ search channels, making
them potentially discoverable at both the Tevatron Run II and the CERN LHC. In comparing the key
signals for the non-standard scalars across models we investigated the likely mass reach of the Higgs
search in pp/pp̄ → H → τ+τ− for each kind of non-standard scalar state, and we demonstrated that
pp pp̄→H→ γγ may cleanly distinguish the scalars of supersymmetric models from those of dynam-
ical models.

12.7 Dynamical breakdown of an Abelian gauge chiral symmetry by strong Yukawa couplings 6

Petr Beneš, Tomáš Brauner and Jiřı́ Hošek

The standard technicolour scenarios [1, 2] dispense with the elementary Higgs and, instead of its
vacuum expectation value, generate the order parameter for electroweak symmetry breaking by a bilinear
condensate of new fermions. This is bound together by a new strong gauge interaction.

In this contribution we suggest a different mechanism for dynamical electroweak symmetry break-
ing. The central idea may be summarised as follows. We retain the elementary scalar, but with a positive
mass squared so that the usual particle interpretation is preserved even in the absence of interactions.
Our basic assumption is the existence of a strong Yukawa interaction between the scalar and the mass-
less fermions. We show that, provided the Yukawa coupling is large enough, the fermion masses may
be generated spontaneously as a self-consistent solution of the Schwinger–Dyson equations. In order
to make the proposed mechanism more transparent, we demonstrate it on the dynamical breaking of an
Abelian chiral symmetry. The extension to the full electroweak SU(2)L × U(1)Y gauge invariance is
currently being worked on.

Our plan is the following. First, we recall our previous results and show how a global chiral
symmetry may be dynamically broken by a strong Yukawa interaction, thus generating the fermion
masses [159]. Second, the axial part of the symmetry is gauged and a sum rule for the gauge boson
mass is derived. Last, we explicitly work out the one-loop triple gauge boson vertex as a genuine predic-
tion of the broken symmetry. The extension to the electroweak theory is discussed in the conclusions.

12.7.1 Global chiral symmetry

Following closely our recent paper [159], we consider a model of two Dirac fermions ψ1,2 and a complex
scalar φ, defined by the Lagrangian,

L =
∑

j=1,2

(
ψ̄jLi/∂ψjL + ψ̄jRi/∂ψjR

)
+ ∂µφ

†∂µφ−M2φ†φ− 1

2
λ(φ†φ)2+

+ y1(ψ̄1Lψ1Rφ+ ψ̄1Rψ1Lφ
†) + y2(ψ̄2Rψ2Lφ+ ψ̄2Lψ2Rφ

†). (12.43)

The Yukawa couplings y1, y2 are assumed real. Note that the Lagrangian (12.43) is invariant under the
global Abelian group U(1)V1 × U(1)V2 × U(1)A. The two vector U(1)’s correspond to independent
phase transformations of ψ1 and ψ2 i.e., are generated by the operators of the number of fermions of
the respective type. The axial U(1)A, on the other hand, relates all the fields included. It consists of
transformations of the type

ψ1 → e+iθγ5ψ1, ψ2 → e−iθγ5ψ2, φ→ e−2iθφ.

6Although this contribution is not related to technicolor, it is included in this section. It constitutes an exotic example of
dynamical breaking of an abelian gauge theory which may one day be used to break the electroweak theory.
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The fact that the scalar carries nonzero axial charge will be crucial in the following. Note also that
the fermions have opposite charges in order to remove the axial anomaly. While this is a convenience at
this stage, where the considered symmetry is global, it will become a theoretical necessity later when it
is gauged.

Our goal is to show that at sufficiently strong Yukawa interaction, the axial U(1)A is sponta-
neously broken. In the fermion sector this means, of course, that nonzero Dirac masses are generated.
Analogously in the scalar sector we find the ‘anomalous’ axial-charge-violating two-point function 〈φφ〉.
Both these effects are related to each other through one-loop Feynman graphs and both thus have to be
analysed simultaneously.

To account for the symmetry breaking in the scalar sector, we introduce the formal doublet

Φ =

(
φ
φ†

)
,

and work with the matrix propagator iD(x − y) = 〈0|T{Φ(x)Φ†(y)}|0〉. We use the method of the
Schwinger–Dyson equations. For the sake of simplicity we neglect all symmetry-preserving radiative
corrections to the fermion and scalar propagators, making the following Ansatz,

S−1
1,2(p) = /p− Σ1,2(p2), D−1(p) =

(
p2 −M2 −Π(p2)
−Π∗(p2) p2 −M2

)
.

The functions Σ1,2(p2) are the Lorentz-scalar fermion proper self-energies that are responsible for the
nonzero masses. Likewise, Π(p2) is the anomalous scalar proper self-energy. The scalar spectrum then
consists of two real particles with masses given self-consistently by M 2

1,2 = M2 ± |Π(M2
1,2)|2.

For the purpose of the numerical computation of the self-energies we perform two additional
simplifications. First, we abandon the λ(φ†φ)2 interaction. This is because the dynamical symme-
try breaking is assumed to happen due to the Yukawa interaction, while the λ term in the Lagrangian
serves merely as a perturbative counterterm. Second, we neglect all vertex corrections, thus closing the
Schwinger–Dyson hierarchy self-consistently at the propagator level. The fermion and scalar propagators
are then determined by the solution of the one-loop equations,

Σ1,p = iy2
1

∫
d4k

(2π)4

Σ1,k

k2 − Σ2
1,k

Πk−p
[(k − p)2 −M2]2 − |Πk−p|2

,

Σ2,p = iy2
2

∫
d4k

(2π)4

Σ2,k

k2 − Σ2
2,k

Π∗k−p
[(k − p)2 −M2]2 − |Πk−p|2

,

Πp = −
∑

j=1,2

2iy2
j

∫
d4k

(2π)4

Σj,k

k2 −Σ2
j,k

Σj,k−p
(k − p)2 − Σ2

j,k−p
.

This set of equations have been solved iteratively in the Euclidean space. We found that a nontrivial
solution exists only if the Yukawa couplings are large enough. For y1 = y2 the critical value is about
80. The typical form of the solution is shown in Fig. 12.20. Our model has the remarkable property
that a moderate change of the ratio y1/y2 transforms into a tremendous change of the mass ratio. For
instance, for y1 = 77.4 and y2 = 88 we find m2

1/m
2
2 ≈ 10−3 and the mass ratio seems to fall down to

zero as y1 approaches a critical value about 77. This is alluring and gives us a hope that, when applied
to the SU(2)L × U(1)Y gauge theory of electroweak interactions, the present mechanism of dynamical
symmetry breaking could provide a natural explanation of the hierarchy of the fermion masses.

12.7.2 Gauge axial symmetry

The next step in our analysis is the gauging of the axial part of the global symmetry. Formally, this is
done by replacing the ordinary derivatives in the Lagrangian (12.43) with the covariant ones, Dµψ1 =
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Fig. 12.20: The fermion and scalar proper self-energies for y1 = 79 and y2 = 88.

(∂µ−igAµγ5)ψ1,Dµψ2 = (∂µ+igAµγ5)ψ2 andDµφ = (∂µ+2igAµ)φ, and adding the kinetic term for
the Abelian gauge field Aµ. We emphasise that the gauge interaction may be switched on perturbatively
since it does not play any role in the proposed dynamical mechanism for chiral symmetry breaking.

Once the axial symmetry is spontaneously broken, the gauge boson acquires a nonzero mass
through the Schwinger mechanism [160]. Technically, the mass is given by the residue of the mass-
less pole in the gauge boson polarisation tensor.7 This pole in turn arises from the propagation of the
(composite) Goldstone boson of the broken symmetry.

To determine the pole part of the polarisation tensor, one has to know the effective coupling of
the Goldstone boson to the axial current or to the gauge boson. First, the axial Ward identity is used
to calculate the pole part of the axial current vertex functions, and thus the effective couplings of the
Goldstone to the fermions and the scalar [159]. The Goldstone–gauge boson coupling then arises through
the fermion and scalar loops. (Recall that the interaction of the fermions and the scalar with the gauge
boson is perturbative.) The resulting formula for the dynamically generated gauge boson mass reads
m2
A = g2[Iψ1(0) + Iψ2(0) + Iφ(0)], where the one-loop integrals are given by

iqνIψj (q
2) = 4

∫
d4k

(2π)4

[(k + q)νΣj,k − kνΣj,k+q] [Σj,k+q + Σji,k][
(k + q)2 − Σ2

j,k+q

] [
k2 − Σ2

j,k

] ,

iqνIφ(q2) = −2

∫
d4k

(2π)4

(2k + q)ν
{

(Πk+q + Πk)
[
[(k + q)2 −M2]Π∗k − (k2 −M2)Π∗k+q

]
+ c.c.

}

{
[(k + q)2 −M2]2 − |Πk+q|2

}
[(k2 −M2)2 − |Πk|2]

.

The sample of numerical results is presented in Fig. 12.21.

Note that the gauge boson mass is expressed in terms of the fermion and scalar self-energies
by the above one-loop integrals [162]. This clearly distinguishes our model of dynamical symmetry
breaking from the standard Higgs mechanism where the fermion and gauge boson masses are generated
independently.

12.7.3 Triple gauge boson vertex

The sheer existence of the Goldstone boson and the generation of the gauge boson mass are robust,
model-independent predictions of the broken symmetry. In order to achieve deeper insight into the

7In fact, this procedure gives only an approximate value of the gauge boson mass, because of the neglected finite part of the
polarisation tensor [161]. Such an approximation is justified provided the generated mass is small enough.
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Fig. 12.22: The A3 vertex, denoted as iT µνρ(p, k). There are only two independent momentum variables due to
the conservation p+ k + q = 0.

dynamical origin of the symmetry breaking, it is necessary to work out in detail the consequences of
the particular model. In the electroweak interactions this will, of course, be of crucial importance in the
search for the signatures of new physics.

Here we calculate the axial-vector A3 vertex, see Fig. 12.22 for notation. To order g3, it is given
by the sum of one-loop diagrams with either the fermions or the scalar circulating in the loop. Explicitly
we find

T µνρ(p, k) =
∑

j

[
T µνρψj

(p, k) + T νµρψj
(k, p)

]
+ T µνρΦ (p, k) + T νµρΦ (k, p)+

+ 2
[
T µνρ4 (p, k) + T µρν4 (p,−p− k) + T νρµ4 (k,−p− k)

]
,

where T µνρψj
denote the fermion triangle loops, T µνρΦ the analogous scalar loops, and T µνρ4 the scalar

loops with the insertion of the vertex φ†φAµAµ.

We do not write down the lengthy explicit expression for T µνρ(p, k). It cannot be calculated
analytically anyway since the self-energies Σj and Π have been computed only numerically. (In fact, in
our approximation the scalar loops do not contribute.)

The A3 vertex can, however, be determined analytically in the special case when the external
gauge bosons are on-shell i.e., p2 = k2 = q2 = m2

A and the fermion self-energies are set constant,
Σj(p

2) = mj . It is then found that

iT µνρ(p, k) = G
[
(qµkα − kµqα)pβενραβ + (pνqα − qνpα)kβερµαβ + (kρpα − pρkα)qβεµναβ

]
.

(12.44)
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The effective coupling constant G is expressed as G = −g3
∑

j=1,2(−1)jf(m2
j ,m

2
A), where

f(x, y) =
2

π2y

∫ 1

0
dz

z(1− z)√
z(3z − 4) + 4x

y − iε
arctan

z√
z(3z − 4) + 4x

y − iε
.

For very small coupling g the gauge boson mass is small as well and the value f(m2, 0) = 1/24π2m2

is then of particular interest. Note also that the A3 vertex (12.44) may be obtained from the effective
Lagrangian

Leff = Gεαβγδ(∂σA
α)(∂βAσ)(∂γAδ).

12.7.4 Conclusions

In the framework of a simple Abelian model we have shown that a sufficiently strong Yukawa interaction
may induce the spontaneous breakdown of the chiral symmetry. Our ultimate goal is, however, to apply
this idea to the gauge theory of electroweak interactions. The upcoming LHC machine at CERN is going
to explore the new physics underlying the electroweak symmetry breaking and we hope that our proposal
might provide a reasonable alternative to the existing models.

Our hope is based on the following observations. First, with the elementary scalars kept in the
Lagrangian one explicitly breaks the interfamily symmetries. Models without scalars struggle with guar-
anteeing unobservability of physical consequences of these unwanted symmetries. Further, our numer-
ical results suggest that, unlike in the Higgs mechanism, we are able to generate the huge hierarchy of
fermion masses without introducing vastly different Yukawa couplings. Another notable fact is that the
gauge boson masses are tied to the fermion spectrum in terms of sum rules.

To date, the most serious obstacle to a direct application of the present mechanism to the elec-
troweak interactions is its nonperturbative nature. We have already shown that the scalar spectrum may
be adapted to fit the symmetries of the standard model [163]. On the other hand, much work is still in or-
der to make phenomenological predictions that could be compared with experiment. Not only the flavour
structure of the standard model makes the set of coupled equations to be solved much larger and thus
more complicated, but also the approximations used here to generate the Schwinger–Dyson equations
have to be revised. Nevertheless, we are convinced that our goal is worthy of the effort required by this
task.
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13 HIGGS TRIPLETS

13.1 Introduction

John F. Gunion and Chris Hays

Even though the Standard Model (SM) of the strong and electroweak interactions has proven enormously
successful, it need not be the case that the Higgs sector consists solely of a single SU(2)L Higgs doublet
field, that is a field with total weak isospin T = 1

2 having two members with T3 = +1
2 and T3 = −1

2
and U(1) hypercharge Y = 1. The inclusion of additional doublets as well as singlets (i.e., fields
with T = Y = 0) is a frequently considered possibility (and at least two doublets are required in the
supersymmetric context). The next logical step is to consider the inclusion of one or more triplet SU(2)L
representations (i.e. a T = 1, three-component field with T3 = +1, 0,−1 members). The purpose of
this section is to review the phenomenology of a Higgs sector which contains both doublet and triplet
fields. Surprisingly attractive models, fully consistent with all existing experimental constraints, can
be constructed. These yield many exotic features and unusual experimental signatures. In exploring
the physics of electroweak symmetry breaking at future colliders, it will be important to consider the
alternative possibilities characteristic of this and other non-minimal Higgs sectors. Our discussion here
will focus primarily on models in which only the Higgs sector of the SM is extended via the addition
of triplet representation(s) with hypercharge Y = 0 and/or Y = ±2 (which are real and complex,
respectively).

