PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: June 15, 2022
ACCEPTED: August 11, 2022
PUBLISHED: September 6, 2022

Sensitivity to new physics in final states with multiple
gauge and Higgs bosons

A. Cappati,” R. Covarelli,>¢ P. Torrielli®¢ and M. Zaro%¢

@ Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecéle Polytechnique,
Institut Polytechnique de Paris, Av. Chasles, 91120 Palaiseau, France
b Dipartimento di Fisica, Universita di Torino,
Via P. Giuria 1, 10125 Turin, Italy
¢INFN, Sezione di Torino,
Via P. Giuria 1, 10125 Turin, Italy
4TIF Lab, Universita di Milano,
Via Celoria 16, 20133 Milan, Italy

¢INFN, Sezione di Milano,
Via Celoria 16, 20133 Milan, Italy
E-mail: alessandra.cappati@cern.ch, roberto.covarelli@cern.ch,
paolo.torrielli@to.infn.it, marco.zaro@mi.infn.it
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fusion Higgs-pair production on operators that modify the Standard Model VVHH inter-
actions are already comparable with or more stringent than those quoted in the analysis of
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introducing unitarity bounds, and investigate the potential of new experimental final states,
such as ZHH associated production. Finally, we show perspectives for the high-luminosity
phase of the LHC.
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1 Introduction

Scattering processes involving the production of multiple electro-weak (EW) as well as
Higgs (H) bosons are central to the entire physics programme of the Large Hadron Collider
(LHC). Such reactions typically feature rich and complex signatures through which it is
possible to probe several complementary properties of the underlying dynamics at the same
time, allowing a detailed scrutiny of the gauge interactions they stem from. This can be
exploited both for a precise extraction of fundamental Standard Model (SM) parameters, as
well as to cast stringent bounds on potential beyond-the-Standard-Model (BSM) scenarios.

In the SM, the underlying SU(2);, ® U(1)y gauge symmetry fully dictates the pattern
and relative intensity of the triple VVV’ and quartic VVV'V’ gauge interactions (with
v = W, Z), as well as of the VVH and VVHH Higgs-gauge interactions. Experimental
measurement of such trilinear and quartic pure-gauge and Higgs-gauge couplings, which
we collectively denote with TCs and QCs respectively, is thus especially suited to gather
insight on the nature of the EW symmetry-breaking mechanisms, and to unveil potential
deviations from the SM couplings in the EW gauge sector [1-7].

BSM scenarios can be conveniently analysed in a model-independent manner by re-
sorting to an effective-field-theory (EFT) framework, in which indirect New Physics effects
are parametrised by including in the Lagrangian higher-dimension operators that modify
the production pattern of SM particles. In the Standard Model Effective Field Theory
(SMEFT) [8, 9], operators affecting both TCs and QCs start at dimension 6 [8, 10, 11],
and their effects are commonly constrained at the LHC by measuring the production of
two EW bosons [12-18], or the vector-boson-fusion production of EW bosons [18-21], even



if weaker constraints can also be obtained from more complex processes such as vector-
boson scattering (VBS) [22]. In particular, in a dimension-6 linear EFT extension of the
SM VVH and VVHH vertex factors are totally correlated. Modifications of QCs with no
TC contamination are instead more subtle as, assuming EW symmetry is linearly realised,
they only arise in operators of dimension 8 or higher, which are dubbed for this reason
genuine anomalous quartic operators [23, 24]. As a consequence, they mainly affect the
production of three bosons or the VBS di-boson channels. Effects of Higgs compositeness,
encoded at low energy in an extension of the SM like the Higgs EFT (HEFT) [25, 26], do
also induce genuine QC variations, and their relation with dimension 8 or higher SMEFT
operators has been studied in refs. [27, 28].

In this article we concentrate on the analysis of genuine SMEFT anomalous quartic
operators, and set new constraints on their effects by means of a thorough investigation of
the VVHH interaction.! The production processes we consider are Higgs-pair production,
both in vector-boson fusion mode (VBF-HH) and in association with a Z boson (ZHH),
as well as the loop-induced production of a single Higgs in association with two Z bosons
(ggZZH). We study these reactions by means of a simplified version of the analysis that the
CMS experiment employs to constrain genuine QC operators in VBS. After validating this
procedure against public CMS QC constraints [29-32] in absence of unitarity bounds, we
show that constraints from VBF-HH on genuine QC operators are comparable with or more
stringent than those quoted in the analysis of the VBS signature. Similar investigations
are performed on the ZHH and ggZZH channels, both at current LHC luminosity as well
as for the high-luminosity-LHC (HL-LHC) phase. We do not consider in this study the qq-
initiated ZZH process. At the LHC its cross section, known at NLO in the SM [33, 34], is
larger than that of the gluon-fusion process, however it is not within current data sensitivity
and so no results from LHC collaborations exist. As our study constrains operators that
specifically modify QCs without altering T'Cs, we only focus on processes exhibiting quartic
vertices at the lowest order.

We choose the subset of possible dimension-8 operators which modify VVHH vertex
strengths following refs. [23, 24]. Among these operators, the ones containing no EW field
strength tensor are categorised as scalar, and denoted with a subscript ‘S’, while mized
operators (subscript ‘M’) feature two covariant derivatives of the Higgs doublet and two
field strengths. We do not consider transverse (‘T’) operators in our analysis, as their effect
on the VVHH vertex is found to be negligible, compatibly with the results of ref. [35].

