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Universality and Factorization of hadronic scattering processes
in a TMD approach

Andrea Simonelli

Abstract

Factorization theorems allow to separate out the universal, non-perturbative content of the hadronic
cross section from its perturbative part, which can be computed in perturbative QCD, up to the desired
order. In this thesis, I will frame the known TMD factorization theorems into a more general context,
within which I derive a rigorous proof of factorization of the ete™ — hX cross section, sensitive to
the transverse momentum of the detected hadron with respect to the thrust axis. I will show how this
leads to three different kinematic regions, each associated to a different factorization theorem. In
one of these regions, the factorization theorem has a new structure, which shares the features of both
TMD and collinear factorization. In the corresponding cross section, the role of the rapidity cut-offs

is investigated, as their physical meaning becomes increasingly evident.
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Introduction

To understand how matter around us is made and how it keeps together, we rely on Quantum Chromo
Dynamics (QCD), the theory of strong interactions where quarks and gluons are the elementary
building blocks. Although its Lagrangian is well known, QCD is a very complex, self-interacting
theory, which cannot be solved exactly. Quarks and gluons are the elementary fields of the theory, but
there is no way to observe them directly. In fact, scattering experiments based on strong interactions
result in jets of hadrons, which are bound states of the elementary quanta. The exact mechanism
that governs how a quasi-free gas made up of quarks and gluons becomes a totally different state
composed by hadronic matter is still not understood. Many models and theories have been proposed
over the last 40 years, but none of them has yet been capable to catch all the features concerning

confinement and hadronization.

Modern studies of high energy QCD processes are based on factorization theorems, that play a
pivotal role in the study of strong interactions, as they allow to write the cross sections of hadronic
processes in a form suitable for phenomenological analyses. Perturbative QCD alone is not sufficient
to exploit the whole theory’s predictive power since, even at lowest orders, several physical observables
are affected by uncanceled infrared divergences. Through the factorization procedure, the divergent
contributions are separated from the finite, computable parts and are collected into universal factors,
as they can be extracted from a small set of experimental data and then used to predict any other
observable that requires their contribution. Crucially, if universality is preserved, then the theory
can be predictive. Therefore, research in this field is two-folded: in addition to the pure theoretical
investigation, aimed to provide a solid proof of factorization of the processes that still lack of a
proper factorization theorem, the phenomenological applications of the theory are fundamental in the

extraction of universal non-perturbative factors.

If Q is some typical hard energy scale for a certain process (c.m. energy, momentum transfer,
etc...), then, at the cost of an error suppressed by powers of m/Q, where m is a typical low energy
(hadronic) mass scale (typically around ~ 1 GeV) , a factorization theorem recasts the cross section
in terms of a convolution of contribution s which can be classified in terms of the following three

categories:
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1. Hard part. Tt corresponds to the elementary subprocess and it provides the signature of the
process, as it identifies the partonic scattering uniquely. It is fully computable in perturbation

theory in terms of Feynman diagrams, up to the desired accuracy.

2. Collinear parts. These contributions are associated to the initial and/or final state hadrons of
the process and contain the collinear divergences related to the massless particles emitted along
the hadron direction. Each of them corresponds to a bunch of particles strongly boosted along
this direction, which move almost collinearly, very fast. Due to their characteristic divergences,
collinear parts cannot be fully computed in perturbation theory: their non-perturbative content
has to be extracted from experimental data. Among all the particles in the collinear group,
two of them deserve special attention: the reference hadron and the reference parton. If the
collinear group refers to the initial state of the process, the reference hadron coincides with the
initial hadron and the reference parton is the parton confined inside it that is struck in the hard
scattering; if the collinear group refers to the final state, the reference hadron is the detected
hadron and the reference parton is the fragmenting parton, i.e. the particle that initiates the

hadronization process.

3. Soft part. It embeds the contribution due to the soft gluon radiation that connects the collinear
parts and that flows through the detector. It contains soft divergences and carries non-
perturbative information, therefore it cannot be computed in perturbation theory. And it
cannot be directly extracted from data, either, as the energy of the soft radiation is so low that
detectors are not sensitive to it. Since the collinear parts interact among each other only through
soft gluons, their contribution can affect the cross section in a non-trivial way. Moreover, the
soft part is always associated with the collinear terms and there is no way to extract them

separately. This is sometimes referred to as “the soft factor problem”.

As long as the physical observable are not sensitive to the transverse motion of the partons inside their
parent hadron, the factorization procedure can be carried on rather simply, giving solid factorization
theorems for a large set of processes. Since the information on the transverse motion of partons is
neglected, such theorems are often labeled as “collinear”. Many famous observables are known to
obey to a collinear factorization theorem. Well known examples are for instance the cross section of
Deep Inelastic Scattering (DIS) and e'e™ annihilation [1-6]. In all these cases the contribution of the
soft part is trivial. In particular, any time in addition to the collinear partons there are real emissions
with large transverse momentum (compared to Q), the soft factor fully factorizes and its value reduces
to unity. This is due to the fact that the soft gluons are kinematically overpowered and do not correlate
the collinear parts anymore: in this way each collinear cluster of partons is totally independent from
any other. As a consequence, only hard and collinear contributions appear explicitly in the final cross
section. The great success of collinear factorization over the past forty years lays in its simplicity.
In any collinear factorized cross section, it is always possible to associate each collinear part with

a Parton Distribution Function (PDF) or a Fragmentation Function (FF), depending on whether the
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associated reference hadron is in the initial or in the final state, respectively. Furthermore, the hard
part is just the partonic version of the full process and then it is often referred as partonic cross section.
As an example of a collinearly factorized process, one could consider the case of e"e™ scattering
where two spinless hadrons h4 and /g are produced in the final state, in a configuration in which they
are at wide angles but far from being back-to-back, in the center of mass frame (which, in this case,
corresponds to the lab frame). The resulting cross section is given by (see for instance Eq. (12.84) in
Ref. [7]):

dZA dZB > d8 jasJ
AN d3 Z / A2 ha/j jA Za / = Y%hp/jp\<B )
( pA ) ( pB JasJs coll. K coll (dzz]:A ) (d;];B )
: ——

hard

where do is the partonic cross section, while d), /ji (z;), for i = A, B, are the FFs associated to the
outgoing hadrons, with momenta ps and pg, and to the fragmenting partons of flavor j4 and jg,

corresponding to the two collinear parts of the cross section of the process.

When the 3D-motion of partons is considered, finding a way to properly separate the various con-
tributions a very tough task. On the other hand, Transverse Momentum Dependent (TMD) observables
expose a much richer structure that may disclose some of the inner properties of hadronization and
confinement. When the information on transverse motion survives in the final result, the corresponding
factorization theorem is usually labeled as “TMD". In such cases, the soft factor does not reduce to
unity, and soft gluons have a non-trivial impact on the cross section, as they correlate the collinear
parts. This correlation originates from momentum conservation laws in the transverse direction. In
fact, with no real emissions carrying large transverse momentum entering into the game, the low
transverse momentum components of soft and collinear particles cannot be neglected anymore. As
a consequence, it is not possible to associate a PDF or a FF to the collinear contributions: parton
densities are now related to different and more general objects, known as Transverse Momentum
Dependent parton functions, either TMD PDFs or TMD FFs depending on whether they refer to
an initial or a final state hadron. As an example of a TMD factorized process, one can once again

consider the production of two spinless hadrons from an e™

e— scattering where, this time, the two
hadrons are almost back-to-back in the e™e— center of mass frame. The full cross section is given by
(see for instance Eq. (13.31) in Ref. [7]):

83 v
WHY(Q, pa, ps) = 2B Y 51V () x

o &7
hard
X /dziéA,hT d2z87hT S(Gnr _%A.,hT _%B,hT) DhA/f(iéA,hT)DhB/f(zAJtT)a
soft coll.

2

where H ]‘f ;(Q) is the hard part, S represents the soft factor and the functions D), /> fori=A, B, are
the TMD FFs associated to the outgoing hadrons and to the fragmenting partons of flavor f and f.
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Notice that it is kinematics, and hence ultimately the hard part, that determines which fatorization
scheme has to be used: if the two hadrons are back-to-back then TMD factorization, Eq. (2), must be
applied, otherwise collinear factorization, Eq. (1), will be appropriate. Same process, two different
factorization theorems. This is the most common situation. In fact, in general, one hadronic scattering
process does not cover one single kinematic region: it rather extends over different kinematical
ranges, all of them contributing to the final cross section. Therefore, each factorization theorem is
associated to a certain kinematic configuration, which is determined by the values of the measured
observables. For instance, in the case of eTe~ into two hadrons, the observable that discriminates
between collinear and TMD regime is the relative angle of /4 and /g, which is related to the ratio
of the transverse momentum g7 of the virtual boson produced in the leptonic scattering and the
c.m. energy Q. When g7 /Q is large enough, the two hadrons are not back-to-back and collinear
factorization of Eq. (1) holds. On the other hand, when g7 << Q, the process is in the TMD regime
and the TMD factorization theorem of Eq. (2) should be used. This introduces a major issues in the
phenomenological analyses. In fact, the factorization procedure does not provide the boundaries of the
different kinematic configurations contributing to a process. For instance, there is no way to decide
“how small" g7 /Q must be in order to apply the TMD formalism. However, since the ultimate aim
is to predict a cross section valid over the whole g7 spectrum, it is extremely important that the two
regimes can be matched in the intermediate region. This is still an open problem in SIDIS, which has

a structure analogous to that of ete™ — hy hp.

The problem of the matching is just one of the main issues related to TMD factorization. Another
urgent question is whether it can be extended to other processes, beyond the known cases. Until
the end of 2018, one of the processes that were still lacking of a solid factorization theorem was

et

e~ annihilation into a single hadron, sensitive to the transverse momentum of the detected hadron
with respect to the axis of the jet of particles to which it belongs. At the beginning of 2019, the
BELLE collaboration at KEK published the results of the measurements of this cross section [8], with
the transverse momentum of the observed hadron measured with respect to the thrust axis. This is
one of the measurements which go closer to being a direct observation of a partonic variable, the
transverse momentum of the hadron with respect to its parent fragmenting parton, and they have
indeed triggered a great interest of the high energy physics community, especially among the experts
in the phenomenological study of TMD phenomena and factorization [9-18].

In this thesis, I propose the first proof of the factorization of such a QCD process, within a
formalism inspired to the Collins-Soper-Sterman (CSS) factorization scheme. In particular, I show
that, if the size of the transverse momentum of the detected hadron is neither too large to affect
significantly the topology of the final state nor too small to be sensitive to the deflection due to soft
radiation, then the cross section of ete™ — hX factorizes in a convolution between a partonic cross
section, fully computable in perturbation theory, and a TMD Fragmentation Function. This is a new
kind of structure, never encountered before in any known factorization theorem. It is a sort of hybrid of

TMD and collinear factorization, and for this reason it will be dented as “collinear-TMD factorization
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theorem”. One of its most relevant features is related to the treatment of rapidity divergences. These
arise as unregulated infinities into soft and collinear parts and they are due to the approximations
introduced by the factorization procedure. Despite the various long-distance contributions are rapidity
divergent, the full factorized cross-section is finite. Therefore, the rapidity divergences must cancel in
the convolutions of the final result. There are many ways to regulate them. In Collins factorization
formalism, they are regulated by tilting the Wilson lines associated to the soft contributions off the
lightcone. This operation is totally analogous to the insertion of a sharp rapidity cut-off that prevents
the integrations on rapitidities to diverge. Clearly, whatever regulator is used, one expects that the final
cross section will not depend on it. However, for the collinear-TMD factorization theorem devised
for ete™ — hX this does not happen. One could claim that this is a symptom of non-consistency
of the corresponding factorization theorem (see for instance Ref. [17]). I do not interpret this as a
failure of the factorization itself, but rather as a limit of the Collins factorization formalism in this
particular process. In fact, even just from a simple kinematical study, it is clear that the rapidity cut-off
is intimately related to the thrust, which in this case is measured. Hence, there must be a way to give

it a physical meaning, beyond the role of a mere divergence regulator.

Like other hadronic processes, also ete™ — hX can occur in different kinematic regions. In
particular, I show that in total there are three of them for a 2-jet final state, each one associated to a
different factorization theorem. In particular, when the transverse momentum of the detected hadron
is sensitive to the deflection caused by the soft radiation, the resulting factorization theorem has a
structure very similar to a TMD factorized cross section. Instead, when the transverse momentum
of the detected hadron is large enough to significantly affect the topology of the final state (and,
ultimately, the measured value of thrust) the factorization theorem does not involve TMD FFs anymore.
I will call these two kinematical ranges Region 1 and Region 3, respectively. The intermediate region
discussed in the previous paragraph, called Region 2, is the widest in terms of phase space and also
the most interesting from the point of view of the factorization theorems, as it embeds the properties
of both TMD and collinear factorization schemes. This matches with the nomenclature introduced in
Ref. [17].

The framework presented in this thesis not only includes the well-known TMD factorization
theorems developed for e™ e~ annihilation into two back-to-back hadrons, SIDIS and Drell-Yan into a
more general context, but it also extends the investigation of TMD physics beyond these benchmark
processes, firstly by developing proper factorization theorems for eTe™ — hX. Furthermore, it could
allow to study a much wider set of processes, also involving more than two TMD functions. For
these reasons, this approach looks very promising and it may hopefully be one of the future keys to

fundamental QCD issues.






Chapter 1

Universality in hadronic scattering
processes

1.1 Introduction

The factorization procedure proposed by Collins, Soper and Sterman in the *80s [19-21] has become
the benchmark for all the successive approaches designed to provide factorization theorems for
hadronic processes. The most recent and complete form of such factorization procedure was devised
by John Collins in its book “Foundations of Perturbative QCD" [7] and in the following I will refer
to this scheme as the “Collins factorization formalism". A detailed illustration of this approach can
be found in Appendix A. The Collins factorization formalism correctly reproduces the well-known
collinear factorization theorems; in addition, and most importantly, it can successfully be applied to
develop TMD factorization theorems for three observables: e e~ annihilation into two back-to-back
hadrons, SIDIS and Drell-Yan. However, its extension to other observables sensitive to TMD physics
is problematic[22, 7, 12, 23, 14].

In this chapter, I will investigate the causes of such difficulties, tracing them back to the property
of universality of soft and collinear terms in the factorized cross sections. In particular, potentially
dangerous universality-breaking effects arise from soft gluon emissions, encoded into the soft factor
of the process. Usually, such contributions are re-absorbed into the TMDs definition, but I will show
how this method fails when applied to hadronic processes different from those mentioned above, i.e.
to processes which belong to a different "hadron-class”, as I will explain in detail in Section 1.4.

This chapter follows closely the content of the paper “Universality-breaking effects in e™e™
hadronic production processes” [12]. It is organized as follows. In the first part, Sections 1.2 and 1.3,
I will briefly review the main features of the Collins factorization formalism, focusing on the soft
and collinear contributions, associated to long-distance and non-perturbative effects. I will give the
most general formal definitions of the soft factor and of the collinear factor, trying to highlight their

physical intuitive interpretation, that is often slightly overlooked in related literature. In Section 1.4 1
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will explore the properties of universality of soft and collinear parts. Hadronic processes are classified
according to the general structure induced by the universal factors that contribute to their cross sections.
The usual definition of TMDs is framed into this scheme in Section 1.4.1, while in Section 1.4.2 T will
show how this definition must be necessarily modified for the development of a TMD factorization
theorem for e e~ — hX, where the soft gluons contribute to the final cross section in a different and

non-trivial way.

1.2 Soft Factor

From the point of view of the soft gluons, each collinear group is simply a bunch of particles strongly
boosted in a certain direction. The boost is so strong that the soft gluons are only sensitive to the color
charge and to the direction of the collinear particles. As a consequence, the propagation of collinear
particles is well approximated by a Wilson line in the direction of the corresponding collinear group,
usually represented by double lines, see Appendix A. In the massless limit, the versor which identifies
this direction is light-like. However, a light-like Wilson line brings unregulated rapidity divergences.
In the Collins factorization formalism, these divergences are regulated by tilting each Wilson line
associated to the soft factor from its reference direction w; to the direction n;. Such operation is
analogous to the introduction of a rapidity cut-off y;, in order to constrain the particles directed along
the i-th direction to have a rapidity smaller than y;. The final result for the cross section should not
depend on these rapidity cut-offs, which then have to be removed in the final stage of the computation.
Later on, I will show how this is not always the case, as there are special observables that, after being

factorized, maintain a residual dependence on the rapidity regulator.

The transverse momentum space is the natural place for explicit perturbative computations, as
Feynman diagrams are usually written in terms of momentum variables. Therefore, in principle,
it would be the natural choice for introducing the definition of the ingredients concurring to the
factorized cross section. However, these terms will have to be formally defined in the b7 space, i.e.
the Fourier conjugate space of the transverse momentum. If %57 7 is the total transverse momentum of
the real soft radiation flowing through the detector, then the soft factor of a generic process is defined

as:

. dk{ dkg
SO (s, . yi, Jji) :/(;n)ps
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where D is the dimension of space time (D = 4 — 2¢ in dimensional regularization) and {y;} are
Lorentz invariant combinations of the rapidity cut-offs (i = 1,...N where N is the number of collinear
parts in the process). The dependence on the parton-types jj ... jy of the partons associated to the
collinear parts is only on their color representation (fermions or gluons). In this regard, notice that the
soft factor is a matrix in color space, that depends on the soft transverse momentum only through its
modulus. In fact, since all the collinear information is replaced by spinless eikonal propagators, 7<'5,T
is the only vector appearing in the soft factor. Therefore, S is always rotational invariant and depends
only on the modulus |%S7T\ = ks, 7. The label “NO S.1.” reminds us not to consider the Wilson lines
self energies. This implies that N = 1 is excluded, since it would correspond only to a Wilson line self
energy-like contribution. Finally, this definition refers to a soft factor bare w.r.t. UV renormalization,
as expressed by the label “(0)" . Even if ks r must be small by power counting, the function in
Eq. (1.1) can be analytically continued outside of the soft region, where the power counting weight
does not apply anymore. As long as kg 7 is an external variable, this anomalous behavior can hardly
be seen. However, the proper definition of the soft factor is in the Fourier conjugate space of kg, r,
where the transverse momentum becomes an integration variable. Stretching kg r to infinity, well
outside of the soft region, will produce poles that can be interpreted as UV divergences.

The definition of Eq. (1.1) must be intended as an operative definition, useful to compute explicitly
the soft factor at perturbative level. However, already at this stage, the main characteristic of the
soft factor are perfectly evident. In fact, S is sensitive to the number N > 2 of collinear groups, each
one associated to a reference hadron h. Therefore it is not totally blind to the rest of the process, but
carries some residual information about the overall process. Clearly this property affects crucially the
level of universality of soft factors. For this reason, in what follows I will always add a label “N-h" to

the soft factor S in order to take into account this dependence.

The formal definition of the soft factor is given in terms of the impact parameter br, the Fourier
conjugate variable to %517. Here, the soft factor is expressed as the vacuum expectation value of a
product of Wilson lines. In the following, the Fourier transformed quantities will be labeled by a tilde.
We have:

gN_h(bT; W, i, .]k) = /dD_Z%S,TeikS'T‘bT SN-h(iéS,Tv Hn,yi, .]k) =

N N
=Zs(1, yi, jx) O T Wi (oo, =br/2: ni(3i) )" [T Wy (o, br/2: nj(y;))[0) Ino s.1.- (1.2)
i=1 k=1

The Wilson line Wj, (oo, br/2; n;) goes from by /2 towards infinity in the direction of n;, which is
off the light-cone thanks to the rapidity cut-off y;, and has the color representation associated to the
parton type j;. The factor Zg is the UV renormalization factor that cancels the poles generated when
the ks r-integration region stretches outside of the soft region. Hence, differently from the definition

given in Eq. (1.1), this time the soft factor is UV-renormalized.
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’
Ty

Fig. 1.1 Leading regions for the soft factor, SNy, at small br.

The Fourier transform in Eq. (1.2) acts as an analytic continuation of the function S for any value
of the soft transverse momentum. In fact, when the soft factor is Fourier transformed, the total soft
transverse momentum %S,T is integrated out and its dependence is replaced by br. Roughly speaking,
at fixed b7 all momenta with kg 7 < ﬁ become accessible. This implies that when br is small kg 7
can be very large, well beyond the original definition of the soft momentum region. As already
pointed out, one of the consequences of such operation is the generation of UV divergences which
will have to be canceled order by order by the UV counterterm Zg. Then, at large kg 7, i.e. at small
br, there must be some hard factor that accounts for the UV behavior of the soft factor. Moreover,
in this region the whole structure of the soft factor is modified and includes also the convolution of
collinear and soft terms. All these parts can be disentangled by applying the factorization procedure to
the soft factor itself, in the small-b1 regime, as pictorially represented in Fig. 1.1. The hard factor is
associated to the external Wilson line vertices and contains hard subgraphs with highly virtual loops.
There is a collinear subgraph corresponding to each Wilson line and all of them are connected by the
soft subgraph. Furthermore, if the entering transverse momentum k; is large enough, there can be
more hard subgraphs C, with production of final-state jets of high transverse momentum. In this case
collinear factorization holds and the soft factor (the lowest subgraph in Fig. 1.1) is unity. In each of
these jet there is a fully inclusive sum/integral over final states, hence the sum-over-cuts argument
presented in Ref. [7] allows us to consider them as being far off-shell and part of the hard factor,
generating a “partonic cross section”, i.e. a fully perturbative representation of the whole soft factor.
Furthermore, there is no convolution between the hard part and the collinear factors C;, since the cut
eikonal propagators that exit from the hard subgraphs do not carry momentum (E- -w; = 0). In fact, the
kinematic approximator associated to the hard factor suppresses all the weak components of collinear

momenta, leaving to survive only those related to the reference direction of the collinear group. It also

10



1.2 Soft Factor

removes all the rapidity cut-offs. This is represented by the “hat" on the momenta exiting the hard
subgraph in Fig. 1.1. As a consequence, all the collinear parts are integrated 2-h soft factors and are
unity as well. Therefore, the only remaining effective region is the hard factor with all the extra hard
jets, giving the perturbative version of the original Sy_p,. This function can be computed by using
web technologies (see for example Ref. [24-27]): it exponentiates, and the exponent is given by the
sum of all the (multiparton) webs, i.e. closed sets of Feynman diagrams related by permutations on

the external lines. Schematically:

.\ low b _H 77 . .
SN-h(bT; W, yi, .]k) R /dD sz-,Telks'T br exp Z Z Fd(kS7T; u, yi, .]k)R((i,d2 Ca ¢
Wewebs d.de
graphs of W

(1.3)
where Ré“;} is the mixing matrix that combines the kinematic and color factors, F and c respectively,

of the diagrams belonging to the web W.

Eq. (1.3) provides a formula for the soft factor in the small-br region, but it cannot be trusted at
large values of br. However, factorization gives no indication on where the perturbative region ends.
Therefore, without any hint on the boundaries of the small-by regime, one has to separate it from
the large-br region by hand. An easy method consists in modifying the functional dependence of
gN—h with respect to Z;T by introducing a function B} (BT) such that it coincides with BT at small b7,
while at large br it is no larger than a certain byax. A possible choice, according to Ref. [19, 21, 71,
is given by: .
br

\/ 1+ b7 /b

Then, by dividing and multiplying gN-h by its small-b7 behavior, we can obtain an expression which

by (br) = (1.4)

holds valid at any value of b7:

gN-h(bTa H, yi, ]k)
SN-h (P55 1, iy Ji)

gN_h(bT, H, i, Jk) = gN-h(b;W H, Vi, .]k) X

27 ikg b . W .
= /dD zkszelkS'T bTexp Z Z Fd(kS,T;.uayi?.]k)R((i’dzcd/ XMS(bT;.LL7yi7.]k)7
Wewebs d.d'e
graphs of W

(1.5)

where Mg(br; W, {yi}i=1..n, {Ji}i=1..n) is the fully non-perturbative function that models the N-h

soft factor at large by, while the whole perturbative content is gathered in the webs.

IDifferent prescriptions can be found in the literature, see for example Ref. [28]
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Universality in hadronic scattering processes

In the t'Hooft limit?, the soft factor is strongly simplified. Regarding the perturbative part, the
only surviving diagrams are planar and the exponentiation becomes trivial. Furthermore, We can
also make some guess on the non-perturbative part which is, in principle, a fully arbitrary function,
since there is no way to extract it independently from experiments. In this limit the non-perturbative
contribution of gN-h only regards the incoherent emission of free glueballs, of every possible kind 3.
The function that models this kind of emission is a Poisson distribution, similarly to what happens
for photons in QED. In this regard, lattice QCD could play an important role for investigating the

properties of the long-distance behavior of N-h soft factors.

1.2.1 2-h Soft Factor

When the process involves two collinear parts, the soft factor connecting them is gZ-h‘ In this
configuration, there is always a reference frame where the two directions for the collinear parts can be
identified to the plus and the minus directions. Following the Collins factorization formalism, the
Wilson lines are tilted with respect to these light-like directions by introducing two rapidity cut-offs
y1 and y;. The original plus and minus directions are restored if the cut-offs are removed, i.e. by
taking the limits y; — o0 and y, — —oo. In total, there are four Wilson lines, two on each side of the
final state cut. The only relevant case for applications involves Wilson lines that replace fermionic
collinear partons. Hence, in the following I will drop the dependence on the parton types for simplicity.
Furthermore, the 2-h soft factor is color singlet, proportional to the identity matrix in color space,
ie. (§2—h)ij oc 8%, Then, Sy 1, is defined as the coefficient in front of the delta function. By using the
definition in Eq. (1.2) I have:

Spon(brs 1, y1 —y2) = Zs(1, y1 — y2) X
Tr, - -
% e W (=B /2, 00 (30) ) W (Br /2,055 mi (1)) %

X W (br /2,00, ny(y2) ) W (=br /2, 003 n2(y2))|0) [no s.1. (1.6)

where N¢ is the number of colors available for quarks and antiquarks (3 in QCD). The Eq. (1.6)
describes a loop for the full path outlined by the Wilson lines. It starts (e.g.) from —br /2 and goes
to br /2, passing through o, along the almost plus direction n;. Then it comes back, again passing
through oo, along the almost minus direction n;. Notice that the only Lorentz invariant combination
for a function depending on two rapidities (e.g. y; and y,) is their difference (e.g. y; —y2). It is
possible to write the evolution equation for S, _}, in the br-space with respect to both rapidity cut-offs,
y1 and y;, using a single rapidity-independent kernel K (br; ), often referred to as “Collins-Soper

2N¢ — oo and o Ne is fixed.
3In order to preserve unitarity the sum must run over all the possible final states.