There are many models in which both the Higgs sector and the gauge sector are expanded that
provide a natural setting for Higgs triplet fields, as for example the left-right (LR) symmetric models
with extended gauge group SU(2)L×SU(2)R×U(1)B−L [1–6] (see also Section 6.1). Supersymmetric
left-right (SUSYLR) symmetric models with triplets can also be constructed and have many attractive
features [7–14]. One of the primary motivations for left-right symmetric models with triplets in the Higgs
sector is that they provide a natural setting for the see-saw mechanism of neutrino mass generation. The
minimal Higgs sector contains a bi-doublet Higgs field, an SU(2)R triplet (employed for the see-saw) and
its LR partner SU(2)L triplet. For the phenomenology of such models in the absence of supersymmetry,
useful starting references are [15–17]. A brief outline of the SUSYLR Higgs scenarios is given at the
end of this review.

We will focus on the Y = 0 and Y = ±2 triplet models. Only the Y = 0 and Y = ±2
triplet representations have a neutral member which, if it acquires a non-zero vacuum expectation value
(vev), can influence electroweak symmetry breaking and give rise to non-zero V V ′-Higgs vertices (where
V, V ′ = W,Z, γ). Triplet models with still larger even-integer values of Y do not have a neutral member.
We also do not consider triplet models with an odd-integer value of Y . The Higgs fields of such a
model would have fractional charge. Table 13.1 lists the triplet models we consider and establishes some
notation for the Higgs bosons appearing in the various models, including those with custodial or left-right
symmetry.

Before zeroing in on triplet models, we make a few more general remarks regarding Higgs repre-
sentations with weak isospin T ≥ 1, generically denoting the Higgs fields and bosons by δ. Let us focus
on two particular hallmark signatures, both of which require the presence of a Higgs representation with
T ≥ 1 that contains a neutral field member with non-zero vacuum expectation value (vev).

(1) Verification of the presence of a non-zero δ++W−W− tree-level strength interaction. In the T = 1
context, this would require the Y = ±2 representation.
This vertex would be detected by observation of the single-δ++ fusion production processW+W+ →
δ++ and/or via the presence of δ++ →W+W+ decays.

(2) Verification of the existence of a tree-level δ−W+Z vertex. For T = 1, this can occur for either a
Y = 0 or Y = ±2 representation (or if both are present).
Detection of this vertex would be via single δ+ production, e.g. Z∗ → δ+W−, or decays such as
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Table 13.1: Notation for different Higgs representations and models. Without superscripts, T and T3 refer to the
SM SU(2)L group. SU(2)C refers, when relevant, to the custodial symmetry group of the model. For left-right
symmetric models, we distinguish TL and TL3 of SU(2)L from TR and TR3 of SU(2)R. In the absence of the
SU(2)R group the charge formula is Q = T3 + 1

2 . In left-right symmetric models Q = TL3 + TR3 + 1
2 (B − L).

The listed couplings are those present at tree-level. Without subscripts V and V ′ refer to the usual W±, Z. For
left-right symmetric models, the VL = WL, ZL of SU(2)L and the VR = WR, ZR of SU(2)R are distinguished.
In the limit where no triplet neutral field has a vev, the doublet and triplet fields separate and the couplings of the
triplets to V V ′ are absent.

Generic Higgs field
General (T, Y ) φT,Y Couplings

Complex doublet Higgs field with neutral member
(T, Y ) = (1/2,±1) φ±, φ0 V V ′ and ff

Generic Triplet Higgs fields
T = 1, Y arbitrary, δ fields δ±±, δ±, δ0, . . .

Complex triplet Higgs representation with neutral member
(T, Y ) = (1,±2), χ fields χ±±, χ±, χ0 V V ′ and ``

Real triplet Higgs representation with neutral member
(T, Y ) = (1, 0), ξ fields ξ±, ξ0 V V ′ only

Model with one doublet and one real triplet

mix of φ = (1/2,±1) and ξ = (1, 0)

(
φ+

φ0

)
,



ξ+

ξ0

ξ−




Mass eigenstates for 〈ξ0〉 6= 0 h±, h0, k0 V V ′ and ff

Triplet model with tree-level custodial SU(2)C symmetry

mix of φ = (1/2,±1), ξ = (1, 0) and χ = (1,±2)

(
φ+

φ0

)
,



χ0 ∗ ξ+ χ++

χ− ξ0 χ+

χ−− ξ− χ0




SU(2)C decomposition for 〈ξ0〉 = 〈χ0〉 6= 0 Mass eigenstates Couplings
SU(2)C 5-plet: (1,±2) and (1, 0) mix H±±5 ,H±5 ,H

0
5 V V ′ and ``

SU(2)C 3-plet: (1/2,±1), (1,±2) and (1, 0) mix H±3 ,H
0
3 ff only

SU(2)C singlet #1: pure (1/2, 0) H0
1 V V ′ and ff

SU(2)C singlet #2: (1,±2), (1, 0) mixture H0 ′
1 V V ′ and ``

Left-right symmetric models

Bi-doublet, φ, (TL, TR, B − L) = ( 1
2 ,

1
2 , 0)

(
φ0

1 φ+
1

φ−2 φ0
2

)
VL,RV

′
R,L and ff

Left triplet, ∆L, (TL, TR, B − L) = (1, 0, 2)




δ+L√
2

δ++
L

δ0
L − δ+L√

2


 VLV

′
L and ``

Right triplet, ∆R, (TL, TR, B − L) = (0, 1, 2)




δ+R√
2

δ++
R

δ0
R − δ+R√

2


 VRV

′
R and ``

498

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

498



δ+ →W+Z .

Neither signature would be observed for any doublet model. For example, although a doublet represen-
tation with Y = 3 has a doubly-charged Higgs boson, it does not contain a neutral member and the
doubly-charged Higgs could only be pair produced at a hadron or e+e− collider. (Note that to preserve
U(1)EM , any Higgs potential involving such exotic representations must be constructed so that vevs do
not develop for the charged fields.) Nonetheless, it should also be kept in mind that such exotic doublet
representations can influence gauge coupling running and, therefore, coupling unification.

An example of a Higgs sector with T > 1 that can give rise to the two hallmark signatures is the
T = 2, Y = 0 Higgs representation, which contains δ±±, δ± and δ0 fields. If the neutral member has
non-zero vev then non-zero δ±±W∓W∓ and δ±W∓Z vertices will both be generated at tree-level. Both
signatures also arise for non-zero neutral field vev in the case of the T = 3, Y = 4 representation that is
the next simplest beyond the doublet representation to have a built-in custodial symmetry that guarantees
a tree-level value of ρ = mW

2

mZ2 cos2 θW
= 1 with finite radiative corrections.

For any T ≥ 1 model, it is entirely possible and, in the absence of a built-in custodial symmetry,
probably most natural for the vev of the neutral field to be zero. In particular, only in this way can we
guarantee ρ = 1 at tree-level and that radiative corrections to ρ will be finite. Thus, we will devote con-
siderable discussion in our triplet review to the dramatic alterations in phenomenology that arise in such
a case as compared to the case when the neutral-field vev is non-zero. The most obvious phenomeno-
logical consequence is that for zero neutral-field vev all V V ′δ vertices are zero at tree-level. The single
δ production processes and δ → V V ′ decays that rely on such vertices are then highly suppressed or
absent altogether.

Of course, couplings of Higgs bosons to the SM fermions are also a crucial ingredient for phe-
nomenology. In fact, subject to the exception discussed below, only doublet Higgs bosons can have
couplings to SM fermions. If a T = 1 representation has a non-zero neutral field vev, then the physical
neutral and singly-charged Higgs eigenstates will typically be mixtures of doublet and triplet members
and will have fermionic couplings proportional to their doublet components. If the neutral field vev is
zero, then the triplet fields will not mix with the doublet fields and they will form their own separate set
of physical mass eigenstates and these will not have couplings to SM fermions. The only exception to
this statement is the following. In the case of the Y = ±2 triplet representation there is the possibility of
δ++l−l−, δ+l−νl and δ0νlνl (Majorana-like) couplings, where the l−’s and νl’s are the left-handed ob-
jects with Y = −1. Analogous couplings are not possible in the case of the Y = 0 triplet representation
since the right-handed leptons and neutrinos have T = 0. If Higgs-lepton-lepton couplings are present
for the T = 1, Y = ±2 case, they play a particularly prominent phenomenological role when the vev for
the neutral field is zero (or very small).

We wish to note that the discussions presented here for purely Higgs sector additions to the SM
require some modification in the context of the Little Higgs models which also contain Higgs triplets. In
particular, custodial symmetry issues become much more complicated, and their implications are closely
tied to the ultraviolet cutoff of the effective theory. For example, in a model with an ultraviolet cutoff
it is natural to allow for the presence of “non-renormalizable” effective operators suppressed by some
inverse power of the cutoff that could affect such observables as ρ at tree-level.

13.1.1 Model Considerations

Higgs triplets can, in principle, carry any hypercharge Y . The real triplet with Y = 0 and the complex
triplet with Y = ±2 both contain a neutral Higgs field, namely that component with T3 + 1

2Y = 0. For
these cases, a non-zero vev for the neutral component (generically denoted by φ0

T=1) leads to a deviation
in the tree-level prediction of ρ = mW

2

mZ2 cos2 θW
∼ 1, whereas ρ ∼ 1 is automatic for doublets (plus

possible singlets). For triplet models, the simplest possibility will therefore be that 〈φ0
T=1〉 = 0. If

〈φ0
T=1〉 6= 0, one can avoid large corrections to the electroweak ρ parameter at tree level by either (i)
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choosing 〈φ0
T=1〉 very small compared to the vevs of neutral doublet fields or (ii) arranging the triplet

fields and the vevs of their neutral members so that a custodial SU(2) symmetry, SU(2)C , is maintained.
A number of models of type (ii), with a custodial SU(2)C symmetry, have been proposed in the literature.
The most popular is that containing a real Y = 0 triplet and a Y = ±2 complex triplet as proposed in [18]
and later considered in greater depth in [19, 20], with further follow-up in [21]. The Higgs potential for
the model can be constructed in such a way that it preserves the tree-level SU(2)C symmetry. For such
a model, the SU(2)C is maintained after higher-order loop corrections from Higgs self-interactions.

However, in all triplet models with 〈φ0
T=1〉 6= 0, the presence of interactions of the U(1) B field

with the Higgs sector necessarily violates SU(2)C . This is because the U(1) hypercharge operator
corresponds to the TC3 of the would-be custodial SU(2)C and the non-zero vev then explicitly breaks
the SU(2)C TC3 symmetry. As a result, loop corrections to the W and Z masses are infinite [22]. In
fact, corrections to ρ are quadratically divergent and achieving ρ = 1 is at least as unnatural in the
presence of such quadratic divergences as is achieving a low mass for the Higgs boson in the presence
of quadratic divergences due to SM particle loops. Just as in the SM, these quadratic divergences can
be ignored and computations can be carried out using standard renormalization procedures, where a set
of experimental observables (measured in some appropriate way) are input and other observables are
computed in terms of them. In the case of triplet models with 〈φ0

T=1〉 6= 0, ρ must be renormalized,
implying that ρ = 1 is no longer a prediction of the theory but rather the observed value of ρ (or
some other related electroweak parameter, often chosen to be sin θW as defined via the Zee coupling,
−ie(ve + γ5ae)γµeZ

µ, where 1 − 4 sin2 θW = Reve/Reae, θW being the Weinberg angle) must be
considered as an additional experimental input. Other observables in the electroweak sector can then
be computed in terms of the observed value of ρ [23–25]. To obtain ρ = 1 up to only finite radiative
corrections, implying that ρ ∼ 1 is a natural prediction of the model, 〈φ0

T=1〉 = 0 is required. This
implies an extra custodial symmetry of the theory such that the triplet fields generate only finite loop
corrections to ρ. The phenomenology associated with this class of triplet models is very different from
that which arises in models with 〈φ0

T=1〉 6= 0. We will consider the two possibilities in turn.

13.1.2 Phenomenology when a neutral triplet field has non-zero vev ( 〈φ0
T=1〉 6= 0)

The general tree-level expression for ρ is [26]

ρ =

∑
T,Y [4T (T + 1)− Y 2]|VT,Y |2cT,Y∑

T,Y 2Y 2|VT,Y |2
, (13.1)

where 〈φ0
T,Y 〉 = VT,Y (φ0

T,Y being the neutral field in a given T, Y representation) and cT,Y = 1 (1/2)
for a complex (real) representation. If we consider a Higgs sector with one Y = 1 doublet and one
Y = 0 or Y = ±2 triplet, and define r1,0 = V1,0/V1/2,1 and r1,2 = V1,±2/V1/2,1, we obtain

ρ =

{
1 + 2r2

1,0 , Y = 0

(1 + 2r2
1,2)(1 + 4r2

1,2)−1 , Y = ±2
(13.2)

so that ρ− 1 > 0 (< 0) for the T, Y = 1, 0 (1,±2) case. If there is more than one Y = 1 doublet field,
the above results can be generalized by replacing V 2

1/2,1 →
∑

k V
2
k 1/2,1. The notation we will employ

for the Y = 1 doublet and the Y = 0 and Y = ±2 triplets is:

φT=1/2,Y=1 =

(
φ+

φ0

)
, φT=1,Y=0 =



ξ+

ξ0

ξ−


 , φT=1,Y=2 =



χ++

χ+

χ0


 . (13.3)

Of course, if the neutral fields have non-zero vevs, the above refers to the quantum fluctuations of the
fields relative to these vevs. In the conventions we employ, φ+ ∗ = −φ−, (ξ0)∗ = ξ0, (ξ+)∗ = −ξ−,
(χ++)∗ = χ−− and (χ+)∗ = −χ−.
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We have already noted the two experimental signatures that would immediately signal a Higgs
sector with representations beyond the usual T = 1/2, Y = 1 doublets (at least one of which will always
be assumed to be present) and T = 0, Y = 0 singlets. First, as exemplified by the T = 1, Y = ±2
representation, there can be doubly-charged Higgs bosons. More exotic choices of T and Y can yield
Higgs bosons with still larger integer charge or even fractional charge. Second, triplet models that have
a non-zero vev for a neutral field member typically predict a non-zero ZW ±H∓ vertex, where H± is
some charged Higgs (or linear combination of charged Higgs) of the model. The general result (allowing
for any T, Y and assuming only neutral fields have vevs) is1

LH±W∓Z = − g2

2cW
κ
[
W+

µZ
µH− + h.c.

]
, (13.4)

where

κ2 =
∑

T,Y

Y 2
[
4T (T + 1)− Y 2

]
|VT,Y |2 −

{∑
T,Y 2Y 2|VT,Y |2

}2

∑
T,Y [4T (T + 1)− Y 2] |VT,Y |2cT,Y

(13.5)

This formula has many implications. For instance, if ρ = 1 we can use Eq. (13.1) to simplify Eq. (13.5)
to obtain:

κ2 ρ=1
=

∑
T,Y

[
4T (T + 1)− Y 2 − 2

]
|VT,Y |2∑

T,Y 2Y 2|VT,Y |2
≥
∑

T,Y [4T − 2] |VT,Y |2∑
T,Y 2Y 2|VT,Y |2

, (13.6)

where to obtain the 2nd equality one must note that |Y/2| = |T3| is required for the neutral field with
non-zero VT,Y and that |T3| ≤ T . Eq. (13.6) shows that if ρ = 1 then κ2 = 0 is only possible if
all representations with non-zero VT,Y have T = 1/2 (i.e., if they are doublets). In other words, any
model containing triplet or higher Higgs representations with a neutral field member that has a non-zero
vacuum expectation value, and that simultaneously yields ρ = 1 at tree-level, must have at least one
charged Higgs with non-zero coupling to the WZ channel [26].