By analysing data at a centre-of-mass energy of 13 TeV, the CMS collaboration has
determined limits on the Wilson coefficients fy/A* (A being the New Physics scale) of
the above operators from several VBS final states, which are identified by the presence of
two vector bosons (V or 7) in the final state and two jets with a large invariant mass and
rapidity difference. The ATLAS collaboration has performed several VBS measurements
at 13 TeV as well, but it has not extracted limits on dimension-8 operators so far. A full
review of VBS measurements can be found in refs. [36, 37] and a compilation of constraints

"We neglect all contributions from SMEFT operators of dimension 6, in order to directly compare our
results with the procedure adopted by CMS. A more refined analysis should consistently include constraints
on dimension-6 operators, which is beyond the scope of our work.



on dimension-8 operators is available in [38]. The most stringent limits on the coefficients of
the dimension-8 operators fso, fs1, fumo, fymi, and fyu7 are derived from the simultaneous
study of leptonic WZ and same-sign WW VBS [29], and from semileptonic WV VBS
searches, where the hadronic decays of W and Z are not resolved [30]. The latter work
also contains semileptonic ZV searches, which have weaker sensitivities to all operators.
The most stringent limits quoted by the CMS collaboration on the remaining operators
fyz—s result from VBS W+ and Z~v analyses [31, 32]. However, we will show that such
constraints can be improved by investigating these operators in the aforementioned VV
analyses. The CMS collaboration does not quote any limit on the coefficient fgo, while
limits on fyg do not add further information, as the corresponding operator was found
to be redundant [39]. Concerning multi-Higgs-boson final states, both the ATLAS and
CMS collaborations have searched for Higgs-pair production in the VBF-HH mode, in the
2b2b2j, bbrT772j, and bb2v2j channels [40-43]. In these studies, BSM effects are described
in a different parameterisation which is equivalent to inserting an effective VVHH vertex
modifier koy where the SM corresponds to koy = 1 [44]. For this study, we consider the
constraint —0.1 < koy < 2.2 at the 95% confidence level (@95% CL) set by the CMS
2b2b2j analysis [40].2 For other tri-boson final states that we will consider in this work
no experimental studies exist. In this work, approximate estimates of the sensitivities are
performed for the ZZH and ZHH final states only, since tri-boson processes containing
simultaneously W* bosons and H — bb decays are contaminated by large-rate tt(+X)
backgrounds and cannot therefore be estimated correctly in a simplified analysis.

The typical effect of QC modifications is to distort differential spectra, primarily the
invariant mass of the produced multi-boson system (e.g. myy for di-bosons), with respect
to the SM baseline, leading to enhanced rates in the high-energy tails. By increasing
QCs, scattering amplitudes grow up to the point in which they violate unitarity bounds,
signalling the breakdown of a truncated EFT approach, and the necessity of including
explicit New Physics degrees of freedom in the Lagrangian. Unitarity constraints based on
a partial-wave decomposition of matrix elements [24] are then important to guarantee the
reliability of the exclusion bounds cast by the experimental searches, although CMS EFT-
based analyses do not follow a uniform prescription to enforce them. In particular in [30]
unitarity effects are neglected, and the limits are set using events with arbitrarily large
values of myy. In [31, 32] no upper myy bound or signal hypotheses are applied on the
data, but the operator-dependent unitarity limits of [24] are computed a posteriori based
on the measured limits on Wilson coefficients: since the signal model extends however
beyond this limit, this may lead to a circular argument. Finally, in [29] physical limits
are obtained by cutting the EFT contribution off at the unitarity bound, and removing all
but the expected SM contribution for higher values of myy (‘clipping’ method [46]). This
approach is also questionable, as the signal model features an unphysical sharp drop at the
unitarity bound, which depends on the value of the Wilson coefficient under examination.
Also, more importantly, experimental data beyond the bound are still used to set the

2During the review process of this article, a new set of results stemming from a combination of different
final states has become available [45] that supersedes this limit; we point out that this does not undermine
the validity of the methodologies and results shown in this paper.



limit, stretching the EFT approach outside its validity domain. Studies on the uncertainty
related to the unitarisation methods are also available [47].

In this article we adopt a dedicated technique to incorporate unitarity effects on EFT
operators in a physically consistent manner, similarly to what done in refs. [48-50]. First,
limits on a given EFT operator are set as functions of my neglecting unitarity, by us-
ing the simulated cumulative myy distributions (as opposed to total cross sections within
fiducial cuts) for the analysed channels. The obtained myy-dependent exclusion is then
compared to the unitarity constraints for that operator, which are naturally in the form
|fx| < fmax,x(myyv), and the best attainable limits are defined by considering the ex-
perimental data in the maximum myy range in which the effects of the operator do not
violate unitarity.

The structure of the paper is as follows: in section 2 we introduce the employed inputs
from experimental analyses and the setup of our simulations, with particular reference to
the inclusion of unitarity bounds; sections 3 and 4 show the validation against the CMS
analysis of VBS; in sections 5 and 6 results are presented relevant for the VBF-HH, ZHH,
and ggZZH channels at the LHC, with projections for HL-LHC detailed in section 7; we
finally conclude in section 8.