12



1.2 Soft Factor

kernel" or “soft kernel" defined as [7]:

dlogSyp(brs ttyy1 —y2) 1=

li =—K(br; n), 1.7
S 3 Kri) 17
910gSyh(brs hy1—y2) 1~
=—=K(br; u). 1.7b
Jim s 5 K(br: p) (1.7b)
It has an anomalous dimension x:
dK (br; 1)
=_ 1.8
dlog[.L YK(aS(u))a ( )

where yx depends on u through the strong coupling ¢ and is independent of by. Then, K can be

written as: gy
Rbrs ) = R(ors o)~ [ w(aw)). (1.9
Lo

For large values of (y; — y,), the solution to the evolution equations Egs. (1.7) is given by:

va2-h(br; W, y1—y2) = sz-h(bT; Ho, 0) exp {y];yzl?(br; u)} + ﬁ(e‘(”‘”)), (1.10)

where the reference values of the RG scale and of the rapidities are chosen to be Ly and y1,0 = 2.0,
respectively. In the solution of the evolution equation, two functions appear: the fixed scale soft
factor gz-h(bT; Lo, 0) and the soft kernel K (b7; it). Both of them can be separated in terms of their
perturbative and non-perturbative contents by using the b* prescription, similarly to what was done in
Eq. (1.5):

Sy.n(brs po, 0) = Sy 4 (b5: o, 0) Ms(br) ; (1.11)
K(br; u) = K(b3; 1) — gk (br). (1.12)

Here, we are introducing the soft model My, which parametrizes the non-perturbative behavior of the
2-h soft factor that does not exponentiate. This is a new non-perturbative function that will have to be
treated phenomenologically and that will play a pivotal role in the scheme presented in this thesis. On
the other hand, the function gg is a well-known object, representing the non-perturbative behavior of

the Collins-Soper kernel. In fact, it will also appear in the study of collinear parts, as I will show in
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Universality in hadronic scattering processes

the next section. Finally, consistency between Eqs. (1.5) and (1.10) requires that:

. _27 ik b . — )2

lim [ d” ks e expq Y Y Fd(kS,TQl'Lyyi’Jk)Ré\i;} ca g =2 2y K(b7; 1);
;;:t: Wewebs d,d'c

graphs of W
(1.13a)

jim  Ms(brs f, y1—y2) = Ms(br)e™ 7" &xn); (1.13b)
Y2—r—o°
gz_h(b;; Uo, 0) = 1. (1.13¢)

Notice that the non-perturbative function Mg(br; 1, y1 — y2) loses its dependence on u in the large
rapidity limit, as gx does not depend on the RG scale. The two non-perturbative functions Mg and gx
should not contribute at small b7 by definition, hence they have to be constrained so that gg (br) — 0
and Ms(br) — 1 when by — 0. Furthermore, since the Fourier transform of §2-h has to be well
behaved, the contribution of gx and Ms should produce a proper suppression at large br. Notice
that the factor in front of gg, being proportional to the difference of the rapidity cut-offs, is always
large and negative in the large rapidity cut-off limit. In conclusion, merging the results obtained in
Eqgs. (1.9) — (1.13) and neglecting corrections that vanish in the large rapidity limit, the 2-h soft factor

in by space can be written as:

Sy (bri pto i —ya) = &2 Ul U (@) KO0y 2152 gir) (1.14)

This result shows that the soft factor itself can be factorized in a purely perturbative part, calculable
within pQCD, and a part which is genuinely non perturbative and, inevitably, will have to be committed

to a phenomenological model, in this case embedded in the functions Ms(br) and gk (br).

Although the definition of Eq. (1.6) implies that §2—h =1 at by =0, adirect fixed order perturbative
computation of K does not reproduce the correct behavior in this region. In this regard, since the soft
factor is unity at by = 0, then K goes to zero at small by, but an explicit calculation gives instead a
larger and larger value as by decreases, forcing §2-h to vanish in by = 0. This kind of problems arise
because the integrated soft factor can be defined through perturbative QCD only as a bare quantity. A
solution can be found by applying some regularization procedure, for instance one can modify the b*
prescription of Eq. (1.4) allowing for the introduction of a new parameter by 7 0 that provides a
minimum value for by (see Appendix A).

1.3 Collinear Parts and TMDs

Let’s now consider a generic collinear part. All the collinear particles are boosted very strongly in

the collinear group direction, that can be identified with the plus direction without loss of generality.
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1.3 Collinear Parts and TMDs

To them, everything outside of the collinear group is moving very fast in the opposite direction, so
fast that the only surviving information is the color charge and the direction. In other words, as seen
from the collinear factor, the rest of the process is well approximated by a light-like Wilson line
flowing in the direction opposite to that of the collinear group, i.e. directed along the minus direction.
Assuming for simplicity that the reference parton is a quark, if kr is the total transverse momentum of

the collinear group, then the collinear factor is defined as:

initial state,
NOS.L

- Tr, dk~
cO g % —oo) = € /7
]7h(§7 s 1, yp, ) NC (27T)D

final state,

D NOS.L

(1.15)

where the color average Trc/N¢ is due to the fact that collinear factors are color singlets and,
analogously to the 2-h soft factor, they are defined as the coefficient in front of the delta in color
space. The Wilson lines are directed along the minus direction and are considered without self
energy contributions. Furthermore, similarly to the soft factor (see discussion below Eq. (1.1)), the
definition in Eq. (1.15) refers to bare quantities, as expressed by the label “(0)". Therefore, it should
be considered as an operative definition, useful to perform explicit perturbative computations. The
variable & is the light-cone fraction of the momentum k of the reference parton, quark of flavor j, with
respect to the momentum P of the reference hadron 4, U is the renormalization scale at which C is
evaluated and yp is the (very large) rapidity of the reference hadron. The definition of & in the initial

and final state is given by:

X = P—i initial state hadron;
&= (1.16)

= k—I final state hadron,

Notice that in the collinear factors we have indicated the full vectorial dependence on kr. Differently
from the soft case, here the transverse momentum is not the only available vector: there is also at least
one more vector, the momentum of the reference hadron, allowing for interesting interplay effects
between, e.g. the spin of the parton and the hadron momentum, that constitute the core of all the rich
phenomenology related to spin physics. The other important difference with soft factors regards the
relation of collinear parts with the rest of the process. As opposed to the soft factor, the collinear
factor C defined in Eq. (1.15) is fotally blind to the rest of the process. It only depends on its intrinsic
variables, as the collinear momentum fraction and the total transverse momentum. This property
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Universality in hadronic scattering processes

generates different degrees of universality between soft and collinear contributions and it will be

central in defining a criterion to classify general hadronic processes.

In the Fourier conjugate space, collinear parts are formally defined in terms of QCD operators.
We have:

@j,h(éa BT; u,yp, —oo) = /dD_ziéT eikT.bT Cj,h(é> 7€‘T; Hu,yp, —oo) =

Tre dx~ it

-_— —-—€ X

Nc¢ 2n

(P (W)W (—x/2) W;(—x/2, x/2; W) O (x/2)|P (h)) |nos1. initial state,

=Zc(u, yp, —0) Z (as(p))

(

(1.17)

e =

final state,

X Z (P(h),X; out|W(0)(—x/2) W;(—x/2,00; W)T|O>><
X

(0|W;(x/2,00,7) w'® (x/2)|P (h), X; out) [No s.1.

where x = (O,x‘,BT) and w is the light-like minus direction of the Wilson line. Since the Wilson lines
are defined with bare gluon fields, the (anti)quark fields in the previous definitions are bare too. The
wave-function renormalization counterterm Z, restores the renormalized fermion fields. The factor
Zc¢ is the UV-counterterm that, order by order, cancels the poles generated by the stretching of the
integration outside the collinear momentum region defined through power counting. Its role is totally

analogous to the UV-counterterm introduced for soft factors in Eq. (1.2).

Differently from the soft case, here there is another type of unregulated divergences due to
the light-like direction of the Wilson line. In fact, this implies that the collinear group defined
by C, strongly boosted along the plus direction, includes also particles with a low, or even a very
large negative rapidity. This contradiction reflects in the computation by inducing the presence of
unregulated infinities, known as rapidity divergences. In the Collins factorization formalism, this
problem is solved by subtracting out these unphysical contributions from the collinear factor. The
subtraction term coincides with the overlapping of the collinear momentum region with the soft
momentum region and hence it describes particles which are soft-collinear: being collinear, they see
the rest of the process flowing fast along the opposite (minus) direction, but being soft, they feel the
collinear group as if it were strongly boosted along the plus direction. Therefore, such subtraction
term is a 2-h soft factor (see Eq. (1.6)), with a light-like Wilson line pointing in the minus direction
and a Wilson line slightly tilted off the plus direction. This tilting introduces a rapidity cut-off y;
that regulates all the rapidity divergences associated with the definition of Eq. (1.17). Therefore, in
one shot, the subtraction mechanism regulates the rapidity divergences of collinear factors and also
cancels the double counting of the soft-collinear contributions. As a result, the subtracted collinear
factors will give a correct description of truly collinear particles, i.e. quanta with low transverse
momentum and large positive rapidity. In fact, after subtraction, the particles in C can only have a

rapidity y such that y; <y < yp ~ 4oo. Hence if y; is chosen to be sufficiently large, only strongly
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1.3 Collinear Parts and TMDs

boosted particles in the plus direction contribute to C, according to the naive physical intuition. The

final definition of the subtracted collinear factor is:

c)(&,B
Z8 (1, yp —y1)Za (as(w))  lim Cun(&bri oy~ o). (1.18)

Sub( —5—o0 (0)
Yy Sy n(brs 1y y1 = Yus )

E,bri i, yp—y1) =

where the label “(0)" means that the corresponding factors are bare functions of bare fields.

Having given the general definition of collinear factors, TMDs can be obtained quite straightfor-
wardly. In fact, as C is an operator acting onto the space of Dirac spinors, it belongs to the Clifford
algebra built from the Dirac matrices {y* }. Neglecting all the dependences on partonic and hadronic

variables, the expansion on the basis of this algebra gives:

CU = T4V y + PPy +i PP +iTH oy (1.19)

The TMDs are related to the coefficients .7, 7, ..., THV of the expansion. Such coefficients can be
further expanded in terms of all the Lorentz tensors contributing to the leading twist approximation
(see e.g. Ref. [29]). This allows to isolate all the dependence on the vector part of br leaving a set
of scalar functions depending only on the modulus b7. These scalar functions are the TMDs. For
example, the coefficient of y* defines the unpolarized TMDs and the Sivers function:

11d 7 i e
T — ST Xk initial state,
y+ D <},+Csub> _ fi =l f f‘flT (1.20)
4 — ISt x ki r|Di7  final state.

The definition in Eq. (1.18) naturally extends to TMDs:

sub Trp sub t lie idingff
" (&, brs i, yp—y1) = v ( (&, bry p, yp — yu)>wscoe'=
leading
TzrlD (1—*(65021(57 B’T; 1, yp 7yu2)>twist coeff.

= (Zrw) (1, yp —y1) Z2 (as(1))  lim — —
TMD Yuy —>—0° S(zo)h(bT; u Vi —yu2)

. b
= (Zowo) (1, yp —y1) Z2 (065 (1)) 1gnm Z))(é T 1, yp —Y1))
Yo Sy, (brs 1y Y1 —Yuy)

(1.21)

where I is the proper Dirac matrix combination to extract the desidered TMD and Zy, is its own UV
counterterm. The label “leading twist coeff." means that the TMDs are obtained, after the projection
onto the Clifford Algebra, as the coefficients of the expansion at leading twist. The operator definition
of TMD as given in Eq. (1.21), which follows directly from the TMD factorization will be referred to
as the factorization definition. Notice that within this definition, the TMD describes purely collinear

particles, as all the soft-collinear contributions have been subtracted out.
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Universality in hadronic scattering processes

In this section, the TMDs have been presented as totally process-independent objects. However,
the expansion of Eq. (1.19) also includes terms which do not obey to time-reversal invariance, even at
leading twist. TMDs associated to such terms change sign under time reversal transformations, hence
are called T-odd TMDs. They are particularly relevant in processes involving initial state hadronic
interactions, as Drell-Yan and proton-proton collisions. In fact, the property of being T-odd crucially
follows from the action of the time reversal operator on the direction of the Wilson lines appearing into
the TMD definition. In particular, future pointing Wilson lines, associated to final state interactions,
are mapped into (sign reversed) past pointing Wilson lines, associated to initial state interactions
[30]. An important consequence is that T-odd TMD PDFs, when extracted from SIDIS, have the
opposite sign with respect to the same TMDs extracted from Drell-Yan [31-35]. Such effects concern
controlled and calculable violation of universality, as the TMDs in different reactions can be related
to each other [7].

1.3.1 Evolution Equations for TMDs

In the factorization definition* of TMDs, Eq. (1.21), a 2-h soft factor appears as a consequence of
the subtraction mechanism. Therefore, the results of Section 1.2.1 can be used to write the evolution
equation (Collins-Soper evolution) for C with respect to the rapidity cut-off y;. On the other hand,
the evolution with respect to the scale u (i.e. the Renormalization Group evolution) is ruled by the

anomalous dimension }¢. The equations are given by:

8log5j,h(?§, briu, &) 1=

=-K b ,,u 9 1
aIOgCN‘jﬁ(é,bl;.uaC) ; b
1 = VC <aS(.u)7 2> I (122 )

which, for later convenience, have been re-written in terms of a new variable, £, defined as follows:

¢ = (Myx)* 0P initial state hadron;

2 (1.23)
= (%) e20»=y1)  final state hadron,

where M}, is the mass of the reference hadron, while x and z are the light-cone fractions of the
momentum of the reference parton with respect to the hadron. Thanks to the definitions in Eq. (1.16),
in both initial and final states the following relation holds: { = 2(k*)%e~2". Together with the RG
evolution of K given in Eq. (1.8), the CS evolution of Y follows from Egs. (1.22):

2
o (;‘fég )\’/g/ w) S (os(w)), (1.24)

“In the following, I will drop the superscript “sub" since, from now on, I will always refer to subtracted quantities.

18



1.3 Collinear Parts and TMDs

which gives:
1 ¢
Yo (as(u), §/u?) =y (os(p), 1) — ZYK(OlS(#))IOg 2 (1.25)
Finally, it is a standard result that the solution of TMDs evolution equations reads [7, 36, 37]

Crn(&.bri, §) = (€ (b po, Q) @ crn(io) ) (€) x

TMD at reference scales

coxp { 3RO oy tog g+ [ ielostu), 1)~ s Tow | |

Perturbative Sudakov Factor

% (Mc), , (&, br) exp{—igK(bT) logc} (1.26)
o

Non-Perturbative content

where the standard choices for the reference values of the scales are’:

2e
== " (1.27a)
T
G = 12 (1.27b)
o= (Myx)* initial state;
0= ) (1.27¢)

— 2
$o= <%) final state.

In the solution of the evolution equation the b7 prescription, Eq. (1.4), has been used in order to
separate the perturbative from the non-perturbative content, in complete analogy to what was done
for the soft factor in Section 1.2.1. In particular, in Eq. (1.26), the non-perturbative behavior of the
TMD is described by two functions. The first is gk, the same function that appears in Eq. (1.14),
describing the long-distance behavior of the Collins-Soper kernel. The second is the TMD model
function (Mc); ;, (&, br), that embeds the genuine non-perturbative behavior of the TMD. It is the
collinear counterpart of the soft model but, in contrast, M¢ does not depend only on bz, but also on
the collinear momentum fraction &, the flavor of the reference parton and the type of reference hadron
associated to the collinear part. By definition, the model should not influence the TMD at small by.
Furthermore, since the Fourier transform of the TMD has to be well behaved, the model should be

sufficiently suppressed at large b7°. These properties restrict the behaviour of the non-perturbative

SNotice that the reference value of { is different in the perturbative and in the non-perturbative parts.
This follows from the application of the evolution equation to C(&, br; to, §o)/C(&, b%; Ho, §p), which gives
Mc(br) exp(—1/4gk (br)log&o /&) -

6 Although the function gx gives a suppression factor in Eq. (1.26), it is modulated by (minus) the logarithm of ¢ and
consequently it may create problems when the rapidity cut-off becomes too low.
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function M at small and large by as follows

blrigloMc(. b)) =1; blTigleC(. ..,br)=0. (1.28)
The small-b7 perturbative behavior is obtained with a procedure analogous to that used for soft factors.
Also in this case, the Fourier transform acts as an analytic continuation of the TMD (and in general of
the collinear factors) outside the collinear momentum region defined by power counting. Then, in the
small-b7 region, the TMDs can be further factorized in order to expose their hard, soft and collinear
contributions. Once again, this gives a collinear factorization theorem that leads to a convolution of a
finite (calculable in perturbative QCD) hard coefficient € with the TMD integrated over 7<'T, which
are the usual PDFs and FFs. The structure is the Operator Product Expansion (OPE) in the r.h.s of the
first line in Eq. (1.26):

Cin(&, brip, &) 7

N (‘g/ kbr; u, ©) ®fk/h(u)> (x) initial state,
~ (GHbr Q)@ an(n)) (€)=
A (a’h/k(u) ®<5~kj(br; u, C)) (z) final state.
(1.29)

where %Zk are the Wilson Coefficients of the OPE, which are matrices in the flavor space. A sum
over flavor k is implicit. In the second line of Eq. (1.29) I distinguish the Wilson Coefficients of the
initial state from those corresponding to the final state according to the position of their upper and
lower flavor indices. For more details on the convolutions see Appendix A. The integrated TMDs
are indicated by lowercase letters; in particular ¢ j, denotes a generic integrated TMD, while f and d

label usual PDFs and usual FFs, respectively.

Finally, a comment on integrated TMDs. Their definition suggests that they must coincide with
the Fourier transformed TMDs in b7 = 0. However, perturbative QCD fails to give the right result
in by = 0 because of the new UV divergences introduced by the integral over the whole range of k7.
The most evident signal of this problem is that c goes to zero as by — 0 and the usual collinear PDFs
and FFs are not recovered. This problem is completely analogous to that encountered in Section 1.2.1
and it can be solved in a similar way, by defining a regularization procedure for the definition of the
integrated TMDs (see Appendix A).

1.4 N-h Universality and Process Classification

The soft and collinear factors presented in the previous Sections play a leading role in the study

of non-perturbative QCD. In fact, they encode the long-distance phenomena at the heart of the
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hadronization and confinement and hence they offer a unique perspective to investigate the inner
properties of strong interactions, through the phenomenological analysis of hadronic processes. The
universality of the non-perturbative part of the factorized cross section is then a necessary requirement
to have a predictive theory. In fact, if the non-perturbative quantities had to be extracted again for
each individual process, the phenomenological analysis of a hadronic cross sections would be reduced

to a mere fit of experimental data.

However, soft and collinear factors have a different level of universality. If being universal is the
property of being forally process-independent, then only collinear parts (and by extension TMDs) can
satisfy this requirement’. In fact, the factorization definition, introduced in Eq. (1.21), implies that
TMDs are completely blind to the global features of the process, like kinematics, as they depend only
on their internal variables, i.e. the collinear momentum fraction £ and the transverse momentum kr
of the reference hadron with respect to the reference parton. On the other hand, as pointed out in
Section 1.2, soft factors are not completely process-independent. In fact, they depend on the number
N of the collinear factors involved in the factorized cross section, each related to its reference parton
of type j and to its reference hadron /. Therefore, they are not insensitive to the kinematics of the
process in which they appear, because they depend both on the number of the Wilson lines replacing
the collinear parts and also on their color representation, which is fixed by the parton type j and
differs from quark and gluons. However, at fixed N and for reference partons of the same kind, soft
factors are actually the same, modulo crossing symmetry. Clearly, this is a lower level of universality
compared to collinear factors.

Since N is the number of reference hadrons participating to the hadronic process, in the following

I will define this property as N-h universality. Hence, schematically:

process dependent _ N-h universal _ universal

(hard parts) < (soft factors) < (TMDs) (1.30)

where the symbol “<" means “less universal than" and TMDs are intented to be defined through the
factorization definition of Eq. (1.21). Eq. (1.30) introduces a hierarchy based on universality. The
lowest level is occupied by quantities, like the hard part, that are completely process dependent but
fully computable in perturbation theory. At the top of the hierarchy there are quantities, like collinear
factors and TMDs, that are absolutely process independent: they carry non-perturbative information
but their universality properties guarantee that they can be extracted from one particular process and
then used in any other. In the middle there are quantities which are only N-h universal, like soft
factors. As they carry non-perturbative information, they cannot be computed perturbatively. They too
have to be extracted from experimental data, but they can only be used for the processes involving the
same number of collinear groups. As a consequence, N-h universality can be exploited to introduce a
general way to classify hadronic processes. Formally, a process belongs to the N-h class if it globally

involves N collinear parts, which can appear in the initial and/or in the final state, in all possible

"Here, I am not considering the violation of universality associated with T-odd TMDs, discussed at the end of Section 1.3.
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combinations and for all the allowed kind of reference partons. This is a very simple criterion, as
it does not take into account anything but the numbers of hadrons appearing in the signature of the
hadronic process. Then, for instance, e~ p — X and pp — u~ u™ belong to the 2-h class, while
pp — ©X belongs to the 3-h class. Furthermore, kinematics is not considered for this classification.
Therefore, the processes are classified independently of the factorization scheme (collinear or TMD)
required to get the corresponding factorization theorems. For example, ete™ — hy hy belongs to
the 2-h class when the two hadrons are almost back-to-back, where TMD factorization holds, but
also when the two hadrons are far from the back-to-back configuration, where instead collinear
factorization works.

Different N-h class means different soft factors, as Sy, is N-h universal (modulo crossing
symmetry and the possible color representations of its Wilson lines). However, belonging to different
N-h classes does not affect the the universality of the TMDs, as long as they are defined through
Eq. (1.21). This is a crucial issue. In fact, the definition commonly used for TMDs differs from the
factorization definition introduced in the previous section, as it combines purely collinear facors with
§2—h factors. This is mainly due to historical reasons, since originally TMDs were defined within the
2-h class, in order to make the related TMD factorization theorems suitable for phenomenological

analyses of SIDIS and eTe™ — hy hy X processes.

1.4.1 The 2-h Class

Until 2019, when the BELLE Collaboration provided the first measurement of the e*e™ — h X cross
section, differential in the transverse momentum of the detected hadron with respect to the thrust

axis [8], only three processes were almost exclusively used to study TMD physics:
* ¢Te ™ annihilation into two almost back-to-back hadrons;
¢ Semi-Inclusive DIS (SIDIS) for small values of transverse momentum of the detected hadron,
* Drell-Yan scattering, for small values of transverse momentum of the lepton pair

These three processes involve in total two collinear parts, distributed in all the possible combinations
among initial and/or final state. Therefore, the triplet {/I — hy ho; Lhy — Lhy; hyhy — 11} forms the
2-h class and all these three processes share the same® soft factor gz_h. This result can be proved

formally, see for instance Ref. [7]. Their TMD factorization theorems can be schematically written as:

dor.

dGdEdir Hprocess/dzzT et Cy (&, br, yiy — y2) Sop (bry yi —y2) Ci (1, bry s ym — 1)

(1.31)

8Notice that in this case charge conservation allows only two fermions as reference partons.
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1.4 N-h Universality and Process Classification

where &; for i = 1, 2 is the light-cone momentum fraction of hadron &; with respect to the associ-
ated reference parton, while gr is the transverse momentum of the virtual boson that mediates the
interaction. In ete™ — hy hy it is related to the relative angle between the two hadrons, in SIDIS
it is proportional to the transverse momentum of the detected hadron and in Drell-Yan scattering
it is the transverse momentum of the lepton pair. Then the TMD factorization theorems presented
in Eq. (1.31) are valid when g7 is small compared to the hard energy scale Q that characterizes the

process (c.m. energy in e” e~ annihilation and Drell-Yan scattering, total momentum transfer in
SIDIS). In Eq. (1.31), Hprocess s the process-dependent hard factor. The soft gluon contributions are
encoded into the soft factor gZ-h’ defined formally in Eq. (1.6) and written explicitly as solution of
the evolution equations in Eq. (1.14). The two TMDs C 1 and 52 are associated to the two hadrons 7
and h; and describe pure collinear particles, as they are defined through the factorization definition
of Eq. (1.21), which leads to the form presented in Eq. (1.26). By using the given definitions for the
soft factor and the TMDs, the cross section of Eq. (1.31) does not depend on the rapidity cut-offs y;
and y;. In total, there is a minimum of four non-perturbative functions that need to be extracted from

experimental data:

* gx(br) defined in Eq. (1.12), that describes the long-distance (large b7) behavior of the Collins-

Soper kernel;

* The soft model Ms(br) introduced in Eq. (1.11), that encodes the long-distance behavior of the
non-exponentiating part of §2-h;

 The two TMD models M;(&;, br), that play the same role of the soft model in the TMDs. In
principle, besides the dependence on b7, they can depend also on the light-cone momentum
fraction &;, on the flavor of the reference parton and on the type of reference hadron, see
Eq. (1.26)

Clearly, the phenomenological extraction of three unknown multivariate functions is a very difficult
task, even combining all the available data on the three reference hadron processes. In particular, My is
really problematic. It is not associated directly to the observed hadrons and it is always entangled with
the TMD models. This is due to the intrinsic correlation between the two collinear parts induced by the
soft factor in Eq. (1.31). In conclusion, to make the formula in Eq. (1.31) suitable for phenomenology,

we should try and reduce the number of non-perturbative unknown functions.

Remaining within the 2-h class, a brilliant way to solve this problem is to absorb the contribution
of the soft factor into the TMDs. Let’s consider the combination of soft and collinear contributions in

Eq. (1.31); by writing explicitely the factorization definition of the TMDs we have:

Ca(&, br, yn, —y2)§2-h(br, y1=y2)Ci (€1, br,yn, —y1) =

Cos-(Ey, by, Yu, — Vi) < Guns. (& po oy
— ILH}FDO 2_ (§2a T5 Yu, yhz) Sz_h(bTa Vi *)’2) L (élv T5 Yh yuz)
Yo S2-n(brs yu =2) S2-h (b1 Y1 = Yu,)

Yup —>—0°

(1.32)
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Universality in hadronic scattering processes

All three soft factors in the previous equations have the same functional form, but they are functions
of different combinations of rapidities. Therefore, they can be re-organized by re-defining the TMDs
as (see for instance [7, 37]):

Cvlsqrt(él ) ZT;IJ’? )’hl _Yn) -

- - Sy w(br: _
— limmCinS'(él,bT;u,yhl—yuz)\/~ 2h(BT3 1 Y = In) . (1.332)
Y SZ—h(bT; My Yu *yuz)SZ—h(bT;uaynfyuz)

Yuy —>—0o0

Gy (&, bry, Yo —Yiy) =

~ - Sop(br; s Vn—
:)limmCSHS'(é%bT;Ha)’ul—)’hz)\/~ 20(brift Yo~ o) . (1.33b)
M So-n (b3 1 Yuy = Yin) Sooh (73 1 Yy = Y)
uy

This TMD definition is often referred to as the square root definition. There are many advantages
to it. First of all, a single rapidity cut-off y, is sufficient to regularize all rapidity divergences.
Furthermore the Collins-Soper evolution equations are unified and symmetrized. The product of
Egs. (1.33a) and (1.33b) reproduces the same combination of Eq. (1.32). As a consequence, the 2-h
cross sections assume a ‘“‘Parton-Model"-like structure, where all soft gluons are reabsorbed into the

TMD definition, very convenient for phenomenological applications:

dos. ST~ ~ ~
76{51 dg;;lc_jT = Hprocess /dsze igr-br Cz(‘Sz, br, yn, —») Sz-h(bT7 yi—y2)C (51’ br, ,yn, —y1) =
= Hoprocess / d*br e G (Ey, br, yiy —ya) CY (E1y bry s Yiy — Yn)- (1.34)

This re-definition of collinear factors actually decreases by one the number of non-perturbative
unknown functions to be extracted from experimental data. In particular, the soft model My is
absorbed by the TMD models M;. This result can be obtained by comparing directly the factorization
definition of Eq. (1.21) with the square root definition of Eq. (1.33a) (the comparison with Eq. (1.33b)
is totally analogous). Since the unsubtracted TMDs are the same in the two definitions [7], the
comparison proceeds straighforwardly by exploiting the expression given for the 2-h soft factor in
Eq. (1.14). We have:

Co(E, by b, yp—Yn)

C(&, br; 1, yp —y1)

. gz_h(bﬁﬂa)’ul _yl’l) I
= lim = = So_n(brs 1y Y1 —Yu,) =
Yy _H—OQ\/SZ-h(bT; Ky Yu, _yuz)SZ-h(bT; KU, yn _yuz) ’

yu2‘>7°°

_ /7MS(bT) y e()‘l;y‘n) I}(b’};u) o ()’1;)%) gk (br) ’ (135)

24



1.4 N-h Universality and Process Classification

This is an exact result, since all the neglected errors of order & (e™!, e™>») As a consequence, the

two definitions are related as:

C*(&, br; y yp —y1) = /Ms(br) x C(&, brs , yp —y1). (1.36)

Therefore, the TMDs defined with the square root definition are obtained from the TMDs defined
with the factorization definition simply multiplying them by a square root of the soft model Ms. This
is a very important result, as it shows that the choice of TMD definition only affects the long-distance
behavior of the TMDS (at large b7) while having no impact on the perturbative part. Consequently,
in momentum space, C % will differ from C mainly in the small k7 region. In other words, the
absorption of the soft gluons contributions into the collinear parts can be interpreted as a deformation

of the TMD models, which in the two definitions are related as’:

MZ(E, br) = Mc (&, br) x /Ms(br), (1.37)

where the dependence of M on the flavor of the reference parton and on the kind of reference hadron
has been omitted for simplicity. Then, the fact that the product of C fqrt and 5; an gives exactly the
same combination of Eq. (1.32) follows straightforwardly, since:

M (&, br) Ms(br) M1 (&1, br) = My (&, br) My " (&1, br). (1.38)

In conclusion, the square root definition offers an ideal framework to perform the phenomenological
study of the 2-h class of processes since, as a result of the manipulations that lead to Eq. (1.38),
it succeeds in reducing the number of unknown non-perturbative functions appearing in the cross
section.However, the square root definition makes it impossible to disentangle the non-perturbative
soft effects due to Mg which, instead, remains explicit when using the factorization definition for
the TMD. Distributing the 2-h soft factor to the two TMDs as in Eq. (1.34) lowers their level of
universality, as it contaminates the truly universal collinear parts with an object like §2—h which is
universal only inside the 2-h class. On the other hand, abandoning the square root definition of the
TMDs in favor of the factorization definition, will force us to face the soft factor problem and take a
new (and potentially very hard) challenge: reformulating the way we do phenomenology, in terms of
newly defined fundamental objects, where the soft factors are modeled explicitly rather than absorbed
in the definition of the TMDs.