It will be useful to discuss several specific triplet models in order to illustrate some of the many
subtleties. We will consider two models: a) the model with one T = 1/2, Y = 1 doublet plus one
T = 1, Y = 0 triplet; and b) the model with one T = 1/2, Y = 1 doublet, one T = 1, Y = 0 triplet
and one T = 1, Y = ±2 triplet with Higgs potential such that 〈ξ0〉 = 〈χ0〉 so that there is a custodial
symmetry at tree-level implying ρ(tree) = 1. We will end with a discussion of the implications of
Higgs-lepton-lepton couplings for a Y = 2 triplet when 〈χ0〉 6= 0.

13.1.2.1 The model with one T = 1/2, Y = 1 doublet plus one T = 1, Y = 0 triplet
The model with one T = 1/2, Y = 1 doublet plus one T = 1, Y = 0 triplet model illustrates many
important aspects of triplet models. For this model, we will write, using the notation of Eq. (13.3),
〈φ0〉 = v/

√
2 and 〈ξ0〉 = v′ = 1

2v tanβ, where β is the mixing angle that isolates the charged Goldstone
boson absorbed in giving mass to the W (see below). Then at tree level, ρ = 1/c2

β . (We will write
tβ ≡ tan β, cβ = cos β, and so forth). The physical Higgs bosons comprise the h0, the k0 and the h±. In
general, the physical eigenstate h0 is a mixture of Reφ0/

√
2 and ξ0 (since ξ0 is a real field, the Goldstone

boson eaten by the Z is Imφ0/
√

2) and h+ is a mixture of φ+ and ξ+ (the orthogonal g+ being eaten by
the W+). The mixings are specified by two angles, β and γ, according to:

(
g+

h+

)
=

(
cβ sβ
−sβ cβ

)(
φ+

ξ+

)
,

(
h0

k0

)
=

(
cγ sγ
−sγ cγ

)(
Reφ0/

√
2

ξ0

)
. (13.7)

In general, mh0 , mk0 and mh± can be adjusted independently of one another. However, if the Higgs
potential trilinear and quartic couplings are kept finite (they should not be too big in order to avoid a

1We follow [26], correcting a small error.
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non-perturbative regime) then in the limit of tβ → 0 the h0 approaches the SM Higgs boson while the
k0 and h± have mk0 ∼ mh± and decouple. The limit tβ → 0 requires λ4 → 0 in the λ4φ

†σaφξa

[a = 1, 2, 3, where, e.g., ξ+ = 1√
2
(ξ1 + iξ2)] Higgs potential term that explicitly mixes the doublet and

triplet fields. It is also possible to choose the Higgs potential so that it has an extra custodial SU(2)C
symmetry from the beginning by setting λ4 = 0. In this case, v′ = 0 and mh± = mk0 and the triplet
Higgs sector gives no correction to ρ at any order. As a final theoretical point, we note that the unitarity
constraints for W+W− → W+W− scattering and/or perturbativity for the Higgs potential parameters
imply that if tanβ is not small then all the physical Higgs states should have mass below ∼ 1 TeV.

We now turn to the prediction for ρ in the T = 1, Y = 0 model just described. The prediction
must be compared to the standard precision electroweak constraints as encapsulated, for instance, in the
S, T, U parameters of [27]. In particular, it is useful to note that αT = ρ − 1. The current S, T plot,
based purely on Z-pole data, from the LEP Electroweak Working Group (LEWWG) [28] is shown as
the left, top plot in Fig. 13.1. Note that the data have a somewhat positive S and positive T relative to
the mhSM = 114 GeV prediction. If one includes NuTeV, atomic parity violation and SLAC results
on Moller scattering as well, one finds the S, T ellipse [29] (with updated S, T plot provided by P.
Langacker) appearing at the bottom of Fig. 13.1. The center of the ellipse shifts to slightly negative S and
T values. Assuming U = 0 the center is at (assuming mhSM = 117 GeV and mt = 172.6 ± 2.9 GeV)

S = −0.07± 0.09 , T = −0.03 ± 0.09 . (13.8)

These latter values are completely consistent with S = T = 0 for new physics contributions. The value
of ρ corresponding to the above T is ρ = 0.9990 ± 0.0009, leaving very little room for new physics
effects. At tree-level, the fit to the pure Z-pole LEWWG ellipse can be improved by using a fairly heavy
SM Higgs with mhSM ∼ 500 GeV along with a T = 1, Y = 0 triplet with r1,0 ∼ 0.03, corresponding
to β ∼ 0.045 radians. The large mhSM value moves the prediction towards positive S and negative T .
This is compensated by the correction from the above r1,0 value which gives a positive T contribution
that places the net prediction more or less at the center of the ellipse. If one employs all available data as
represented by the bottom-center S, T ellipse, β ∼ 0 is preferred, but β ∼ 0.045 and a heavy Higgs is
still a possibility, giving a prediction in the upper right-hand corner of the PDG ellipse.

Of course, loop corrections from the triplet sector should also be included [23, 30]. For small β
(as above), and assuming for simplicity that parameters are chosen so that there is no mixing between
the doublet Reφ0/

√
2 and the triplet ξ0 (γ = 0), the one-loop triplet contributions give [30]

S1,0 = 0, T1,0 ∼
1

6π

1

s2
W c

2
W

∆m2

mZ
2
, U1,0 =

∆m

3πmh±
, (13.9)

where ∆m = mk0 −mh± , and sW and cW are the sine and cosine of the standard electroweak angle,
respectively. If the λi parameters of the most general Higgs potential are kept fixed (in particular, with
λ4 6= 0) and r1,0 → 0, then mk0 ,mh± → ∞ while ∆m → 0. In this limit, the triplet decouples from
the precision electroweak parameters. A small value for ∆m is thus a natural possibility.

In a fully general treatment of ρ at one loop, we have already noted that ρ (or some related param-
eter) must be input to the renormalization scheme as an additional observable. In [25, 31], a study of the
mt dependence of the precision electroweak constraints deriving from Gµ = πα√

2mW 2 sin2 θW
(1 + ∆R)

and ΓZ is performed in the tan β 6= 0 context. In their approach, the value of sin θW from the Zee
vertex is input as the additional observable. An interesting phenomenon emerges: the sensitivity of ∆R
(through fixing sin θW ) to mt is greatly reduced. In the SM, ∆R depends on mt quadratically, whereas
in the triplet model with sin θW as the additional experimental input parameter, renormalization proceeds
differently, and ∆R is only logarithmically sensitive to mt. This weak dependence is shown in the left
plot of Fig. 13.2. Additional flexibility in the predictions arises if one allows for a range of mk0 and mh±

values — a large selection of models are consistent with current data.
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Fig. 13.1: Top left: The latest S, T ellipse for Z-pole data only from the LEWWG is shown. The reference SM
Higgs and top masses employed are mhSM = 150 GeV and mt = 175 GeV and U = 0 is assumed. The SM
prediction as a function of mhSM from mhSM = 114 GeV to 1 TeV with mt = 172.7± 2.9 GeV is shown. Top
right: The blueband plot showing that mhSM ∼ 100 GeV provides the best SM fit. Bottom center: The latest S, T
ellipse to appear in the PDG (thanks to P. Langacker) which includes Z-pole data as well as parity violation and
NuTeV data.

Other schemes are also possible. Instead of inputting sin θW as the extra observable, one could
directly input T as the extra observable and simply fix it to agree with the value at the center of the
ellipse. Then, sin θW would acquire logarithmic sensitivity to mt.

Of course, other observables also depend upon mt, most notably the Z boson width ΓZ which has
a strong mt dependence from vertex corrections to the Z → bb decay width — ΓZ decreases rapidly
with increasing mt as shown in the right-hand plot of Fig. 13.2. Combining the mW and ΓZ sensitivity
to mt gives a prediction for mt within about 30 GeV. Whatever scheme is employed, the important
consequence is that the SM prediction of the top mass from precision electroweak data is considerably
weakened in triplet models with non-zero vev for the neutral field.
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Fig. 13.2: Left: Prediction for mW as a function of mt in the Y = 0 triplet model (TM). Right: The prediction
of the TM for ΓZ as a function of mt. The 1σ error bars are shown in both plots. Results shown are for mh+ =

mk0 = 300 GeV and for mh0 values as indicated by the different lines.

Of course, we now have a very accurate measurement of mt. We have already noted that this
measurement plus the various LEP and other precision measurements very strongly constrain ρ, allowing
only very small deviations from ρ = 1 corresponding to a small non-zero vev for ξ0 and requiring mh0

to be near 100 GeV.

Some final notes are the following. Although there is no doubly-charged Higgs boson in this
model, for tan β 6= 0 there is a non-zero H+W−Z vertex specified by setting κ = v sinβ in Eq. (13.4).
Experimental probes of this vertex will be discussed shortly. It is also quite amusing to note [32] that
a model containing two Y = 1 doublets and one Y = 0 triplet leads to gauge coupling unification at a
scale of MU ∼ 1.6 × 1014 GeV, for αs(mZ) ∼ 0.115. While full gauge group unification cannot occur
at this MU without encountering difficulties with proton decay, coupling unification without gauge group
unification is a feature of certain string models.

13.1.2.2 The model with one T = 1/2, Y = 1 doublet, one T = 1, Y = 0 triplet and one
T = 1, Y = ±2 triplet with ρ(tree) = 1

If one wishes to construct a triplet model with non-zero neutral triplet vevs and ρ = 1 at tree-level,
despite the fact that at the one-loop level ρ is infinitely renormalized and simply must be treated as an
input parameter, then one can consider the model of [18] containing one doublet, one Y = 0 triplet and
one Y = 2 triplet. The following outlines the full analysis of this model presented in [20]. A convenient
representation of the Higgs boson sector is

φ =

(
φ+

φ0

)
, χ =



χ0 ∗ ξ+ χ++

χ− ξ0 χ+

χ−− ξ− χ0


 . (13.10)

By taking 〈χ0〉 = 〈ξ0〉 = b and 〈φ0〉 = a/
√

2, at tree-level one finds ρ = 1 withmW
2 = mZ

2 cos2 θW =
1
4g

2v2 where v2 ≡ a2 + 8b2. The amount of vev carried by the doublet sector is then characterized by
cH ≡ cos θH = a/v and that in the triplet sector is then given by sH ≡ sin θH = 2

√
2b/v. Thus,
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tH ≡ tan θH characterizes the amount of the W mass coming from the doublet vs. the triplet fields.
To fit a deviation from ρ = 1 at tree-level, the 〈χ0〉 = 〈ξ0〉 equality could be slightly broken. The
one-loop corrections to S, T, U have not been computed in this model, but the Higgs sector parameters
could probably be adjusted to allow for ρ = 1 at tree level along with a fairly heavy SM-like Higgs and
an appropriate positive addition to T so as to remain within the current S, T ellipse of the last plot in
Fig. 13.1.

If the Higgs potential preserves the custodial SU(2)C , as desirable to minimize deviations from
ρ ∼ 1 arising from Higgs loops, then the physical states of this model can be classified according to their
transformation properties under the tree-level custodial SU(2)C . One finds a five-plet H±±5 ,H±5 ,H

0
5 ,

a three-plet H±3 ,H
0
3 , and two singlets, H0

1 and H0 ′
1 . All members of a given multiplet are degenerate

in mass at tree-level and only the H0
1 and H0 ′

1 can mix. For simplicity, we will present a discussion in
which this mixing is absent and the H0

1 and H0 ′
1 are mass eigenstates. The phenomenology of the model

reveals many new features and corresponding phenomenological possibilities.

Several features of the V V and ff couplings should be noted. First, ignoring the HV and HH
type channels, at tree level the H5’s couple and decay only to vector boson pairs (we return later to the
possibility of U(1)-conserving Higgs-lepton-lepton couplings), while the H3’s couple and decay only to
fermion-antifermion pairs. Second, we observe that the SM is regained in the limit where sH → 0, in
which case the H0

1 plays the role of the SM Higgs and has SM couplings and the H3’s decouple from
fermions. However, in this model with custodial SU(2)C symmetry, there is no intrinsic need for sH to
be small in order to keep ρ near 1 at tree-level. When sH 6= 0, many new phenomenological features
emerge. First, using the setup giving ρ = 1 at tree-level, there is a non-zero H+

5 W
−Z coupling specified

by κ = sHv, where 1
2gv = mW . The second highly distinctive feature is the presence of a doubly-

charged H++
5 with coupling to W+W+ given by

√
2gmW sH . The effects of both these new couplings

are maximized in the cH → 0 limit where all the electroweak symmetry breaking resides in the triplets.
We note that if cH is small then the couplings of the doublet to the fermions must be much larger than
in the SM in order to obtain the experimentally determined quark masses. Then, the Higgs bosons that
do couple to fermions have much larger fermion-antifermion pair couplings and decay widths than in the
SM.

Constraints on the model are significant. First, there is unitarity for vector-boson scattering. For
tH 6= 0,∞, many of the Higgs bosons contribute to preserving unitarity for the various V V scattering
processes. For example, unitarity for ZW− → ZW− requires the presence of H0

1 , H0 ′
1 , and H0

5 in
t-channel graphs and H−5 in s- and u-channel graphs. The masses of all four must lie below ∼ 1 TeV in
order to avoid unitarity violation. In W+W+ →W+W+, the H0

1 , H0 ′
1 and H0

5 appear in t-channel and
u-channel graphs while the H++

5 appears in the s-channel. Again, all masses must lie below ∼ 1 TeV to
avoid unitarity violation. Note that for sH → 1 the H0 ′

1 can have W+W−, ZZ couplings that are larger
than in the SM so long as canceling contributions from exchanges of one of the H5 states are present.
Of course, if sH ∼ 0, then the masses of the triplet Higgs states (i.e., the H 0 ′

1 and the H5 states) are
unconstrained by unitarity, while if cH ∼ 0 then mH0

1
can be arbitrarily large.