2 Simulation setup and observables

The simulation of the final states under examination is performed using version 2.7.3 of
the MADGRAPH5__AMC@NLO event generator [51, 52] at leading order (LO) in QCD? at
the parton level. LHC conditions are reproduced using symmetric proton-proton collisions
at /s = 13 TeV. We consider the following processes which are sensitive to dimension-8
EFT effects:

EW production of two same-sign W bosons and two quark jets (V\/'iVVjE VBS);

EW production of a W and a Z boson, associated with two quark jets (W*Z VBS);
EW production of two opposite-sign W bosons and two quark jets (WTW~ VBS);
EW production of two Higgs bosons and two quark jets (VBF-HH);

EW production of two Higgs and a Z boson (ZHH);
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Loop-induced (LI) production of two Z and a Higgs boson from a gluon-gluon initial
state (ggZZH).

Figure 1 shows typical lowest-order diagrams for the processes outlined above, with
(left) and without (right) EFT insertions. Since signal process 5 has not been searched for
at the LHC so far, we also simulate the main expected background for this process when
the dominant H — bb decay channel is chosen to reconstruct Higgs bosons:

7. QCD-mediated production of a Z boson with two b and two anti-b quarks.

3MADGRAPHS__AMC@NLO allows to simulate the relevant SM background processes at NLO accuracy,
as documented in refs. [53-56]. However, we consider LO simulations for compatibility with the available
BSM models, and in keeping with the CMS Monte Carlo generation setup.



Figure 1. Sample diagrams relevant to the VBS channel (top row), the VHH channel, (middle
row), and the loop-induced ggVVH channel (bottom row). Contributions from higher dimension
operators are collected on the left, while SM interactions are on the right.

Table 1 lists the specific parameters used to generate the aforementioned processes.
The number of active flavours in protons and jets (4 or 5) is chosen according to whether
the related experimental analysis does not or does apply a b-jet veto on tagging jets. All
simulations share the same choice for SM EW parameters:

1/agw = 127.9, Gp = 1.166377-107° GeV 2,
my = 125 GeV, myz = 91.1876 GeV,
my = 172 GeV, VCKM = ]13. (21)



Process | MADGRAPHS5__ AMC@QNLO QCD Max. CMS (1.1, 13 TeV]
number syntax order | jet flav. | result SM (fb)
Signal (including EFT effects)
1 pp>wtwt jj QCD=0 LO 4 [29, 30] 4.514(9)
pp>w-w-j j QCD=0
2 pp>wtzj j QCD=0 LO 4 29, 30] 8.55(2)
pp>w z j j QCD=0
3 pp>wtu-j j QCD=0 LO 1 [30] 9.97(2)
4 pp>hhjj QCD=0 LO 5 [40] 0.0329(7)
5 pp>zhh QED=3 LO 5 ; 0.01295(5)
6 g g > z z h [noborn=QCD] | LI (LO) 5 — 3.493(7) x 1073
Background (SM only)
7 pp>zbb bbb | LO | 4 | — | 072903

Table 1. LHC processes of interest studied in the present work, numbered according to the main
text. The number of active flavours considered in protons and jets is also listed. & [mumin, Mmax)
is the cross section in the interval mpi;, < m < Mpax, with m being the invariant mass of the
produced di- or tri-boson final state. Each cross-section value is evaluated after cuts on final-state
jets described in the text and reports in brackets the integration uncertainty on the last digit.

The parton distribution functions used in the simulations are taken from the NNPDF2.3
LO set [57] with as(mz) = 0.130.

EFT effects are simulated by loading in MADGRAPHS__AMC@NLO suitable UFO
models [58], containing the relevant modifications to SM vertex structures. For all sig-
nal LO simulations, the latest models available at [59] were used. It must be noticed
that these differ in several aspects from those used in the CMS analyses [29, 30], which
date back to 2013. Taking into consideration observations in recent papers such as [39],
the list and the content of EFT operators were revised by removing redundant operators
(e.g. M6), redefining others (e.g. M5) and adding new ones (e.g. S2), in order to obtain a
complete basis.

For the loop-induced ggZZH simulation, a dedicated UFO model has been constructed,
since the original one did not support loop diagrams. Starting from a NLO QCD description
of the SM, new Lorentz structures corresponding to the additional operators were inserted.
This was possible since none of these operators involves coloured particles. While in this
paper such a model has been used only for the loop-induced process ggZZH, it could be
exploited to refine our analysis including NLO QCD corrections for all processes, which is
left for future work. In the VBF-HH samples, modifications in terms of koy were instead
performed by changing the WWHH and ZZHH couplings by the same scaling factor.

Our simulations include:

o for processes 1-3 (VBS) and 5-6 (ZHH, ggZZH), sets of samples with one Wilson
coefficient fx varied as fx/A* = {0, £2, 45,410,420} TeV—* (X = S0-2, M0-7);

o for process 4 (VBF-HH), sets of samples with coefficient values as above, and addi-
tionally samples with an effective vertex factor koy = 0, 1, +2, +5, +10;



o for process 7 (background), just the SM generation.

Since the EFT-sensitive region is located at high scattering energies, the decays of
vector and Higgs bosons are expected to produce secondary particles with large transverse
momentum (pr > my/2,my/2). For this reason we do not apply parton showering to
parton-level events, assuming modifications to the transverse momentum pr to be moder-
ate. Following the same reasoning, no selections are applied to the decay products of the
gauge and Higgs bosons, since we assume that at large pr the detector acceptance be con-
stant over the considered phase space (and similar for signals and physical backgrounds):
since the experimental inputs already have acceptance effects folded in, these factorise in
our approach. The only exception is for processes 5 and 7, where no experimental analysis
exists and the approach followed in this case is discussed in section 6.