9This relation holds only in one direction: if TMDs are re-defined through the square root definition, then their non-
perturbative models are related to their counterparts in the factorization definition through Eq. (1.37). However, there are
cases in which M is multiplied by /Mg but the definition of Egs. (1.33) is not recovered.
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Universality in hadronic scattering processes

1.4.2 The 1-h Class

Processes that involve only one reference hadron are DIS and [/~ — h X, where one single hadron
appears either in the initial state or in the final state. Any TMD observable derived from them
necessarily requires the measurement of one additional quantity, to specifies the direction with respect
to which the transverse momentum is considered. In the 2-h class this is not necessary, as the
direction of one of the hadrons provides a natural reference. The direction of the relevant parton is
indeed the most natural choice to investigate the 3D structure of hadrons and, for annihilation events,
this direction coincides with the axis of the jet in which the hadron is detected. In such case, the
determination of the thrust axis is a valuable experimental estimate of the fragmenting parton direction
(see Appendix B). In the Collins factorization formalism this additional variable is not taken into
account, since the reference parton can be directed along any direction as long as it does not deviate
too much from that of the reference hadron. The implementation this kind of information into the

formalism presented in Sections 1.2 and 1.3 will be investigated in the next Chapters.

Furthermore, the two above mentioned processes of the 1-h class have another common feature.
Both in DIS and in e*e™ — hX there is always at least one collinear factor which is not associated
to any observed hadron. This peculiar situation appears anytime real emissions, carrying a large
transverse momentum, are produced in the hard scattering. Then, each of these highly transverse
partons generate an independent jet of particles in the final state. If no hadrons are detected in
these jets, then the associated collinear factors do not have any reference hadron. At any order
in perturbation theory, there is no final state escaping the cut and the whole collinear subgraph is
completely crossed by it. As a consequence, the collinear divergences associated to the collinear
factor can be consistently avoided by deforming all the integration contours in the UV momentum
region. The neat effect is that such collinear contributions become fully perturbative objects, as well
as the hard factor. For a rigorous proof see Ref. [7]. Therefore, in the following, I will refer to these
highly transverse jets as “hard jets". The processes belonging to the 1-h class are, intrinsically, much
more inclusive than those belonging to the 2-h class. Therefore, they always present (at least one)
perturbative collinear factor, even when kinematics forbids the production of hard jets, i.e. for small
values of momentum transfer in DIS or for a 2-jet final state topology in annihilation processes. This

is pictorially represented in Fig. 1.2.

On the other hand, the role of soft gluons in the 1-h class is not so obvious. In general, when
TMD effects are not considered, if there is at least one hard jet, then the whole soft factor of the
process becomes trivial. This is a fundamental issue in deriving collinear factorization theorems and
can easily be understood in terms of momentum conservation. In fact, the soft transverse momentum
is inevitably overpowered by the large transverse momentum of the parton that generates the hard
jet, and hence it can be neglected. As a consequence, the soft factor is integrated and becomes unity.

This follows straightforwardly from the operator definition of Eq. (1.2) and it is shown explicitly for
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1.5 Conclusions

(a) (b)

Fig. 1.2 Pictorial representation of hadronic tensors in DIS (a) and in [/~ — A X (b). In both cases, a
parton generated in the hard scattering is associated to a collinear factor completely crossed by the
final state cut and hence computable in perturbation theory. The soft gluon emissions are not shown.

gz-h in Appendix A. For a rigorous proof see Ref. [7]. When the soft factor is trivial, it is common
to gather all the perturbative collinear factors associated with the hard jets together with the hard
subgraph, in order to join all the perturbative contributions into a single object, which plays the role
of a partonic cross section. However, when TMD effects are taken into account, there are kinematics
configurations that forbid the production of hard jets but nevertheless still allow for the presence of a
perturbative collinear factor. In this cases, the soft transverse momentum is unavoidably connected to
the transverse momentum of the collinear parton associated with the jet, and hence it can be somehow
accessed experimentally. This issues will be addressed in the next Chapter, where I will consider the
case of ete™ — hX, in the case where the thrust axis is determined.

1.5 Conclusions

Following the Collins factorization formalism, soft factors and TMDs are defined as in Section 1.2
and 1.3, respectively. They both are fundamental objects in developing factorization theorems, as
they encode the non-perturbative behavior of QCD. They are universal, but in a different manner:
while TMDs are truly universal objects and once extracted they can be used in any cross section that
requires their contribution, soft factors have a minor degree of universality. They can be considered
universal in the same sense of TMDs only for processes with the same number N of collinear parts.
Such property has been defined “N-h universality" in Section 1.4 and hadronic processes have been
classified in NV-h classes according to it. The 2-h class is a particularly relevant case, since the classic
TMD factorization theorems for eTe~ annihilation into two hadrons, SIDIS and Drell-Yan have
been determined within it. For this reason, the commonly used definition for the TMDs is not the
factorization definition presented in Eq. (1.21), but rather the square root definition of Egs. (1.33), in
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Universality in hadronic scattering processes

which the soft factor §2-h appearing in the 2-h cross sections is absorbed into the TMDs themselves.
Such re-definition of collinear factors is optimal for the 2-h class, as it beautifully simplifies the 2-h
cross section making it suitable for phenomenological applications as shown in Section 1.4.1. As long
as we restrict to 2-h processes, the square root definition constrains the phenomenological analyses
enough to allow for the extraction of the non-perturbative functions appearing in the cross sections, at
the cost of a total loss of information about the long-distance behavior of the soft factor, since the soft
model My is completely absorbed into the TMDs and does not play an active role in the factorization

theorems anymore.

In the next Chapters, I will consider e"e~ — hX, which is a 1-h process. Therefore, it must
present a soft factor different from §2-h- The square root definition of TMDs cannot be extended
to this process straightforwardly, as we have at most to compensate for the differences of the soft
gluons contribution. The methodology proposed in this thesis aims to follow a different approach.
Instead of using the TMDs defined with the usual square root definition, I will adopt the factorization
definition as fundamental. In this way, TMDs keep their universality and can be used also outside
the 2-h class. Also, soft factors are promoted from mysterious black boxes to active characters
in phenomenological analyses. In fact, in this framework their non-perturbative content must be
extracted from experimental data as well as that of the TMDs. In particular, combining the data
of ee™ — hX with the data of 2-class processes, it would be possible to access directly to Ms. In
other words, in this framework phenomenological analyses are constrained not by decreasing the
number of non-perturbative unknown functions, but instead by increasing the number of processes
that can be exploited. In this regards, Eqs. (1.36) and (1.37) are particularly important from the
phenomenological point of view, as they relate the TMDs obtained from data analyses based on the
square root definition to the TMDs extracted using the factorization definition. The simple relation
between the two definitions allows to profit of the past experience and to benefit of all the results
obtained in previous analyses, while extending the scheme to all those processes which could not be
considered before, because they belong to a different hadron class. Special experimental efforts will
be required in order to gather a large number of high quality data corresponding to several different
processes, which will then be analyzed simultaneously in a completely consistent framework. The
latest analyses of the BELLE Collaboration and the current plans towards the realization of a new
Electron Ion Collider (EIC) are indeed moving towards this direction [8, 38—40].
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Chapter 2

ete” — hX as a 1-h class process

2.1 Introduction

Recently, the BELLE collaboration has measured ete™ — hX cross section, as a function of Pr,
the transverse momentum of the detected hadron with respect to the thrust axis [8] at a c.m. energy
of about 10 GeV. This can be considered a break-through measurement in the investigation of the
3D structure of hadrons, as it offers a direct glance to the transverse motion of the fragmenting
partons. Here the role of partons transverse momenta can be explored through a slightly different
perspective with respect to the usual TMD processes that, during the last twenty years, have become
the benchmark of TMD studies:, ete™ — hy hy, SIDIS and Drell-Yan scattering. These data [8], rich
of information and characterized by very high statistics, might allow to perform phenomenological
analyses of an unprecedented quality. On the other hand, the theory community has been facing
several difficulties in developing suitable TMD factorization theorems for this process, which hides a
series of pitfalls that other TMD processes do not present.

The Collins factorization formalism, as presented in Ref. [7], cannot be directly applied to
ete” — hX. According to the classification introduced in Section 1.4, having only one hadron
detected in the final state, the process considered by BELLE falls into the 1-h class. Therefore, the
contribution of the soft gluons is described by a soft factor different from that appearing into the
2-h cross sections. As a consequence, the cross section of ete~ — hX cannot be casted in a form
that allows to define the TMDs in the conventional way, i.e. by including part of the soft radiation
generated in the process inside the TMDs themselves through the square root definition, Eq. (1.33).
This is a serious impediment which endangers the possibility to exploit the valuable information
encoded in the BELLE experimental data in phenomenological studies. On the other hand, the
factorization definition introduced in Eq. (1.21) preserves the universality properties of the TMDs
by leaving out any process-dependent soft content. One intriguing consequence of adopting this
definition is that soft factors must now play an active role in phenomenological analyses, as their

non-perturbative content has to be extracted from experimental data as well as the TMDs.
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ete” — hX as a 1-h class process

Event-shape variables are extremely important tools for studying hadronic processes, as they are
safe from soft and collinear divergences and have reduced experimental uncertainties. In particular,
one of the most used event-shape variables is thrust, defined in Eq. (B.13). Its value T describes the
topology of the final state of the process, ranging from 7" = 0.5 for a perfectly spherical symmetric
distribution to 7 = 1. for an exactly pencil-like event. In the intermediate configurations, the particles
in the final state group gather and generate the jets: thrust keeps track of the number of jets, which
decreases as T increases. In particular, the number of jets corresponds to the total number of collinear
factors in the final state, whether they are associated to a reference hadron or not. Therefore, the
classification of hadron processes is not affected by the value of 7. In other words, ete™ — hX
belongs to the 1-h class regardless of its final state topology.

*¢~ annihilation into a

The measurement of thrust is crucial to get a TMD observable from e
single hadron. In fact, the thrust axis provides a valid estimate of the axis of the jet in which the
hadron is detected, which coincides with the direction of the fragmenting parton (see Appendix B for
further details). Hence, according to the discussion in Section 1.4.2, the determination of the thrust is
that further information that specifies the direction with respect to which the transverse momentum of
the detected hadron has to be considered. On the other hand, the value of T also introduces a further
correlation among the momenta generating the soft and the collinear subgraphs, in addition to the
usual correlation induced by momentum conservation.

The aim of this thesis, and in particular of the following Chapters, is to provide a consistent
framework in which solid TMD factorization theorems can be developed for the eTe™ — h X scattering
process, on the basis of the definitions presented in Chapter 1. The factorized cross section will be

differential in three variables:
» The fractional energy z;, of the detected hadron, defined in Eq. (B.7);
e The thrust T, defined in Eq. (B.13);

e The transverse momentum Pr of the detected hadron with respect to the thrust axis, assumed to

be the direction of the jet to which % belongs, the same direction of the fragmenting parton.

A very detailed description of the eTe™ — HX kinematics, with special focus on the configuration of
the BELLE experiment, is presented in Appendix B.

2.2 General structure of the cross section

Regardless of the final state topology, the general structure of the cross section of ee™ — hX is given
by the Lorentz contraction of a leptonic tensor Ly, corresponding to the initial state configuration,

together with the hadronic tensor W}f‘ ¥, which describes the strong-interaction contribution to the
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2.2 General structure of the cross section

process. Labeling P the momentum of the detected hadron, we have:

do 402

- —— = LW, 2.1
(@P/2Ep)  a2Prar  ©° !
LAB

where the Lorentz invariant phase space measure of P is intended to be expressed in the LAB-frame:

d’P 2 M?
<2EP> = %Zhdzhdcosedq) {1 +0 <Q’2’>] , 2.2)
LAB

where 0O is the angle of the detected hadron relative to the electron, while ¢ is its angle with respect to
the X-axis in the LAB-frame. The cross section measured by BELLE is insensitive to the value of 0,

as well as the azimuthal angle' ¢, hence in the final result they will be integrated out. Therefore:

do o?
= =Z
dzyd2BrdT 20

2 1 .
/ d¢ / dcosOLyy W} (z, T, Pr). (2.3)
0 -1

These angular integrations can be easily carried out after giving the explicit definitions of the leptonic

and the hadronic tensor.

The leptonic tensor is defined as the lowest order of the electromagnetic vertex ete™ — y* with

unpolarized leptons, and it is given by:
Y =1 +51—g"Vi b, (2.4)
where, as in Appendix B, /; and /, are the momenta of the electron and the positron, respectively.

The hadronic tensor Wf ¥ depends on the momentum P of the outgoing hadron and on the
momentum ¢ of the boson connecting the initial with the final state. Furthermore, it encodes the
whole dependence on the thrust 7', as it describes the final state contribution to the process. Its formal

definition is:

Wh'uv(Pv q, T) =
=4m’ Y 8 (px +P—q) 8 (T — Tet.(px, P)) {0/ /* (0)| . X, out) (P, X, out|}*(0)| 0) =
X

1 .
= = ¥ [ @268 (T~ Tuee(px. P)) (01 (2/2) |PX, owt) (P. X, outl f* (~2/2)[0), @)
X
where j* are the electromagnetic currents for the hadronic fields and Ty, corresponds to the definition

of thrust given in Eq. (B.13). The final state is represented as |P, X, out) and corresponds to the
topology associated with the thrust value and to the measured transverse momentum of the hadron

IThis is significant only if the X-axis in the LAB-frame can be defined unambiguously, as in the case of polarized
leptons.
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ete” — hX as a 1-h class process

with respect to the thrust axis. The factor 1/(47) in the last line coincides with the normalization used
in Ref. [7]. The definition of Eq. (2.5) is hardly usable for explicit computational purposes. For this

reason, it is useful to decompose the hadronic tensor in terms of Lorentz-invariant structure functions:

ph_gufa) (pv_ vPa
quqv ( q 2) ( q 2)
W}:LV = <—g”v+qz> Fin+ d Pq 1 . (2.6)

Then, the projections of Wf ¥ onto its relevant Lorentz tensors are:

W 3R D E o (M. (2.7a)
BuvWi =3t 5 Fan ) .
Puby uv _ (Zh 2 Zh M?

02 Wi —(5) [Fl,h+5Fz,h}+ﬁ ) (2.7b)

and they are much easier to be computed explicitly in perturbation theory.

Given the Lorentz structures of the leptonic tensor, Eq. (2.4), and of the hadronic tensor, Eq. (2.6),
it is quite easy the derivation the following decomposition into transverse (T) and longitudinal (L)

contributions of the full differential cross section:

d 3 d 3 d
2m O (l4cos?0) — T gL
thdCOS Qd(P dZPT dT 8 dzhdZPT dar 4 dzh dZPT dar

(2.8)

By using this expression, the integrations over ¢ and 6 of Eq. (2.3) are straightforward. The result is:

do B dor L+ doy,
dz,d?PrdT  dzyd*BrdT  dz,d*PrdT’

(2.9)

Moreover, by exploiting the Eqgs. (2.7), the transverse and the longitudinal components of the cross

section can be related to the structure functions of the hadronic tensor:

1 dGT .

— OO R By, T): (2.102)
OB thdZPTdT h 17h(h T )

LL:ZA(F (s Pro T) + 2 Fo(an, Br, T)) (2.10b)
Op dzyd?PrdT 2 \ MWD 5 Fn(an, PriT) ) _

where o} is the Born cross section:

Amo?

307

op = 2.11)

An interesting case occurs when the projection of the hadronic tensor with respect to Py, Py,

Eq. (2.7b), is zero (or can be neglected). In this case, the two structure functions are not independent
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2.3 Leading momentum regions in e e~ — hX

Fig. 2.1 Leading momentum regions for the hadronic tensor Wh“ Y. The hard subgraphs, one on
each side of the final state cut, are labeled by H. The soft subgraph, labeled by Sy, represent the
contribution of the soft gluons. It has as many Wilson lines as the number of jets in the final state.
The collinear subgraphs are labeled by C;, for i = 1,...Njes. Only C; contains non-perturbative
contributions.

anymore and in fact F ; = —% Fy 5. As a consequence, the hadronic tensor can be written as:
\% v
Wi iy = Hy" Fin, (2.12)

where I defined the transverse tensor:

PtqY +PVg*  , PHPY
_q 2 .
P-q (P-q)

HyY = |—g" + (2.13)

Furthermore, the longitudinal cross section vanishes. Hence, in this case the detection of a hadron

perpendicular to the beam axis is suppressed.

2.3 Leading momentum regions in e"e™ — hX

The topology of the final state is determined by the value of thrust 7': the closer T to 1, the lower
the number Njes of observed jets. The minimum Njes = 2 corresponds to a 2-jet configuration while
the limit Njes — oo is associated with an homogeneous spherical distribution of particles. In e*e™
annihilation, the 2-jet case is the most probable configuration, as any further jet is associated to an
extra power of O at partonic level. However, in this section we will not fix Njes, in order to work in

the most general case.
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ete” — hX as a 1-h class process

The general structure of the hadronic tensor W}fl v in terms of its hard, soft and collinear contribu-
tions is represented in Fig. 2.1, where each blob corresponds to a leading momentum region. The delta
on thrust in Eq. (2.5) introduces a correlation among the total collinear and soft momenta flowing
into the corresponding subgraph. As a consequence, each blob in Fig. 2.1 acquires a dependence on
T. The hard subgraph H represents the production of Nje;s partons dressed with all the required far
off-shell virtual corrections. Its dependence on T is trivial, as in H the thrust is fixed to the value that
it would acquire for an exact Njes-configuration, i.e. T = 1 for Njeis =2, T ~ 2 /3 for Njets = 3 and so
on. Each parton exiting from the hard subgraph generates a collinear factor which results in a jet of
particles. Therefore, in total there are Njets collinear factors, all equipped with the proper subtraction
of the soft-collinear overlapping terms as in Eq. (1.21). Furthermore, there is a soft subgraph Sy,
that correlates the collinear contributions. It has as many Wilson lines as NJetS . The thrust dependence
encoded into soft and collinear contribution gives the deviation from the exact value associated with
the hard scattering that reproduces the observed topology of the final state. For instance, in the 2-jet
case 7T is close, but not exactly equal, to 1, and this value is obtained only after considering the proper
contributions of soft and collinear emissions. The pictorial representation of Fig. 2.1 corresponds to

the following equation:

. dP kl dPk, JE‘* deoc
Wi (o P T) = [1 [ oy Calkels
! Njets>2 /1 27[ D 2TC D !
x Trp {Pl(cl(lq,P)hF]Hjhm% (kl,. ko) P2Ca (k) j, P2 (L)Y ,ij(%lv kNJm)}

kg
x /WSMets;jl o+ INiggs (kS) 5(6] —ki—ky — Zka — kS)
[0

2 +
x & ( [1 +0 <g2>} + 2 —kr (k1.7 ks, T)> 8 (T — Taet.(k1, ko, ..., kv, ks)) (2.14)
All quantities in the above equation are computed in the h-frame, where the detected hadron has
no transverse momentum and it is directed along the plus direction. However, the hadronic tensor
depends on Pr, which is the transverse momentum of the detected hadron in the parton frame, where it
is the fragmenting parton that has zero transverse component. In the last line of the previous equation,
the first delta function sets the relation between the measured transverse momentum P of the detected
hadron and the transverse momentum k7 of the fragmenting parton, according to Eq. (B.11). Both of
them are considered with respect to the thrust axis, although in different frames. Notice that kr does
not necessarily coincide with the total transverse momentum 7&1 - entering into the collinear factor C,
associated to the detected hadron. In fact, it can also depend on the total soft transverse momentum
zS7T, when the direction of the thrust axis is modified by soft recoiling.

Following the Collins factorization formalism, in the hard contributions H (and its h.c.), the parton

momenta are approximated and only their leading components are considered. This is the meaning of

Notice that SNM is a matrix in color space. All its color indices are contracted with the hard subgraphs and the whole

hadronic tensor is colorless, as required.
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the “*" hats on them. In practice, the momentum k¢, is k¢, projected onto the reference direction wy

of its corresponding collinear part:
~ kg - Wo
ko =wq

(2.15)

Wo  We
where Wy, is the direction opposite to wy. More details can be found in Appendix A. Since the
reference frame of the fragmenting parton corresponds (by definition) with the hadron frame, the
reference direction of C; is the plus direction w; = (1, 0, 6T) and hence the approximated momentum
of the fragmenting quark is simply ;1 = k{ wi. Kinematics impose constraints on the possible values
that k" can assume, since P™ < k| < P* /zj (see Appendix B.).

In addition to the thrust dependence, each collinear factor C; is a function of the total entering
momentum k; and on the type j of the corresponding parton (either a gluon or a quark/antiquark
of flavor j/j), and, being color singlets, they are averaged over the color of the initiating parton.
Among them, C; and C, are associated to the fermionic legs of the quark and the antiquark. Charge
conjugation sets j, = j,. Furthermore, they appear associated to the fermionic projectors, P; and P; for
i =1, 2, which connect them to the hard parts. See Appendix A for more details on the factorization
procedure. Since the hard part and the collinear parts are computed in the same frame, the expressions
for these projectors are simply:

P, = Wiwl' and E:Wi‘//i

2 27

(2.16)

where the direction w; indicates the direction opposite to w;. The projectors defined above will be
fundamental in extracting the leading twist FFs of the quark and the anti-quark in the cross section.
All the other collinear parts, C,, are generated by gluons. In this case, the role of the fermionic
projectors of Eq. (2.16) is played by a gluon density matrix p ; that encodes the information about
the gluon polarization.

Among all collinear factors, only C; is really relevant for studying the non-perturbative effects of
hadronization. In fact, all the C,+; are completely crossed by the final state cut apart from Cy, as the
detected hadron /4 is not included in the sum over final states. As discussed in Section 1.4.2, collinear
factors not associated to any reference hadron are suppressed in the collinear region they are supposed
to describe, since order by order in perturbation theory the integrations contours can be deformed
away from the collinear singularity. Consequently, they are effectively full perturbative contributions,
in the same sense of the hard factors. They only contribute to the thrust distribution, without affecting
the dependence on Pr and z;, of the final cross section. For instance, in the 2-jet case, C; is the only
one among these perturbative collinear factors. Later on, we will see how its contribution is reduced
to the usual jet thrust function defined in Eq. (D.12).

Since C; is the only relevant non-perturbative contribution to the cross section, all the infor-
mation about the hadronization process in encoded into it. Therefore, one would expect to find a
straightforward relation between C; and the TMD FF which describes how the detected hadron &

originates from the fragmentation of a parton of type j;. However, according to the definitions given
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in Section 1.3, TMDs depend only on the intrinsic variables of the collinear group to which they
are associated, i.e. the collinear momentum fraction and the relative transverse momentum between
reference hadron and reference parton. Any further dependence on the global properties of the process
undermines their universality properties. For instance, an eventual dependence on thrust would link
the TMDs to the topology of the final state, reducing their applicability to a few, specific kinematic
configurations. Therefore, to get a factorization theorem involving a proper TMD FF, we will remove
any T-dependent term from C; (or any k; dependence in the condition that fixed the thrust). This is

our first hypothesis on the hadronic tensor:

H.1 The fragmentation process is insensitive to the topology of the final state, or, equivalently, the
radiation collinear to the detected hadron does not affect the experimentally measured value of

thrust. As a consequence, C; does not depend on 7.

Later on in this Chapter, this hypothesis will be reconsidered and slightly softened. Finally, in
Chapter 3, it will be abandoned and I will show how in the 2-jet configuration there is a kinematic
region where the dependence on thrust must be kept inside C;. This of course does not lead to a TMD
FF in the final cross section. For the moment being, we will just assume that this first hypothesis
holds as specified in H.1.

Much less trivial is the role of soft gluons in Eq. (2.14). They are described by the soft factor
Sw

constrained to the value that 7 assumes in the soft momentum region. The full computation of the

which is defined exactly as in Eq. (1.2) but modified to allow for the dependence on thrust,

ets

soft factor Sy, according to its most general definition, Eq. (1.2), will be presented in Chapter 3, for

ots
the relevant case of a 2-jet final state topology. For the moment being, I will show how it is possible
to deal with Sy, by exploiting momentum conservation and some further considerations in order to
avoid its explicit, general calculation.

First of all, let’s consider the case in which the number of observed jets is greater than two,
i.e. Njes > 2. In this case, each perturbative collinear factor must be associated to a hard jet, i.e.
generated by a parton with a large transverse momentum (of order Q). This is necessary to have
at least three distinct and independent jets of particles in the final state. However, all these hard
jets are evenly distributed in 3D-space. In fact, given that ki 7 and kg 7 are much lower than Q,
momentum conservation implies that the sum of all transverse momenta of the hard jets is small too,
as %IJ +%S,T + sze‘s %a,T = 0. Despite this, Cy, is still a perturbative object and this holds because,
order by order, it is possible to deform the momenta circulating in C, away from the collinear
singularity into the UV region. In this sense, we are allowed to consider 7<’a7T as a large transverse
momentum. Therefore, it is possible to make the sum Zlo\?e‘s 7<’a7T as large as we wish, by applying a
suitable deformation to the related integration contours. The problem is that this operation breaks the
momentum conservation. It can be considered valid only if also the soft transverse momentum can
be deformed and considered large, in order to compensate the change induced by the vectors %aj.

Then, in the momentum conservation 7<’17T is overpowered by the UV-sized momenta and hence the
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corresponding delta can be written as:

Njets Nje“
5 (kl,ﬁ Y ket +k57T> ~8 (Z kg +k§{VT> , for Nigs > 2. (2.17)
= a=2

a=2

where the label “UV" reminds us to consider %a, r and %s, 7 in the UV momentum region. Then, if the
deformation of sz is allowed, the soft factor has to be considered a fully perturbative object, on the
same footage of the factors C. Consequently, the contribution of soft gluons, although non-trivial,
turns out to be totally computable in perturbation theory. We can follow the same strategy of collinear

factorization and gather all the perturbative contributions (hard subgraphs, the factors Cg, Sy

) 10 A
single thrust-dependent function playing the role of the partonic cross section. The structure of the
final cross section will be the same of that obtained in a collinear factorization scheme but, due to the
dependence on the transverse momentum of the detected hadron, the interpretation will be TMD.

If the deformation of the soft transverse momentum is not allowed, the final factorization theorem
will look different. This happens when the soft transverse momentum has to be considered as an
external variable, with its size fixed so that it belongs to the power counting region, i.e. ks 7 < Q.
In this case, it cannot be deformed anymore. This is the configuration in which the soft gluon
emissions are able to generate a sensitive deflection of the detected hadron, affecting the measured
value of the observed Pr. In fact, in this case, the transverse momentum of the detected hadron is
strongly correlated with the soft transverse momentum, which is then constrained by experimental
measurement. In the following, we will assume that this is not the case, by requiring our second

hypothesis:

H.2 The soft gluon emissions do not affect the size of the measured Pr. As a consequence, the soft
factor is a fully perturbative thrust-dependent function.

In Chapter 3 I will drop H.2 in order to develop a TMD factorization theorem suitable for the kinematic
configuration sensitive to soft gluons emissions, in the case of a 2-jet final state. This case is indeed
emblematic and represents the benchmark for this kind of calculations. In this configuration there are
no hard jets, as the antiquark is emitted backward with respect to the fragmenting quark; hence, it must
carry a low transverse momentum to satisfy momentum conservation. Nevertheless, its transverse
momentum k7 can be deformed into the UV region. As in the general case, the soft transverse
momentum needs to be deformed too, in order to preserve momentum conservation. Therefore, the

analogue of Eq. (2.17) can be written as:
8 (Rir+For+Fs.r ) ~ 8 (Y +RY), (2.18)

Later on, I will show that, if H.2 holds true, the contribution of soft gluons in the 2-jet case is indeed
described by the usual soft thrust function, defined in Eq. (D.6).
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Another consequence of the validity of H.2 is that any information about 7%57 7 inside the delta that
relates the measured Pr to the transverse momentum of the fragmenting parton can be neglected. In
other words, in the last line of Eq. (2.14) we can set %T = 7<'17T.