We now discuss the general phenomenology when sH is not near zero. In this case, the Higgs-
lepton-lepton couplings discussed later do not play a role. Due to space limitations, we mainly restrict
the discussion to a very brief outline of the phenomenology of the H++

5 , the hallmark state of this
model. Quantum numbers imply that the only tree-level decays of theH++

5 are to virtual or real H+
3 W

+,
W+W+ or H+

3 H
+
3 channels. When the H5’s are sufficiently light both of the bosons must be virtual.

This results in four-body states with two non-resonant fermion-antifermion pairs. In practice, in the
four-body region only W+∗W+∗ diagrams are important due to the weak coupling of the H+

3 to f f̄
states. As a result, the H++

5 has a very long lifetime at low mass. For larger mH5 , mixed real-virtual
channels take over. The final state then consists of a real V or H plus a f f̄ pair. The possibilities include
H+

3 W
+∗ (W+H+

3
∗ and H+

3 H
+
3
∗ contributions are much smaller) and W+W+∗. At still higher mH5 ,

we enter the region where at least one of the two-body modes — W +W+, H+
3 W

+ and H+
3 H

+
3 — is
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Fig. 13.3: Left: The lifetime cτ (in cm) of the H++
5 as a function of mH5 , assuming mH3 = mW . Right: The

Drell-Yan cross section for H++
5 H−−5 pair production as a function of mH5 (labeled as mH−− ) at the LHC and

Tevatron, taken from [33].

allowed. In all cases, secondary H+
3 and W+ bosons typically decay to an f f̄ final state. In Fig. 13.3 we

present the lifetime cτ for the H++
5 as a function of mH5 . We have chosen mH3 = mW for this plot. For

tanh = 0.1, the W+W+ → H++
5 coupling, given by

√
2gmW sH , is suppressed and cτ can be larger

than a µm for mH5
<∼ 45 GeV.

Regarding the experimental implications, we note that LEP Z-pole data would have revealed an
extra width contribution coming from Z → H++

5 H−−5 for mH5
<∼ 40 GeV. For higher mH5 , continuum

pair production is the most relevant process, yielding (independent of tH )

σ(e+e− → H++
5 H−−5 )

√
s�mH5→ 1 + 4 sin4 θW

2 sin4 2θW
σ(e+e− → µ+µ−) (13.11)

which corresponds to slightly more than 1 unit of R. For mH5
>∼ 45 GeV, the H++

5 decay becomes
prompt and only the two fermion-antifermion pairs emerging from the decay are visible. Although the
cross section above is substantial, we are not aware of LEP

√
s ∼ 200− 210 GeV analyses that exclude

H++
5 H−−5 production with cascade decays to such complicated final states.

Turning to H++
5 production at hadron colliders, there are two basic processes. First, there is

H++
5 H−−5 Drell-Yan pair production via γ∗, Z∗. The cross section for this process is independent of

tH and is presented for the LHC and Tevatron in Fig. 13.3. These tree-level cross sections are increased
significantly (20% to 30%) by QCD radiative corrections [34]. Second, there is W +W+ → H++

5 fusion
production, which is large for large tH , but is quickly suppressed as tH → 0. An estimate for the cross
section is easily obtained starting with the fact that

γ(H++
5 →W+W+) = 2s2

Hγ(hSM →W+W−) . (13.12)

For pp collisions, the W+W+ luminosity is slightly larger than the W+W− luminosity, but after adding
in the ZZ → hSM fusion processes one obtains at LHC energies and moderate mH5

σ(W+W+ → H++
5 ) ∼ s2

H σ(W+W−, ZZ → hSM ) (13.13)

for mH5 = mhSM . As regards the H++
5 decays, the main decay other than H++

5 → W+W+ is likely to
be H++

5 → H+
3 W

+. In the limit where mH5 � mH3 ,mW , the widths of the two modes are in the ratio
γ(H++

5 →W+W+)

γ(H++
5 →H+

3 W
+)
→ 2t2H . Thus, for tH >∼ 1 a highly distinctive signature for the H++

5 would arise via
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the process W+W+ → W+W+ with W+ → l+νl decays [35]. To cleanly observe the s-channel H++
5

exchange as a peak in MW+W+ , given the presence [20] of t- and u-channel graphs with exchanges of
H0

5 , H0
1 and H0 ′

1 , would require using the mode where one W+ → l+νl while the second decays via
W+ → q′q. The charge conjugate process, W−W− → W−W−, will also be present at a somewhat
lower rate. At the Tevatron, the rate for W+W+ → H++

5 will be rather small. Only searches based on
Drell-Yan production are likely to be fruitful. There are currently no Tevatron searches for H++

5 H−−5

pair production with mH5 > 2mW based on H++
5 →W+W+ and H−−5 →W−W−.

At a linear collider it is possible to operate in the e−e− mode, in which case W−W− →W−W−

scattering will take place [20, 36]. Using the W − → qq ′ decay modes, the W−W− mass can be
reconstructed. If there is an H−−5 present in the s-channel, sizable bumps in the MW−W− distribution
will emerge for tH = 1 if mH5 ∼ 200 − 300 GeV, assuming

√
s = 500 GeV. Another interesting

possibility is W−W− → H−3 H
−
3 , with H−−5 exchange in the s-channel [37]. The reaction W −W− →

H−5 H
−
5 occurs via t- and u-channel Higgs exchanges. Although there is no s-channel resonance, the

size of the cross section depends strongly on tH and the masses of the exchanged H0
5 and H0

3 .

It is also interesting to note that the H0 ′
1 can be quite light and at tree-level would only decay

via the sH suppressed H0 ′
1 → W−∗W+ ∗ → fermions. As pointed out in [38], see also [21], the γγ

loop-induced decay can be quite competitive in such an instance and some experimental limits may be
applicable [39], depending on the tH value.

As already noted, triplet models with ρ = 1 at tree-level and non-zero neutral field vevs will
yield a non-zero charged-Higgs-ZW vertex. In general, observation of such an interaction would be an
immediate signal for a Higgs sector with SU(2)L representations beyond the doublet. In the present
model, for sH 6= 0 there is a non-zero H+

5 ZW
− vertex given by κ = sHv. In the T = 1/2, Y = 1

plus T = 1, Y = 0 model there was a non-zero h+ZW− vertex with κ = sβv. This kind of coupling,
especially if suppressed by small sH , sβ or their equivalents, is not easy to probe experimentally. Possi-
bilities include e+e− → Z∗ → χ∓W± [40, 41], pp → Z∗ → χ±W∓, and pp → W±∗ → Zχ± [42].
Constraints on a charged-Higgs-ZW vertex from the static electromagnetic properties of the W boson
are discussed in [43].

13.1.2.3 Y = 2 triplets with non-zero Higgs-lepton-lepton coupling
Let us finally return to the Higgs-lepton-lepton couplings of a Y = 2 triplet. These can be written in the
form

L = ihij
(
ψTiLCτ2∆ψj L

)
+ h.c. , (13.14)

where ψi L is the usual two-component leptonic doublet field, ψi L =

(
νli L
li L

)
, ∆ is a 2×2 representation

of the Y = 2 complex triplet field,

∆ ≡
(
χ+
√

2
χ++

χ0∗ −χ+
√

2

)
, (13.15)

and i, j are family indices. Expanding out this Yukawa interaction, we find Majorana mass terms for the
neutrinos of the form

mij = 2hij〈χ0〉 =
hijsHv√

2
. (13.16)

If we assume that this matrix is diagonal, then the strongest limit on the Majorana mass is that for νe
deriving from neutrinoless double-beta decay (ββ0ν ). From this we obtain hee <∼ 5.75× 10−12/sH . For
the muon and tau neutrinos, there are the usual limits from µ and τ decays. But, WMAP data, especially
in combination with results from SDSS and/or 2dFGRS, imply [44] a much stronger upper bound of
roughly 1 eV on the largest of the neutrino masses, corresponding to h <∼ 1 × 10−11/sH . Neutrino
oscillation data provide further constraints on the h’s. Indeed, we know that there is mixing among
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the neutrinos and that at least two of the neutrinos must have some Majorana mass. This could arise
entirely from a see-saw mechanism and all the hij could be zero. Lower bounds on the hij arise if the
entire Majorana neutrino mass is assumed to come from the triplet vev. The combination of ∆m2

atm ∼
2.4 × 10−3 eV2 and ∆m2

solar ∼ 8 × 10−5 eV2 imply that at least one of the neutrinos (which depends
upon whether we have a normal or inverted hierarchy) should have a Majorana mass of order 0.05 eV and
a second should have a mass of at least 0.009 eV for normal hierarchy or again of order 0.05 eV for the
inverted hierarchy case. A Majorana mass of ∼ 0.05 eV corresponds to h ∼ 3× 10−13/sH . Whether or
not couplings that saturate these limits can be phenomenologically relevant is determined by the extent to
which lepton-lepton channels can be of significance in the decays of the Higgs bosons. (The limits above
clearly imply that the couplings are not useful for Higgs boson production.) For any Y = ±2 triplet
Higgs boson with decay mediated by an hij , such as the decay H++

5 → l+l+, the relevant Feynman
rule coupling for the decay is easily obtained from Eq. (13.14) and takes the form −2h llv

T (k)CPLv(l),
where PL ≡ (1 − γ5)/2, C is the usual charge conjugation matrix, and k and l are the momenta of the
two final state leptons. The resulting decay width for a generic χ is

Γ(χ→ ll′) =
|hll′ |2

8π
mχ, (13.17)

where l, l′ might be either charged leptons or neutrinos. In the present Y = 0 plus Y = ±2 triplet model,
the small size of the hll′ imply that these decays are rather unlikely to be phenomenologically important
unless sH is very small, a limit to which we will now turn.

This completes our summary of results applicable when the neutral member of a triplet has a
substantial vev and thus makes a substantial contribution to electroweak symmetry breaking. We next
turn to triplet models in which the triplet(s) play little or no role in electroweak symmetry breaking.

13.1.3 Triplet models with no or forbidden triplet vev (〈φ0
T=1〉 = 0)

From the perspective of the preceding section, this would seem a very special case. However, the
〈φ0
T=1〉 = 0 limit of a triplet model is the point at which custodial SU(2)C is an unbroken symme-

try to all orders. One obtains ρ = 1 at tree-level with finite radiative corrections. It is no longer necessary
to input ρ as an additional observable as part of the renormalization procedure. However, at least in the
Y = 0 TM, the SM Higgs must then be fairly light. The 〈φ0

T=1〉 = 0 choice also has the advantage of
restoring the prediction that mt ∼ 174 GeV in order to agree with precision electroweak data.

If 〈φ0
T=1〉 = 0, then the triplet Higgs boson(s) will not have any couplings to purely SM particle

final states (leaving aside the lepton-lepton coupling possibility for the moment). In addition, all cou-
plings of triplets to the SM-like Higgs will be ones in which two triplet Higgs of the same type appear
— these also do not allow for decay to the SM Higgs which would in turn decay as usual. To explore
the non-Higgs-diagonal Higgs-Higgs-V couplings, we first turn to the model containing one Y = 0 and
one Y = ±2 triplet. An important issue is whether the Higgs-Higgs-V couplings could allow a cas-
cade decay of the H++

5 . For the model in question, for sH = 0 there are non-zero H++
5 H−3 W

− and
H+

3 H
0 ′
1 W

− couplings. Further, for sH = 0 we have mH5
2 = 3mH3

2 and mH0 ′
1

= 0 (at tree-level).
As a result, there will be a rapid cascade of H++

5 → H+
3 W

+ → H0 ′
1 W

+W+. The H0 ′
1 , being stable

and having no interactions with SM particles, would lead to missing energy. (Of course, one or more of
the above particles could be virtual.) Thus, we would have a very distinctive H++

5 decay chain. A final
state of four W ’s plus missing energy coming from the production of an H++

5 H−−5 pair would be hard
to miss if the rate is adequate.

In the case of the simpler single Y = 0 triplet, 〈ξ0〉 = 0 implies that the k0 and h± are degenerate.
Presumably this degeneracy would be slightly broken by electromagnetic interactions, resulting in a
larger mass for the h±. Generically speaking, these corrections would be expected to yield mh± −mk0

of order few×mπ, in which case the h± decay would eventually take place, but perhaps not in a typical
detector (see below). The k0 would be stable.
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If all triplet neutral Higgs fields have zero vev, then the lightest of the associated Higgs bosons
could well be absolutely stable and would then provide an excellent dark matter candidate. For example,
in the case of the T = 1, Y = 0 representation if 〈ξ0〉 = 0 then the k0 is expected to be lighter
than the h± and would be absolutely stable against decay to a purely SM particle state by virtue of the
custodial SU(2)C (a direct νLνL coupling being forbidden by Y conservation). Annihilation would
proceed via k0k0 → h0. In the model with one Y = 0 and one Y = ±2 triplet, the very light H 0 ′

1

(which is massless at tree-level) would be stable. Annihilation in the early universe would proceed via
H0 ′

1 H
0 ′
1 → H0

1 , where H0
1 is the SM Higgs boson when sH = 0. A consistent description of the

observed dark matter density would require an appropriate choice of mH0
1

relative to 2mH0 ′
1

. In the case
where only a T = 1, Y = 2 Higgs representation is added to the SM, the χ0 would similarly provide a
good dark matter candidate if the (allowed by Y ) coupling to νLνL is absent, i.e., hνν = 0.

13.1.4 Triplet Higgs bosons with large cτ

Let us first discuss the situation when there are no Majorana couplings leading to decays of Y = 2
triplet Higgs bosons to lepton-lepton channels. In general, see the examples above, any triplet model
with 〈φ0

T=1〉 = 0 will have a custodial SU(2)C which guarantees the absence of all other decays for the
lightest neutral triplet Higgs boson. Custodial SU(2)C is easily imposed in the models considered above
by requiring that the Higgs potential be invariant under an appropriate discrete symmetry. Avoiding
decays of a charged Higgs boson, at least within a detector size, is a far trickier business, For example,
we have already noted that in the T = 1, Y = 0 plus T = 1, Y = ±2 Higgs model described above,
mH5

2 = 3mH3
2 and the H+

5 and H++
5 would quickly chain decay down to the H0 ′

1 . Single triplet
representation theories are safer against such chain decays. For example, the h+ of the single Y = 0
representation triplet model would be split from the k0 by electromagnetic radiative corrections by an
amount of order a few timesmπ. Thus, it would decay via the far off-shell doubly virtual h+ → k0 ∗W+ ∗

process which would yield a long path length (given the small mass splitting) resulting in stability of the
h+ within the detector. Similarly, if one employed a single Y = 2 triplet representation, the χ++ and
χ+ would be split from one another and from the χ0 by electromagnetic amounts only (for the custodial
SU(2)C symmetry limit of 〈χ0〉 = 0) and would be stable within the detector.