In the VBS and VBF processes (1-4), on the other hand, typical experimental selections
on the additional jets are applied:

pr(j) > 40 GeV, In()| < 4.7,
myy > 500 GeV, ‘Anjj| > 2.5. (2.2)

In the background process (7) a cut on pairs of b-jets is applied to emulate a possible
experimental selection. It is required that the invariant mass of at least two of the possible
bb pairs, which can be obtained from combining the four b-jets, satisfies the requirement
115 GeV < myp < 135 GeV.

Examples of simulated di-boson or tri-boson invariant-mass spectra are shown in fig-
ures 2 and 3. We notice that, while final states with Higgs bosons have SM cross sections
which are a few orders of magnitude smaller with respect to VBS, EFT effects which affect
tree-level amplitudes induce very large enhancements at high invariant mass, especially in
the case of mixed M-type operators. In all cases the ratios BSM/SM in the lower panels
of figures 2 and 3 tend to unity at low invariant mass: this is an indirect confirmation
that the modifications induced by dimension-8 operators on SM structures, like EW boson
propagators, are numerically negligible for the purpose of our analysis.

CMS uses Monte Carlo templates to perform binned data analyses and extract limits
on the Wilson coefficients of dimension-8 operators. Typical data distributions used with
this aim are the di-boson invariant mass, or the transverse mass if the final state contains
one or more undetected neutrinos whose transverse momenta are inferred from the event
imbalance in the transverse plane. This procedure requires a full description of the SM
backgrounds as well as a precise simulation of detector effects. In order to obtain a simpli-
fied estimate of the relative EFT sensitivities for different final states, we use as a physical
observable the cross section (or equivalently the expected number of observed events at
given integrated luminosity) in the interval mpyin < m < Mmpax, with m being the invariant
mass of the produced di- or tri-boson states in the various channels; we denote such a cross
section as &[Mmin, Mmax], Or simply as @.

Unitarity bounds for all operators are computed as functions of fy /A% using ref. [24],
resulting in more stringent bounds than those provided by the VBFNLO program [60],
which only considers s-wave scattering. In all analyses presented in the following, mmin
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Figure 2. Examples of differential cross sections highlighting the high invariant-mass region for
the processes VBS WEW (top left/top right), VBS WTW~ (bottom left) and VBS W*Z (bottom
right). The SM hypothesis is shown, as well as that of a single EFT operator (listed in the legend)
with a nonzero coefficient fy/A* set to 5TeV~*. EFT-over-SM ratio plots are presented in the
lower panels.

is fixed to a default value of 1.1 TeV. The choice is a compromise between defining an
EFT-enriched region where possible SM backgrounds are negligible, and having a mmin
value below the unitarity bound in the whole range of Wilson coefficients considered in the
analysis. The values of @ using muyyy = 1.1 TeV and mpmax = /s (namely with no upper
bound) are shown in the rightmost column of table 1. Repeating the analysis with myin
shifted by £100 GeV modifies the outcome of the validation performed in section 3 by less
than 10%, for all operators.

3 Validation on VBS without unitarity constraints

As a first step we show that, although experimental constraints result from template anal-
yses of the observable final states, constraints purely based on &[mmin, Mmax) are a reliable
proxy of the actual EFT sensitivity. Since most CMS results do not use unitarity regulari-
sation, in this validation phase we consider mmax = /s, i.e. no upper bound on the system
invariant mass.

The @ values are computed for each process and simulated sample. The corresponding
cross sections for a given experimental final state are obtained by multiplying & by the
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Figure 3. Examples of differential cross sections highlighting the high invariant-mass region for
the processes VBF-HH (top left/top right), ZHH (bottom left) and ggZZH (bottom right). The SM
hypothesis is shown, as well as that of a single EFT operator (listed in the legend) with a nonzero
coefficient fx /A* set to 5 TeV~*. EFT-over-SM ratio plots are presented in the lower panels.

branching fractions (BF') of the gauge and Higgs bosons involved. For instance, the cross
section for the 2b2b2j final state considered in [40] is obtained as 7(VBF-HH) x BF?(H—
bb). For semileptonic WV VBS [30], the BF-weighted cross sections of VBS WTW~, VBS
W=Z and VBS WEW# are summed, as they all contribute to the observed final state. For
the ggZ7ZH and ZHH processes, the H— bb mode is chosen, while only Z decays to electrons
and muons are considered, since hadronic decays are more challenging experimentally and
beyond the scope of this analysis.

Cross sections for each channel are computed as functions of fx/A* and quadratic
fits are performed on the obtained results. Examples of such parabolic fits are shown in

figure 4 for two of the processes under consideration. The validation proceeds through the
steps below.

1. A CMS experimental analysis is selected, and the published 95% CL exclusion limit
on a randomly-chosen operator coefficient is considered.

2. The exclusion limit is imposed on the parabola corresponding to the chosen operator,
yielding a 95% CL exclusion limit on &.

3. Upon applying such a a-based exclusion on the parabolae corresponding to all other
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Figure 4. Examples of quadratic fits of [1.1 TeV, 13 TeV] varying the coefficient of a single nonzero
dimension-8 operator. Left: fy fit for the VBS WEW* — 2/2v process. Right: fyr fit for the
VBS W*Z— 3/v process.