As a consequence of the application of the kinematic requirements H.1 and H.2, the residual
dependence of the cross section on the weak components of ki, k;” and ki, is relagated to C;, which

is connected to the rest of the process only through a convolution on k.

2.4 Collinear-TMD factorization theorem

Following the discussion in the previous Section, if the two hypothesis H.1 and H.2 hold, then
the structure of the factorized cross section is analogous to that obtained from a classic collinear
factorization theorem, where all the fully perturbative contributions are gathered in the so-called
partonic cross section. This represents the full process at parton level and is completely computable by
using perturbation theory techniques. Besides the hard subgraphs, the partonic cross section includes
also all the perturbative collinear factors associated to the production of hard jets and the soft factor,
all thrust-dependent functions predicted, order by order, solely by pQCD. Differently from the usual
collinear factorization theorems, however, the final cross section is sensitive to TMD effects, encoded
into the collinear subgraph associated to the detected hadron. This contribution is therefore related to
a TMD FE.

Then, the final structure results in some sort of hybrid version of collinear and TMD factorization,

from now on indicated as collinear-TMD. The hadronic tensor can hence be written as:

P* /2 Pz Pt
Wi (z, Pr, T Z/ dk; 8 < [1+ﬁ<Q2>]+kl+k17T)

dky d°2ky 1 = v
x /(M)TrD{P]C](k], PP (0, K ,T)}. (2.19)
In the above equation, all the contributions that can be totally predicted by perturbative QCD have been
collected in the factor 7#°*Y. Notice that, while the collinear part C; depends on all the components
of ki, this fully perturbative term depends only on its leading component, k" = El. Then, C; and
JM*V are not completely disentangled, because a convolution over kl+ will survive. In the following

the index “1" related to the fragmenting parton will be dropped, as it has become redundant.

Let’s focus first on the contribution given by the collinear factor. Applying the fermionic projectors
and parity conservation, the only surviving contribution in the case of e"e™ — hX is the coefficient
of ¥~ in the expansion of Eq. (1.20):

PC(k,P);'P=7" —{ TC(k, P)jn}- (2.20)
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The Dirac trace of y*C(k, P); » defines two TMD FFs (as in Eq. (1.20)):

1 [ dk Trp, .,
2 b P);,\ =
/Z\/(ZTC)D 4 y (C(k? )171”}

a7 Iz - a7
=Dy (@ | —Tkr]) — E'ST x kr|Diz 4@ | =Zkr)), (2.21)

where the components of the fragmenting parton momentum k are evaluated in the hadron-frame
(see Appendix B). M}, and Sy are the mass and the transverse spin of the detected hadron, while
7= P /k" is the collinear momentum fraction of the hadron / with respect to the fragmenting parton.
It is the partonic version of z;. The function Dy ;/; is the unpolarized TMD FF, while D7 ;/; is the
Sivers-like TMD FF. In the following, the sum of their contributions in the second line of Eq. (2.21)
will be collectively indicated D; ,(Z, —Z kr).

Notice that the TMDs in Eq. (2.21) are defined according to the factorization definition of
Eq. (1.21). Therefore, as there is no non-perturbative soft contribution, the rearrangement of soft
factors commonly applied to a 2-h class cross sections cannot take place. As a consequence, the final

cross section will not contain any TMD defined through the square root definition of Eq. (1.33).

Eq. (2.20) implies that the Dirac trace in Eq. (2.19) acts on the matrix ¥y~ from Eq. (2.20) and on
the fully perturbative factor s#*". This leads to the definition of the partonic tensor Wj“ ¥, which is
the partonic counterpart of the hadronic tensor Wh“ V.

Wi (kg 7) =Tro{kty 2" (0,6, )}, (222)

where k = kT w; (see below Eq. (2.15) ) and hence kTy~ = = Yopin u(k)a(k). Eq. (2.22) is the
algebraic expression corresponding to the pictorial representation given in Fig. 2.2. The role of the
detected hadron is now played by the fragmenting parton, that has momentum % directed along the
plus direction. Analogously to the structure of the hadronic tensor presented in Fig. 2.2, the partonic
tensor is composed by hard, soft and collinear contributions. All this terms are fully perturbative
thrust-dependent functions. The hard subgraphs, labeled by V and V* in Fig. 2.2, are associated to
the dressing with virtual emissions of the hard vertex. The soft gluon emissions are described by the
perturbative soft factor Sy, . Also, there are as many perturbative collinear factors, labeled by J;, as
the number of detected jets. Notice that, when Njes = 2, there is only the contribution Jp associated
to the backward radiation. Moreover, since Wj“ ¥ is meant to represent the whole process at parton
level, there is also a contribution associated to the radiation collinear to the fragmenting parton. Such
term in the final cross section overlaps the collinear momentum region covered by the TMD FF and
hence it must be equipped with a proper subtraction procedure, which will be described in the next
subsection. For the moment being, the partonic tensor (and, by extension, the partonic cross section)

is intended to be already subtracted.
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Fig. 2.2 Leading regions for the partonic tensor VT/JH ¥ in the case of a multi-jet configuration (left
panel) and for a 2-jet configuration (right panel). All the blobs are associated to thrust-dependent
functions. The blobs labeled by V' (and its complex conjugate) are associated to the virtual dressing
of the hard vertex, while those labeled by J; are related to the radiation along the i-th direction. In
the 2-jet case the label “B" stand for “backward radiation". The soft gluon emissions are described
by the perturbative thrust-dependent function Sy, Being the partonic representation of the whole
process, there is also a blob, labeled by J;, describing the radiation collinear to the fragmenting parton
of momentum k. Such contribution in the final cross section overlaps the collinear momentum region
covered by the TMD FF and hence it must be equipped with a proper subtraction procedure.

By inserting Eq. (2.20) and Eq. (2.22) into the expression of the hadronic tensor given in Eq. (2.19),

we obtain:
W}fLV(Zh7ﬁT7 T) =
1d2A#v ~ D-27 (= ~ 7 3 P% ~7
:Z/ =W (Zh/Z,Q,T)/d kr (ZDj,h(Z,—ZkT),)5 Pr|1+0 o +zkr | =
J

1 dA o A o~ o~ 2 P2
= Z/ ?Z WJ’-u (zn/7, O, T) Dj,h(Z, PT) |:1 + ﬁ(ng ):| . (2.23)
j

where in the last step we used the delta function and set the space-time dimension? to D = 4.

From the last expression given for the hadronic tensor, it is quite easy to recover the final factorized
cross section. The partonic analogue of Eq. (2.1) defines the partonic cross section:
do j 2a ETRY
= = 0° LyyW; . (2.24)
d3k/2E;dT

3The final result is UV finite.
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2.4 Collinear-TMD factorization theorem

+

It represents the partonic process e e~ — jX, where j identifies the type of the fragmenting parton,

of momentum k. The Lorentz invariant phase space in the L.h.s of Eq. (2.24) can be written as:

d37:\ 1] == Q2 Zh Zh

—— = —d|k||k|dcosO0d¢p = =— —d | < | dcosOd 2.25
2E7(\ 2 | ’ | | CosS ¢ 8 ? ? Cos (P’ ( )
with 6 and ¢ being the same angles appearing in Eq. (2.2), as the momentum of the fragmenting
parton is approximated in such a way to be directed in the same direction of the detected hadron. In

conclusion, the final result for the factorized cross section is:

do ldz  do; ~ 3 [ P} M; ]
dzyd?PrdT j/zh z djar Do) (o7 @) (220

This is the announced collinear-TMD factorization theorem. It has the same structure of the classic
collinear factorized cross sections; however, instead of being a convolution between a partonic cross
section and a FF, Eq. (2.26) it contains the convolution of a partonic cross section with a TMD FF.

Schematically:

Collinear factorization | Collinear-TMD factorization

0;j®dy; 0;® Dyy;
~— ~—
FF TMD FF

As in usual collinear factorization theorems, the partonic cross section must be equipped with a proper
subtraction mechanism in order to cancel the double counting due to the overlapping with the collinear
momentum region. This issue will be addressed in Section 2.4.1.

Moreover, as already stressed, the TMDs in Eq. (2.26) are defined through the factorization
definition of Eq. (1.21) instead of the commonly used square root definition of Eq. (1.33). This is a
general feature of collinear-TMD factorization theorems. In fact, since the soft gluon contribution
is totally perturbative, there are no other non-perturbative terms a part from those encoded into the
TMDs. In practice, the TMD model extracted from e™e™ — hX is different from that extracted

from e™

e~ — hy hy, since the latter contains part of the information associated with the soft gluon
emissions that correlate the two collinear parts related to the two hadrons, i.e. a square root of the
soft model Mg, as explicitly shown in Eq. (1.37). This is particularly relevant when performing a
phenomenological analysis that combines data of single- and double hadro-production, or, more
generally, when comparing the TMDs extracted from a collinear-TMD factorization theorem as that
in Eq. (2.26) with the TMDs historically defined in the 2-h class. In these regards see, for example,

two different approaches adopted in Refs. [9, 18].

The factorization theorem presented in Eq. (2.26) contains the full vectorial dependence on the
transverse momentum Py of the detected hadron. However, the azimuthal angle in the X Y-plane of
the parton frame cannot be determined experimentally and hence the only dependence on Pr is on

its modulus. In fact, the only angular dependence in the TMD contribution D; , may originate from
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the Sivers-like contribution |§T X ﬁT| (see Eq. (2.21)). On the other hand, as explained in Ref. [38],
the transverse spin of the hadron is orthogonal to its transverse momentum with respect to the axis
of the jet, identified with the thrust axis. Hence |§T X ﬁT| = 1St Pr for any choice of the X-axis in
the parton frame. Therefore, the integration over the azimuthal angle associated to Py is trivial and
results just in a 27 factor on the r.h.s of Eq. (2.26). Consequently, the factorization theorem can also

be written as:

do Ydz  do; [ P M? ]
2 _ =L DG P |1+0(=L, =), 227
thdP%dT - /Zh 7 d(Zh/Z)dT ]7]’1(2 T) (Q2 QZ) ( )
where:
~ ~ z -
Djn(z, Pr) =Dy n;(z Pr)F mSTPTDlLT,h/j(Zv Pr). (2.28)

Finally, according to Section 1.3, since TMDs are properly defined in the Fourier conjugate space,

it is more convenient to write the cross section using their br-space counterparts, given by:

~ Py 2 dzZT P N
Dy P |14 0(50)| = [ Gz TP B br), (229)
where the factor 1/7 in the Fourier factor is due to the change of variables from %T (h-frame) to ﬁT
(p-frame), as br has been defined as the variable conjugate to kr. Finally, the factorization theorem

can also be written as:

do /1 dz  do; d bT
Z,

S DG by |1 ﬁh] 2.30
dzdP2dT . 2 d(z/2)dT ih(% T)[ (%) (2.30)

J
From Eq. (2.29) and also comparing the last version of the factorization theorem with Egs. (2.26)
and (2.27), it appears as if the Fourier transform had absorbed the corrections to the final result of order
7z (P% / Qz). As stressed in the first chapter, the Fourier transform acts as an analytic continuation
extending the TMD also beyond the original momentum region. This is an important effect to keep
in mind when performing any phenomenological application based on formulae like Eq. (2.30). In
fact, the TMD is originally modeled in the br-space and afterward tested on data, in the transverse
momentum space. Therefore, the cross section showed in Eq. (2.30), even if formally well defined for
any value of Pr, can only be trusted where Pr < Q or, more precisely, where Pr < P* = 7,0/v/2,
which is the actual condition that allows to consider the outgoing hadron as a collinear particle,
according to the power counting rules.
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2.4 Collinear-TMD factorization theorem

2.4.1 Subtraction Mechanism and Rapidity cut-offs

The collinear-TMD factorization theorems devised above show a rather simple structure, and phe-
nomenological analyses based on them surely benefits from it. However, there are two issues that
in the previous sections have not be considered. The first is the need for a subtraction procedure of
the partonic cross section. As already stressed, having arranged the terms in the final result as in
Eq. (2.26) leads to an overlapping between the momentum regions covered by the TMD FF and the
partonic cross section. Secondly, in all the formulas provided above, the TMDs have been presented
as depending only on transverse momentum and collinear momentum fraction. However, from
Section 1.3, we known that TMDs are also equipped with a rapidity cut-off y; (alternatively written as
{ as in Eq. (1.23)). This is required in the subtraction mechanism of the overlapping between soft and
collinear momentum regions, as y; acts as a lower bound for the rapidity of the particles described by
the TMD, which are supposed to be collinear, hence very fast moving along their reference direction.
On the other hand, physical observables should not depend on the regularization procedure used to
weight the divergences encountered in their computations. Rapidity divergences are not an exception.
However, clearly, the factorization theorems presented in Section 2.4 do not satisfy this requirement.
In fact, the TMD FFs have a very specific dependence on {, given by their Collins-Soper evolution
equation presented in Eq. (1.22). The partonic cross section surely cannot evolve in the opposite way,

as it does not depend on by.

This is one of the issues, possibly the most important, related to collinear-TMD factorization
theorems. Later on in this Chapter and more deeply in the next, I will show how a dependence
on the rapidity cut-off survives in the factorized cross section presented in this section, despite the
cancellation of all the UV and rapidity divergences. This fact has been recently interpreted as an
inconsistency of the factorization theorem [17]. However, in this thesis I will follow a different
approach, mostly because a clear signal of the failure of the factorization procedure would be the
presence of uncancelled divergences in the final cross section, which here is not that case. The only
possibility to give a consistent interpretation of a factorization theorem in the form of Eq. (2.26)
is to reconsider the role of the rapidity cut-offs. In particular, I will take their explicit presence in
the final result as an indication to promote them from mere computational tools to quantities with
a deeper physical meaning. From now on, this will be a leitmotiv throughout this thesis, and it will
be investigated more and more deeply, as the factorization procedure presented here becomes more

accurate.

The unsubtracted partonic tensor has been defined in Eq. (2.22). It represents the process

ijv;uns.
Y" — jX, where j identifies the type of the fragmenting parton, either the flavor of a (anti)quark or
a gluon. Its leading regions are represented in Fig. 2.2. However, the definition of Eq. (2.22) is not
particularly useful for direct computation. It is actually much easier to derive the partonic analogue of
the hadronic tensor W,f1 Y from its factorization theorem in Eq. (2.23). This can be obtained by making

the following replacements:
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» The fragmenting parton plays the role of the detected hadron, hence & +— j. Moreover z;, — z =
k*/q" = z,/Z and also Pr — kr.

e The radiation collinear to j is generated by a parton of momentum k’. Then the collinear
momentum fraction becomes 7+ p = kT /k'T.

« The transverse momentum K} is the total transverse momentum entering the collinear factor,
therefore, according to the definitions given in Section 1.3, it must be equal to the transverse
momentum of the fragmenting parton (provided that the soft recoiling of the thrust axis is

not considered). Hence for the delta function we have the replacement & <l_;r —1—2%7) —
5 (%/T - 757) .
Applying these replacements to Eq. (2.23) gives:

-

,uns Vdp ~ 7
W (2, ke, T) :Z/ ; Wi (z/p, Q,T) (P Di ;(p, —PkT)»)7 (23D
i Z

which is the partonic version of Eq. (2.23) and gives the unsubtracted partonic tensor in transverse
momentum space. The collinear-TMD structure of the factorization theorem derived for the hadronic
tensor is inherited by its partonic counterpart. In Eq. (2.31) all the quantities are totally computable in
perturbation theory. In particular, the function D; ; is the j-from-i TMD FF contribution in momentum
space, defined as the partonic version of Eq. (1.15). The Eq. (2.31) encodes the subtraction procedure,
as the subtracted partonic tensor is identified with the coefficient Wi“ ¥ in the convolution with the
TMDs.

Despite its simplicity, Eq. (2.31) presents some delicate issues that must be considered carefully.
First of all, the subtracted partonic tensor must be a finite quantity, which means that it must not show
any poles in € when dimensional regularization is applied. On the other hand, TMD FFs are collinearly
divergent. Therefore, such collinear divergence should be passed on also to by the unsubtracted
partonic tensor on the Lh.s. of Eq. (2.31). Moreover, as their hadronic counterparts, the functions D; ;
are properly defined in the Fourier conjugate space to kr. Hence, the expression of Eq. (2.31) should
be given in b7 space, in order to deliver a suitable procedure for the determination of the coefficients
Wi” Y. This operation is less trivial than it looks. The Fourier transform of D; ; gives the bare TMD
FF contribution, which must be renormalized with the proper UV-counterterm Zrwvp;;, ;. Therefore,
since the Lh.s. of Eq. (2.31) is UV-finite, the subtracted partonic tensor Wi“ ¥ has to be considered a

bare quantiti too, which needs a renormalization factor that exactly compensate that of the TMDs, i.e.
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—1 . . .
ZiMp: i, - In practice, in the b7 space we have:

v e B iy ( 5 _
W] (8’Z7bTa Z W 8 Z/p T) le](E P, bT) -

coll. divergent UV divergent UV divergent and coll. divergent

= Z/ W”v (/P T) Zryip, 1 (€ )} [ZTMD;i,l(S)P51,1(8;Pa57)
ik,

—Z/ — W (z/p,T)p Dx (& p, br), (2.32)

coll. divergent

where we used Y ; ZT_I\I,ID,I.‘ « ZT™Dsi, 1 = Ok.;- The previous equation gives the operative definition to
compute the subtracted partonic tensor at any order in perturbation theory. In fact, at order og we

have:

~ uv;uns.; [n]

N I g
WG Ty =W, (&2, By, T ZZ/ LW esp, 1) (pDYes pbr) )
(2.33)

The explicit NLO expression for the gluon-from-quark and quark-from-quark unpolarized TMD FFs
are collected in Appendix A.3.

Eq. (2.32) embeds the procedure commonly applied to RG-renormalize the partonic cross sections
in collinear factorization, highlighting once again the hybrid nature of collinear-TMD factorization
theorems. As a consequence, the subtracted partonic tensor has an anomalous dimension equal and
opposite to the anomalous dimension of the TMD FFs, which depends only on the type j of the

fragmenting parton:

(7MY _ D)
Tog 8 <Wj (z/p,T)) _—vel (2.34)

This property will be explicitly verified in the 2-jet case later on in this chapter. Therefore, the final

factorized cross section is RG-invariant:

I ( do ):o. (2.35)
dlogu \ dz,d*PrdT

The role played by the rapidity cut-offs is much less obvious and the derivation of some kind
of CS-evolution for the final cross section can be hardly guessed just by inspection of Eq. (2.31).
For this reason, let’s consider again the leading region structure of the unsubtracted partonic cross
section depicted in Fig. 2.2. Each blob, except V and V* associated to the pure virtual hard vertex, is

equipped with proper rapidity cut-offs. The soft contribution Sy, depends on all of them, because its

Jets

Wilson lines are tilted off the corresponding reference directions. On the other hand, each perturbative
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collinear factor J; depends only on the associated rapidity cut-off y;, because of the subtraction of
the soft-collinear terms as in Eq. (1.21). All these rapidity cut-offs, except y; which is associated to
the radiation collinear to the fragmenting parton, are combined in such a way that Wj“ VU1 does not
depend on them. This is the consequence of not integrating over 7<”T in the J; blob. Then, y; appears in
two different places: the soft function and the collinear factor, J;. On the other hand, also the TMD
FFs depend on y;. In the subtractions, the cancellation between the dependence on y; in V/l\/j“ viuns.
and in D; ; is not exact; hence, the subtracted partonic tensor is left with a remaining dependence on
the rapidity cut-off. In fact, the subtraction removes the overlapping between the “hard"* and the
collinear momentum region, but does not affect the soft momenta. Therefore, the dependence of Sy,
on y; is uncanceled.

Differently from the dependence on the RG-scale, the dependence on the rapidity cut-off of the
subtracted partonic tensor cannot compensate that of the TMDs. In fact, the CS-evolution presented
in Eq. (1.22) is ruled by the soft kernel K which depends on by. Hence, the CS-evolution of WJH Vis
inevitably different, as the subtracted partonic tensor does not depend on the transverse momentum.

As a consequence, the final factorized cross section is not CS-invariant:

d do
— 0. 2.36
dlog+/¢ <dzhd2PTdT) a (2:30)

Therefore, in the factorized cross section all the rapidity divergences have been canceled, but an

unexpected dependence on the regulator is left in the final result. As discussed at the beginning of
this section, this will not be interpreted as a failure of the factorization procedure, but instead as an
opportunity to investigate the inner physical nature of the rapidity cut-offs. An observable sensitive
both to TMD effects and to thrust offers a beautiful chance to proceed along this path. In fact, there
must be an intrinsic relation between the rapidity cut-off used in the Collins factorization formalism
and the (experimentally accessible) thrust, 7. There is a simple kinematic argument that naively shows
this relation. In fact, if yp is the rapidity of the detected hadron, then, neglecting all mass corrections,
its minimum value is associated to the value of 7. In fact, there is a kinematic constraint on Pr/z,
which cannot be larger than /1 — T Q, see Ref. [17]. This follows directly from the definition of
thrust in Eq. (B.13). Therefore, in the parton frame:

1 Pt 1 M?
yP=210g_:10gZhQZ—zlog(l—TH‘ﬁ(él)’ (2.37)
P 7

Then, thrust acts as a rapidity cut-off, since yp can be considered a good estimate for the rapidity of
all the particles belonging to the same collinear group of the detected hadron. This role of thrust will
be confirmed later in explicit computations. However, within the Collins formalism, it is not possible
to set the precise relation between y; and 7. In this regard, Eq. (2.37) should be considered just as

a naive argument based only on kinematics, without claiming to be formally well founded. In any

4Here “hard" means the momentum region covered by the fully perturbative partonic tensor.
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2.5 The role of rapidity cut-offs in the lowest order cross sections

case, since the rapidity cut-off and the thrust are intimately related, the hypotesis H.1 can be slightly
softened: the collinear factor associated to the TMD FFs can depend on the topology of the final state,
but only through the rapidity cut-off.

In any case, if y; can somehow be associated to a measured quantity, it cannot simply be a
mere computational tool: instead it should be promoted to an actual physical observable. Notice
that this is a new feature. In the past, different methods to regulate rapidity divergences have been
developed, and one of the most elegant is the Rapidity Renormalization Group (RRG), used mainly in
SCET-based approaches to factorization, see Refs. [41, 42]. In this approach, rapidity divergences
are regularized applying a procedure totally analogous to that used for UV divergences, i.e. by
introducing an auxiliary scale v, that is the counterpart of u, and taking the derivative with respect
to log v, which plays the role of the CS-evolution. The collinear and TMD factorization theorems
obtained with RRG match exactly those derived within the Collins formalism. [43, 44]. Therefore,
collinear-TMD factorization must produce a cross section which is not RRG-invariant. Such issue is
never encountered with the scale u, as any physical observable is RG-invariant. This holds because u
actually is an auxiliary scale and there is no way to relate it to an observable. experimental measure.
Therefore the nature of the scale v must be deeply different from its RG counterpart. By extension,
wherever the regularization procedure is used to treat rapidity divergences, the regulator must acquire
a real physical meaning and collinear-TMD factorized observables, like the cross section presented in

Eq. (2.27), may be the necessary tools to investigate this important feature.

In the following two sections I will investigate the physical meaning of the rapidity cut-off by using
two different methods, suitable for the LO and NLO of the collinear-TMD cross section presented in
Egs. (2.30), for a 2-jet topology of the final state.

2.5 The role of rapidity cut-offs in the lowest order cross sections

In this section, I will present a first attempt to assign more physical significance to the rapidity cut-off.
The procedure illustrated here should be viewed as a phenomenological tool that makes the TMDs
invariant with respect to the choice of the rapidity cut-off, useful for a LO analysis of the cross section
presented in Eq. (2.26). Notice that the transformation presented in this section has nothing to do
with the Rapidity Renormalization Group (RRG) mentioned in the previous Sections, used mainly in

SCET-based approaches to factorization (see for instance Refs. [41, 42]).

The roughest approximation of the collinear-TMD factorized cross section presented in Eq. (2.26)
is obtained by computing the partonic cross section at LO. The result can be found in Eq. (C.7). We
will consider the case of a spinless detected hadron for simplicity. As a consequence, the Sivers-like
contribution in Eq. (2.21) vanish, and only unpolarized TMD FFs appear in the cross section. Their LL
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approximation is given in Eq. (A.59). Therefore the cross section of Eq. (2.30) for spinless hadrons,

at LO and LL accuracy is given by:

do O are? d*br P 2
<W> — WNCS(I_T) / (27_[)26 2p T ;efdf(Zh,ub)
n

X exp {log <fb> g1(x) + % log (QCZ) g§(X)}
2

X Mp,_,,,(zh, br) exp {—igK(bT) log (zﬁ A%) } [1 + ﬁ(g’;)} , (2.38)
where we used the factorization theorem as expressed in Eq. (2.30). The main feature of Eq. (2.38)
is that the whole dependence on the rapidity cut-off is contained in the TMD FF. As expected, the
final factorized cross section is RG-invariant (trivially in this case) but not CS-invariant. Also, since
the LO-LL approximation reduces the whole T-dependence in the final result to a delta function, the
kinematics argument of Eq. (2.37) that relates ¢ to thrust cannot be used. Therefore, in this case, the
rapidity cut-off is a totally arbitrary number, unrelated to any experimentally measured quantity.

At this stage, any attempt to give a physical meaning to the cross section of Eq. (2.38) may seem
useless. In fact, such formula is hardly useful for phenomenological analyses, as it applies only to
strictly pencil-like configurations, where T = 1. Such events are unrealistic in real experiments and
the pencil-like configuration can only be considered as an ideal limit for a 2-jet topology. Nevertheless,
looking for a solution to this problem gives some interesting insights on the role of the rapidity cut-offs
in the Collins factorization formalism and provides a first attempt to assign them a deeper physical

meaning.

The cross section in Eq. (2.38) is not CS-invariant because TMDs are not invariant with respect to
the choice of the rapidity cut-off. This is not much of a problem, as TMDs are not physical observables
and they depend on u as well as y;. Hence they can be considered at a fixed, and finite, value of y;.
However, they can be made rapidity cut-off invariant with respect to a new “symmetry" that mixes
their perturbative and non-perturbative content, based on a transformation related to a shift of the
rapidity cut-off.