For Y = ±2 triplet Higgs bosons, the hll′ couplings can dramatically alter the above conclusions.
(In the following, we do not assume, except where noted, that the hll, hlνl and hνlνl couplings are related
by the Clebsch-Gordon factors predicted by Eq. (13.14). This allows for model independent statements.
However, the reader should keep in mind that they are most probably fixed relative to one another.)
For non-zero hll′ , we would have neutral triplet Higgs decaying to νν ′, singly +-charged triplet Higgs
decaying to ν ′l+ and doubly ++-charged triplet Higgs decaying to l+l′+. Rewriting Eq. (13.17) in terms
of the corresponding cτ yields (here l and l′ refer to either charged leptons or neutrinos that could be in
the same family or different families)

cτ(χ→ ll′) = 0.5 µm
(

100 GeV

mχ

)(
10−5

hll′

)2

= 1 m
(

100 GeV

mχ

)(
0.7× 10−8

hll′

)2

. (13.18)

Formχ = 100 GeV, the decay is very prompt unless all hll′’s are considerably smaller than 10−5, detec-
tor sized decay lengths being reached for h < 0.7×10−8. What are the constraints? First, for zero triplet
vev, there are no constraints on the hll′ couplings arising from neutrino mass limits. Limits on diagonal
ee and µµ couplings come from e+e− → e+e−, 1

2 (g − 2)µ, and muonium to anti-muonium conversion;
limits on lepton flavor-violating couplings derive from µ → eγ, µ → eee and τ → liljlj(i, j = e, µ).
Theoretical formalism for these decays focused on triplet Higgs models appears in [16,45]. It is particu-
larly interesting to note that the contributions to ∆aµ from a χ− and a χ−− are

∆aµ(χ−) = −
m2
µ

48πm2
χ−

∑

j=e,µ,τ

h2
µj , ∆aµ(χ−−) = −

m2
µ

6πm2
χ−−

∑

j=e,µ,τ

h2
µj , (13.19)
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i.e., both are opposite in sign to the observed experimental deviation. Current experimental limits on the
h’s are reviewed in the separate experimental section. One finds that all of the diagonal limits are well
above the h = 10−5 prompt decay range. Thus, in direct collider searches all possibilities ranging from
prompt to long-lived decays must be considered.

As reviewed in the experimental section, there are substantial direct limits from LEP and Tevatron
experiments on doubly-charged Higgs bosons that either have a very long path length or decay to like-
sign dileptons. A long-lived heavily ionizing χ++ track is easily seen, while in the prompt decay limit the
l+l+ + l−l− events have very small background. LEP limits include those from [46–48]. Tevatron limits
have been obtained in [49–51]. Very roughly, current limits are of order 120 GeV, and will be extended
to∼ 250 GeV by the end of the Tevatron running. At the LHC, the heavily ionizing track or l+l+ + l−l−

events would again stand out and limits on mχ++ of order 1 TeV will be achieved [33,52]. Backgrounds
for singly-charged Higgs bosons that decay to lν are much larger and Tevatron results for this case have
not been presented. The neutral triplet Higgs bosons are produced entirely by Z ∗ → χ0χ0 and decay
only to νν. At hadron colliders, the events would only be observable through the initial state radiation
of photons or gluons. Such Tevatron analyses have been performed, but have not been interpreted in this
context.

At a linear collider, one can probe the triplet Higgs with only ll ′ couplings via e+e− → γ∗, Z∗ →
χχ pair production. (Recall that for 〈φ0

T=1〉 = 0 there are no ZZχ0 or ZW+χ− coupling.) Searches
for long-lived track pairs or l+l+ + l−l− events will be sensitive to mχ values up to nearly 1

2

√
s. Should

a doubly-charged Higgs boson decaying to like-sign leptons be seen either at the LHC or in e+e− col-
lisions, operation of the linear collider in the e−e− collision mode will be very highly motivated. Very
small values of hee can be probed using s-channel resonance production e−e− → χ−− → l−l−. This
would provide the best means for actually determining hee. This is reviewed in [32, 53]. The alternative
processes of e−e− → χ−−Z0 and e−e− → χ−W− are much less sensitive [54], as are γe− → l+χ−−

and e+e− → e+l+χ−− [55–57].

13.1.5 Left-Right Symmetric (LR) and Supersymmetric Left-Right (SUSYLR) Models

In this section, we provide a very brief overview of models based on left-right symmetry with an ex-
tended gauge group SU(2)L × SU(2)R × U(1)B−L [1–6] and the role therein of triplet Higgs bosons.
Supersymmetric left-right symmetric models have some especially attractive features [7–14, 58]. One
of the primary motivations for left-right symmetric models is that they provide a natural setting for the
see-saw mechanism of neutrino mass generation. For many years, the preferred means of implementing
the see-saw has been to employ a SU(2)R Higgs triplet representation (which requires the presence also
of an SU(2)L triplet in order to implement the LR symmetry). We shall denote our triplet members in
the LR case by δ++

L,R, δ+
L,R and δ0

L,R. In addition to the triplet Higgs fields, the LR models typically
contain a bi-doublet Higgs representation for generating the usual Dirac quark and lepton masses. The
minimal Higgs field content of the LR model is then

φ =

(
φ0

1 φ+
1

φ−2 φ0
2

)
, ∆L =

(
δ+
L /
√

2 δ++
L

δ0
L −δ+

L /
√

2

)
, ∆R =

(
δ+
R/
√

2 δ++
R

δ0
R −δ+

R/
√

2

)
. (13.20)

A non-zero neutral field triplet vev, 〈δ0
R〉 = vR/

√
2, breaks SU(2)R × U(1)B−L down to U(1)Y . The

non-zero vevs in the bi-doublet, 〈φ0
1,2〉 = κ1,2/

√
2, break the SU(2)L × U(1)Y to U(1)EM as usual.

The neutrino see-saw operates as follows. First, LR symmetry requires the presence of a νR as well
as the usual νL. Quantum numbers allow a Majorana style δ0

RνRνR coupling, see Eq. (13.14). For
〈δ0
R〉 = vR/

√
2 a Majorana mass of order vRhνν (LR symmetry requires hνRνR = hνLνL and so we drop

the R,L subscript). For large vR and small Dirac neutrino masses, if hνν is not extremely small then
the see-saw mechanism takes place. The LR models can be constructed either with the requirement that
〈δ0
L〉 = vL/

√
2 be zero or non-zero. In general, at least some of the additional Higgs bosons of the LR

models can be light; their phenomenology was first studied in [15–17] and basic results are summarized
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in [26]. Further results appear in [21, 55, 57, 59–73]. Here, we confine ourselves to a very few remarks
regarding the status of Higgs triplets in LR and SUSYLR models.

Precision electroweak constraints are most easily satisfied if vL = 0, but can also be satisfied with
vL 6= 0 [25, 74, 75]. Renormalization proceeds much as in the T = 1/2, Y = 1 plus T = 1, Y = 0
triplet model; for vL 6= 0 the experimental value of sin θW (or ρ or, equivalently, T ) becomes an input
rather than a prediction. Using the input-sin θW scheme, one again finds a greatly reduced sensitivity
of ∆R to mt, in this case because the δ sin2 θW / sin2 θW contribution to ∆R, though quadratic in mt,
is proportional to m2

W1
/m2

W2
, where mW1 must be very close to the observed W mass. Thus, this

contribution to ∆R vanishes as mW2 →∞.

In the simplest LR model, with Higgs content sketched above, minimization of the Higgs potential
results in surprisingly strong constraints. In [5,16,17] it was shown that there is a “vev see-saw” relation
that reads (following [17])

(2ρ1 − ρ3)vLvR = β2κ
2
1 + β1κ1κ2 + β3κ

2
2 (13.21)

where the βi and ρi are certain Higgs potential parameters. Thus, for generic Higgs potential parameter
choices, if vL � κ1,2 (where κ2

1 + κ2
2 is of order the usual 246 GeV), then vR � κ1,2 is required by the

minimization. In [17], it was shown that the only phenomenologically acceptable solutions are β2 = 0
(as required if we demand that the Higgs potential be invariant under φ → iφ, which also cures certain
FCNC problems of the model) with vL = κ2 = 0, κ1, vR 6= 0 and ρdiff ≡ 2ρ1 − ρ3 6= 0. If ρdiff is
of order 1, then all Higgs bosons other than a single SM-like Higgs boson will have masses of order vR.
Interesting new Higgs phenomenology at the TeV-scale would require a very small value for ρdiff . In
fact, an additional symmetry can be imposed on the Higgs potential that guarantees ρdiff = 0. However,
ρdiff = 0 implies that the Higgs bosons residing in the real and imaginary parts of δ0

L are massless at
tree-level; this is inconsistent with constraints from the Z . Thus, this symmetry must be slightly broken
at the vR scale by effective operators. Assuming very small ρdiff , we would have the following. After
removing the usual Goldstone bosons, the δ++

L and δ+
L states have masses of order vL, the Imδ0

L/
√

2 and
Reδ0

L/
√

2 states have masses of order √ρdiffvR, while the δ++
R , δ+

R and Imφ0
2/
√

2 states have masses
of order vR. The residual h+ state that is a combination of φ+

1 and δ+
R is heavy, as is one combination,

called H0, of Reφ0
1/
√

2 and δ0
R, while the orthogonal combination (h0) plays the role of a light SM-like

Higgs boson. In the end, the TeV-scale phenomenology has many similarities to that of a one-doublet +
one Y = 2 triplet model, including the presence of ll couplings for the δL states (a remnant of the LR
symmetry and the see-saw neutrino mass generation mechanism). The detailed phenomenology of this
model can be found in [15–17].

The SUSYLR models have some important attractive features. In particular, it is possible to
construct them so that both the strong CP problem and the SUSY CP problem (i.e., the generic prob-
lem of SUSY phases giving large EDM’s unless cancellations are carefully arranged) are automatically
solved [7–9, 11]. If LR symmetry and SUSY are implemented in the triplet-Higgs context, then one
needs additional triplet fields; in the SUSY extension of the triplet model discussed above, these would
be the conjugates of the ∆R and ∆L. In addition, as we sketch below, one also needs to include sin-
glet superfields. Before symmetry breaking, both the δ++

R Higgs bosons (there are now two) and their
higgsino partners are massless due to the existence of a flat direction associated with rotations in 〈δ 0

R〉–
〈δ++
R 〉 space. If the scale of supersymmetry breaking, mSUSY/ is above vR, then after SUSY/ the theory

lives in a charge-violating vacuum unless non-renormalizable operators suppressed by 1/MP involving
the singlet field(s) are included. After including these operators, the δ++

R Higgs bosons typically acquire
only a small mass. If mSUSY/ < vR, then the renormalizable theory may live in a charge-conserving
vacuum and the δ++

R Higgs bosons pick up a mass of order mSUSY/ . Now, however, the corresponding
higgsinos are very light since the breaking of supersymmetry is assumed to be soft. Non-renormalizable
operators are now needed to give the higgsinos sufficient mass to avoid current experimental constraints.
Minimization of the Higgs potential after including the ∆L and ∆L fields, and the associated Higgs
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bosons, have not be carefully studied in this context.

More recently, an alternative SUSYLR model has emerged in which Higgs triplet fields do not play
a role [58]. The SU(2)R×U(1)B−L symmetry is broken down to U(1)Y in the supersymmetric limit by
B−L = ±1 doublet scalar fields, namely the right-handed doublet denoted by χc(1, 2,−1) accompanied
by its left-handed partner χ(2, 1, 1), where the items in parenthesis indicate the SU(2)L, SU(2)R and
B−L representations, respectively. Anomaly cancellation requires the presence of the charge conjugate
fields, χc(1, 2, 1) and χ(2, 1,−1), as well. The vevs 〈χc〉 = 〈χc〉 = vR break the left-right symmetry
group down to the MSSM gauge symmetry. The only Higgs bosons of the resulting model with masses
at the TeV scale (rather than at scale vR) correspond to the Hu and Hd doublet fields of the MSSM.
There are some additional singlet Higgs fields with masses of order vR, but no triplet Higgs fields are
employed. The main advantage of this model over SUSYLR models with triplets is that the SUSY
phase problem is solved based on requiring LR parity symmetry alone as opposed to requiring charge
conjugation symmetry as well. In addition, introduction of non-renormalizable effective interactions is
not required in order to guarantee a charge-conserving vacuum. However, non-renormalizable operators
suppressed by 1/MP, as well as both a visible sector singlet field and a hidden sector singlet field, are
required in order to generate an effective soft-supersymmetry breaking Bµ term. A non-renormalizable
operator form (fLLχχ + f ∗LcLcχcχc)/MP is also employed to produce Majorana masses for the
νR’s of size v2

R/MP. For vR ∼ 1014 − 1016 GeV, the predicted Majorana masses are in the right
ball park to explain solar and atmospheric oscillation data. Overall, the model is not very simple and
the canonical see-saw with Majorana masses of order (246 GeV)2/vR is totally abandoned. Thus, the
SUSYLR models with triplet Higgs should certainly not be ignored.

13.1.6 Experiment

A wide variety of experimental searches and standard model tests probe the existence of Higgs triplets.
The possibilities depend strongly on the type of triplet model. In this section, we will focus on a single
T = 1, Y = ±2 triplet addition to the SM doublet with Higgs bosons denoted as previously by χ0,
χ±, and χ±±. For this case, if we ignore loop corrections then V1,±2 ≡ 〈χ0〉 is constrained to be small
(〈χ0〉 < 8 GeV) from the measurements of the W mass and other electroweak parameters — see, for
example, Eq. (13.2) and note that ρ < 1 is predicted at tree-level whereas data suggest a small positive
value for ρ − 1. Radiative corrections for this case have not been worked out, but it seems safe to say
that even after their inclusion 〈χ0〉 would have to be quite small. Our discussion will be based on this
approximation. Among other things, it implies that there is rather small mixing between the doublet
Higgs bosons and the triplet Higgs bosons. Thus, we will speak of the χ0 and χ± as though they are
unmixed states with phenomenology determined by perturbative corrections associated with the small
non-zero value of 〈χ0〉. Of course, the χ++ and χ−− are pure states.

The parameters determining the sensitivity of a given experiment are the Higgs mass and cou-
plings. The expected phenomena depend on whether the lightest triplet member is χ0, χ± or χ±±. If
there were no mixing between the χ0 and the φ0 nor between the χ+ and the φ+, then it would be most
probable that the χ0 would be the lightest state. The effects of introducing mixing terms into the Higgs
Lagrangian have not been worked out for this case, but it seems possible for the mass ordering of the
states to be altered. We will discuss various signatures for each of the states in turn assuming that the
state in question is the lightest of the triplet states.

We will begin with the χ±±. We focus on various extreme possibilities.

– The χ±± has significant couplings to leptons.
– The χ±± has negligible couplings to leptons and W bosons.
– The χ±± has negligible couplings to leptons and small but significant couplings to W bosons.
– The χ±± is a member of a supersymmetric triplet with R-parity-conserving interactions.
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13.1.6.1 χ±± with leptonic couplings

The richest triplet phenomenology occurs for light doubly charged Higgs bosons with significant leptonic
couplings. This is possible without conflicting with neutrino masses if either 〈χ0〉 = 0 (as would be
more or less required if hll, l being the charged lepton, is substantial and hνν ∼ hll, as predicted by
Eq. (13.14)) or if only hll is substantial. In any case, it is important to obtain limits on hll without
introducing any model-dependent inputs. The effects of the χ++ through hll couplings can be observed
indirectly through rare leptonic decays or conversion processes, or directly through production at lepton
and hadron colliders.