VBS WEW# — 2020 VBS W*Z — 3/v VBS W*V semileptonic
Coeff. | CMS exp. | estimated | CMS exp. | estimated | CMS exp. | estimated
fao/A* | [-3.7,3.8] | [-3.9,3.7] | [-7.6,7.6] input [—1.0,1.0] [—1.0,1.0]
fan /A | [-5.4,5.8] input [—11,11] [-11,11] | [-3.0,3.0] [-3.1,3.1]
Tavz/A* / / [—13,13] [—1.5,1.5]
fus/AY / / [—19,19] — [-5.5,5.5]
faaa/ A / / [—5.9,5.9] [-3.1,3.1]
fus /A / / [—8.3,8,3] [—4.5,4.5]
fur/A* | [-8.3,8.1] | [-8.5,8.0] | [—14,14] | [-14,14] | [-5.1,5.1] input
fso/A* | [-6.0,6.2] | [-6.1,6.2] | [—24,24] [—25,26] | [—4.2,4.2] [—6.7,6.8]
fs1/A* | [-18,19] [—18,19] [—38,39] [—38,39] | [-5.2,5.2] [—8.3,8.4]
fsa/A4 — [—18,19] [—25,26] [—8.4,8.5]

Table 2. Validation for the VBS CMS analyses. All entries represent 95% CL lower and upper
limits in units of TeV 4. Input limits to the validation procedures, chosen randomly, are highlighted
in the table. Bars represent processes for which there is no sensitivity to the corresponding operator,
while dashes represent occurrences of an experimental result not quoted in the CMS articles.

operators, exclusion limits on the corresponding coefficients are in turn determined.

4. As a closure test, the limits obtained with this procedure are systematically compared
with the CMS published ones.

5. Steps 1-4 are then repeated for different choices of the initial input operator, in order
to check that similar bounds are obtained.

The results of the validation phase are presented in table 2. We first remark that CMS
published results are rather incomplete for both the leptonic W*Z and semileptonic WV
analyses, where several operators for which sensitivity is significant were not examined.
As anticipated, this sensitivity is in fact comparable to or better than those quoted in V+y
VBS analyses [31, 32], which therefore we do not try to reproduce here.

~10 -



Secondly, we observe that validation is everywhere successful except for the S0-2 op-
erators in the WV semileptonic analysis where validation results are about 60% more
pessimistic with respect to the published values. Several tests were performed by changing
the relative weight of the processes (especially of WHW™ which has a larger background
in the experimental analysis) but in none of them closure was found. We notice, however,
that in the CMS paper details of the simulation are not reported, in particular it is not
mentioned whether the latter was performed including b jets or not. We point out that,
when including b jets, other processes are generated by the syntax 3 in table 1 which are not
VBS processes, most notably electroweak top production via qq — v* — tt — WTW™bb,
and enhance the cross section by a factor of ~ 4. While these processes can be suppressed
experimentally via b-jet vetoes, there can be a double-counting effect which artificially
leads to lower expected (and observed) limits if tt backgrounds are simulated separately
and subtracted. In conclusion, we do not consider our validation successful in this case and
cautiously use CMS published limits for scalar operators.

We point out that, as mentioned in item 5 of the above list, the validation procedure
has been repeated using different operators as input, and all limits obtained upon input
variation have been verified to be essentially identical to those quoted in table 2. On one
hand this confirms the robustness of the whole validation procedure, and on the other hand
it allows us to quote limits for the input operators of table 2 to be fy/A* € [=5.3,5.8]
(VBS WEW= — 2020), fao/A* € [—7.7,7.6] (VBS WEZ — 30v), and fur/A* € [—4.9,4.9]
(semileptonic VBS), compatibly with the CMS findings.

4 Implementation of unitarity regularisation in VBS

In order to consider unitarity bounds in the limits, we adopt a different implementation
of the clipping method used in the CMS analysis [29], following a similar approach as
in refs. [48-50]. In our approach, we evaluate &[mMmin, Mmax| for several values of Mmyax,
varying between muyi, + 100 GeV and the maximum kinematically allowed mass. In an
experimental analysis, this approach would be equivalent to not taking into consideration
data or simulated events above M.y in the measurement. For each of these values of 7,
the procedure used for validation and described in section 3 is followed to obtain myax-
dependent limits on operator coefficients. Since only part of the experimental data fall
into the selected [Mmyin, Mmax| invariant-mass intervals, the 95% CL exclusion limits on the
cross section determined at step 2 are rescaled in each test, considering that measurement
uncertainties at high mass are statistically dominated, and therefore poissonian errors can
be assumed.