The transformation rule for a shift in the rapidity cut-off follows from the behavior of TMDs
under the action of the CS-derivative and can easily be obtained from the solution of the evolution
equations in Eq. (1.26). Setting y; to y1 = y; — 0, where 6 is some real number, and neglecting the
dependence on all variables except £, the TMD in br-space transforms as:

E(¢) s C(E) = (L) exp [;ez?] , (2.39)

Therefore, the full effect of this transformation is a dilation factor which depends on the soft kernel
K (br, 1) and the shift parameter 6. The transformed TMD describes a different physical configuration,

as the rapidities of the collinear particles have been shrinked to a narrower range. In particular, as
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Fig. 2.3 Pictorial representation of a TMD Fragmentation Function, in which the separation between
perturbative and non-perturbative regime is explicitly shown, corresponding to two different values of
the rapidity cut-off. In panel (a) the rapidity cut-off of the TMD FF is set to a generic value y;. In
panel (b) the rapidity cut off has been shifted to y; > y;. The two TMDs represent different physical
configurations, as the range spanned by the rapidities of the particles belonging to those TMDs are
different. The more y; increases, the more the fragmentation mechanism approaches a 1-dimensional
configuration.

y1 approaches +oo, as required by the Collins factorization formalism, the particles belonging to the
collinear group become more and more tightly aligned along their reference direction. In this sense,
in the limit of infinite rapidity cut-off, the collinear particle motion is basically 1-dimensional and
the 3D picture of the hadron structure may result altered. This is represented pictorially in Fig. 2.3.
Since the non-perturbative information about the 3D structure of the hadrons is encoded into the TMD
model M, the transformation required to compensate the effect of the shift of the rapidity cut-off
of Eq. (2.39) can only be associated to Mc. It cannot involve the other non-perturbative function
appearing in Eq. (1.26), gk, as it also appears in the 2-h soft factor and hence its modification would
reflect also on the soft gluons contributions. The resulting transformed TMD will describe the same
physical configuration of the initial TMD, because the alteration due to the tightened range of rapidity
will be totally reabsorbed by the transformed model. Then, for any 8 < 0 such transformation is
defined as:

yi=Zo(y1) =y1—6,; (2.40a)

1 ~
Mc — _@9 (Mc) = Mcexp |:29K:| . (240]3)

The transformed model, Eq. (2.40b), has the same properties of Eq. (1.28). In fact, since the soft

kernel K goes to zero at small b7, then the dilation factor is 1 for by ~ 0. Furthermore, since K is
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basically negative, at large by the dilation factor give an additional suppression beside those due to
the properties of gx and M¢. Therefore, the transformation defined in Eq. (2.40b) is well defined only
for 6 < 0, otherwise the behavior of the transformed model at large distances would be compromised.
On the other hand, a very large and positive 6 would lead to a rapidity cut-off far from the limit
y1 — +oo. Egs. (2.40) define a new transformation. Due to the dilation factor in front of the model,
such transformation will be referred to as a rapidity dilation (RD) and indicated by Zy. From the
definitions given above one can directly see that TMDs are invariant under rapidity dilations, or

RD-invariant:
C(C, Mc) — Do (E(c, MC)) - E(ce”, .%MC) —C(C, Mc), forany 6 <0, (2.41)

Notice that being RD-invariant is different from being CS-invariant. In fact, rapidity dilations act not
only on the rapidity cut-off, but also on the non-perturbative TMD model, balancing the perturbative
and non-perturbative information in order to keep their combination invariant. Rapidity dilations
allow to consider the rapidity cut-off larger and larger, while keeping the naive physical picture
associated to the TMD to be the same. This is shown in Fig. 2.3, where panel (a) and panel and (b)
represent TMDs described by C(&, Mp) and C(Z &, Mp), respectively, with Py < . Interestingly,
this interpretation is totally equivalent to considering the two TMDs evaluated within the same range
of rapidity but associated to two different non-perturbative models, i.e. interpreting the TMD depicted
in panel (a) as described by C(Zp{, ZoMp) and the TMD in panel (b) as described by C({, ZoMp).
Roughly speaking, the model associated with a certain choice describes how collinear particles with
rapidity in the range’ y; <y < oo behave in the non-perturbative regime. Notice that this picture is
closely reminiscent of the kinematics argument presented in Eq. (2.37), even if here it is not considered
at all. In fact, the higher the rapidity cut-off, the closer the hadronization process to a pencil-like
configuration.

Rapidity dilations have to be interpreted as a phenomenological tool. Two groups can indepen-
dently extract the same TMD from the same set of data for different values of the rapidity cut-off, for
instance by using a cross section like Eq. (2.38). Then, rapidity dilations set the relation between the
two TMD models derived from the two extractions. A detailed illustrtion of this mechanism can be
found in Ref. [12].

Not all quantities encountered in Chapter 1 are RD-invariant. In particular, rapidity dilations
have been defined in Eq. (2.40) to make invariant the TMDs as defined in Section 1.3, i.e. with the
reference direction coinciding with the plus direction. However, rapidity dilations do not commute
with the Z-axis reflection and TMDs associated to the minus direction are not RD-invariant. This is an
important issue, as the behaviour under z-axis reflection, which simply exchanges the plus and minus
directions, is particularly relevant for processes belonging to the 2-h class (see Sec. 1.4.1), where two
TMDs associated to opposite directions appear. If R is the Lorentz transformation that reverses the

5In the real world, quite different from the massless limit, the upper bound is yp, the large and positive rapidity of the
reference hadron.
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Z-axis, then the rapidity of the reference hadron swaps its sign under the action of Rz. On the other
hand, the rapidity cut-off does not represent the rapidity of any real particle, but rather a mere number
that sets the minimum value that the rapidity of collinear particles can assume. Hence it is trivially
invariant under the action of R,. However, the particles belonging to the collinear group associated
to the TMD in the minus direction should have a very large negative rapidity, consistent with the
limit y; — +oo. Therefore, a proper rapidity cut-off would be y, = —yy, as if y; had changed its sign.
Finally, the action of Rz gives:

yp  — Rz (yp) = —yp;

d
yi —=Rz(y)=n e —y2.

(2.42)

As a consequence, the variable { for a TMD in the minus direction is obtained by simply replacing

{4 < exp(yp —y1) with {_ o< exp (y2 — yp) and the full TMD transforms as:

Ci(61) = Rz (C4(84)) =C-(&), (243)

where only the dependence on the rapidity cut-off has been made explicit.

As anticipated, the reflection with respect the Z-axis and rapidity dilations do not commute. In
fact, if the rapidity cut-off y; of 5+ is shifted, then the rapidity cut-off y, of C_ is shifted as well, but
with the sign reversed. This can easily be seen by a direct computation, with the help of Eqgs. (2.40a)
and (2.42):

Do (y2) = Do (—y1) = —y1+6 =y2+86. (2.44)

Therefore, according to Eq. (2.40b), the TMD model of C_ transforms as:

Do (Mc_) = Mc_exp [;GE] . (2.45)

However, in the C_ the rapidity cut-off appears with the opposite sign with respect to 5+. Hence,
there is no more compensation between the rapidity shift and the transformed model, and the TMDs
defined along the minus direction are not invariant under rapidity dilations. In other words, Rz and

D do not commute:

Rz 29 C1(§+) =Rz C1(84) =C-(L-); (2.46a)
Do Ry Cy (L) = Do C_(L_) = C_(E_)exp [91?] . (2.46b)
Another relevant object which is not invariant under rapidity dilations is the 2-h soft factor (see

Eq. (1.14)). A rapidity dilation acts on gz-h only by shifting the two rapidity cut-offs y; and y», as
the soft model M is not affected by the transformation defined in Eq. (2.40). Since Zy(y; —y2) =
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y1 —y2 — 26, the RD-transformation of the 2-h soft factor is given by:
99§Z-h = §2-h exp [—9 I?} . (2.47)

As a consequence of Egs. (2.41), (2.46b) and (2.47), the relevant structure appearing in the 2-h cross
sections, Eq. (1.31), is RD-invariant:

79 (C-(6)82n0n —32)C4(80) = (€ (& )exp [0K] ) (Sanexp | -0K]) €1 (81) =
= 5—(5—)§2-h<)’1 —YZ)5+(C+)- (2.48)

In particular, notice that 5+ is RD-invariant but not CS-invariant, C_ and §2—h are nor RD-invariant

neither CS-invariant, the 2-h cross sections are both RD-invariant and CS-invariant.

2.6 The role of the rapidity cut-off beyond lowest order

The relation between the rapidity cut-off and thrust can hardly be appreciated in a trivial LO-LL ap-
proximation of the factorized cross section, Eq. (2.38), The rapidity dilations presented in Section 2.5
can give some hint about the physical interpretation of the rapidity cut-off in the Collins factorization
formalism, but do not relate { with T explicitly. Furthermore, they are not sufficient to explain the
cross section dependence on the rapidity cut-off beyond the lowest order. In fact in this case, as
explained in Section 2.4.1, also the (subtracted) partonic tensor depends on § but, differently from the
TMDs, it does not include any non-perturbative contribution that can reabsorb such dependence. In
terms of Section 2.5, it is nor RD-invariant, neither CS-invariant.

In this section, I will show how the relation between { and T can be made explicit by introducing
a topology cut-off that forces the partonic cross section to describe the proper final state configuration.
This is a further variable, not included into the original Collins factorization formalism. Without this
extra ingredient, it is not possible to recover a precise relation between the rapidity cut-off and thrust.
In particular, I will follow the approach presented in Ref. [13], which is a modified version of the

formal derivation of the factorization presented in this Chapter.

The starting point is the collinear-TMD factorization theorem of Eq. (2.26), but the partonic tensor
is computed in a non-conventional way. The idea takes inspiration from the available phase space for
three particles, which corresponds to a real gluon emission at NLO. Neglecting all the masses and by
labeling the three particles momenta as k;, the squared amplitude and the phase space will depend on
all the possible combination of their scalar products, which can be expressed in terms of the following
variables:

2 2

2
ylZ@kz-k.%; =5 —

5 ki ko, (2.49)

ky-ki; y3=
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Fig. 2.4 The phase space available for the three final state massless particles of momenta k1, k» and k3.
It cannot extend beyond the edge given by y, = 1 —y; (or y3 = 0), due to momentum conservation.
The dashed red bands represent the quasi 2-jet configurations, where y; and/or y, are zero. The
sub-regions U; correspond to a value of thrust given by 7 =y;.

subject to the constraint ) ; y; = 1, due to the momentum conservation g = k; + kp + k3.

Therefore, when y; — 0 or y, — 0, the momentum k3 is collinear to k; or to ki, respectively.
Instead, when both y; — 0 and y, — 0, the momentum k3 is soft. These are the configurations
corresponding to a 2-jet topology. A standard result regards the value of the thrust, which corresponds

to the minimum among the y;:

T =min{yi, 2, y3}, (2.50)

where, as commonly set for a 2-jet topology, we have defined the variable T = 1 — T. Then the 2-jet
limit corresponds to 7 = 0. Eq. (2.50) allows to divide the available phase space in three regions,
as shown in Fig. 2.4. One of the three particles plays the role of the fragmenting parton, therefore
it does not cross the final state cut. Assuming that k; is not included in the sum over final states,
the integration over the phase space involves only k» and k3, and it reduces to a single integration
over y; after applying the momentum conservation delta. Furthermore, it must be equipped with the
condition that fixes thrust, according to Eq. (2.50). With only this limited information, the integration
is insensitive to TMD effects. Instead of keeping track of the total transverse momentum associated to
the radiation collinear to the fragmenting parton, the TMD dependence can be inserted “by hand"

introducing a topology cut-off Ty;, sensitive to TMD effects. Such cut-off forces the phase space
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integration to be constrained inside the region denoted by the red bands in Fig. 2.4, by restricting the
values that T can assume to be at most Tﬁ ax- Then, the limit rﬁ ax — 0 corresponds to the 2-jet limit.
In order to satisfy H.2, the topology cut-off should not act on soft radiation. Finally, the phase space

integration is given by:

IIs (1'7 Tl\J/IAX> =

d37267<’2 d372£7(‘3 4o i
N / (27)3-22 2k | (27)3-26 2 k3| (2m)" " 6(q—ki+ka+k3) 0 (TMAX - 7:) ;6 (T—yi) =

= (4@;(47II)ZSSQ2€9 (rﬁAX—T) (1-z)"¢x
{9<z—§> /12—1 dooa "E(1—a) " E8(1—(1—2))+
Uy
+ :9<§—z> /()é—i-(-)(z—i) /0] da6(a—z>+
A
+ o <§—z> /;+e<z—§) /;J da(s(a—u—Z)) }a—l—fu—a)‘—f, @.51)
Us

where the following change of variable has been applied:
Y1 :1—2, Yy2=02z, Yy3 :Z(l—(X). (252)

The expression in Eq. (2.51) will be our “TMD-inspired" procedure to compute the NLO thrust-
dependent phase space integral. Then, we have to compute the square amplitudes corresponding
to the various allowed kinematics configurations to obtain the final expression for the unsubtracted
partonic tensor within this modified scheme. Notice that, with the procedure introduced above, the
factorization of WHV:U- into its leading regions, as shown in Fig. 2.2(b), is achieved by letting the
topology cut-off tend to zero, instead of exploiting the action of the Collins kinematics approximators
(see Appendix A). This leads to an important difference with respect to the Collins factorization
formalism presented in Chapter 1: without the prescriptions offered by the canonical factorization
procedure, there is no trace of rapidity cut-offs. Their role is in fact played by the topology cut-off,
which takes the place of §. Therefore, this modified version of the formalism shed light on the relation

between the rapidity cut-off and the experimentally measured thrust, 7.

In the following, I will briefly review the results of Ref. [13] by showing how the final factorized

cross section is derived in this approach.
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kl/

Fig. 2.5 The only 1-loop Feynman graph contributing to Wg“ ¥, when the gluon is emitted by the quark.
The emission from the antiquark line is analogous.

2.6.1 Fragmenting Gluon in the Modified Formalism

In a 2-jet topology, the detected hadron is never a product of the fragmentation of a gluon. In fact,
of the two jets observed in the final state, one is initiated by the quark, the other by the antiquark.
Therefore, any explicit computation must show a suppression corresponding to this channel. In this
section, I will show how such suppression is naturally obtained in the modified formalism presented
in the previous discussion. Furthremore, being much simpler than the case of a fragmenting fermion,
the fragmentation of a gluon serves as an ideal framework to introduce the main features associated to
the computation of the final state tensor.

At 1-loop, the only Feynman diagram to be considered is represented in Fig. 2.5, where we
assume that the gluon is emitted from the quark line. The emission from the antiquark is totally
analogous. Even without performing an explicit computation, it is quite easy to deduce the reasons of
the suppression for this kinematics configuration in the 2-jet case. In fact, after emitting the gluon,
the fermion cannot deviate drastically from its original direction, otherwise it would generate a third
jet. Hence it can only proceed almost collinearly to the gluon. In principle, a 2-jet configuration may
be achieved also if the fermion becomes soft or if it is reflected backwards after the emission of the
gluon, but such configurations are suppressed by power counting. As a consequence, the only relevant
kinematical configuration in the 2-jet limit is given by the fermion being collinear to the emitted
fragmenting gluon. However, this is exactly the same configuration that has to be subtracted out in the
final result, in order to avoid double counting due to the overlapping with the collinear momentum
region.

The squared amplitude is given by:

uv

MW e, i) = , (2.53)
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where, according to standard conventions (see for instance Ref. [7]) the polarization vector e(k;, A) of
the on-shell fragmenting gluon is defined to have zero plus and minus components®. The projections

of M 5 villl onto the relevant Lorentz structures are:

—guvME" (e, {i}) = Hog? u* 4Cr [1 +2(1f#)2 - e} % (2.54a)
ky ki, 1l 1 Vi
%Mé&” Mg w, {yi}) = Hog? n* 2Cr e Ry e (2.54b)

where H has been defined in Eq. (C.8b). Notice that Eq. (2.54b) is regular in both y; = 0 and y, =0,
consequently it is suppressed in the 2-jet limit. The unsubtracted partonic tensor is obtained by
integrating the Eqgs. (2.54) over the phase space of Eq. (2.51), in the limit where the topology cut-off
Tﬁ ax Vvanishes. The only contribution that survives comes from the integration over the region denoted
by U, for the projection onto the metric tensor of Eq. (2.54a). In fact, U, corresponds to the kinematic
configuration where the emitting fermion is collinear to the fragmenting gluon and, as expected, it is
the only one not to be suppressed in the 2-jet limit. The result is:

s ( Auvwl}) TQiax 20 1 O 1) o ( L )
— ( guy W HoZ gl (€:7,2) 0 (qiax—7), Ree<0, (255
where Jg% is the 1-loop gluon-from-quark fragmenting jet function, defined in Eq. (D.18). The

details of the calculation can be found in Ref. [13]. Now, we have to write the TMD dependence
on the topology cut-off explicitely. The fragmenting jet functions result from an integration over
the transverse momentum kr entering into the subgraph associated to the radiation collinear to the
outgoing parton, in this case the fragmenting gluon. Such transverse momentum is related to thrust
through Eq. (D.17), which asserts that 7 is proportional to k7 /Q. Therefore, the power counting
region where kr < Q corresponds to the 2-jet configuration. Despite this, the integration covers the
whole spectrum of k7. Hence, we can set the topology cut-off in such a way to force the transverse
momentum to stay inside the power counting region, by setting an upper limit, for instance equal to the
power counting energy scale A << Q, used to indicate the size of the collinear momenta. This results
in replacing the combination of the gluon-from-quark fragmenting jet function with the topological
cut-off by the Fourier transform of the gluon-from-quark generalized fragmentation jet function [45],
which will be discussed in more detail in Chapter 3, with the further constraint k7 < A on the size of

the transverse momentum. In practice:

/dHe%T 0 (TﬁAx _ T) . /d2*2£%7 Jkrbrg (A2 —i3). (2.56)

%In general, the only requirement on e(ky, L) isky-e(k;,A)=0and e(k;, A)-e(k;, ) = 1.

56



2.6 The role of the rapidity cut-off beyond lowest order

1—y A?
Y3 < Tuaax = ylﬁ (yl - @)

08F

0.6

1 (A A2 A?
U'lgﬁ\mx:; 6 4+@—@

04rF

0.0 0.2 04 0.6 0.8 1.0 -

Fig. 2.6 Action of the cut-off 7y,x(A) on the phase space for the three final state particles, according
to Eq. (2.59). In this case A = 0.1 Q. Notice that the red region shrinks as A /Q — 0.

The neat effect is that the limit fﬁ ax — 0 is replaced by the limit A — 0. Therefore, in this formalism,
the unsubtracted partonic tensor is still the partonic counterpart of the whole process, but with the
transverse momentum of the fragmenting parton constrained inside the power counting region.

The application of Eq. (2.56) into Eq. (2.55) is equivalent to making the following substitution:

2 —
(8;%’,z)9</1—1Z ), for A — 0.
z

1 1 1
I, (67,2 0 (Wiax —7) = IL), g (€572, ) =1L o
(2.57)

g/q,mod. 8/q

This expressions defines the modified gluon-from-quark fragmenting jet function at 1-loop. Notice
that the whole by-dependence is washed away in the limit A — 0. The €-expansion of the previous
expression is not straightforward, because of the interplay between the thrust distributions associated

with J;/]q and the Heaviside theta containing the cut-off. The result is:

Os 1] . -
EJg/q,mod. (e51,2,A) =

_ % I+ (-2 - [ 1 r v

_471'2CFS£9(1 Z) 72 € 10g12 5(7)4'@ Q2 +ﬁ<8)7 Re £ < 0.

(2.58)

Comparing Eq. (2.58) to the analogous term in Eq. (2.55), the relation between the topology cut-off
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ete” — hX as a 1-h class process

’Cﬁ ax and the IR power counting scale can expressed explicitly:

2
OSZSWaHdOSTS%;Z%ETI\%{AX()’)

;i—lz_zr>0: (2.59)
g Se<land0<t<1

Notice that this choice sets Tﬁ ax = 1 only in a thin slice of the phase space, where z is very close to 1.

This fact will be crucial in the fragmenting fermion case, as z — 1 is the effect of a soft approximation

which should not effect the action of the topology cut-off according to H.2. Furthermore, Tﬁ ax — 0

consistently implies A2/Q? — 0 as expected. Finally, the unsubtracted partonic tensor computed in

the modified formalism is:

WIS (62,0 4) = HEYE'RUS (612,75 4), Ree <0, (2.60)
where:
pllos (g . /12/Q2—>0)—@J“] (e:1.24) Ree<0 2.61)
1, g,mod. > %y T - 2 g/g,mod. \&> s <y . .

and the transverse tensor H# ¥ has been defined in Eq. (2.13).

The subtraction mechanism in this modified formalism is totally analogous to the procedure
described in Section 2.4.1. The only difference is in the Fourier transform: instead of covering the
whole range in k7, it stops at ky = A according to Eq. (2.56). Assuming a spinless detected hadron,
for simplicity, the modified version of the subtraction term is given by the modified version of the

Fourier transform of the gluon-from-quark unpolarized TMD FF D, ,,, which has been computed at

/e
1-loop in transverse momentum space in Eq. (A.39). Againg, all the by-dependence is suppressed by

powers of A%2/Q?. We have:

BDl (€)= / & Fp MDY (212, kr)0 (A2~ 1) =

A1 g/g; mod.
o 1+(1—z)2%—¢€z2 (1 u? A2
= 2CrSe 3 cTlogys ) +o( ) +oe), Ree<o @6

Therefore, the modified version of the 1-loop subtracted partonic tensor descends directly from
Eq. (2.33) and it is given by:

ULV, - uns. ld UV ~
Wil o, a) = Wi (g2 1 2) -~ ¥ / ;Wk‘w (2/p, 7) (P DY) moa (8P 1)) =
k

H ~
_ H#VTO I e (&7, 2,0) = 8(0)D] (e, ;L)} =
v 1] A’
=Hr Fl,g,mod.(Z7 nA)=0 @ ’ (2.63)
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2.6 The role of the rapidity cut-off beyond lowest order

Fig. 2.7 The 1-loop Feynman graphs contributing to W;‘ v,

where we used the expression of Eq. (C.6) for the partonic tensor at LO. Notice that Wk” V00 s not
affected by the modified formalism as its final state configuration is pure 2-jet. Eq. (2.63) implies a

partonic cross section suppressed by & (lz> as well:

0?
~[1]
do mod. =l 12
d(Zg7dT = GBZF1[7 }gmod‘(z, T, l) = ﬁ <Q2> . (264)

As expected, the fragmenting gluon configuration is suppressed for a 2-jet topology. Most importantly,
in this modified formalism such suppression is given by the limit A — 0 which is ultimately related to
the limit fﬁ ax — 0by Eq. (2.59). Therefore, this is the explicit realization of the expected topological

suppression.

2.6.2 Fragmenting Fermion in the Modified Formalism

In this case, the detected hadron is produced by the fragmentation of a fermion of flavor f, assumed
to be a quark for simplicity. The case of a fragmenting antiquark is totally analogous. This is the first
non-trivial contribution to the thrust-dependence of the final cross section. Furthermore, the modified
formalism applied to this kinematic configuration leads to an explicit relation between the topology
cut-off and the rapidity cut-off, which turns into a relation with an experimentally accessible quantity,
i.e. thrust.

The contribution of the virtual gluon emission (the hard vertex V is represented in Fig. 2.2b) is
associated to a pure pencil-like final state; hence it is not relevant for the action of the topology cut-off.
The 1-loop result can be found in Appendix C. Therefore, in the following I will focus on the real
gluon emission contribution, associated to the two Feynman graphs represented in Fig. 2.7. The 2-jet
configuration are obtained when the gluon is collinear to the antiquark (backward radiation), when it

is soft and when it is emitted collinearly to the fragmenting quark. The squared amplitudes are given

59



ete” — hX as a 1-h class process

by:

My e, {yi)) =
uv

(2.65)

which leads to the following projections onto the relevant Lorentz structures:

— 8 & “ = 2 2¢e ) 1 8) Y1 Y2
n M V,[l] ) | H 8C 3 — & (7 : 25
v fireal ( ’ {y’}) 07fg F ‘LL yiy2 2 2 +y1 ( 68)

ki, ki, N
oM (€ (vi)) = Hop € 2Cr 1 s (2.66b)
where Hy, ; is defined in Eq. (C.8b). Analogously to the procedure adopted in the previous section,
the unsubtracted partonic tensor in the modified formalism is obtained by integrating Eqs (2.66) over
the phase space given in Eq. (2.51), in the limit rﬁ ax — 0. Then, thanks to the identification between
the topology cut-off and the IR power counting scale A presented in Eq. (2.59), the result is intended
as the limit A — 0.
The integration of (2.66b) is suppressed in the topology limit because it is non-singular for
vanishing y; and/or y,. The result of the integration of Eq. (2.66a) is:
_g'quﬂV [1], uns. (8; T )L) _

f,real, mod.

= Hoy [8(1-2) (SU(e:0) + 7)) (e: 7))+ ea(e: 1,2 4)], Ree<0,  67)

where we have used Ty, (A) 8(1 —z) = 1, which ensures H.2 is valid. The details of the computation
can be found in Ref. [13]. The expression in Eq. (2.67) encodes all the expected contribution associated
to a 2-jet topology. The functions Jg and S are, respectively, the (backward) jet thrust function and the
soft function commonly found in thrust-dependent cross sections in the 2-jet limit. They are defined
in Egs. (D.12) and (D.6) [46—48]. In the modified formalism, such contributions are totally insensitive
to the action of the topology cut-off. On the other hand, the modified quark-from-quark fragmenting
jet function J, /4 moq is associated to the configuration where the gluon is emitted collinearly to the
fragmenting quark. Hence, it inevitably overlaps with the same momentum region of the TMD FFs in

the final cross section. Its 1-loop expression is given by:

A2 11—z
Jf[ll/]q mod(&3 T2 A) = Jg/q(€:7,2) 6 (QZ - ZT> ; (2.68)
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2.6 The role of the rapidity cut-off beyond lowest order

The e-expansion of the previous expression is totally not straightforward, as in addition to the thrust
distributions, in this case there are also terms proportional to z-distributions and the interplay between
such contributions and the cut-off condition makes the computation highly non-trivial. The result is’:
. 1 as

Bl etz A) =

ana/a.mod 2N (e:2)8(7)+

7z AT q/q,coll

ez SN0 )
+ 8 acrs, {5@) [—5(1 —z)10g<f;>(1og <f;> —2log<uz)> +1ZZ <1+log(2§)> 4
+2<11_Z>+10g<f;>] —25(1—2) <i>+log<gi> +25(1—2) <1°TT>+ } Re e < 0.

(2.69)
where Z, /, con 18 the UV counterterm of quark-from-quark FFs, defined in Eq. (A.54). Notice that it

(04
=S 2CrSe8(1—2

+47:

encodes the collinear divergence of the quark-from-quark TMD FF and hence it will vanish in the
subtraction. Finally, including also the contribution from the virtual gluon emission of Eq. (C.15), the

unsubtracted partonic tensor for the fragmenting fermion in the modified formalism is given by:

WEVI ™ (612, T A) = HYY B (e12, 73 1) (2.70)
where:
(1], uns. H
Flmy(e 2w 2) = 2L [8(1-2) (8() VI () + 51 (s ) 4+ 7 (€: 7)) 40, g€ 7,2 1)
(2.71)

Following the same argument used for the fragmenting gluon case, the subtraction term is the
modified Fourier transform of the quark-from-quark TMD FF defined in Eq. (A.54). Analogously to
its canonical counterpart, the result gives the bare quantity; however, the UV counterterm needed for
the renormalization is exactly the same as that given in Eq. (A.50). Finally, we have:

Os ~11],(0 267 ifrBr [l
oD (&2 6 A) = [ @ 2R D)) (eiz, k. £)6 (22 1) =

_ Loas p

(04
= = 2 Zatrecon €9 = 3220y mup(£)8(1 —2)+

~ 4x "4/, TMD

% Lsii— ) [0 (22 2\ oL
+47r2CpSg{25(1 2) [log (ﬂz +2log T log B +

11 1 1 2 A2
+5——4+|5+-+—-——]1log| -], Ree<O. 272
2z (zz z <1—z>+> g(m)} =72

In Ref. [13] not all the non-leading divergences in log(A2/Q?) have been considered. This produces a missing
cancellation among the z-dependent terms which results in a non-trivial dependence on z in the final result.
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Clearly, the renormalized version of the previous equation is obtained by adding the UV counterterm

(1]
Zq/q>TMD'

will need a renormalization and its UV counterterm will be exactly opposite to the UV counterterm

Moreover, if the subtraction is performed with the bare quantity, also the partonic tensor

of the modified TMD. This is in agreement with the procedure adopted to renormalize the partonic
tensor in the canonical formalism, as presented in Eq. (2.32).

In conclusion, the renormalized partonic tensor for the case of a fragmenting quark is obtained as:
Wﬂvv[l}( 0, A) =
f,mod. 5% 6, -

~ uns. Ydp o ; D
=W ez w ) = E [P0 /1) (p D] (£10.C 1)) =
k

= H#V% [5(1 —2) (8(x)V1(e) + 5 (e 7) +7f (e 7)) +
a8 T2 2) = 8() 2Dy g (€50, M] =HY R oA, @)

where:

ﬁl[,l]f.,mod(za T; Cy A) =

9 2x? 22 1 22
= Ho,yCr (1 —2) [5(‘:) ( 5t —log <‘52> log <,uz> - 510g2 <u2> _

3 u? A2 u? u? 3/1 logt
- 2log<Q2) —2log <I12> log <Q2> —log2<Q2>) -5 <1)+ —4 < . >+] . 274

Then, the final result for the NLO partonic cross section follows straightforwardly:

de ,mod.