Including flavor changing possibilities, there are six χ±± leptonic couplings, which we denote
by hij . These are undetermined parameters, so there is no theoretical guidance to whether a particular
leptonic decay is preferred, and if so, which one. Off-diagonal couplings lead to lepton-flavor-violating
processes such as µ → 3e [16], τ → 3l [16], and µ → eγ [76], while diagonal couplings contribute
to the Bhabha scattering cross section [16, 77, 78] the muon anomalous magnetic moment [16, 79], and
muonium to antimuonium conversion (Figs. 13.4 and 13.5) [77]. Table 13.2 shows the coupling limits
for mχ±± = 100 GeV from searches for, or measurements of, these processes. Future data to be taken
by the BELLE and MEG collaborations will improve coupling sensitivity by about an order of magnitude
from τ → 3l and µ→ eγ searches, respectively.

-µ -µ

+τ, +µ, +e

γ

--χ--χ

-µ -µ

--χ

γ

+τ, +µ, +e+τ, +µ, +e

Fig. 13.4: The χ±± contributions to the µ− anomalous magnetic moment. Equivalent charge-conjugate diagrams
exist for the µ+. The same diagrams with the outgoing muons replaced by electrons result in the decay µ→ eγ.

-
il

--χ

+
j (k)l

-
k (j)l

-
jl

Fig. 13.5: χ−−-mediated l−i → l−j l
−
k(j)l

+
j(k) decay. A corresponding charge-conjugate diagram mediates l+i →

l+j l
+
k(j)l

−
j(k) decay.

While indirect studies probe the lepton-coupling-to-χ±± -mass ratio in the form cij ≡ h2
ij/m

2
χ±± ,

direct searches are sensitive to a given mass for couplings spanning several orders of magnitude. Pairs
of χ±± bosons are produced in e+e− and hadron collisions through Z/γ∗ exchange and for mχ++ >∼
100 GeV decay promptly (cτ < 10 microns) if

∑
hij > 10−5 — see Eq. (13.18) — even if 〈χ0〉 = 0

(so that χ±± → W±W± decays are absent). Searches for χ++χ−− pair production have excluded
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Process Limit
e+e− → e+e− hee < 0.15 [80]

1
2(g − 2)µ hµµ < 0.22 [81]
M → M̄ heehµµ < 2.0× 10−3 [82]
µ→ eγ heµ, heτ , hτµ < 4.5× 10−3 [83]
µ→ eee heehµe < 2× 10−7 [84]

τ → liljlj , i, j = e, µ hijhjτ < 6× 10−2 [85, 86]

Table 13.2: The Yukawa coupling limits on χ±± for mχ±± = 100 GeV/c2. The hij limits increase linearly with
increasing χ±± mass. Any assumptions made on the relative couplings have been chosen to produce conservative
(i.e., higher) limits.

the χ±± if its mass is below 100-135 GeV (Fig. 13.6), provided decay channels other than the dilepton
channels have small branching ratio (as would be true if 〈χ0〉 is tiny or zero or if one or more of the hij
are large). The limits depend on the dominant hij coupling and on whether the χ±± has left-handed or
right-handed2 couplings. The limits also assume mχ± >> mχ±± , and become stronger ifmχ± ≈ mχ±±

(see Section 13.2). Ongoing pp̄ data collected at the Tevatron will increase the mass sensitivity to ∼ 250
GeV, and future pp data from the LHC will further increase the sensitivity to ∼ 1 TeV. For an analysis of
doubly charged Higgs bosons in the left-right symmetric model at the LHC, see Section 6.4.

13.1.6.2 Long-Lived χ±±

If the χ±± leptonic couplings are significantly suppressed, and it has no other significant decay channels
(requiring very small or zero 〈χ0〉 and very small or negative mχ++ −mχ+), then the χ±± is likely to
be long-lived (cτ > 10 m). In this case, χ±± phenomena will be limited to direct production at lepton
and hadron colliders. Current mass limits range from 110-135 GeV (Fig. 13.6), depending on whether
the doubly charged Higgs has Majorana couplings to the left- or right-handed leptons. The full Tevatron
data set will extend the sensitivity to ∼ 250 GeV, and the LHC pp collisions will make observation of
∼ 1 TeV χ±± bosons possible.

13.1.6.3 χ±± with W couplings

Doubly charged Higgs couplings to W bosons are determined by the vacuum expectation value of the
neutral Higgs field in the triplet. If 〈χ0〉 takes its maximum allowed value, then pp collisions at the LHC
will produce an observable rate of single χ++ bosons produced both in association with a W boson and
also via WW fusion processes such as W+W+ → χ++. The sensitivity of the Tevatron data to these
topologies has not yet been determined.

TheW−χ++ +W+χ−− final state would result in low-background signatures of like-sign leptons
+ET/ +X in hadron and e+e− colliders assuming that the hll couplings are large enough that the χ++ →
l+l+ decay is dominant over decays such as χ++ → W+φ+ which would typically be present for 〈χ0〉 6=
0. Note, however, that this scenario with both large hll and large 〈χ0〉 is inconsistent with neutrino masses
unless hνν � hll, in contradiction to the SU(2)L invariant interaction form of Eq. (13.14).

13.1.6.4 χ±± with SUSY couplings

In the supersymmetric extension of the T = 1, Y = ±2 model, many additional possibilities emerge.
First, there would be SUSY-determined analogues of the hij specifying the coupling of the χ++ to
slepton pairs l̃+l̃+. These would give rise to a like-sign slepton signal for the χ++. In addition, there

2In considering the case of couplings to right-handed charged leptons, we are implicitly extending our considerations to a
left-right symmetric model with a χ±± SU(2)R triplet member.
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Fig. 13.6: Exclusions in the χ±± mass-Yukawa coupling plane from direct searches for χ++χ−− pair production,
assuming exclusive decays to a given dilepton pair [87]. The CDF searches have undetermined sensitivity beyond
the published coupling ranges [49, 50]. The DØ Collaboration has also excluded χ±± → µµ assuming left-
handed couplings below a mass of 118 GeV/c2 for hµµ > 10−7 [51]. Also shown is the limit on hee coming
from searches for single χ±± production through the hee coupling, e+e− → e+e+χ−−+ e−e−χ++, followed by
χ±± → l±l± [80].

would also be doubly-charged Higgsinos χ̃±±, and SUSY-determined analogues of the hij couplings
that would lead to like-sign slepton-lepton decays, e.g. χ̃++ → l+l̃+. Assuming dominance of these
decays (as most easily arranged if 〈χ0〉 = 0), these topologies are probably observable at the Tevatron
and the LHC, although the associated discovery reaches will certainly depend on the slepton and LSP
masses and have not been explored in detail. For either χ++χ−− production followed by χ±± → l̃±l̃±

or χ̃++χ̃−− production with χ̃±± → l̃±l±, the final state signature at both hadron and e+e− colliders
will be that of like-sign leptons+ET/ +X .

13.1.6.5 χ±

Singly charged members of Higgs triplets would contribute indirectly to the same leptonic processes
mediated by W bosons, for example muon decay. No limits on the coupling-to-χ±-mass ratio have
been derived for these processes, but the consistency of the electroweak theory at NLO suggests that the
contributions must be small.

For small or zero 〈χ0〉, the χ± bosons will be mainly pair-produced in leptonic and hadronic
collisions. Assuming the presence of the relevant hlν coupling, the signature would consist of two leptons
with missing energy from the neutrinos, which is similar to that of W pair production. The consistency
of the measured WW cross sections with SM predictions suggests that the χ± mass is larger than that
of the W boson, though no explicit limits have been derived. Ongoing pp̄ collisions at the Tevatron and
future pp collisions at the LHC offer opportunities to observe χ± in the ∼TeV mass range. Of course, if
the hlν couplings are very tiny and 〈χ0〉 = 0, then there is a chance that the χ± would be stable within
the detector.
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13.1.6.6 χ0

We first note that if the hνiνj couplings are off-diagonal, then the χ0 could cause neutrino decay, con-
tributing to neutrino disappearance experiments. Neutrino data have not yet been interpreted in this
context.

For 〈χ0〉 = 0, it might well be that the χ0 state is the lightest of the triplet states. The only
possibility for it to decay would be if one or more of the hνiνj ’s are non-zero. If χ0-W -W couplings are
sufficiently large, the χ0 can decay to two photons via W loop diagrams (see Section 13.3). If χ0 → νν
is its only decay, there are significant experimental challenges as sketched below.

In e+e− collisions, e+e− → Z∗ → χ0χ0 would not be directly observable, but the e+e− → Z∗ →
γχ0χ0 photon-tag leads to a striking signature of an isolated photon plus missing energy in the detector.
In hadron collisions, χ0χ0 pair production could be tagged by either a radiated photon or radiated gluon
jet. Either would be much harder to separate from backgrounds than in the case of e+e− → γχ0χ0.

Of course, if 〈χ0〉 6= 0, then associated Wχ0 and Zχ0 production becomes possible. However,
neutrino mass limits directly forbid a large enough hνν coupling in this case for χ0 → νν to dominate
such decays as χ0 → φ0γ, Z or χ0 → W+W− (with the final state particles being either real or
virtual). In the above, the φ0 would decay more or less like a SM Higgs boson of equivalent mass. While
collaborations at LEP and the Tevatron have not performed explicit searches for χ0 based on the Wχ0

and Zχ0 production modes followed by such decays, they observe no excesses in these channels.

13.2 Single and Pair production of χ±± at Hadron Colliders

A.G. Akeroyd and Mayumi Aoki

In 2003 the Fermilab Tevatron performed the first search for χ±± (a doubly charged scalar from a T =
1, Y = 2 Higgs triplet) at a hadron collider. D0 [51] searched for χ±± → µ±µ± while CDF [50]
searched for 3 final states: χ±± → e±e±, e±µ±, µ±µ±. The assumed production mechanism for χ±±

is qq → γ∗, Z∗ → χ++χ−−. This cross-section depends on only one unknown parameter, mχ±± , and
importantly is not suppressed by any potentially small factor such as the leptonic Yukawa coupling h ij
(Eq. (13.14)) or a triplet vev. Assuming that χ±± production proceeds via this pair production process,
the absence of signal enables a limit to be set on the product:

σ(pp→ χ++χ−−)×BR(χ±± → l±i l
±
j ) (13.22)

Clearly the strongest constraints on mχ±± are obtained assuming BR(χ±± → l±i l
±
j ) = 100%. Currently

these mass limits stand at: 133,115,136 GeV for the e±e±, e±µ±, µ±µ± channels respectively [50].
Due to the low backgrounds for the same sign leptonic decay mode the search potential of the Tevatron
merely depends on the signal efficiencies for the signal (currently ≈ 34%, 34%, 18% for µµ, ee, eµ) and
the integrated luminosity. These relatively high efficiencies together with an expected L = 4 − 8fb−1

by the year 2009 would enable discovery with > 5 events for σχ++χ−− of a few fb, which corresponds
to a mass reach mχ±± < 200 GeV.

The current search strategy is in fact sensitive to any singly produced χ±±, i.e. signal candidates
are events with one pair of same sign leptons reconstructing to mχ±± . Although single χ±± production
processes such as pp → W± → W∓χ±± can be neglected due to the strong triplet vev suppression (if
< χ0 >= v∆ << 8 GeV), the mechanism pp → W ∗ → χ±±χ∓ is potentially sizeable [88]. This
latter process proceeds via a gauge coupling constant and is not suppressed by any small factor. The LO
partonic cross-section is as follows:

σLO(q′q → χ++χ−) =
πα2

144 sin4 θWQ2
C2
T p

2
Wβ

3
2 (13.23)
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Fig. 13.7: (a) Single production cross-section of χ±± (σχ±±) at the Tevatron as a function of mχ±± for different
values of mχ± . (b) as above but for LHC. We use CTEQ6L1 parton distribution functions.

Here CT arises from the χ±±χ∓W∓ vertex and CT = 2 for T = 1, Y = 2 triplet fields β2 =√
(1− (mχ± +mχ±±)2/Q2)(1− (mχ± −mχ±±)2/Q2) and pW = Q2/(Q2 − M2

W ). In this con-

tribution we will study the impact of the production channel σ(q ′q → χ±±χ∓) on the direct search for
χ±± at hadron colliders. An expanded treatment can be found in [89]. We perform our analysis for the
one doublet (Φ), one T = 1, Y = 2 triplet model hereafter referred to as the “Higgs Triplet Model”
(HTM). The scalar potential for HTM is given in [90] and the mass splitting between mχ±± and mχ± is
determined by the term λ5Φ†Φ∆†∆. However, our numerical analysis is also relevant for other models
which possess a left-handed T = 1, Y = 2 doubly charged scalar e.g. δ±±L in LR symmetric models and
H±±5 in the triplet model with tree-level custodial SU(2)C symmetry, where both q′q → H±±5 H∓5 and
H±±5 H∓3 are possible.

Motivated by the fact that the currently employed Tevatron search strategy is sensitive to single
production of χ±±, we advocate the use of the inclusive single production cross-section (σχ±±) when
comparing the experimentally excluded region with the theoretical cross-section. This leads to a strength-
ening of the mass bound for mχ±± which now carries a dependence on mχ± . We introduce the single
production cross-section as follows:

σχ±± = σ(pp, pp→ χ++χ−−) + σ(pp, pp→ χ++χ−) + σ(pp, pp→ χ−−χ+) (13.24)

At the Tevatron σ(pp → χ++χ−) = σ(pp → χ−−χ+) while at the LHC σ(pp→ χ++χ−) > σ(pp →
χ−−χ+). If a signal for χ±± were found in the 2 lepton channel, subsequent searches could select signal
events with 3 or 4 leptons, in order to disentangle qq → χ++χ−− and q′q → χ±±χ∓.

In Fig. 13.7 (a) we plot σχ±± as a function of mχ±± at the Tevatron for three different values of
mχ± . The mass splitting between mχ±± and mχ± is determined by the λ5 term in the Higgs potential.
The current excluded regions from the e±e±, e±µ±, µ±µ± searches correspond to the area above hori-
zontal lines at roughly 40, 70, 35 fb respectively. The present mass limits for mχ±± are where the curve
for χ++χ−− intersects with the above horizontal lines, and read as 133, 115, 136 GeV respectively for
BR(χ±± → l±i l

±
j ) = 100% . With the inclusion of the χ±±χ∓ channel, these mass limits increase to

150, 130, 150 for mχ± = mχ±± + 20 GeV, strengthening to 160,140,160 for mχ± = mχ±± − 20 GeV.
Clearly the search potential of the Tevatron (i.e. the mass limit on mχ±±) increases significantly when
one includes the contribution to σχ±± from pp→ χ±±χ∓. Note that the above mass limits strictly apply
to the case when χ±± decays leptonically, and with BR=100% in a given channel.
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In Fig. 13.7 (b) we plot the analogy of Fig. 13.7 (a) for the LHC, allowing larger mass splittings
(|mχ±±−mχ± | ≤ 80 GeV). As before, the inclusion of q ′q → χ±±χ∓ significantly increases the search
potential e.g. if sensitivity to σχ±± = 1 fb is attained, the mass reach extends from mχ±± < 600 GeV
(χ++χ−− only) to 750 GeV for (mχ± = mχ±±− 80 GeV). Recently [52] performed a simulation of the
detection prospects at the LHC for qq → χ++χ−− for the cases where 3 and 4 leptons are detected. With
100 fb−1, sensitivity to mχ±± < 800 GeV (3 leptons) and mH±± < 700 GeV (4 leptons) is expected.
We are not aware of a simulation for the case where only 2 leptons are detected. Presumably even larger
values of mχ±± (< 800 GeV) could be probed.