Figure 5 shows examples of the mpyax-dependent limits for specific processes and oper-
ators. For large mpy.x the same experimental limits shown in table 2 are recovered, while
the limits become less stringent at smaller mmy,y because of the reduced data statistics as
well as of the weaker dependence of @ on the operator coefficient in the restricted intervals.
In figure 5 the unitarity bounds derived from [24] are also shown. The intersection of the
experimental and the unitarity-bound curves represents the maximum invariant mass that
can be used to set experimental limits which can unambiguously be interpreted in an EFT
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Coeff. | VBS WEW=* | VBS W*Z | VBS W*V semilep.
Srio/A* / / [—3.3,3.5]
S /A [—13,17] [—67,71] [—7.4,7.6]
favz/A / / [—9.1,9.0]
Sras/A* / / [—32,30]
fyva/A / [—36,36] [—8.6,8.7]
Sris /A / [—29,29] [—10,10]
far /A [—21,18] [—59,57] [—11,11]
fso/A* [—17,20] / [~8.5,9.5]
fs1/A* / / /
feo/A4 / [—25,26] [—21,25]

All entries
Bars represent processes for which

Table 3. Results for the VBS CMS analyses when applying unitarity constraints.
represent 95% CL lower and upper limits in units of TeV 4.
there is no sensitivity to the corresponding operator, or cases where the theoretical unitarity bound
is more stringent than the experimental one for all m,.x cut-off values.

expansion without violating unitarity. Hence, the corresponding limit on fx /A% is the best
attainable limit which can be set using a specific amount of data for the process under
consideration. We notice that in all cases these limits are significantly less stringent than
the ones obtained by neglecting unitarity effects; in some specific cases, not shown, the
two curves do not cross at all, meaning that the available data are not sufficient yet to set
more stringent limits than those imposed by unitarity alone.

In table 3 we present the best limits obtained with the outlined procedure for each
of the considered processes and operators. Corresponding CMS limits using the modified
clipping method are quoted in ref. [29] for the fully-leptonic results only. Considering the
substantial difference in the unitarity regularisation procedure and in the source of unitarity
bounds (which is the VBFNLO program [60] in the case of ref. [29]), it is not surprising
that our results display discrepancies with respect to the limits quoted in [29], although we
note that the constraint-reducing factors when imposing unitarity are of similar magnitude
in the two analyses. In particular, [29] quotes some very loose constraints on specific
operators, which cannot be investigated with our choice of mpy,, as they are weaker than
the unitarity bounds. These are anyway of modest interest, as coefficient values in such
loose ranges would produce too large EFT corrections compared to the SM.

5 Results with VBF-HH
As mentioned before, experimental results for VBF-HH are given in terms of an effective
VVHH vertex factor, koy, rather than as limits on EFT Wilson coefficients. We employ

an analogous procedure as the one used for the validation, namely:

1. The most stringent published 95% CL exclusion limit on koy is considered.
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2. We exploit the VBF-HH simulation as a function of k9y to impose an exclusion limit
on the corresponding parabola, yielding a 95% CL exclusion limit* on 7.

3. Upon applying such a o-based exclusion on the parabolae corresponding to all EFT
operators, exclusion limits on the corresponding coefficients are determined.

4. As a validation test, by repeating the procedure using one of the fx coefficients as
input, we check that the CMS limits on x9y are reproduced.

Figure 6 presents & fits as a function of Koy and of one EFT Wilson coefficient. In table 4
we present the related upper limits without unitarity regularisation, compared to the best
limits found using the VBS analysis in section 3. In spite of the much smaller yields,
we find that, already with the available LHC data, VBF-HH estimated limits supersede
those obtained with VBS for fy, fae and fuys, and are comparable for most of the M-
type operators. In an experimental interpretation of the results, limits on M-type Wilson
coefficients could be combined to yield more stringent limits than those obtained by any
single analysis.

An analogous procedure is followed to obtain limits taking unitarity into account.
Figure 7 presents mmax-dependent limits along with theoretical unitarity bounds. In table 4
we also present the related upper limits with unitarity regularisation, compared to the best
limits found using the VBS analysis in section 4. The conclusions of the previous paragraph
remain valid with unitarity as well.

6 New experimental final states

The ggZ7ZH and ZHH processes, not yet studied in dedicated experimental analyses, are
considered in this paper. The purpose is to investigate the potential sensitivity of such
processes by performing an exploratory feasibility study.

For ggZ7ZH, we generated samples as described in section 2, considering EFT modifi-
cations of the SM cross section. The cross section computed for this process is very small
in the SM (see table 1): in figure 8 we show the cross section for different values of the

4Translating kov limits into & exclusions could in principle yield two values, one for the upper one for
the lower one, but these differ by less than 5%, confirming the robustness of the simulation.
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VBS W*V semileptonic VBF HH— bbbb
Coeff. | no unitarity | w/ unitarity | no unitarity | w/ unitarity
fao/AY | [-1.0,1.0] | [-3.335] | [-0.95,0.95] | [-3.3,3.3]
fur/AY | [=3131) | [-74,76] | [-3.83.8] (—13,14]
faz/A* | [-1515) | [-9.1,9.0 | [-1.3,1.3] | [-7.6,7.3]
fus/A* | [-5.5,5.5] [—32,30] [—5.2,5.3] [—29,30]
faa/A | [=3.1,3.1] [~8.6,8.7] [~4.0,4.0] [—14,14]
Fus/AY | [~4.5,4.5] [—10,10] [~7.1,7.1] [—26,26]
Far/AY | [=5.1,5.1] [—11,11] [—7.6,7.6] (—27,27]
fso/A* [—4.2,4.2] [—8.5,9.5] [—30,29] /
fai/AY | [-5.2,5.2] / [—11,10] /
fsa/A? - [—21,25] [—17,16] /

Table 4. Comparison between VBF-HH constraints and those obtained from semileptonic VBS
with or without unitarity constraints, with limits extracted from current CMS Run2 analyses. All
entries represent 95% CL lower and upper limits in units of TeV~%. Bars represent processes for
which there is no sensitivity to the corresponding operator, or cases where the theoretical unitarity
bound is more stringent than the experimental one for all my, .y cut-off values.
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Figure 7. Estimated upper and lower limits (blue lines) on the Wilson coefficients in VBF-HH for
fuo (left) and fy7 (right) as a function of the upper invariant mass cut-off mpyax. Superimposed
are the unitarity bounds derived from [24] (red lines). The intersection of the experimental and
the unitarity-bound curves represents the best limits which can unambiguously be interpreted in
an EFT expansion without violating unitarity.