= 0p2F, f moa(z T £, A). (2.75)

Notice that the z-dependence is trivial: in the final cross section the behavior in z is entirely described
by the TMD FFs. Furthermore, this final result is a finite quantity, as all the divergences have been
canceled. There is still track of the regulators: u for the UV divergences and { for the rapidity
divergences. The latter, in particular, originates from the subtraction term, as the matrix elements
contributing to the modified TMD are the same of the canonical Collins formalism. The action of the
RG easily takes care of the dependence on u which can be set to Q as usual. However, as expected,
the final cross section is not CS-invariant and the modified partonic cross section as well as the TMD
FFs depend on §. Differently to the canonical formulation of the factorization theorem, in this case
there is also the topology cut-off A playing its role in the game. It has a double function: on one
side it forces the modified partonic cross section to describe the 2-jet region, on the other side it
constrains the total transverse momentum of the radiation collinear to the detected hadron to be in the

power counting region. This last feature is crucial, as, for on-shell particles, a constraint on transverse
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2.6 The role of the rapidity cut-off beyond lowest order

momentum automatically leads to a constraint on rapidity (and vice-versa). Then, the transverse
momentum of the emitted gluon (see Fig. 2.7) is constrained by k7 < (1 —2z) \/z < \/E and also by
kr < A. This means that the topology cut-off plays the same role of the canonical rapidity cut-off and
hence they can be set to be the same, { = A.

The double nature of the topology cut-off makes it more flexible than §. Its direct relation to the
topology of the process can be made more explicit by exploiting the kinematic argument of Eq. (2.37).
In fact, on one side k7 < Pr/z;, < \/TQ, on the other k7 < A and the natural choice for the topology
cut-off is A = /7 Q. Therefore, the limit A — 0 literally corresponds to the 2-jet limit. Summarizing:

é’:l:ﬁQ—U;l:—%logf, (2.76)

in total agreement with the kinematics argument. Also, Eq. (2.76) matches with the naive picture
of Fig. 2.3. In fact, the canonical limit on the rapidity cut-off y; — oo in this modified formalism
corresponds to the 2-jet limit 7 — 0 and the rapidity cut-off is linked directly to the experimentally
measured value of thrust. The more y; approaches infinity, the narrower the jet in which the hadron is

detected, approaching the pencil-like configuration.

The practical implementation of the relation in Eq. (2.76) into a fixed order computation is hardly
viable. The NLO expression of the modified partonic cross section shows that all the dependence
on A (and §) is embedded in the logarithms in the coefficient of 6(7). Therefore, a straightforward
substitution A2 = 7 Q? into Eq. (2.74) cannot be implemented, as it would lead to ill-defined terms as
0(7) log(7). This is the same kind of trouble that would appear if y; = +oo is set straightforwardly
in the final factorization theorem of Eq. (2.26). Ultimately, this problems opens the question of the
implementation of a proper thrust resummation® for a cross section as that in Eq. (2.74). A simple
short-cut consists in staying away from the dangerous region near 7 = 0 and writing the fixed order
cross section neglecting all contributions associated to a pencil-like configuration. This can be easily
obtained by removing the whole §(7) term and the “plus" signs from the thrust distributions in

Eq. (2.74). Then, the final result has a very simple expression:

|1
d6,' o0 3+8logT

2
—_— = Ncé(1— 2.77
dcdT ope;CrNc6(1—2) (2.77)

As long as the phenomenological analyses do not include data associated to very large values of 7,
this formula for the partonic cross section is expected to apply. Even if this result has been found
within a modified version of the canonical factorization formalism, I will show in Chapter 3 that the

same partonic cross section can be derived without introducing a topology cut-off.

8In Ref. [13] a resummed expression is obtained by considering A and 7 independent untill the very end of the
computation and using the relation A = /7 Q only in the final result, written as the solution of a proper evolution equation
with respect to the topology cut-off. This produces an exponentially suppressed term in the partonic cross section,
unfortunately not powerful enough to describe the behavior around 7 ~ 1.
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By using the NLO partonic cross section of Eq. (2.77) and the NLL unpolarized TMD FF presented
in Eq. (A.60), we can write the collinear-TMD factorized cross section of Eq. (2.30) at NLO-NLL

accuracy for a 2-jet final state configuration:

do 4m? o 3+4+8log(1—T) [ d*br ;%
_ %Y  NLO,NLL _ i-L-br 2
dzdP%dT = 3Z,21Q2 Cr Ne 1=T7T /(271-)28 ! Zf:ef(dh/f(zha Hp)+
as(up) (1 dp 201] 2001]
- / L {dusstalo. o) [0 €, (0)] +duselaaso. ) [0 61, 0)] } ) ¢
0 1 K 1 K
x expq log( =) g1(x) +g2(x);log(1=T) | &3 (x) + —F—<835(x) | px
/PO o)
1 ) Q? M}
XMDLf/,,(Zh; br) exp{—4gK(bT) log <zh(1 -T7) 2>} [1 +@’(2)] , (2.78)
M 0

where we have set = Q thanks to RG-invariance and { = (1 — T') Q? from the relation of Eq. (2.76).

2.7 Conclusions

The factorization of the ete™ — hX cross section, sensitive to the transverse momentum Pr of the
detected hadron with respect to the thrust axis, represents a really hard challenge from the theoretical
point of view. According to the classification of Section 1.4, this process belongs to the 1-h class. This
fact has important consequences that make its factorization properties deeply different from those of
the TMD processes belonging to the 2-h class. If the radiation collinear to the jet in which the hadron
is detected does not affect the experimental measurement of thrust ( H.1) and if the soft radiation does
not affect the experimental measurement of Pr ( H.2), then the factorization theorem (see Eq. (2.26))
assumes a hybrid form between the usual collinear factorization and TMD factorization. It has the
same structure of a collinear factorized cross section but here the fully perturbative partonic cross
section is convoluted with a TMD FF, rather than a FF, which must be extracted from experimental
data. For this reason, such hybrid factorization theorem has been called “collinear-TMD".

There are two remarkable features associated with this hybrid collinear-TMD factorized cross
section. The first is that the TMD FFs appearing in the final result are not defined in the usual
way, through the square root definition, Eq. (1.33), devised for 2-h class TMD cross sections. This
definition cannot be applied to 1-h processes, as there is no other non-perturbative contribution besides
that of the TMD itself. Instead, the TMDs appearing in Eq. (2.26) are defined according to the
factorization definition presented in Eq. (1.21). They describe only particles collinear to the detected
hadron, without including any information about the soft radiation of the process. In fact, all the soft
contributions are embedded perturbatively inside the partonic cross section. This must be taken into

account when performing any phenomenological study. The TMD FFs extracted in this way will
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differ by a square root of the soft model Ms from those obtained by fitting SIDIS and e™e™ — hy hy
data.

The other issue involves the role of the rapidity cut-offs in collinear-TMD factorization theorems.
In fact, both the TMD and the partonic cross section show a dependence on the rapidity cut-off §
appearing into the TMDs definition. However, the final cross section cannot be CS-invariant, mainly
because the CS-evolution of the TMDs is br-dependent while the partonic cross section depends only
on the collinear momentum fraction and on thrust. For the lowest order computation, the rapidity
dilations presented Section 2.5 offer a viable solution, at least to the phenomenological level. However,
their action is not useful when higher ordercorrections are taken into account. In this Chapter and
throughout this thesis, I will not interpret the dependence on the rapidity cut-off of the final result
as an inconsistency of the factorization procedure. In fact, there is a intimate connection between
and the topology of the final state, which ultimately relates the rapidity cut-off to the thrust. This
connection does not appears explicitly within the Collins factorization formalism. However, if an
additional topology cut-off is inserted into the factorization procedure, then this somehow takes the
place of { and has the added benefit of being directly related to thrust. This approach has been shown
in Section 2.6 to NLO, for a 2-jet final state configuration. In this modified formalism, the rapidity
cut-off is finally set to 7 Q? and hence the 2-jet limit T — 0 corresponds explicitly to the canonical
limit y; — oo of the Collins formalism. This solution cannot be implemented straightforwardly into
the fixed order partonic cross section, as it would expose the rapidity divergences in 7 = 1. However,
it offers the possibility to shed light on the real physical meaning of the rapidity cut-off. It cannot be
considered as a mere computational tool introduced solely to regulate the rapidity divergences. More
appropriately, it should be assigned a specific physical meaning, given its relation to the measured
value of thrust.

The collinear-TMD factorization theorem presented in this chapter offers a unique perspective on
this issue. In fact, the conventional TMD factorization theorems provide CS-invariant cross sections,
where the whole dependence on the rapidity cut-off is completely washed out in the interplay between
TMDs and the contribution of the soft gluons. Instead, collinear-TMD factorized cross sections make
such dependence explicit, providing a concrete tool to investigate the physical meaning behind the

regulators of rapidity divergences.
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Chapter 3

Kinematics regions in a 2-jet topology

3.1 Introduction

The collinear-TMD factorization theorem devised for e"e~ — hX in the previous Chapter has
been obtained within the Collins factorization formalism, by making use of very general properties
associated to the interplay between the hard, soft and collinear contributions to the cross section,
and also with the help of some additional assumptions on the role of soft and collinear radiation in
the actual experimental measurement. In particular, we have required that the transverse motion of
the particles radiated collinearly to the detected hadron does not modify the final state topology of
the event (H.1), and also that the transverse momenta of the soft gluons do not deflect the trajectory
of the detected hadron (H.2). This kind of “top-down" approach is very powerful, as it allows us
to avoid the traps and threats that a “bottom-up" approach, entirely based on perturbation theory,
could present. On the other hand, the steps of the factorization proof are much clearer within a
“bottom-up" approach, where the various contributions can be readily disentangled and made more
explicit transparent, order by order in pQCD. The downside of this methodology is that perturbative
computations may be remarkably difficult, especially when the formalism has to be adapted to include
one additional observable variable, in this case thrust. Of course, under the same assumptions. both
schemes should ultimately return the same result.

The purpose of this Chapter is to show an alternative road to factorization, through a “bottom-up"
approach. I will present the explicit calculation of the leading contributions to the partonic version
of the whole process, which corresponds to the partonic tensor introduced in the previous Chapter,
at NLO in the perturbative QCD expansion and for the relevant case of a 2-jet configuration. The
results will then be generalized to all orders. I will show how, following this alternative procedure,
all the results of Chapter 2 can be recovered. Moreover, I will also consider the cases in which the
additional approximations H.1 and H.2 are removed. This will lead to three different factorization

theorems, each corresponding to a different kinematic region. In this regard, the results of Chapter 2
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will be associated to Region 2, where both the kinematic requirements hold true. These results are
crucial for phenomenological analyses, as they provide a criterion for data selection which ensures
that the appropriate factorization theorem is applied to the right data subset. I will also provide
an algorithm based on the 1-loop computation that allows to identify each kinematical region by

comparing properly defined ratios involving measured quantities, like z;, Pr and T'.

3.2 Conventions and nomenclature

As extensively discussed in Section 2.3, the leading momentum regions for e e~ — h X involve hard,
soft and collinear contributions, and each term can be expanded in series of o and approached within
perturbative QCD. Such decomposition can be performed explicitly, order by order, by applying
the kinematics approximators defined in Ref. [7] and reviewed in Appendix A. I will follow the
conventions introduced in Appendix D, where a label “o" is used to specify when an approximator
has to be applied without its rapidity cut-off. This is a relevant issue only for soft and soft-collinear
approximators, as the unsubtracted collinear parts are already defined without rapidity cut-offs.
Moreover, I will denote the two hemispheres defined by the thrust axis as S4 and Sp, where the first
is the hemisphere in which hadron # is detected. In the case of soft radiation, the particles can be
emitted either in S4 or in Sp with the same probability. Therefore, the soft approximators are equipped
with a further label “4" or “—" as an indication of the hemisphere in which the particle is emitted.
Finally, following the nomenclature introduced in Appendix A, the various subgraphs singled out by
the action of the approximators will be labeled as “A", “B", “S" or “H", depending, respectively, on
whether the particles circulating inside them are collinar to the fragmenting parton, collinear to the
backward direction, soft or hard (far off-shell).

Not all the contributions singled out by the factorization procedure are relevant for the study of
TMD effects. Since each of them returns a picture of the whole process in a specific momentum region,
they all depend somehow on the transverse momentum of the fragmenting parton Kr. Sometimes
such dependence is trivial, as for the case of the backward emitted radiation. In other cases, the
relevance for the TMD physics depends on whether the considered term contributes significantly
to the transverse deflection from the thrust axis of the detected hadron. Leaving aside the reasons
that allow to consider a certain contribution relevant or not for studying TMD effects, if a term is
“TMD-relevant” then it must be considered in the Fourier conjugate space of kr, as this is the natural
framework in which TMDs and soft factors are defined (see Sections 1.2 and 1.3). On the other
hand, if a term is “TMD-irrelevant" then it must be integrated over the whole spectrum of transverse
momentum, which is equivalent to washing out the information on k7. In this section, I will refer
to TMD-relevant (Fourier transformed) quantities as “factors" and, if not specified differently, I
will indicate them with capital Greek letters. Instead, I will refer to TMD-irrelevant (7{} integrated)
quantities as “functions" and, if not already defined differently, I will indicate them with capital italics
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Latin letters. The following scheme summarizes the notation:

TMD-relevant <— / &> *ky eI s (capital fé&t:gf( letters)

TMD-irrelevant <—; / &>k (capital itzfllllilcl:gt}?antin letters)
Notice that the contributions of the momentum region corresponding to particles moving collinearly
to the fragmenting parton are always TMD-relevant, as they embody the core and essence of the TMD
effects. On the other hand, contributions associated to backward radiation are always TMD-irrelevant,
trivially because, being emitted into the hemisphere opposite to the detected hadron, they cannot affect
its transverse motion. Therefore, being TMD-relevant or not is crucial only for soft (and soft-collinear)
momentum regions, as soft radiation emitted in the hemisphere S4 may (or may not) contribute to
the transverse momentum of the detected hadron. Clearly, this is strictly connected to the validity of
the assumption H.2. Finally, since this Chapter is devoted to the computation of the partonic version
of the whole process, I will drop the label “uns."” from the partonic tensor, meaning that it contains
also the information encoded into the (partonic version of) the TMD FFs, which ultimately causes an
overlap in the final factorized cross section. On the other hand, in all those cases in which I refer to a

subtracted quantity, I will add an explicit label “sub."

3.3 A benchmark study: the fragmenting gluon case

The “bottom-up" approach to the factorization procedure discussed in this chapter involves the
solution of some very tough integrals, due to the non-trivial interplay between thrust and transverse
momentum dependence. The solution of such integrals require non-standard techniques, even just for
a NLO approximation. Therefore, it is convenient to show the procedure and some of this advanced
mathematical tools in the simple case of a fragmenting gluon, in analogy to what was done within
the modified formalism framework in Section 2.6.1. This will serve as a benchmark study for the
treatment of the more relevant case of a fragmenting fermion, which actively contributes to the final
result. Clearly, we have to recover the expected result also in this “bottom-up" approach. For a 2-jet
final state, one jet is generated by a quark, the other by its corresponding antiquark, while the chance

of a jet being produced by a gluon is strongly suppressed.

For the case of a fragmenting gluon, there is only one Feynman diagram to be considered, shown
in Fig. 2.5. The corresponding squared amplitude has been presented in Eqgs. (2.53), (2.54). The
expression of the phase space is similar to Eq. (2.51), however, instead of introducing an artificial
TMD-sensitive topology cut-off as in Section 2.6, we explicitly keep track of the total transverse
momentum of the radiation collinear to the fragmenting parton. This is realized by the partonic
version of the condition that sets the relation between the transverse momentum P} of the detected

hadron and the transverse momentum k7 of the fragmenting parton. As discussed in Section 2.4.1,
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Kinematics regions in a 2-jet topology

this condition just sets kr equal to the total transverse momentum %’T entering into the A-subgraph.

Therefore, with respect to Eq. (2.51), we have to implement the following replacement:
9 (rﬁAX . r) — (%T —%’T) (3.2)

Since the definition of the A-subgraph depends on the action of the kinematics approximator, the
expression of 7<”T can be different for each leading momentum region. In fact, the action of T modifies
any element involved into the calculation of the partonic tensor, not only the squared amplitudes.
Also the momentum conservation delta and the condition that fixes the thrust must be modified
consistently. Apart from these differences in the procedure of the computation, all the considerations
of Section 2.6.1 hold. In particular, the power counting suppresses both the configurations in which
the emitting fermion reflects backward (action of Tp) and when it turns soft (action of Ts), regardless
of the hemisphere in which it is directed. Therefore, the only leading momentum region is realized by
the fermion being collinear to the fragmenting gluon, obtained through the action of 74. Therefore we
have:

W (23 2,2, 0r) = T [ W41 (83 2,7 k) | 4+ POWET suppressed, ¢.3)

where the Ty approximator gives:

T, [Wg“““](e;z,r,kT Z / *W“v Yt ory), (e kKT kr, T) =

dp, -
L s W;‘V’“’](z/p, o)l (e:p ke, 7). (3.4)

where, as discussed in Section 2.4.1, the collinear momentum fractions are defined as z = k" /g* and
p = k" /k't. Moreover, *W;‘ V10 is the partonic tensor at LO, computed in Eq. (C.6), but considered
without its (trivial) dependence on thrust, as the whole 7-content is included into the function I, /.

This is the 1-loop gluon-from-quark generalized fragmentation jet function (GFJF)', defined as:

1 (g, _ [_dk TreTn
Fg/q (89 Z, kT7 T) _/(Zﬂ)4_28 NC 4

1_
72CF58( €) u*

1—
i e 6(1-2)

2
T— ZkT) . (3.5)

UIn the literature [45, 17], the GFJFs are usually indicated by &. In this thesis I will be consistent with the nomenclature
introduced in Section 3.3. Furthermore, in analogy to TMD FFs the GFJFs are usually defined with a normalization factor
of 1/z, which here is not considered.
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3.3 A benchmark study: the fragmenting gluon case

Notice that this definition coincides with the transverse momentum space expression of the unsub-
tracted collinear parts, presented in Eq. (1.15), properly projected onto the relevant term of the Clifford
algebra basis and at leading twist (see Eq. (1.20), appropriately modified to be suitable for gluons).
Differently from the objects defined in Chapter 1, in Eq. (3.5) there is, in addition, the explicit thrust-
dependence. Without the condition that fixes the thrust, Eq. (3.5) would be extactly the definition of
the gluon-from-quark TMD FF in momentum space (a part from a normalization factor 1/z), as can
be verified by comparing this expression with Eq. (A.39). However, in transverse momentum space is
(paradoxically) difficult to capture the size of the overlapping between the collinear momentum region
covered by the partonic tensor and the TMD FFs. In the following, I will investigate this issue in the
Fourier conjugate space of kr, where TMDs are properly defined. In fact, according to discussion in

Section 3.2, the action of Ty gives always a TMD-relevant term.

The delta function in Eq. (3.5) fixes the relation between T and kr. In particular, as already noticed
in Section 2.6, the 2-jet limit T — 0 corresponds to the power counting region k7 < Q. This bond
breaks down when we Fourier transform Iy, since this operation inevitably stretches the transverse
momentum beyond the power counting region. As a consequence, the result of the F.T. will also
include contributions that are outside the 2-jet region. Naively, we may expect that in bp-space the
2-jet limit corresponds to the large-br region. In the following, this will be verified explicitly. The

Fourier transform gives:

1]

T, (€52, by, 7) =
2¢e 2 2 —€ 2
Os u 1+(1—2)*—€z" [1—2 e 1—zb
— %, i - Fll-—e-1—22).
ir CFS8<Q> 2 . 0(l—2z)7 oF1 £ -7 p—
(3.6)

where b = by Q and the hypergeometric function can also be written as:

1z b [1-z2) -2
OFI <1_8,—TZ4) —F(l—g) (2 Tz) Jfg (b Tz) (37)

Now, we may be tempted to expand the hypergeometric function in powers of 7 in Eq. (3.6) and
assume the lowest order in 7 provides a good description of the 2-jet region. However, this also
implies that b << 1, which naively does not correspond to the power counting region of small k7. This
confirms that in the Fourier conjugate space, the 2-jet limit is much less trivial than in the transverse
momentum space. In fact, a proper treatment of this issue involves dealing with the €-expansion of
Eq. (3.6) in terms of t-distributions. In order to accomplish this, we will make use of a rather simple
trick, that can always be exploited in presence of functions of some variable x that varies in the range

[0, 1], divergent at most as simple poles when x approaches 0. In fact, if f(x) is a function that behaves
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Eq.(3.9) e-expansion
12 E T T T

10}

Eq.(3.9) - Ihs
45 ] Eq.(3.9) - rhs

-0.8 -0.6 -0.4 -0.2 0.0
€

Fig. 3.1 The term 7' ~¢)F (1 —€; —T%%) in Eq. (3.6), (solid, blue line) is compared with its
small e-expansion (orange, dashed line) given by Eq. (3.8). These lines are obtained by integrating
the r.h.s and Lh.s of Eq. (3.9) with a test function chosen as 7(7) = e *.

at most as ~ 1/x when x — 0, then we can recast it as:

7 =300) [ daf(@) + (/). 39

With this technique, we can reorganize the dependence on 7 in Eq. (3.6) and disentangle it from the

dependence on b when 7 = 0. After this operation we can then safely perform the e-expansion.

1—zb°
T_l_g()Fl <1 —€; —TZ> =

z 4

1 1—zb? 1—zb?
:——IFZ(—S;1—8,1—8;——Z—)5(‘c)+ R (11— —1— 2 =

€ z 4 z 4)),

1—z
1 1—zb? 1—zb? JO(b TT)

=8(1)(—-——"F(1,1;2,2,2; ———= — VvV */ o 3.9

(T)( P 423<, z 4>>+ - +0(e) (3.9

+

where Re (&) < 0 is required for convergence. We have pushed the expansion up to ¢/(&°) since the

remaining €-dependent terms in Eq. (3.6) do not present any pole in €.

Now we are ready to consider the large-b7 limit, in order to bring the result back to the 2-jet
approximation. Let’s define for simplicity a = %2 % Then, since z in the collinear region cannot be
too close to 1 (large values of z, z — 1, can only be reached in the soft approximation), the limit a — oo
will correspond to the asymptotic behavior for large values of b. Finding the asymptotic behavior of

the term multiplying the &(7) in the last line of Eq. (3.9) is quite easy. In fact we have:
a2F3 (1, 1; 2,2,2; —Cl) =

=log (ae*) —i—LL cos (2\/5—1—%) —i—ﬁ(

1 oscillating
SR Jr ) . (3.10)

a®/* "~ function
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3.3 A benchmark study: the fragmenting gluon case

On the other hand, a proper estimation of the asymptotic behavior of the plus distribution in Eq. (3.9)
is much less trivial. Clearly, the Bessel function Jy behaves as ~ a~'/2 for large-a. However, such a

rough estimation compromises the T dependence, which becomes ~ 7~/

, not integrable anymore
for any test function 7' (7). Such an operation should therefore be performed more carefully. With the
help of a test function 7'(7), the following asymptotic series can be obtained by integrating N times

by parts:
/d eT(t (JO 2*ﬁ)> = Sx(Va) + Ry(v/a). (3.11)
+

where we have introduced:

Nt Jir1(2v/a) a/ (T(t)-T(0
Sn(Va) = jZO(—l)JM o <(T)T()) . (3.12)
Ry(va) = (—=1)"a™™? / dt di< 5= (O)> ™2y (2Var). (3.13)

The series Sy_, diverges for any value of a, however its partial sums (for finite N) can be used to

compute the integral of Eq. (3.11) to any desired accuracy. In fact, Ry is of order ¢~ (N+1)/2-1/4

and can be made small at will. Furthermore, the derivative of the test function in Eq. (3.12) can be

d’ (T(t)—T(0 1)t (T(t J il
m«<wr<v:<31<< ; ﬂ@)_ G14)

Hence, we can recast Sy in the following form:

rewritten as:

a(I‘H)/z

MW@:&th%@l4@+i<U”“mr G.15
=0 '

which at level of distribution becomes:

(mm) zfzo‘j!w[_a<f>+i;aw<l—r>
+ =

T =0 K

+o (a* mfm) . (3.16)

where 8 (1 — 1) is the k-th distributional derivative of §(1 — ), which, setting T = 1, produces
(boundary) terms that are not contributing to the 2-jet limit and hence that will be thrown away.
Notice that the integration of each side of Eq. (3.16) gives zero as required. Now, we have a correct
asymptotic expansion of the plus distribution appearing in the last line of Eq. (3.9). In the 2-jet
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Eq.(3.17) a—asymptotic

0.05
0.00/ \ /\//_\ Eq.(3.17) - Ihs
\/ Eq.(3.17) - rhs
-0.05} ]
.
0 20 20 60 80 100

Jo(2v/at)
T

Fig. 3.2 The distribution ( in Eq. (3.16), (solid, blue line) is compared with its large

+
b-expansion (orange, dashed line) as obtained in Eq. (3.17). These lines are obtained by integrating
with a test function chosen as 7(7) = e 7.

approximation, its crudest estimation is given by:

(JO (2\/cﬁ)> _ _5(1_)]1(2\/&) . (1 " Bessel )
) a

T Vva function

1 cos(Z\f—l- )+ﬁ<a5/4

1
PRI

Notice that this result cancels exactly the first correction to the logarithm in Eq. (3.10). This does not

=5(7)—n

oscillating > (3.17)

function

happen by chance; it can be verified at any order & (a*k/ 4), for k =3,...,2N, for any N. Finally, the
£-expansion in the 2-jet limit for the Lh.s. of Eq. (3.9) is given by:

1—zb%\ 2-j 1 b 1—
TR (1 —&; —7Z> = o(7) (— —2log () —log< Z)) +
z 4 € c1 Z

+ﬂ)+ﬁ@"ﬂ>,VN:QLW (3.18)
where ¢; = 2e¢~ . Inserting this result in Eq. (3.6), we can write the large-b asymptotic behavior

of fg /q (in the following expressed with the label “ASY"), which has to be considered as its 2-jet
approximation. We have:

~ ~ 3o
Y (612, br, 1) = 8(1) DY), (e:2,br) + 0 (b73), VN =0,1,.... (3.19)

where 5g /q[l] the 1-loop gluon-from-quark TMD FF in br-space as defined in Eq. (A.42). Notice
how the whole dependence on the thrust has been washed away in the 2-jet approximation. Finally:

:MVJ] d d
W, (g5z,7,b7) Z/ PZ/ PW;Lv (z/p, O, )( L) (e:2, bT))+power suppressed

corrections

(3.20)
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3.3 A benchmark study: the fragmenting gluon case

Eq.(3.19) 2-jet limit
60 ; ;

50

40F ——s

30:, = ———————— —_— rg/q

i zD,
20f ola

Fig. 3.3 The gluon-from-quark GFJF in Eq. (3.6), (solid, blue line) is compared to its 2-jet limit
(orange, dashed line) in the 1.h.s. of Eq. (3.19). The plotted lines are obtained by integrating with a

test function chosen as 7(7) = e *.

Notice that the §(7) in Eq. (3.19) recreates the LO partonic tensor as defined in Eq. (C.6). The power
suppresed terms involve both the errors associated to the factorization procedure of Eq. (3.3), and also
the errors associated to the 2-jet limit of Eq. (3.19).

Eq. (3.20) is a crucial result. In the 2-jet limit, the 1-loop contribution of the fragmenting gluon
turns out to be simply the gluon-from-quark TMD FF, plus a remnant which is power suppressed.
Therefore, in br-space, the overlapping with the contribution of the TMD FFs is self-evident. In fact,
the subtraction mechanism described in Section 2.4.1 simply returns the power suppressed terms of
Eq. (3.19). This means that the subtracted partonic tensor, which describes the “core" of the process,
is power suppressed in the 2-jet limit, recovering the same result obtained withing the modified
formalism of Section 2.6.1.

Most importantly, the result of Eq. (3.19) could have been obtained much more easily by neglecting
the condition on thrust from the very beginning, already in the transverse momentum space, Eq. (3.5).
This approximation is indeed the realization of assumption H.1. In fact, neglecting the relation
between collinear transverse momentum and thrust corresponds to the kinematic configuration in
which the detected hadron does not modifyvthe topology of the final statevand, ultimately, the
measured value of 7. This circumstance happens any time the detected hadron does not have a
transverse momentum large enough to cause a significant spread of the jet to which it belongs to. The
jet could well be wide, but not due to the direction of the detected hadron.