An attractive feature of the T = 1, Y = 2 triplet representation is the leptonic Yukawa coupling
hij which leads to neutrino mass and mixing if v∆(=< χ0 >) 6= 0 (see Eq. (13.16)). In the HTM hij
and the neutrino mass matrix are related by the following equation (where VMNS is the Maki-Nakagawa-
Sakata matrix and |mi| are the neutrino mass eigenvalues):

hij =
1√
2v∆

VMNSdiag(m1,m2,m3)V T
MNS

(13.25)

Hence BR(χ±± → l±l±) are predicted and different [90] in each of the neutrino mass scenarios: Normal
hierarchy (=NH), Inverted hierarchy (=IH) and Quasi-degenerate (=DG). We take ϕ1, ϕ2 = 0 or π for
the Majorana phases which leads to seven distinct cases:

NH: m1 < m2 � m3,
IH1: m2 > m1 � m3, IH2: −m2 > m1 � m3,
DG1: m1 ' m2 ' m3, DG2: m1 ' m2 ' −m3,
DG3: m1 ' −m2 ' m3, DG4: m1 ' −m2 ' −m3.

Note that such predictions of BR(χ±± → l±l±) are a feature of the HTM in which the couplings hij
are the sole origin of neutrino mass. This direct correlation between BR(χ±± → l±l±) and the neutrino
mass matrix may not extend to χ±± of other models in which neutrinos can acquire mass by other means
or by a combination of mechanisms which may or may not include the hij couplings.

For mχ± < mχ±± the alternative decay mode χ±± → χ±W ∗ competes with χ±± → l±l±. In
Fig. 13.8(a) we show contours of BR(χ±± → χ±W ∗) in the plane (mχ±± , v∆) for the NH case. Clearly
BR(χ±± → χ±W ∗) can be sizeable and approaches 100% for larger v∆. In Figs. 13.8(b)–13.10 we plot
σll as a function of mχ±± , where σll is the total leptonic (l = e, µ, τ ) cross-section defined by:

σll = σ(pp→ χ++χ−−)×Bll(2−Bll) + 2σ(pp→ χ++χ−)×Bll (13.26)

The contribution to σll from σ(pp → χ++χ−−) falls more slowly with decreasing Bll since signal
candidates are events with at least 2 leptons. Eq. (13.26) simplifies to Eq. (13.22) in the limit where
σ(pp → χ±±χ∓) = 0 and Bll = 1. In the figures we take mχ± = mχ±± − 20 GeV, which induces
a sizeable (but not dominant) BR(χ±± → χ±W ∗), and hence

∑
σll < σχ±± . We set v∆ = 10 eV in

Figs. 13.8(b) and 13.9 and v∆ = 100 eV in Fig. 13.10. We only plot σll for ee, eµ, µµ since the Tevatron
has already performed searches in these channels. Sensitivity to σll of a few fb will be possible with the
anticipated integrated luminosities of 4 − 8 fb−1. There are plans to search for the 3 leptonic decays
involving τ (eτ, µτ, ττ ) although the discovery reach in mχ±± is expected to be inferior to that for the
ee, eµ, µµ channels. In all figures we take θ13 = 0◦, the smallest angle in VMNS. From the figures it is
clear that σee,eµ,µµ differ considerably in each of the 7 scenarios. Optimal coverage is for cases DG1 and
DG4, which have σee,µµ ≥ 5 fb and σeµ,µµ ≥ 5 fb respectively for mχ±± < 180 GeV. For NH, σµµ ≥ 5
fb for mχ±± < 190 GeV but σee and σeµ are both unobservable. Taking θ13 at its largest experimentally
allowed value results in minor changes to all figures, with the most noticeable effect being a significant
reduction of σµµ in DG4. Clearly the Tevatron Run II not only has strong search potential for χ±±, but
is also capable of distinguishing between the various allowed scenarios for the neutrino mass matrix.
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Fig. 13.8: (a) Contours of BR(χ±± → χ±W ∗) for NH in the plane (mχ±± , v∆); (b) σll as a function of mχ±± for
NH with mχ± = mχ±± − 20 GeV .
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Fig. 13.9: σll as a function of mχ±± for (a) IH1 and (b) IH2.

13.3 Photonic decays of neutral triplet scalars
A.G. Akeroyd, A. Alves, M.A. Diaz and O. Eboli

Neutral Higgs bosons with very suppressed couplings to fermions, generically called “fermiophobic
Higgs bosons” (hf ) [91], are possible in specific extensions of the SM Higgs sector. Such a hf is
expected to decay dominantly to two photons hf → γγ for mhf < 95 GeV or to two massive gauge
bosons, hf → V V (∗), (V = W±, Z) for mhf > 95 GeV [92, 93]. The large branching ratio (BR) for
hf → γγ (a “photonic Higgs”) would provide a very clear experimental signature, and observation of
such a particle would strongly constrain the possible choices of the underlying Higgs sector.

In the triplet model with tree-level custodial SU(2)C symmetry the eigenstate H0 ′
1 is entirely

composed of triplet fields and is given by [20]

H0 ′
1 =

1√
3

(
√

2χ0r + ξ0) , (13.27)

where χ0r is the real part of χ0 and < χ0 >= b. In Eq. (13.27) the χ0r component in H0 ′
1 couples to νν

via the hij coupling, Eq. (13.14). Since the product hijb is fixed by the neutrino mass matrix mij to be
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Fig. 13.10: σll as a function of mχ±± for (a) DG1, (b) DG2, (c) DG3 and (d) DG4.

of order eV (Eq. (13.16)), it is apparent that the decay H 0 ′
1 → γγ, mediated by W loops proportional to

b, will dominate over H0 ′
1 → νν if b is of the order of a few GeV. Thus H0 ′

1 is a candidate for a hf since
it has very suppressed fermionic (leptonic only) couplings and a non-negligible coupling to the massive
vector bosons if b is GeV scale. However, in general H 0

1 and H0 ′
1 mix through the following mass matrix

written in the (H0
1 ,H0 ′

1 ) basis [20]

M =

(
8c2H(λ1 + λ3) 2

√
6sHcHλ3

2
√

6sHcHλ3 3s2
H(λ2 + λ3)

)
v2 . (13.28)

Here λi are dimensionless quartic couplings in the Higgs potential, sH = 2
√

2b/v, cH = a/v (where
a/
√

2 =< φ0 >) and v2 = a2 + 8b2. The assumption that the λi couplings are roughly the same order
of magnitude together with the imposition of the bound sH < 0.4 (obtained from the effect of H±3 on
Z → bb) results in very small mixing [94]. Hence H 0 ′

1 may be taken to be a hf in a sizeable region of
the triplet model parameter space. Moreover, H 0 ′

1 would be the lightest Higgs boson in this model in the
limit of small sH , as stressed in [21].

We depict in Fig. 13.11 the branching ratios for a generic fermiophobic Higgs boson hf into V V
where V can be either a W , Z or γ. In this figure we assumed that the hf couplings to fermions are
absent and that hf → γγ is mediated solely by a W boson loop, giving rise to the following hf partial
width into two photons:

Γ(hf → γγ) =
α2g2

1024π3

m3
hf

m2
W

|F1CWW |2 (13.29)
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Fig. 13.11: Branching ratios of the largest decay modes of a fermiophobic Higgs boson assuming exact fermio-
phobia at tree-level. The branching ratio into γγ equals the W ∗W ∗ mode for mhf ≈ 90 GeV and drops to 20%
for mhf = 100 GeV.

where F1 = F1(τ), τ = 4m2
W /m

2
hf

, is a function given in [95]. The hfWW coupling CWW is
normalized to the SM φ0WW coupling. In the triplet model one has:

CWW = WWH0 ′
1 =

2
√

2√
3
sH . (13.30)

This gives rise to benchmark BRs which are used in the ongoing searches to derive mass limits on mhf .
In practice, hf → γγ can also be mediated by charged scalar loops: H±3 ,H

±
5 ,H

±±
5 [22]. Although such

contributions are suppressed relative to the W loops by a phase space factor, they can be important if
CWW is suppressed. In our numerical analysis we will assume the benchmark BRs given in Fig. 13.11.
One can see from the figure that the loop induced decay mode hf → γγ is dominant for mhf < 95 GeV
and drops below 0.1% for hf masses above 150 GeV. On the other hand, the decay channel hf →W ∗W ∗

dominates for mhf > 95 GeV, being close to 100% until the threshold for hf decay into two real Z’s is
reached.

H0 ′
1 can be produced at both e+e− colliders and hadron colliders through the couplings CWW , CZZ .

Since the maximum value of sH is around 0.4, H0 ′
1 can be produced with SM strength at best. Mass lim-

its for hf have been obtained at both LEP and the Fermilab Tevatron assuming that the coupling hfV V
has the same strength as the Standard Model (SM) Higgs coupling V V φ0, and that all fermion BRs are
exactly zero. Lower bounds of the order mhf > 100 GeV have been obtained by the LEP collaborations
OPAL [96], DELPHI [97], ALEPH [98], and L3 [99], utilizing the channel e+e− → hfZ , hf → γγ.
At the Tevatron Run I, the limits on mhf from the DØ and CDF collaborations are respectively 78.5
GeV [100] and 82 GeV [101] at 95% C.L., using the mechanism qq ′ → V ∗ → hfV , hf → γγ, with
the dominant contribution coming from V = W±. For an integrated luminosity of 2 fb−1, Run II will
extend the coverage of mhf in the benchmark model slightly beyond that of LEP [102]. In addition,
Run II will be sensitive to the region 110 GeV < mhf < 160 GeV and BR(hf → γγ) > 4% which
could not be probed at LEP. A preliminary search in the inclusive 2γ + X channel has been performed
with 190 pb−1 of Run II data [103]. However, a small sH would suppress the coupling V V H0 ′

1 and con-
sequently deplete the production rate. Hence it is of concern to consider other production mechanisms
which are unsuppressed in the above scenario.
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The production mechanism qq′ → H±3 H
0 ′
1 is complementary to that of qq′ → V H0 ′

1 . This can be
seen immediately from the explicit expression for the coupling:

WH±3 H
0 ′
1 ∝

2
√

2√
3
cH . (13.31)

Hence the mechanism qq′ → H±3 H
0 ′
1 is unsuppressed in the region of the parameter space where the

standard production mechanism qq′ → V H0 ′
1 becomes ineffective. In our numerical analysis we take

cH = 1 as a benchmark value. From the bound sH < 0.4 one obtains cH > 0.9. In the exact cH = 1
limit (i.e. triplet vev b = 0) the neutrinos would not receive a mass at tree-level. Extremely small
sH < 10−9 would require non-perturbative values of hij to generate realistic neutrino masses. We are
interested in the interval 0.9 < cH < 0.99 (corresponding to GeV scale triplet vev) in which H 0 ′

1 decays
primarily to photons in the detector, and neutrino mass is generated with a very small hij ∼ 10−10.

To date complementary mechanisms have not been considered in the direct fermiophobic Higgs
searches at the Tevatron. As emphasized in [104], [105] a more complete search strategy for hf at hadron
colliders must include such production processes in order to probe the scenario of fermiophobic Higgs
bosons with a suppressed coupling hfV V . Moreover, one expects H0 ′

1 to be the lightest Higgs boson in
the one doublet, two triplet model for small sH , which further motivates a search in the complementary
channel qq′ → H±3 H

0 ′
1 .

The experimental signature of the process qq ′ → H±3 H
0 ′
1 depends on the decay modes of H±3 .

If H±3 decays to two fermions then the signal would be of the type γγ + X , which is essentially the
same as that assumed in the searches which rely on the coupling V V H 0 ′

1 . However, the decay H±3 →
H0 ′

1 W
∗ may have a very large BR [106]. This is because the decay width to the fermions (H±3 → f ′f )

is proportional to tH = (sH/cH ). Thus in the region of small sH the fermionic decays of H±3 are
depleted. This enables the decay H±3 → H0 ′

1 W
∗ to become the dominant channel even if the mass

difference mH±3
−mH0 ′

1
is much less than mW . Consequently, this scenario would give rise to double

H0 ′
1 production, with subsequent decay of H0 ′

1 H
0 ′
1 → γγγγ for light H0 ′

1 < 90 GeV. In Fig. 13.12
we show the production cross section times branching ratios of the complementary process under study.
The rates are considerably larger than for the analogous case in the 2HDM (Model I) because of the
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Fig. 13.13: The expected signal statistical significance (from top to bottom: 3σ, 5σ, 10σ, 25σ, 35σ, 50σ) of multi-
photon final states in the mH± ⊗mhf plane in the HTM frame work, assuming an integrated luminosity of 2 fb−1

at the Tevatron RUN II.

enhancement factor 2
√

2/
√

3 in the triplet model [107].

In Ref. [107] we showed that Tevatron RUN II will be able to detect a fermiophobic Higgs boson,
in the framework of the triplet model or 2HDM, in a sizable portion of the parameter space in the inclusive
multi-photon channel, namely, at least three photons (> 3) or four photons which may or may not be
accompanied by extra leptons and/or jets. A multi-photon final state has the great advantage of being
extremely clean (concerning SM backgrounds) after applying a mild set of cuts:

EγT > 15 GeV , |ηγ | < 1.0 , ∆Rγγ > 0.4 , ∆RγX > 0.4 , (13.32)

which are sufficient to guarantee the trigger of these events and proper isolation. On the other hand they
are very effective against SM backgrounds from photon and/or gluon bremmstrahlung processes and
parton collinear splittings.

We show in Fig. 13.13 the search potential in the mH±3
⊗mH0 ′

1
plane accessible at the Tevatron

RUN II with 2 fb−1 of integrated luminosity. Fermiophobic Higgs bosons with masses up to 90 GeV
can be detected at the 3σ statistical level (at least) for mH±3

< 140 GeV, while a 40–50 GeV H0 ′
1 can

be observed at 3σ with mH±3
up to 240 GeV. More than 100 signal events are expected for 20 GeV

< mH0 ′
1
< 50 GeV and mH±3

< 100 GeV. Notably, at least 40 signal events are expected against around
4 background events inside the whole of the 10σ region in the mH±3

⊗mH0 ′
1

plane, which should suffice
to reconstruct the γγ invariant mass peak structure with a good accuracy [107]. Note that the signal gets
depleted for very light fermiophobic Higgs masses (mH0 ′

1
< 20 GeV). This is because a light neutral

Higgs decays to a pair of soft photons which do not pass the trigger requirements. Heavier Higgs bosons
have more severe phase space suppression as well as a decreasing branching ratio into photons.