EFT coefficients considered. We find that, even for very significant variations (440 TeV~%)
of the EFT Wilson coefficients, the predicted cross section remains extremely small, thus
making this process not sensitive enough to be observed at the LHC, not even in the high-
luminosity phase. Therefore we refrain from furthering the study of this channel in the
present paper. We stress however that it is possible to simulate this process (as well as
other loop-induced or even NLO-accurate processes) in a consistent manner, employing the
NLO UFO model we have constructed including the dimension-8 operators from ref. [23].

For the ZZH process, the computed cross section is found to be larger than that
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of ggZ7ZH in the SM (table 1), making it worth to estimate the sensitivity that can be
obtained from a benchmark analysis of this process. In this analysis, we consider the LHC
Run2 luminosity and we estimate the number of detectable events as N =7 - L -¢- A,
where A denotes the experimental acceptance for the Z and H decay products and ¢ is
the corresponding total detection efficiency. We compute values of @ for the signal and
backgrounds described in section 2, by assuming the Higgs boson decaying into a bb pair,
and the Z bosons decaying into leptons (electrons and muons). We perform Z and H decays
using PYTHIAS [61] and define typical LHC acceptance requirements as:

pr(b) > 30 GeV, In(b)| < 2.5,
pr(e, ) > 20 GeV, In(e,n)| < 2.4, (6.1)

for all decay products, simulating a realistic experimental analysis. The acceptance is
computed to be 93% for signal (in the SM, conservatively taken as equal for all EFT
scenarios) and 71% for background. The overall efficiency of identification and selection of
electrons, muons, and b jets is estimated from experimental papers [40, 62] to be 70%.

From the derived estimates of the signal and background yields, we compute 95%
CL upper limits on the cross section of the ZHH process using the Feldman-Cousins ap-
proach [63], and then we use this result to evaluate the limits on EFT operators with a
procedure analogous to those presented in the previous sections, taking into account uni-
tarity regularisation. In table 5 we present the values of the limits obtained with such
procedure. Since no valid limits are found in presence of unitarity with Run2 luminosity,
we report as reference the limits obtained without unitarity requirements. We show in the
next section that the ZHH process becomes sensitive to EFT variations when considering
an increased integrated luminosity.
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ZHH — ¢t{~bbbb
Coeff. no unitarity
fyo/A [—8.4,8.7]
/A% [—15,15]
Faz/AY [-12,12]
fus/A [—20,20]
fava /A [—20,21]
fus /A [—18,18]
Sz /AY [—29,30]
fso/A4 [—210,200]
fs1/A* [—350,380]
fsa/A* [—350,380]

Table 5. 95% CL lower and upper limits in units of TeV~* for the ZHH process for a CMS Run2
scenario.

7 Perspectives for HL-LHC

In spite of the moderate increase in centre-of-mass energy, it is interesting to explore
projections for the HL-LHC dataset, as the increased number of events has a non-trivial
impact on operator limits when unitarity bounds are accounted for.

In absence of unitarity regularisation, and assuming poissonian scaling in statistically-
dominated high-mass regions, 95% CL exclusion limits on & are expected to improve as
L£71/2 with £ being the integrated luminosity. Since the dependence of the cross section

on the Wilson coefficients is quadratic, the related fx/A? limits scale as L£-1/4

, yielding
an improvement of a factor about 2.2 when passing from the 140 fb~! of the LHC Run2 to
the 3000 fb~! expected from the HL-LHC.?

In table 6 we present the expected limits in a HL-LHC scenario, with and without
unitarity regularisation, for VBF-HH compared to the best limits found using the VBS
analysis of section 3. Limits in absence of unitarity are obtained by simply rescaling the
excluded cross sections by the square-root ratio of the integrated luminosities, hence the
sensitivity hierarchy in this case is the same as in the Run2 study. Conversely, limits in
presence of unitarity have a significant gain from an increased dataset since, while 95%
CL limits become tighter, the m.x value for which the result remains EF T-interpretable
correspondingly moves to larger values, allowing more data to be included in the sensitivity
estimate. This is due to the fact that a higher integrated luminosity enhances the sensitivity
to deviations from the SM that are generated by smaller operator coefficients, resulting in
a wider invariant-mass window allowed by unitarity constraints. This effect would lead to
the first physical limit on fg1, as well as to improvements on other limits by factors of up
to 4-5, as shown for fys in figure 9 (left).