When the detected hadron causes the jet spreading, then the whole final state is inevitably far from
the ideal pencil-like configuration, making the value of the thrust to decrease, as shown pictorially
in Fig. 3.4. If this is the case, then the relation between k7 and 7 in Eq. (3.5) cannot be neglected
anymore. Moreover, the large-br limit is not a faithful representation of this kinematics configuration,
as the thrust cannot reach the ideal limit 7 = 0 because of the size of k7, large enough to forbid a

pencil-like final state. In this case, the final result in by-space is given by the Fourier transform of the
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Kinematics regions in a 2-jet topology

Pr

X

(a) (b)

Fig. 3.4 Pictorial representation of 2-jet configurations in which the assumption H.1 holds true (a)
and in which instead it is not valid (b). In the case (a) the detected hadron is rather close to the thrust
axis 71 and hence it does not affect the topology of the final state. In the case (b) the detected hadron
causes a significant spread of the jet which affects the final state configuration, and ultimately the
measured value of 7.

gluon-from-quark GFJF of Eq. (3.6). Despite the differences with the case that lead to Eq. (3.19), the
conclusions are the same, since the subtraction mechanism has to be modified in order to be adapted to
this different kinematics configuration. In fact, the procedure discussed in Section 2.4.1 was devised
assuming that H.1 holds true. However, the modification is straightforward, as it is enough to replace
the TMD FFs with the GFJFs in the subtraction term of Eqgs. (2.32) and (2.33), and hence also in the
factorization theorem in Eq. (2.26). In this case the final cross section is a convolution between a fully
perturbative partonic cross section and a generalized fragmentation jet function. I will consider this
different factorization theorem more in detail later on in this Chapter. For the moment being, it is
sufficient to notice that when this different subtraction procedure is applied to Eq. (3.6), the result is
trivially zero.

Therefore, also when H.1 is not satisfied, the detected hadron is not generated by the fragmentation

of a gluon in the 2-jet case.

3.4 Backward Radiation

In a 2-jet topology, the detected hadron is generated by the fragmentation of a fermion, which will

be assumed to be a quark of flavor f. The fragmentation of an antiquark is totally analogous. In
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3.4 Backward Radiation

this section I will consider the contribution of the radiation emitted in the direction opposite to the
fragmenting quark, which will be denoted as backward radiation. At 1-loop order, we have to consider
the two Feynman diagrams of Fig. 2.7, which lead to the squared amplitudes presented in Egs. (2.65)
and (2.66). If the gluon is emitted in the Sp-hemisphere, then there are two leading momentum
regions. The first is associated to the configuration in which the gluon is collinear to the antiquark and
is obtained through the action of the approximator 7. The other regards the emission of a soft gluon,
and it is given by applying the approximator 75 . These two momentum regions overlap, hence we
have to remove the double counting of the same contributions. The overlapping region is associated
to a gluon which can be considered soft-collinear: it has a very small energy but also a large (and,
in this case, negative) rapidity. Such contribution is obtained by the combination of approximators
TpTs = TsTp. Notice that the label “—" is redundant in such combination, as the action of 7y already
encodes the information about the selection of the hemisphere.

All these approximators act on the squared matrix elements as well as on the integration of the
phase space, as defined in the previous Section. In particular, in a backward approximation, there is
no transverse momentum flowing into the A-subgraph, and hence K, = 0. This confirms that all the
contributions associated to the backward radiation are TMD-irrelevant.

In conclusion, the 1-loop contribution of the backward radiation to the partonic tensor can be
written as:

v, (1] . _ (T Vs (1 /. ower suppressed
Wi (82,7 k) = (T =TT+ Ty) [ (65 2,7,y | + POWeT suppressed 357

In the following, the three contributions involved in the previous expression will be considered

separately.

Soft approximation

The action of T~ leads to the following approximation:

_ dp . ~ .
7y [l (e;z,r,kT)} _ /;’*W;‘”O](z/p, 0)8(1—p)st(e;7) & (kT), (3.22)

where I used the same conventions adopted in the previous section. In the previous expression, I have
introduced the generalized soft thrust function 8. Its definition is obtained by integrating (instead of
Fourier transforming) the 2-h soft factor, defined as in Eq. (1.1), with the further explicit dependence
on thrust, implemented as for the usual soft thrust function, defined as in Eq. (D.6). In practice, it is
defined modifying the usual soft thrust function by introducing the rapidity divergence regulator. In
the case of the Collins factorization formalism, this is achieved by tilting the two Wilson lines off
the light-cone, see Appendix A. Therefore, besides the dependence on thrust, 8 depends also on the
rapidity cut-offs.

The label “—" associated to the generalized soft thrust function in Eq. (3.22) reminds that only the

contribution associated to the hemisphere Sg has to be taken into account. This is realized by imposing
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that the rapidity of the backward radiations cannot be positive. At 1-loop order, it is sufficient to set

I~ > I, where [ is the momentum of the radiated soft gluon. Therefore, we have:

sU (&7, y1,y2) =

+hc | =

—1-no

B 1 +e201—x2)
el 1-2¢
4 4CF SS ( ) / dy 2(}'1*)’)) (1 — 62(y27y)) +h.c.7 (323)

where in the last step we made a change of variables in order to expose the range of the rapidity of the

gluony = %log (ﬁ—f), which is negative as required for backward radiation. The integration gives:

J 1+e*2(ylfyz) 1 +e201—2)
/ e (1 ) (1—e20279)) 21 —e 2 1-2¢

{ e [zFl (1 1+2€;2+2¢€;5e yz)_2F1(1 1422+ 2¢; —e*yz)]—k

+e M R (1, 1+2e;2+2ee ) —oF (1, 142652+ 2¢; —e yl)]}:

( —e?)°I(—e)[(1+€)+ 0 ( P, e—2<y1—>‘2>)> : (3.24)
Inserting this result in Eq. (3.23) and neglecting the errors due to the vanishing rapidity cut-offs, we
obtain:
o u 2¢ 1 .
s (g1, y0) = ﬁch Se <Q) 712 (8 + (—e®?) T(—e)T(1+¢) —|—h.c.) . (3.25)

Notice that whole dependence on the rapidity cut-off y; is suppressed in the final result. Therefore, I
dropped it from the 1.h.s of the previous equation. This is a general feature: only the dependence on
the rapidity cut-off relevant for the considered hemisphere survives. In fact, the analogous contribution
of the hemisphere S to the generalized soft thrust function is obtained from Eq. (3.25) by replacing®
yo with —yy:

Sy(&T,3)=8_(&71,—) (3.26)

Notice that this is the same replacement derived in Section 2.5 in studying the behavior of the TMDs under a Z-axis
reflection.
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3.4 Backward Radiation

There is a straightforward factorization theorem that relates the contributions of the two hemispheres

to the total generalized soft thrust function:

S(&:7,y1—y2) =84 (&:7,31)8-(&:7,12). (3.27)

Finally, it is interesting to point out that the result of Eq. (3.25) can be equivalently written as:

2¢
(04
s (e, y0) =" (&5 1) + ﬁch Se (g) T2 (—g)T(1 + ¢) ((_e2yz)€ _|_h.c.> . (3.28)
where S_ = 1§ is the backward radiation contribution to the usual 1-loop soft thrust function. If we

had removed the rapidity cut-offs from the very beginning in the definition of the generalized soft
thrust function, Eq. (3.23), this would have been the whole final result. However, retaining y; and
y2 in the calculation leads to an extra term depending on the leading cut-off of the hemisphere, in
this case y,. Such extra term will have to cancel out when we will subtract the overlapping with the

collinear contribution.

Soft-collinear approximation (overlapping)
The action of T5Tp produces the following approximation:

~ dp , ~ o
7Ty Wi (612 kr) | = / FP*W;‘”O] (/p, )81 -p) (&) 8 (kr).  (329)

In this expression I have introduced the soft-collinear thrust functions Y. . In particular, the contri-
bution associated to the hemisphere Sp is involved in Eq. (3.29). Differently from 8, this functions
does not have a counterpart among the usual thrust functions reviewed in Appendix D. It is defined as
the subtraction term of the TMDs?, Eq. (1.18), integrated (instead of Fourier transformed) over %T,
and modified to include the explicit dependence on the thrust, whose value is soft-approximated as
in Eq. (D.5). In practice, Y. are defined similarly to S, but tilting only the Wilson line pointing in
the reference direction indicated by the collinear approximator. Therefore, the soft-collinear thrust

functions acquire a dependence on the rapidity cut-off associated to the tilted Wilson line. At 1-loop

3The TMDs are intended defined in the factorization definition, Eq. (1.21).
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order and for the backward radiation contribution we have:

Y (e: 1, y,) =

dPl < l+>
:/ S| 1—— +he | =
D
(27) q" S
2¢e
_ O BT ioge (770 ey 1
— L ACESe <Q> T /700 dy e = The. (3.30)

Notice that the action of 73 makes the Heaviside theta that selects the (-)-hemisphere redundant,
as TgB (I~ — 1) = 6(I7). However this condition is already encoded into the requirement that the
emitted gluon is on-shell at the final state cut. As a consequence, differently from Eq. (3.23), the
integration on the rapidity of the gluon is unbounded from below. The integral in Eq. (3.30) has the
following solution:

e 1 1

28y —— 2)’2 € _ —_ | =
oo e (1—e2020)) 2 (672)" [Bean (=£,0) = B2n (142, 0)]

(—e22)  T(—e)[(1—€)+ O (¥?), (3.31)

N =

where B is the incomplete Beta function. Inserting this result into Eq. (3.30) we obtain:

2e
Y2 (657, 32) = o2k S (g) ()T (1 +¢) ((—e™) +hec.). (3-32)

As for the soft case, the analogous contribution in the opposite hemisphere, resulting from the action

of TsTy can be easily obtained from Eq. (3.32) by replacing y, by —y;:

Yo (e t,y1)=Y-(& 7, —y) (3.33)

Notice that if we had removed the rapidity cut-off from the very beginning, already in the definition of
Y in Eq. (3.30), then the integration over the rapidity of the emitted gluon would have been scaleless
and hence vanishing in full dimensional regularization. This is the reason for which the soft-collinear
thrust functions do not have a counterpart among the thrust-dependent functions usually encountered
in the factorization of e e~ annihilation processes.

In this case, the fact that r.h.s of Eq. (3.32) is non vanishing is crucial for the success of the

subtraction mechanism. In fact, the result found for Y_ is exactly equal to the extra term, rapidity
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cut-off dependent, obtained in the calculation of §_, Eq. (3.28). Therefore:
s (e 7, y2) =Y (&5 7, y2) = U (5 7). (3.34)

In other words, the subtracted soft contribution associated to the backward emission, obtained through
the action of (TS’ — TsT; B), is totally independent of the rapidity cut-off y,. Therefore, we can derive
the following factorization theorems, which generalize Eq. (3.34), as well as the analogous equation
holding for the S4-hemisphere, to all orders:

STy,

S, (e;7)= T (3.35a)
oS- (&1T,y)

S_(e;1)= T (3.35b)

In conclusion, this factorization theorems, together with Eq. (3.27), lead to:

S(e 7y = ot (&7, y1) 8- (&7, ) (3.36)

Ye(et,0) Y- (& 1,5)

which encodes the relations between the usual soft thrust function and the soft and soft-collinear

thrust functions defined in this Section.

Collinear approximation

Finally, the effect of the action of the T approximator gives:

~ d —~ o
Ty [ (52,7, ) | = / ;”*W;”’[‘” (z/p, 0)8(1—p)s (&%) & (Fr ) (3.37)

where J is the usual jet thrust function at 1 loop*, defined in Eq. D.12. In this case, we do not have
any rapidity cut-off, since in (unsubtracted) collinear parts the Wilson lines are defined along the

light-cone.

Final result for backward radiation
Combining the results above and inserting them into Eq. (3.21), we can write the final expression

for the contribution of the backward radiation to the partonic tensor. In transverse momentum space

“In principle, in the pure Collins factorization formalism, masses cannot be neglected in the collinear contributions.
However, since in this case we are dealing with rather low scales (Q ~ 10 GeV for the BELLE experiment) that prevent the
presence of heavy quarks, we will put all masses to zero
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Kinematics regions in a 2-jet topology

we have:

1]
kward

dp,
- / Pewtz/p, 0)5(1—p) [ (g5 ) 4+ 1 (s;r)] 6<k >+P°V§)frrs;£f£:“d, (3.38)

WA e (832, T k) =

where I used Eq. (3.34) to combine soft and soft-collinear contributions. The power suppressed terms
contains both the errors due to the approximations introduced by the factorization procedure and also
the terms neglected in the limit of large rapidity cut-off. Since the dependence on Kr is trivial, in
br-space we have simply:

= v, [1]
Wf,backward (8; 2, T7bT) =

_ [ 9P puv, [0 1 q. (1] power suppressed
= [0 e/p, 081 p) [ e 1) 4.1 (exm) POV subprESSd (3,30

3.5 Region 1: TMD factorization

The contributions associated to the radiation emitted in the same hemisphere of the detected hadron
are of course the most interesting. They encode the whole information on the TMD effects, hence they
are the keystone for exploring the rich kinematic structure underlying the process we are investigating.
The leading momentum regions are the counterpart of those considered in the previous section,
properly modified in order to describe the emission in the S4 hemisphere. Therefore, when the emitted
gluon is soft, the partonic tensor is well approximated by the action of 7", while, when it is collinear
to the fragmenting quark, the approximation obtained through 7} is faithful. Moreover, there is the
overlapping region between these two configurations, where the gluon is soft-collinear. In this case, it
has a very low energy but also a large (and positive) rapidity and the corresponding contribution is
well approximated by the action of 75Ty = T4 Ts approximator. Therefore, the 1-loop contribution to

the partonic tensor of the radiation emitted into the S4-hemisphere (forward) can be written as:

Ty . _ AV . d
Wi (8 2T kr) = (T =TTy + Ta) [WE Y (€3 2, kp) | 4+ POWET suppressed 3 49

The most important difference with respect to the cases discussed in Section 3.4 is in the role
that each of these contributions plays in the generation of significant TMD effects. In other words,
following the nomenclature introduced in Section 3.2, not all these three kinematics configurations
may be TMD relevant. Indeed, when the gluon is radiated collinearly to the fragmenting quark, it
contributes actively to the deflection of the detected hadron with respect to the thrust axis. Therefore,

as pointed out in Section 3.2, the action of T4 produces a TMD-relevant term. For soft and soft-
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TMD-
relevant

TMD-
relevant

TMD-
relevant

SOFT-COLL.

Fig. 3.5 Pictorial representation of leading momentum regions associated to the radiation in the S4
hemisphere in Region 1, where the assumption H.2 is false. If soft gluons are TMD-relevant, this
automatically extends to soft-collinear gluons, as collinear radiation is always TMD-relevant.

collinear gluons this is not as straightforward, first of all because, according to power counting, their
transverse momentum has a much smaller size than that of the collinear emission (see Appendix A).

In particular, we have founded the factorization theorem devised in Chapter 2 on the assump-
tion H.2 that the soft radiation did not affect the measured value of Pr. The purpose of this section is to
derive a factorization theorem without this requirement, i.e. by considering the soft gluon contribution
as a TMD-relevant quantity. Notice that, if the soft contributions are TMD-relevant, automatically
also the overlapping soft-collinear momentum region must be considered TMD-relevant, as shown
pictorially in Fig. 3.5. In this case, the size of the transverse momentum of the detected hadron has to
be very small in order to be sensitive to soft radiation, which posses a very low transverse momentum
according to power counting rules. In other words, a sizeably large Pr is the signal that soft gluons
are not contributing to TMD effects. As a consequence, the kinematic configuration discussed at the
end of Section 3.3, where the assumption H.1 is false, is automatically excluded as it requires larger

values of Pr. Schematically, this can be expressed as:

H.2 false — H.1 true. (3.41)
Of course, the previous argument can be reversed, leading to:

H.1 false — H.2 true. (3.42)

Summarizing, these hypotheses cannot be false at the same time.

The kinematic region corresponding to these initial hypothesis ( H.2 false, H.1 true) will be
indicated as Region 1, following the same nomenclature introduced in Ref. [17]. Clearly, the final
factorization theorem derived for this region will be different from that presented in Eq. (2.26). In
fact, its structure will be much more similar to the standard TMD factorization theorems obtained for

2-h class cross sections presented in Section 1.4.1.
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Kinematics regions in a 2-jet topology

Fig. 3.6 Pictorial representation of the effect of a TMD-relevant soft radiation. The final Pr, measured
with respect to the thrust axis 7 , is the result of several deflections due to emission/absorption of
radiation. When the soft gluons (red) are TMD-relevant, they deflect the detected hadron affecting
its transverse momentum. This effect must be added to the analogous contributions of soft-collinear
gluons (orange) and collinear gluons (green).

Soft approximation

If the soft radiation is TMD-relevant, the action of T;r gives a non-trivial dependence on kr:
~ Nl dp ~ B[} 1
TS [W}‘” les 2, r,kT)} _ /p*W;LV'[ lz/p, 0)8(1—p)=lV (€37, k7) (3.43)

where I have introduced the soft thrust factor X. It is defined exactly as gZ-h, presented in Sec-
tion 1.2.1, but with an explicit dependence on thrust implemented as in the usual soft thrust function,
through Egs. (D.5). Therefore, ¥ depends not only on the total soft transverse momentum and on the
rapidity cut-offs associated to the tilted Wilson lines, but also on 7. In Eq. (3.43) only the contribution
of the soft thrust factor to the Sy hemisphere is involved. At 1-loop order it is defined in momentum

Space as:

EL];} (8;7, kT) Y1, }’2) =

ditdi- I
= (" -1 5(17—) +he | =
[ e -08(e- -
_ag Fr(l—g) ,. 1 [* 14+ e201—2) kr
= a2 CrSe e # k%/o Bz =ty o \FTg¢ ) The

(3.44)

Notice how the Heaviside theta enforces the gluon to be emitted in the (+)-hemisphere. Moreover, in

analogy to the generalized soft thrust function 8 defined in Section 3.4, we should expect that only
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3.5 Region 1: TMD factorization

the rapidity cut-off relevant for the considered hemisphere (in this case y;) will contribute explicitly
to the final result.
The Fourier transform of the Eq. (3.44) can be written in the following form:

S (g1, by, y1, y2) = /dz*ze%r Pl (st kr, 1, v2) =

2e —2(y1—y2) €
_% BN p g e T (D) e i
- 47172CFS8 <Q> I'(l—e¢) 1 — e—20n1—») (cl) ¢ ‘ *

x (I (th,e @) —Is (th,e¥?)) + h.c., (3.45)

where b = by Q and where we have defined the integral:

1 x£/2 a
Ig (Cl, l") :‘/0 deJ,g <ﬁ> (346)

The solution to this integral requires advanced mathematical tools and non-standard techniques.
Because of its importance, the procedure adopted for its solution is shown, step-by-step, in Appendix E.

Therefore, from Eqgs. E.15 and (E.17), the integral appearing in Eq. (3.45) admit the following

th\ ¢ 1 22
Ie(fb,r1)=<2> Mle(—s;l—s,l—s;—4>+

solutions:

+ (?) I(—&)—2(—r)"?K_ ( Tbr ) +0(r); (3.47a)
-l
I, <Tb, 1) — Or), (3.47b)
r

where Iset r; = e 21 and r, = €22, As expected, the dependence on y, vanishes in the limit y, — —oo
and the final result depends only on y;.

Inserting the Eqgs. (3.47) into Eq. (3.45), we obtain the expression for the Fourier transform soft
thrust factor at 1-loop order:

i[ﬂ (&:7,br,y1) =

2e —1-2¢ 212

Os u T T°b

=—2CrS: | = Bl—&l—-¢1—¢——r-
an-CF e(Q) { e 12( 1 )—i—

2¢e
_|_% (b> e 2VEE 1'*(1 _ S)F(—S) _orl-¢ (—8_2”)8/21(,8 < (1 > n

cl

+0 (ef2y1’ e, 6*2(}'1*”)) }—i—h.c., (3.48)
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Kinematics regions in a 2-jet topology

Eq.(3.45) - Numeric
—— EQq.(3.48) - Analytic

0.0 0.2 0.4 0.6 0.8 1.0
ry

Fig. 3.7 The analytical behaviour of i[ﬂ (&;7, br, y1), (solid, blue line), is compared to its numerical

counterpart (orange, dashed line). These lines are obtained by integrating with a test function chosen
asT(t)=e".

where ¢; = 2e¢~ . The analogous contribution in the opposite hemisphere Y_ canbe easily obtained
from Eq. (3.48) bt replacing y; with —y;. This is a general property:

T (&7,br,y2) = X4 (€:7, by, —2). (3.49)

Furthermore, a generalization of the factorization theorem in Eq. (3.27) holds for unintegrated

quantities:

2(&;7,br, yi —y2) =24 (&7, br, y1)Z_ (&7, br, y2). (3.50)

In Eq. (3.48), only the first term presents the expected “soft" behavior for the thrust t~'~2¢

,1.e.
the same dependence shown by the usual soft thrust function at 1-loop order, Eq. (D.6). This will not
be of concern, as the extra terms will be canceled after the subtraction of the overlapping soft-collinear
contribution, similarly to what was done for the case of the backward radiation. For this reason, in the

following I will focus on the “pure soft" term, i.e. contribution in the first line of Eq. (3.48):

2e _—1-2¢ 2712
- aQ T T°b
2 puresor (€3 br>=—4;4chg (g) 1B <—e;1—e,1—s;—4 ) (3.51)

where we also added its complex conjugate counterpart. Notice that without the hypergeometric
function | F>, the soft thrust factor would be equal to the usual soft thrust function S, restricted to the

S4 hemisphere.

Following the same argument used for the benchmark case of the fragmenting gluon, since in
momentum space 7T is proportional to the soft transverse momentum kr, then the 2-jet limit where
T — 0 corresponds to the power counting region where k7 < Q. Therefore, after the Fourier transform,

the region of interest is at large-br. Applying the trick of Eq. (3.8) we can write:
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3.5 Region 1: TMD factorization

_35- -
r z pure soft

~ASY
z pure soft

0 10 20 30
b

Fig. 3.8 The “pure soft" thrust factor (solid, blue line), Eq. (3.51), is compared to its asymptotic
large-b behaviour (dashed, orange line), Eq. (3.53). These lines are obtained by integrating with a test
function chosen as T(7) = e 7.

—1-2¢ 2b2 1 b2
! 1P (—8;1—8, l1—g; —T4> =94(7) {—2822& <—£, —&l—¢gl—¢g1—¢ —>] +

4
71 2¢e 212
< 1F2<—8;1—8,1—8;—Tb>> =
4 +
b2
I: 3F4 (17171527272729_4>:|+
1 1 b? 2p?
<> <°g7> +<12F3 (1,1;2,2,2;—7» o) =
T n 4 4 N

! b L1 b 1 terms suppressed
22 +log’ < 1)] +E (T)++2log <c1> (r>++ in the limit s +0()
(3.52)

where in the second step we €-expanded and in the last one we extracted the asymptotic behavior at

large-b. Finally:
1], ASY Os 1 1 U 1
E-Hpuresoft (E;T’ bT) = E“'CFS&‘ —27826(17)4‘—5 5(T)10g é — X +

() o () ()]} o

Soft-collinear approximation (overlapping)

As discussed at the beginning of this section, if the soft approximation gives a TMD-relevant
contribution the same must hold also for the soft-collinear momentum region. The result of the action
of TsTy gives:

—~ d e
TsTy | Wi (8;z7T,kT)} - /;’ Wi z/p, @) 8(1—p)Y (e:7, k1), (3.54)
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Kinematics regions in a 2-jet topology

where I have introduced the soft-collinear thrust factor Y.., whose Ss-hemisphere contribution is
involved into Eq. (3.43). This object is defined in the same way of the subtraction term of the TMDs,
Eq. (1.21), but with in addition the dependence on thrust implemented as in Eq. (D.5). Therefore, Y.
depends on the total soft-collinear transverse momentum, on the rapidity cut-off associated to the
tilted Wilson line of its definition and also on the thrust. At 1-loop order, the forward hemisphere

contribution is then defined as:

YW (&7, kp,y1) =

ditdl~ < [~ >
= o(1—— +he. | =
(2m)P q 1,
_ % F(l—g) 5 1 [ kr _,
= HZCFSEW,U é /700 dy WS T— Ee + h.c. (3.55)

Notice that, analogously to the case of backward radiation, in soft-collinear contributions the range of
the rapidity of the radiated particles is unconstrained. In fact, differently from Eq. (3.44), the rapidity

of the emitted gluon in Eq. (3.55) is unbounded from below. Its Fourier transform leads to:

T (5 7,by y1) = /dHS%T eir-br 1l (e; T,ZT)’I) =

2¢ € 0o 2
Os u b ey 1 / x&/ Tth
2 (11— = e € ———J | —= ] +hec .

The solution of the integral can be obtained through the same procedure used to solve the integration
in Eq. (3.46). The result can be found in Eq. (E.18) and it is given by:

o xE/2 Th\ e/ Th th\°
L () rere ()@ oo

where r; = e, This is an exact result, as there are no terms suppressed in the limit 7; — 0. Inserting
this result in Eq. (3.56) we obtain:

2¢ 2e
Y (e; 1,67, y1) = B 2crSe (N) {1 <b> e PEET(1 - e)l(—€)—

vy, 0 T \ cl
N 2771781—(1 _ 8) (_672y1)8/2K_8 (\/%) } 4 h.c. (3.58)

As anticipated above, the extra terms associated to an unexpected thrust dependence in Eq. (3.48) are

exactly canceled after subtraction of the soft-collinear found above. Therefore, only the “pure soft"
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3.5 Region 1: TMD factorization

term remains after elimination of the double counting:

i[ﬂ (&7, br,y1) —?E] (&;7,br,y1) = ol

+; pure soft

(&:7,br,y1). (3.59)

which is the analogous of Eq. (3.34). Such result, together with its counterpart in the opposite
hemisphere, can be generalized to all orders leading to the following factorization theorems:

X, (&7, by,
% pure soft (€5 T, br) = M (3.60a)
Y ( T, bTvyl)
X (&7, by,
Z— ;pure soft (8 T, bT) = M (3.60b)
T (8 T bT7y2)
Together with Eq. (3.50), these factorization theorems lead to:
Z &7, br, T &7, br,
z'puresoft (8 T, bT) ( a yl) ( T y2)- (361)
Y. (&5 7,br, 1) Y (& 7,br, y2)

which is the counterpart of Eq. (3.36) for unintegrated quantities.

Finally, following the same procedure adopted so far, we have to study the large-br behavior of
the soft collinear factor, as this is a faithful description of the 2-jet limit, provided that H.2 is false.
The large-b asymptotic of Y‘E] can be obtained, once again, exploiting the trick of Eq. (3.8). Notice
that the two contributions in Eq. (3.58) are separately divergent as T — 0, but their sum is integrable.