In summary, fermiophobic Higgs bosons in the framework of the triplet model with tree-level
custodial SU(2)C symmetry produced in association with charged Higgs bosons through the comple-
mentary process pp̄→ H0 ′

1 H
±
3 give rise to multi-photon signatures with very low SM background. The

Tevatron RUN II will be able to cover a sizable region of the triplet model parameter space and detect or
exclude Higgs masses up to mH±3

< 240 GeV or mH0 ′
1
< 100 GeV.

523

HIGGS TRIPLETS

523



REFERENCES

[1] T. P. Cheng and L.-F. Li, Phys. Rev. D22, 2860 (1980).
[2] R. N. Mohapatra and J. C. Pati, Phys. Rev. D11, 566 (1975).
[3] G. Senjanovic and R. N. Mohapatra, Phys. Rev. D12, 1502 (1975).
[4] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).
[5] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D23, 165 (1981).
[6] C. S. Aulakh, A. Melfo and G. Senjanovic, Phys. Rev. D57, 4174 (1998), [hep-ph/9707256].
[7] R. N. Mohapatra and A. Rasin, Phys. Rev. Lett. 76, 3490 (1996), [hep-ph/9511391].
[8] R. Kuchimanchi, Phys. Rev. Lett. 76, 3486 (1996), [hep-ph/9511376].
[9] R. N. Mohapatra and A. Rasin, Phys. Rev. D54, 5835 (1996), [hep-ph/9604445].

[10] R. N. Mohapatra and A. Rasin, Nucl. Phys. Proc. Suppl. 52A, 182 (1997).
[11] R. N. Mohapatra, A. Rasin and G. Senjanovic, Phys. Rev. Lett. 79, 4744 (1997), [hep-

ph/9707281].
[12] Z. Chacko and R. N. Mohapatra, Phys. Rev. D58, 015003 (1998), [hep-ph/9712359].
[13] K. Huitu, P. N. Pandita and K. Puolamaki, hep-ph/9910504.
[14] R. N. Mohapatra, Pramana 55, 289 (2000).
[15] J. F. Gunion, A. Mendez and F. I. Olness, Int. J. Mod. Phys. A2, 1085 (1987).
[16] J. F. Gunion, J. Grifols, A. Mendez, B. Kayser and F. I. Olness, Phys. Rev. D40, 1546 (1989).
[17] N. G. Deshpande, J. F. Gunion, B. Kayser and F. I. Olness, Phys. Rev. D44, 837 (1991).
[18] H. Georgi and M. Machacek, Nucl. Phys. B262, 463 (1985).
[19] M. S. Chanowitz and M. Golden, Phys. Lett. B165, 105 (1985).
[20] J. F. Gunion, R. Vega and J. Wudka, Phys. Rev. D42, 1673 (1990).
[21] P. Bamert and Z. Kunszt, Phys. Lett. B306, 335 (1993), [hep-ph/9303239].
[22] J. F. Gunion, R. Vega and J. Wudka, Phys. Rev. D43, 2322 (1991).
[23] T. Blank and W. Hollik, Nucl. Phys. B514, 113 (1998), [hep-ph/9703392].
[24] J. R. Forshaw, A. Sabio Vera and B. E. White, JHEP 06, 059 (2003), [hep-ph/0302256].
[25] M.-C. Chen, S. Dawson and T. Krupovnickas, hep-ph/0504286.
[26] J. F. Gunion, H. E. Haber, G. L. Kane and S. Dawson, The Higgs Hunter’s Guide (Perseus

Publishing, Cambridge, MA, 1990).
[27] M. E. Peskin and T. Takeuchi, Phys. Rev. D46, 381 (1992).
[28] LEP Electroweak Working Group, see the winter 2005 plot at

http://lepewwg.web.cern.ch/LEPEWWG/plots/winter2005/.
[29] S. Eidelman et al., Phys. Lett. B 592, 1+ (2004).
[30] J. R. Forshaw, D. A. Ross and B. E. White, JHEP 10, 007 (2001), [hep-ph/0107232].
[31] M.-C. Chen, S. Dawson and T. Krupovnickas, hep-ph/0604102.
[32] J. F. Gunion, Int. J. Mod. Phys. A13, 2277 (1998), [hep-ph/9803222].
[33] J. F. Gunion, C. Loomis and K. T. Pitts, Proc. Snowmass 1996, Snowmass Village, CO, 1996,

eConf C960625, LTH096 (1996), [hep-ph/9610237].
[34] M. Muhlleitner and M. Spira, Phys. Rev. D68, 117701 (2003), [hep-ph/0305288].
[35] R. Vega and D. A. Dicus, Nucl. Phys. B329, 533 (1990).
[36] T. Han, Int. J. Mod. Phys. A11, 1541 (1996), [hep-ph/9601393].
[37] T. G. Rizzo, Int. J. Mod. Phys. A11, 1563 (1996), [hep-ph/9510296].
[38] A. G. Akeroyd, Phys. Lett. B442, 335 (1998), [hep-ph/9807409].
[39] K. Ackerstaff et al. (OPAL Collaboration), Phys. Lett. B437, 218 (1998), [hep-ex/9808014].

524

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

524



[40] R. Godbole, B. Mukhopadhyaya and M. Nowakowski, Phys. Lett. B352, 388 (1995), [hep-
ph/9411324].

[41] K. Cheung, R. J. N. Phillips and A. Pilaftsis, Phys. Rev. D51, 4731 (1995), [hep-ph/9411333].
[42] K. Cheung and D. K. Ghosh, JHEP 11, 048 (2002), [hep-ph/0208254].
[43] G. Tavares-Velasco and J. J. Toscano, Phys. Rev. D69, 017701 (2004), [hep-ph/0311066].
[44] D. N. Spergel et al., astro-ph/0603449.
[45] J. A. Coarasa, A. Mendez and J. Sola, Phys. Lett. B374, 131 (1996), [hep-ph/9511297].
[46] J. Abdallah et al. (DELPHI Collaboration), Phys. Lett. B552, 127 (2003), [hep-ex/0303026].
[47] G. Abbiendi et al. (OPAL Collaboration), Phys. Lett. B526, 221 (2002), [hep-ex/0111059].
[48] P. Achard et al. (L3 Collaboration), Phys. Lett. B576, 18 (2003), [hep-ex/0309076].
[49] D. Acosta et al. (CDF Collaboration), Phys. Rev. Lett. 95, 071801 (2005), [hep-ex/0503004].
[50] D. Acosta et al. (CDF Collaboration), Phys. Rev. Lett. 93, 221802 (2004), [hep-ex/0406073].
[51] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. Lett. 93, 141801 (2004), [hep-ex/0404015].
[52] G. Azuelos, K. Benslama and J. Ferland, hep-ph/0503096.
[53] J. F. Gunion, Int. J. Mod. Phys. A11, 1551 (1996), [hep-ph/9510350].
[54] R. A. Alanakian, Phys. Lett. B436, 139 (1998), [hep-ph/9706383].
[55] G. Barenboim, K. Huitu, J. Maalampi and M. Raidal, Phys. Lett. B394, 132 (1997), [hep-

ph/9611362].
[56] S. Godfrey, P. Kalyniak and N. Romanenko, Phys. Rev. D65, 033009 (2002), [hep-ph/0108258].
[57] S. Godfrey, P. Kalyniak and N. Romanenko, Phys. Lett. B545, 361 (2002), [hep-ph/0207240].
[58] K. S. Babu, B. Dutta and R. N. Mohapatra, Phys. Rev. D65, 016005 (2002), [hep-ph/0107100].
[59] G. Barenboim, M. Gorbahn, U. Nierste and M. Raidal, Phys. Rev. D65, 095003 (2002), [hep-

ph/0107121].
[60] G. Barenboim, Phys. Lett. B482, 123 (2000).
[61] G. G. Boyarkina, O. M. Boyarkin and A. N. Senko, Eur. Phys. J. C13, 99 (2000).
[62] K. Huitu et al., hep-ph/9912405.
[63] K. Huitu, P. N. Pandita and K. Puolamaki, hep-ph/9904388.
[64] A. Datta and A. Raychaudhuri, Phys. Rev. D62, 055002 (2000), [hep-ph/9905421].
[65] G. G. Boyarkina and O. M. Boyarkin, Phys. Atom. Nucl. 61, 683 (1998).
[66] K. Huitu, J. Maalampi, K. Puolamaki, A. Pietila and M. Raidal, Prepared for Joint ECFA /

DESY Study: Physics and Detectors for a Linear Collider (Preceded 1st Workshop at Frascati 5–6
Feb. 1996 and 2nd workshop in July whose location and dates are to be determined), Hamburg,
Germany, 20–22 Nov. 1996.

[67] K. Huitu, P. N. Pandita and K. Puolamaki, Phys. Lett. B423, 97 (1998), [hep-ph/9708486].
[68] K. Huitu, J. Maalampi, A. Pietila and M. Raidal, Nucl. Phys. B487, 27 (1997), [hep-ph/9606311].
[69] K. Huitu and J. Maalampi, Phys. Lett. B344, 217 (1995), [hep-ph/9410342].
[70] J. Gluza and M. Zralek, Phys. Rev. D51, 4695 (1995), [hep-ph/9409225].
[71] K. Huitu, J. Maalampi and M. Raidal, Nucl. Phys. B420, 449 (1994), [hep-ph/9312235].
[72] A. Pietila and J. Maalampi, TURKU-FL-R10.
[73] P. Herczeg and R. N. Mohapatra, Phys. Rev. Lett. 69, 2475 (1992).
[74] M. Czakon, J. Gluza, F. Jegerlehner and M. Zralek, Eur. Phys. J. C13, 275 (2000), [hep-

ph/9909242].
[75] M. Czakon, M. Zralek and J. Gluza, Nucl. Phys. B573, 57 (2000), [hep-ph/9906356].
[76] R. N. Mohapatra, Phys. Rev. D46, 2990 (1992).

525

HIGGS TRIPLETS

525



[77] M. L. Swartz, Phys. Rev. D40, 1521 (1989).
[78] E. Eichten, K. D. Lane and M. E. Peskin, Phys. Rev. Lett. 50, 811 (1983).
[79] R. M. Francis, M. Frank and C. S. Kalman, Phys. Rev. D43, 2369 (1991).
[80] G. Abbiendi et al. (OPAL Collaboration), Phys. Lett. B577, 93 (2003), [hep-ex/0308052].
[81] G. W. Bennett et al. (Muon g-2 Collaboration), Phys. Rev. Lett. 92, 161802 (2004), [hep-

ex/0401008].
[82] L. Willmann et al., Phys. Rev. Lett. 82, 49 (1999), [hep-ex/9807011].
[83] M. L. Brooks et al. (MEGA Collaboration), Phys. Rev. Lett. 83, 1521 (1999), [hep-ex/9905013].
[84] U. Bellgardt et al. (SINDRUM Collaboration), Nucl. Phys. B299, 1 (1988).
[85] B. Aubert et al. (BARBAR Collaboration), Phys. Rev. Lett. 92, 121801 (2004), [hep-ex/0312027].
[86] Y. Yusa et al. (Belle Collaboration), Phys. Lett. B589, 103 (2004), [hep-ex/0403039].
[87] C. P. Hays, Doubly-charged Higgs boson, To be published in Search for the Higgs Boson, Ed. J.

V. Lee (Nova Science Publishers, 2006).
[88] B. Dion, T. Gregoire, D. London, L. Marleau and H. Nadeau, Phys. Rev. D59, 075006 (1999),

[hep-ph/9810534].
[89] A. G. Akeroyd and M. Aoki, Phys. Rev. D72, 035011 (2005), [hep-ph/0506176].
[90] E. J. Chun, K. Y. Lee and S. C. Park, Phys. Lett. B566, 142 (2003), [hep-ph/0304069].
[91] T. J. Weiler, Proceedings of the 8th Vanderbilt Int. Conf. on High Energy Physics, Nashville, TN,

1987 (World Scientific, Singapore, 1988).
[92] A. Stange, W. J. Marciano and S. Willenbrock, Phys. Rev. D49, 1354 (1994), [hep-ph/9309294].
[93] M. A. Diaz and T. J. Weiler, hep-ph/9401259.
[94] A. G. Akeroyd, Phys. Lett. B353, 519 (1995).
[95] J. F. Gunion, H. E. Haber, G. L. Kane and S. Dawson, The Higgs hunter’s guide (Brookhaven

National Laboratory, Upton, NY, 1989).
[96] G. Abbiendi et al. (OPAL Collaboration), Phys. Lett. B544, 44 (2002), [hep-ex/0207027].
[97] J. Abdallah et al. (DELPHI Collaboration), Eur. Phys. J C35, 313 (2004), [hep-ex/0406012].
[98] A. Heister et al. (ALEPH Collaboration), Phys. Lett. B544, 16 (2002).
[99] P. Achard et al. (L3 Collaboration), Phys. Lett. B534, 28 (2002), [hep-ex/0203016].

[100] B. Abbott et al. (D0 Collaboration), Phys. Rev. Lett. 82, 2244 (1999), [hep-ex/9811029].
[101] A. A. Affolder et al. (CDF Collaboration), Phys. Rev. D64, 092002 (2001), [hep-ex/0105066].
[102] S. Mrenna and J. D. Wells, Phys. Rev. D63, 015006 (2001), [hep-ph/0001226].
[103] A. Melnitchouk (D0 Collaboration), Int. J. Mod. Phys. A20, 3305 (2005), [hep-ex/0501067].
[104] A. G. Akeroyd and M. A. Diaz, Phys. Rev. D67, 095007 (2003), [hep-ph/0301203].
[105] A. G. Akeroyd, M. A. Diaz and F. J. Pacheco, Phys. Rev. D70, 075002 (2004), [hep-ph/0312231].
[106] A. G. Akeroyd, Nucl. Phys. B544, 557 (1999), [hep-ph/9806337].
[107] A. G. Akeroyd, A. Alves, M. A. Diaz and O. J. P. Eboli, hep-ph/0512077.

526

WORKSHOP ONCP STUDIES AND NON-STANDARD HIGGS PHYSICS

526



Acknowledgements 527

ACKNOWLEDGEMENTS

The list below quotes all the funding agencies, ministries and international instances whose funding was
indispensable in the work described in this report.

AUSTRIA

– Austrian Academy of Sciences, APART Grant No. 10983
– Fonds zur Förderung der wissenschaftlichen Forschung Project No. P16592-N02

BELGIUM

– IAP program from the Politique scientifique fédérale belge

BRAZIL
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