Table 7 reports the 95% CL limits obtained for the ZHH process in the HL-LHC

SWe neglect the increase in /s in this estimate.
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VBS W*V semileptonic VBF HH— bbbb
Coeff. | no unitarity | w/ unitarity | no unitarity | w/ unitarity
fao/A* | [-0.47,0.47] | [-0.96,1.02] | [-0.43,0.43] | [—0.90,0.87]
fui/A* | [-1.5,1.5] [—2.3,2.4] [—1.7,1.7] [—3.5,3.5]
faz/A* | [-0.69,0.68] | [-2.1,2.1] | [-0.62,0.61] | [-1.7,1.7]
fus/A* | [-2.5,2.4] [—6.8,6.3] [—2.4,2.4] [—6.5,6.6]
faa/AY | [—-1.4,1.4] [—2.4,2.5] [—1.8,1.8] [—3.9,4.0]
fus/AY | [-2.0,2.0] [-3.0,3.1] [—3.2,3.2] [—6.9,7.0]
far/A* | [-2.4,2.4] [—3.5,3.5] [—3.5,3.5] [—7.1,7.1]
fso/A* [—1.8,2.0] [—2.6,3.3] [—14,13] /
fs1/A* [—2.4,2.4] [—5.8,6.1] [—5.1,4.5] /
feo/A* [—2.3,2.4] [—4.8,5.2] [-8.1,7.1] /

Table 6. Comparison of VBF-HH constraints with those obtained from VBS when applying or not
unitarity constraints, in a projection with full HL-LHC luminosity. All entries represent 95% CL
lower and upper limits in units of TeV~*. Bars represent processes for which there is no sensitivity
to the corresponding operator, or cases where the theoretical unitarity bound is more stringent than
the experimental one for all m,., cut-off values.
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Figure 9. Estimated limits on the fyz Wilson coefficient in VBF-HH (left) and fy; in ZHH
(right) as a function of the upper invariant mass cut-off muyax. Black lines represent the current
Run2 scenario (140 fb~!) while blue lines represent the HL-LHC scenario (3000 fb~!). Superimposed
are the unitarity bounds derived from [24] (red lines). The intersection of the experimental and
the unitarity-bound curves represents the best limits which can unambiguously be interpreted in
an EFT expansion without violating unitarity. While all individual results scale roughly as £~1/4,
the improvement on the EF T-interpretable limit is a factor of 4.6.

scenario, with and without unitarity regularisation. As anticipated in section 6, this process
becomes sensitive to dimension-8 operators when increasing the luminosity. In this scenario,
in fact, it is possible to set limits on some M-type operators even in presence of unitarity
bounds, as shown in figure 9 (right). We note that such limits are not quite competitive,
due to the small cross section of the ZHH process with respect to its background process:
for future analyses, it will be crucial to develop strategies to enhance the signal and reduce
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ZHH— (*¢~ bbbb

Coeff. | no unitarity | w/ unitarity
Fao/AT | [-3.43.7] /
fai/A* | [-6.4,5.9] [—66,31]
/A | [~4.7,4.8 /
fMg/A4 [—8.4,8.2] /
fva/AY | [-8.2,8.9] /
fus/AY | [-7.1,7.7) [—34,52]
far /A [—12,13] [—91,160]
fso/A* [—90,83] /
fs1/A* | [~140,160] /
fso/A* | [~140,160] /

Table 7. Constraints obtained with ZHH when applying or not unitarity constraints, in a projection
with full HL-LHC luminosity. All entries represent 95% CL lower and upper limits in units of TeV ~4.
Bars represent processes for which there is no sensitivity to the corresponding operator, or cases
where the theoretical unitarity bound is more stringent than the experimental one for all mpyax
cut-off values.

the number of background events. As a simple test, by halving the b-jet pair invariant-
mass window for the background, described in section 2, we observe an improvement of
about 20% on the limits both with and without unitarity regularisation, stemming from
the decrease in the background contribution.

8 Summary

In this article we have studied the sensitivity to BSM effects of the interaction between
two electroweak gauge bosons (V) and two Higgs bosons (H). To this aim, we have focused
on hadronic reactions that feature the VVHH vertex at lowest order, in particular VBF
Higgs-pair production, ZHH associated production, and loop-induced gluon-fusion ZZH
production. We have considered modifications to these processes induced by dimension-8
EFT operators affecting the VVHH interaction, and set up a simplified framework to cast
stringent bounds on the Wilson coefficients of these operators using such reactions.

After validating our framework against published experimental limits, we have per-
formed a systematic comparison of our results with current bounds from the CMS collab-
oration, based on the VBS signature. This has shown that, as far as dimension-8 VVHH-
modifiers are concerned, the VBF-HH channel is able to yield limits which are comparable
to, or even more stringent than, those stemming from VBS, thus proving viable in view
of a full-fledged experimental analysis, as well as of an experimental combination with
VBS limits. The ZHH and ggZZH channel have been instead shown to have more limited
constraining power on the same operators with Run2 luminosity.

We have then considered the effect of unitarity constraints on the extraction of exclu-
sion limits in an EFT-based analysis. As this subject is typically treated in a non-systematic
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manner in current extractions, we have employed a dedicated prescription to consistently
take unitarity bounds into account. We find that, as expected, unitarity constraints sys-
tematically weaken the experimental limits on EFT Wilson coefficients, including the ones
set by current CMS analyses of the VBS channel. However, even in presence of unitarity,
VBF-HH limits are equally competitive with VBS-based ones.

We have finally investigated the perspectives of the exclusion limits for the high-
luminosity phase of the LHC, showing that limits in presence of unitarity can improve
at the HL-LHC by a factor of up to 5 with respect to Run2, which is significantly more
than what is expected from pure luminosity-scaling considerations. In this scenario, the
ZHH final states also can contribute in a combined exclusion of some of the relevant EFT
coefficients.
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