We have:

i(b>2£ eZYESF(1—s)r(—e)—2rlfr(l—e)(—rl)e/zK_g< w >:

cl —r

2
=80 2{ (=r)"T(1 —)(1 +€)T(—¢) [F(I—S)21Fz <_8; l—gl—g _frl> +

1
0,0,—¢
b

_ %5(1) + é [— <i> + ;log(—r1)5(’c)} log <Cbl> (1) E

—8(v) [1ng <b> —log <b> 10g<—"1>] e iphiessed 1 1 e) (3.62)
1 1

in the limit p—o
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Therefore, the contribution of soft-collinear gluons in a 2-jet configuration is obtained by inserting
this result into Eq. (3.58). We have:

T (e 2., 1) =
_% 1 (L 2 H
_4n2CFSg{825(T)+£[ 2<T>+—|—5(r)log(e )+268(7)log 0 +

+2log <b;“> [—2 <i>+ +8(7) <log (e71) —1log <b;“> +2log (g))] } (3.63)

Combining the result of Eq. (3.53) with Eq. (3.63) we can reconstruct the large-by behavior of

the unsubtracted soft thrust factor:

(1), ASY (1), ASY =[1],ASY

Z-}- (8;T7 bT?.yl):ZJr;puresoft(g;Tv bT)+T+ (8’ TvbTayl):
_ O 1 bru _ sl O
= _E4CF (8)’1 +2y1 log <C1>> 6(1) = 8(7)Sy 4, , (& b1, 1), (3.64)

where fgéoil N is the contribution of the Ss-hemisphere to the bare 2-h soft factor, as defined in

Eq. (1.6). From now on, it will be indicated as the’ (bare) forward soft factor. After adding the
proper counterterm Z{ , the result of Eq. (3.64) can be directly compared with the 1-loop order of
§2-h presented in Eq. (A.11). This result will be crucial in devising a factorization theorem suitable
for Region 1. Moreover, thanks to the factorization theorems of Egs. (3.50) and (3.61), Eq. (3.64) can

be generalized to all orders as:

T (&7, by, yr) Hetimit $ASY (g10 by, yy) = 5(r)§(2°_)h7+ (& br,y1); (3.652)
i* (8;77 bTa yZ) 2-jet£imit iéSY (8;1’7 bT7 y2) = a(r)g(zo-)h — (8; bTv yZ)a (365b)

where, by analogy, §2_h7 _ defines the backward soft factor. Furthermore, combining the theorems

above:
2 (&7, by, yi —y2) Zietimit §(2)S0) (e1b7, y1 —y2), (3.66)

where gz-h is the same soft factor appearing in 2-h cross sections, as showed in Section 1.4.1. In fact,
it is straightforward to show that gZ-h is given by the product of the forward and the backward soft
factors, as shows the following factorization theorem:

Sy n(br, i, y1—y2) =So (€07, 1, 31)So (€57, 1, 72). (3.67)

3By writing explicitly “forward" or “backward" in the name of ASiz_h‘ . the label “2-h" is redundant, as two hemispheres
can only be identified by two hadrons.
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3.5 Region 1: TMD factorization

Collinear approximation
The last contribution to the partonic tensor is associated to the radiation collinear to the frag-
menting quark, obtained through the action of 74. This is a TMD-relevant quantity by default. The

approximation gives:

~ d ~
T [W;‘V’“] (&; z,T,kT)} - / ;*W;”*[O] z/p, )T (e:p,kr, T), (3.68)

a/q

where I',/, is the quark-from-quark GFJF, which is diagonal in quark’s flavors. Analogously to

q/q

the gluon-from-quark GFJF presented in Section 3.3, I' ,

unsubtracted collinear parts shown in Eq. (1.15), but in addition the explicit dependence on thrust is

is defined in momentum space as the

implemented as in Eq. (D.17). At 1-loop order it is defined® as:

F([Il/]q (85 Z, kTa T) =
:/dlgfzk%TrcTrDW _
(2m)P 1-202) No 4
Cas, (T ol (2 1 B
_47:2CFS8 e M 2 1_Z+(1 €) . 0(1—2)d0 (7 —207) (3.69)

Notice that without the delta that fixes the thrust, the previous expression would have coincided
with the unsubtracted quark-from-quark TMD FF in momentum space, see Eq. (A.51). Its Fourier

transform gives:

1
FI[J/](] (8’ 2, bTa T) =
- /dz‘ZS%T e""T"’TFB/]q (&: 2, kr, T) =
2e 1—¢
Os u P S (1—-2)
=22 Lad 2(1— l—g)—
i Cr Se <Q> z (( z) +(l—¢) p X
1 —zb?
X ‘c‘l_eoFl (1 —&; —‘L'Z> . (3.70)
z 4

=€ with the hypergeometric function oF; has already been computed in

The combination of 7~
Eq. (3.18). However, we derived this result for a function that was regular in z ~ 1. Therefore,
we can use that solution only for computing the term proportional to (1 —z)!~¢, but not for the
term proportional to (1 —z)~!~¢. The combination (1 —z)~'"¢t~1=€F; can be treated by using
a generalized version of the trick expressed in Eq. (3.8). However, the easiest way to obtain an

expansion in distributions of 7 and z is to apply the usual trick of Eq. (3.8)to (1 —z)" !¢ and 77!~¢

The definition is obtained by neglecting all the mass corrections, as in Eq. (3.37).
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separately:

’ <1 1—Z>+ <l)+J° (F”) +0(&). (3.71)

All the terms containing either 6 (1 —z) or §(7) are trivial, since the hypergeometric function evaluated

in T =0 and/or in z = 1 gives just one. The only non-trivial term is the last line of the previous

(). ().4(2)

Next, we will make use of the following trick, valid for functions of a variable x that varies in the

equation:

range 0 < x < 1, at most divergent as a simple pole at small values of x:

<i>+f(x) = 8(x) /Oldoc [f(e) = fO)] + <)1€f(x)>+. (3.73)

Proceeding in this way, we find:
1 1 1-—
(), () ol -
l—z), \7/, Z
1 1 —zb? l—zb2 1 1—z
= — 0(t) | ————2F3 | 1,1;2,2,2; — + [ =Jo T——0>b .
l—z/, z 4 7 4 T z N

The contribution multiplying §(7) can be treated similarly:

1 1 —zb? 1—zb2
ZoFh(1,1:2,2,2; — -
<1—z> [ Z 423< z 4)}
P2l 1 2 b 1 b2 1-20°
GY ~ 2 2o [ = +<—F(11222 ))
3( 000) 6 g(m) 2477 2 4)),

(3.75)
where G:fg is a Meijer G-function. Since in Region 1 the hypothesis H.1 holds true (see Eq. (3.41)),

=06(1—z2)

we have to determine the large-b asymptotic of 1~“q /q- Atlarge by, the two terms in Eq. (3.75) behaves
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3.5 Region 1: TMD factorization
as:

1 71,'2 b 7.[2 b
— 2l = ) = -2 —2log? () 4 terms suppressed
07070 ) 6 g < 1) 6 g

in the limit poe > 57708
g _ 2
(‘142F3<171;2,2,2;—”b )) _
Z
g(

Y terms suppressed
126 00 =9+ the limit b oo °

(3.76b)
On the other hand, the contribution in the last line of Eq. (3.74) has to be computed carefully, as

it shows also a non-trivial dependence on 7 besides that on z. A rather simple way to study such
contribution is to investigate its action on two test functions 7'(7) and R(z). We have

/OldzR(z) <1l_z>+/01drT(T) (i]o (\/TIZ_Zb>>+ =
:/OldrT(T);T(O) {R(l)/o1 ld_zz [J()( 1;%)
+/ dz l—Z ( I_Z >}:

/ dt (T [ 2log ( b) “log T} , terms suppressed
ci

in the limit p—e (.77)

_'_

Therefore, the difficult term in Eq. (3.74) can be approximated as

+
=-8(1—2) [210g <> (1) T <logr> ] , terms suppressed
C1 T + T 4

in the limit p—e (3.78)

Combining together this result with Egs. (3.76), we can finally write the large-b behavior of the
combination of distributions in Eq. (3.72)

(7). ().4(F2)-
= —2log? (2)6(1)5(1 —z) —2log <b> [6(1) ( !

= 1_Z)++5(1_Z) (i)J_

logt terms suppressed
1—z+6(1_z)( T >+]+ in the limit b (3.79)

Notice how the last line of the previous equation cancels exactly the terms in the third line of
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I.h.s. Eq.(3.79) - Numeric

10} ] =——— r.h.s. Eq.(3.79) - Analytic

-15kL

Fig. 3.9 The large-b behaviour of the term (1) , (1), Jo ( Tz b) in Eq. (3.79) (solid, blue line),
is compared to its numerical counterpart (orange, dashed line). These lines are obtained by integrating
with two test functions, T;(7) = ¢~ % and T3(z) = ¢~ (179,

Eq. (3.71). In fact:

1—zb?
£ 1— —1—€ .—1-¢ F 1—8;— —
Z ( Z) T ol 772 7‘-

= 308019 {5(1) <11_Z>+ +5(1-2) <i> J -

2log? (c”l> 5(t)8(1 —z2) — 2log <Cb1> [5(1’) <1l_z)+ +5(1—2) (i)J 4

terms suppressed
+in the limit pre 1 © () (3.80)

This result, together with Eq. (3.18), allows to determine the large-b asymptotic of 1~“q /4"

=[1],ASY
FE]/]q (8; Z, bT7T) =

1
- EZt[jl/]q,coll, (g52)6(7)+

Ois 2 1/3 U 2 /1
WZCFSS‘S“‘Z){‘“” Lﬁs(z*‘“"g (g)ﬂu@f

s bru 1 1 1
+4TC2CFS£{6(T) 2log <Cl> (2 <l—z>++1_z> _1+E_

—48(1—27)log <b;“) <log (b;“) ~2log <g>>] —48(1—2) <71:>+10g (b21“> }

(3.81)

Notice that all the non-trivial z-dependence associated with the poles is encoded into the function
Z4/4,coll.» Which is the UV counterterm of the quark-from-quark collinear FF. This is not a coincidence,

but rather the 1-loop expression of a crucial factorization theorem.
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3.5 Region 1: TMD factorization

In fact, in analogy to what was done with the soft momentum region, the “pure collinear"
radiation contribution is obtained after the subtraction of the overlapping terms in the soft-collinear
momentum region. Therefore, combining the result of Egs. (3.81) and (3.63), we can write the

following expression for the subtracted collinear part:

~[1],ASY 1],(0

Fq/q (8’ 7,2, bT)_5(1_Z)Y‘E1-]7ASY(8; T,bT,y1>:5(T)25£1/é )(8» <, bT7y1)7 (382)
where IND;% is the bare quark-from-quark TMD FF in br-space, presented in Eq. (A.56). It has both

its characteristic collinear divergence, encoded into Z; /, co11., and also the divergences that have to UV-
renormalized by adding the counterterm Z, /, tvp- By defining the subtracted quark-from-quark
GFJF as:

~qub f‘q/q(s;Za kr, T)

Lo (652, kr, 7, y1) = =202 (3.83)

Y, (&;7,b7, 1)

which is totally analogous to the factorization definition of the TMDs introduced in Eq. (1.21), the
result of Eq. (3.82) can be generalized to all orders, leading to:

- o ~(0
b (€52, kr, T, y1) = 2etlimit 3(T)ZD,(,/)¢, (&2, br, ) (3.84)

This result, together with Eq. (3.66), will be crucial in developing a suitable factorization theorem for
Region 1.

Final result for forward radiation Combining all the results of this section and inserting them
into Eq. (3.40), we obtain the final expression for the contribution of the radiation emitted in the
S4-hemisphere to the partonic tensor. In br-space we have:

= uv,[1]
Wf,forwa_rd (8; Z, T,bT) =

dp, ~uv, - -
= [ 2wl 0[50 p) (2 (ere k) ~ YL (e w b)) T (e v )|

o rdp . S0, A1,
ittt [ W e/p, 003(2) [5(1-p) L) (€5 br ) +p DL s, br )

(3.85)

Notice that the whole dependence on the rapidity cut-off y; is washed out in the combination of
§2_h7 - and the TMD FF. Moreover, we could have obtain easily the same result by neglecting from
the very beginnin any relation between the thrust and the transverse momentum, in all the leading
momentum regions associated to the forward radiation. In fact, in Region 1 the detected hadron is so

close to the thrust axis that it cannot affect the final state topology by any means.
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Kinematics regions in a 2-jet topology

3.5.1 Factorization theorem for Region 1

Now we have all the necessary ingredients to write the whole partonic tensor at 1-loop order. It is
the sum of the backward and the forward radiation expressed in Egs. (3.38) and (3.85), respectively.
Furthermore, it must also include the contribution of the virtual gluon emission, which is given by the
1-loop vertex function in Eq. (C.15). In terms of kinematics approximators, this is the hard momentum
region, where the gluon is far off-shell. Therefore, it is well approximated by the action of T:

< uv, (1] do  ~
Wi (6:%.br) = [ 201 (c/p, 0)5(1 = p)3 (1) V1), (3.86)

where I used the fact that for virtual emissions, both the dependence on k7 and on the collinear
momentum fraction are trivial. Finally, the partonic tensor at 1-loop for Region 1 in br-space is given
by:

= uv,[1] = uv,[1] = uv,[1] = uv,[1]
Wf (8; s TJ]T) - Wf,virtual (8; <y T,br) +Wf,backward (8; <y T7bT) + Wf,forward (8; <y T,br) -

ZH#VNCE?/?fS(I—z/p) [6(1 ~p)8(0)V(e) +8(1-p) [/ (es7) +5" (&5 7)) +

+6(c) [8(1-p)SYL) (e by, m) +p DL, (e p, bm)}] =

= Hi'Ned} [5(1 ~2) (8(r)V(e)+s1 (e37)+ 8 (& 1) + 8(0)SH 1) (g1, 1) ) +

+ 5(T)zl~>y/](;(0) (&2, br,yl)] : (3.87)

where we used the expression for the LO partonic tensor of Eq. (C.6). Notice that all the divergences
cancel each other, except for the characteristic collinear divergence of the TMD FF, which cannot be
dealt by pQCD. In fact, the explicit expression for the sum of all the contribution is:

= uv, (1]

1
W, (e27,br) = HE Neeh | -2l

E q/q,coll.
Os 4-7'(72 2 bT}i u
+47ECF{5(T) [5(1—1)(—9+3—410g <c1>—6log <Q>+
bru M 2 (M 1 bru
o (7 Juoe () s (5)) -5 () e (% )+
1-z bru 1 logT
1alos (1_210g <>>]—5(1—z) (3 <) +4(> )H (3.58)
b4 c 7). T ),

(8;2)6(7)+
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3.5 Region 1: TMD factorization

Notice also that the previous expression is RG-invariant. Finally, it is important to stress that the
whole dependence on the collinear momentum fraction is encoded into the TMD FF. This result can be
easily generalized to all orders by reverting the prescriptions used to switch from the hadronic tensor
to the partonic tensor, illustrated in Section 2.4.1. Moreover, because of the divergence cancellation
showed in Eq. (3.88), we can drop the € dependence from the various contributions appearing in the
final result and also the label “(0)" from the TMD and the forward soft factor. Therefore, the cross

section for ete™ — hX in Region 1 factorizes as:

dGRl /
———— =0paNcV [ dtsdtg J(18)S—(15)8(T— 15 — T,
dzpdPidT P 5dt5.J(15) S ()8 (T — T5 — T5) X
dZB ,plf, ~ _
. /(27:)T2" # 7 Soun, i (b1, §) Y€ Dy (2n, b, §). (3.89)
f

The rapidity cut-off has been recast into the variable {, defined as in Eq. (1.23). This factorized cross
section has been obtained by generalizing the 1-loop result. This is a potentially dangerous operation,
as new effects may rise at higher orders in perturbation theory. Region 1 is one of the cases where this
generalization has to be performed with special care. The reason is that the contribution of the soft
radiation is intrinsically asymmetric in this region, as the soft gluons emitted backward contribute only
to the thrust (but not to the transverse momentum of the detected hadron), while for the soft gluons
emitted forwardly the situation is exactly the opposite. If there are more than two gluons, they can
be emitted either in one hemispher or in the other. The asymmetry between these two configuration
produces new logarithmic terms due to the correlation between the emissions in different hemispheres.
Such terms are usually called Non-Global Logarithms (NGLs). The problem with NGLs is related to
their resummation, which involves non-perturbative effects. Their contribution can be included into
Eq. (3.89) as an extra factor, see for instance Refs. [49-52]. A correct treatment of NGLs is beyond
the purpose of this thesis and they will not be included in the final factorization theorems. In any
case, provided that a phenomenological analyses is performed at NLO-NLL accuracy, the formula
given in Eq. (3.89) can be considered sufficiently precise, as NGLs arise from NNLO corrections (and
beyond).

The same factorized cross section has been obtained within the framework of SCET in Ref. [17],
adopting a completely different approach. A similar factorization theorem has been addressed also in
Ref. [16].

The factorization theorem of Eq. (3.89) is profoundly different from that devised in Chapter 2.
The factorization theorem of Eq. (3.89) is profoundly different from that devised in Chapter 2. First
of all, the TMD FFs are not the only factors that encode non-perturbative effects. In fact, the forward
soft factor gZ-h7  has a non-trivial long-distance behavior as well. It can be written explicitly in terms

of its perturbative and non-perturbative contributions in analogy to the procedure adopted for the 2-h
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Kinematics regions in a 2-jet topology

soft factor in Section 1.2.1. In fact, a CS-evolution equation for §2-h_  can readily be written as:

2
dlog\/C

This is nothing else that the evolution equation with respect to y; of the 2-h soft factor, Eq. (1.7a).

~ 1~
Sy, 4 (br, 1, §) = =K (br, 1) (3.90)

Notice that K is the same Collins-Soper kernel appearing in the CS-evolution of the TMDs. Therefore,
by making use of the b* prescription introduced in Chapter 1, the forward soft factor can be written as
a solution of Eq. (3.90):

Sy (b1 1, €)= e 28 ) [l S et —Rosmo] ey ) dros(@)ssen) (391

which must be compared to the corresponding expression obtained for gz-h in Eq. (1.14). In the
previous equation, the soft model of ASiz_h’ 4 18 assumed to be insensitive to the hemisphere into which
the soft radiation is emitted. In fact, it depends only on br, i.e. (simplifying) only on the transverse
momentum of the soft radiation. Therefore it is completely unaware of the plus and minus components,

which encode the selection of the emission direction. For this reason, in Eq. (3.91) we have simply

MSJr = \/Ms.

There is another crucial difference between the factorization theorems presented in Chapter 2
and those presented here, concerning the dependence on the rapidity cut-off. The cross section
for Region 1 is CS-invariant, and this has already been verified at partonic level, as pointed out at
the end of the previous Section. Indeed, the whole dependence on { disappear in the combination
§2_h7 +5h /¢ (zn, br, §) of Eq. (3.89), even after generalizing to all orders,. This can be directly
checked by considering the solutions to the evolution equations for the forward soft factor and the
TMD FF, i.e. Eq. (3.91) and (1.26), respectively. We have:

San. (br, 11, ) Dy G brs 1, €) = (€5 (65 b, 6) @ (o) ) (1) %

2 mdu / 1 / ’
%,J“ N 7‘5 [yc(as(u ) 1) = 3 wlas(u) logfa] } x

1 2
X (MC)]‘J, (zn, bT) v/ MS(bT)eXP{—4gK(bT) IOgZi 1812} (3.92)
h

1 ~
XCXP{4K( T3 Hp) log

Despite this equation has been written for an unpolarized TMD FF, it is totally general and can be
applied to any TMD. Notice that the neat effect induced by gz-h,  is a modification of the TMD
model, which is multiplied by a square root of Ms. This is the same modification as that introduced in
2-h cross section in order to absorb the 2-h soft factor into the definition of the TMDs, see Eq. (1.37).
Such operation leads to the square root definition of the TMDs, reported in Eq. (1.33). However, in
this case the same trick cannot be applied, despite the final results look the same. In fact, naively,
one might expect that the square root definition of Eq. (1.33a) would correspond to the combination

appearing in the cross section corresponding to Region 1. This clearly cannot be possible, as the
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3.6 Region 2: collinear-TMD factorization

combination of Eq. (3.92) is CS-invariant, while the square root definitions obey to the CS-evolution
equations that regulate the behavior with respect to the rapidity cut-off y,. A direct comparison shows
that:

~ ~ ~ y ~
D;,‘Zﬁ (zn, bry Wy yn) =Sy 4 (b, 1, ¥1) Duyg (20, bry 1, ¥1) €Xp (—E"K(br, u) : (3.93)
Therefore, the square root definition and the combination of Eq. (3.92) coincide only if y,, = 0.

In conclusion, Region 1 presents two main features which makes it profoundly different from the
factorization theorems of Chapter 2. From the point of view of the phenomenological analyses, the
TMD model Mls)qIT = Mp x /Mg as defined in the square root definition can easily be experimentally
accessed as a whole, but its two inner components cannot be disentangled. As for the 2-h cross
sections, there are in total three unknown non-perturbative functions, gx, Mp and Ms. The square root
definition is useful in that it effectively decreases the number of unknowns reducing them to M‘Z)qrt and
gk, as usually done in the standard TMD factorization theorems. Due to these analogies, I will refer
to the cross section for Region 1, presented in Eq. (3.89), as a TMD factorization theorem.

TMD and collinear-TMD factorizations do not differ only in their phenomenological applications.
They are different in the spirit. In fact, the rapidity cut-off is totally irrelevant in TMD factorization,
even when the thrust is measured. In this regard, notice that the kinematics argument of Eq. (2.37)
widely used to discuss the role of the rapidity cut-off in collinear-TMD factorization brakes down
when Pr becomes too small, which is the main feature of Region 1. Therefore, TMD factorization can
play a leading role in the investigation of the role of soft physics, as all the interesting dependence on
the long-distances effects induced by soft radiations is encoded in the TMD factorized cross section.
However, it is totally blind to the effects associated to the rapidity cut-off. As widely discussed
in Sections 2.5 and 2.6, it should be assigned a proper physical meaning, given its relation to the

measured value of thrust in the collinear-TMD factorization theorems devised in Chapter 2.

3.6 Region 2: collinear-TMD factorization

In the previous section, all the contributions associated to the radiation emitted in the S4-hemisphere
have been considered TMD-relevant. Of course, this is not the only possibility. The main assumption
that leads to the TMD factorization theorem of Eq. (3.89) was due to relaxing the hypothesis H.2. As
stressed at the beginning of Section 3.5, if H.2 is false, automatically H.1 must be true. However,
if H.2 is true, then H.1 can be either true or false. In this section, I will consider the same starting
point of Chapter 2, i.e. that both hypotheses are valid ( H.2 true, H.1 true). Following the same
nomenclature of Ref. [17], the kinematic region corresponding to this choice will be indicated as
Region 2. Since the two approaches to factorization (top-down in the previous Chapter, bottom-
up in this one) have to produce the same result, in the following I will show how to recover the

collinear-TMD factorization theorem widely discussed in Chapter 2.
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Kinematics regions in a 2-jet topology

TMD-
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irrelevant | relevant
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Fig. 3.10 Pictorial representation of leading momentum regions associated to the radiation in the
Sa4 hemisphere in Region 2, where both assumptions H.1 and H.2 are true. The soft gluons are
TMD-irrelevant while soft-collinear and collinear guons participate actively in the production of TMD
effects.

In the kinematic Region 2, the soft radiation is not TMD-relevant. This means that Pr must be
larger than in Region 1, although not large enough to significantly affect the topology of the final state,
otherwise H.1 would not be valid. Therefore, the two leading momentum regions, soft and collinear,
and the overlapping soft-collinear contributions have to be classified as in Fig. 3.10. In this case, the
soft radiation does not produce any significant TMD effect, hence it does not affect the experimentally
measured value of Pr. On the other hand, soft-collinear and collinear emissions play an active role in

generating the transverse momentum of the detected hadron.

The 1-loop computation of the partonic tensor in Region 2 can be readily performed at this stage,
as all the necessary ingredients have been already introduced and worked out in the previous Sections.
In fact, all the contributions are anaogous to those of Region 1, except for the term associated to the
action of TS+, as in this case the soft radiation is TMD-irrelevant. However, this easily follows from
the analogous result obtained in Section 3.4 for its opposite hemisphere counterpart, see Eq. (3.22).

In fact, we have:
~ “dp | ~ -
1 [ e o] = [0 o 0050 -p)st e 8 (k). G99

where & is the contribution of the S4 hemisphere to the generalized soft thrust function at 1-

loop. Thanks to Eq. (3.26), we can use the solution found for S_ in Eq. (3.25). Therefore, we can
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3.6 Region 2: collinear-TMD factorization

Fig. 3.11 Pictorial representation of the effect of the three kinds of radiation in Region 2. The final Pr,
measured with respect to the thrust axis 7 , is not affected by the emission/absorption of soft radiation,
as the soft gluons (red) are TMD-irrelevant. Instead, soft-collinear (orange) and collinear (green)
radiations produce the deflections that lead to the observed transverse momentum.

immediately write the by-space expression for the partonic tensor at 1-loop in Region 2:

= uv, 1]
Wf (8;Z717bT):

:H‘TWNCe?/[ifMl—Z/P) [5(1 —p)8(7)V(e)+6(1—p) [J“] (e:7) + W (e r)} +

+8(1-p)s!! ez, ) +6(x) p B <e;p,br,y1>] =

= HYNeé [5(1 ~2) (8(r)V(e)+s1 (e:7) + 8 (& 1) + 8 (s, ) ) +

+8(2)2D) 17 (32, br, yl)] , (3.95)
where, as in Region 1, I used Eq. (3.82) to rearrange into the bare quark-from-quark TMD FF the
combination of the large-br asymptotic behavior of the quark-from-quark GFJF and that of the
soft-collinear thrust factor. Notice that we could have obtained this result much more easily if we had
removed, from the very beginning, the connection between thrust and transverse momentum in the
two TMD-relevant contributions. This is a consequence of the validity of the assumption H.1. In fact,
if collinear radiations do not contribute to the measured value of thrust, then also the soft-collinear
emissions, that have a lower transverse momentum, cannot affect the topology of the final state.

Translated into the language of Chapter 2, Eq. (3.95) defines the 1-loop order of the subtracted
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Kinematics regions in a 2-jet topology

partonic tensor. In fact, applying the subtraction procedure described in Section 2.4.1, we obtain:
Wb (o ) — HEY N [5(1 ~2)8()V () +8(1—2) [ (e: 1) +41 (e37) | +
+8(1-2)8 (e, y1>—6<r>6<1—z)Zq/q,TMD@;yl)] =
— HI" N} 12 Cr3(1-2) [6(1)(—9+ 23”2 +10g2<QC2> ~—6log (g>+

(o (8] o (8)) - (2) o)) | o

As anticipated in Chapter 2, the subtracted partonic tensor, properly renormalized, is a finite quantity.

All the UV and rapidity divergences have been canceled. Moreover, we can readily verify the RG-
invariance of the cross section by deriving the previous expression with respect to log u: the result
is exactly minus the anomalous dimension of the TMD at 1-loop. However, the dependence on the
rapidity cut-off of VT/;‘ vsub. g regulated differently than the CS-evolution of the TMDs as, clearly, it
does not depend on by.

3.6.1 Factorization theorem for Region 2

The final factorized cross section valid in Region 2 is easily obtained by generalizing to all orders the
1-loop result of Eq. (3.95). As all divergences cancel among each other, I will drop the €-dependence

in all terms involved in the final result.

dGR2 /
——————— =0pnNcV [ dtg, dts dtg J(t8)S_(15 )84 (T 0(T—1Tg, —Tg —Tp) X
dzpapzar OBV [ dts.dTs dts (t8)S—(15_)8+ (1s,,8)6(T—Ts, — Ts_ — T8)
&by i -
></ Tzel % bTZeJ%Dh/f(Zh,bT,C). (3.97)
(27) -

In this case, the generalization of the 1-loop computation gives the correct final result. In fact, in
Region 2 there is no asymmetry in the soft radiation, as it is considered TMD-irrelevant regardless of
whether it is emitted backward or forward with respect to the hemispheres identified by the thrust axis.
Therefore, Region 2 corresponds to the collinear-TMD factorization theorem obtained in Chapter 2,
by using a “top-down" approach.

In particular, the partonic cross section for a 2-jet topology of the final state can easily be
determined by comparing Eq. (3.97) with Eq. (2.30):

46
O _ oy NeV 8(1-2) e /drs+ dts dug J(t)S_ (15 )8+ (1., ) 8(1— 15, — 75— Tp).

dzdt
(3.98)
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3.7 Region 3: generalized collinear factorization

Notice that this is the expected decomposition for the fully perturbative content of the cross section in

the 2-jet limit, as shown in Fig. 2.2b.

All the issues discussed in the previous Chapter are therefore valid in Region 2. In particular, there
are two main features associated to the collinear-TMD factorization theorem of Eq. (3.97). The first
concerns the definition of the TMD FFs, which is the factorization definition of Eq. (1.21). Therefore,
a phenomenological analysis performed in Region 2 allows to access directly the TMD model Mp,
which is not contaminated by any soft contribution. Secondly, the rapidity cut-off in Eq. (1.21) must
play a physical role, well beyond that of a mere computational tool, given its intimate connection with
the measured value of thrust. This feature has been widely discussed in Sections 2.5 and 2.6.

The most important consequence is that the thrust-resummation of the cross section in Eq. (3.97)
must somehow be influenced by this relation between § and T. However, in the Collins factorization
formalism this is never made explicit. Consequently, a formula like Eq. (3.97) can only be used for
values of thrust not too close to 7 = 1, where the resummation effects are significant. A simple way
to obtain a formula valid far enough from the pencil-like configuration is the procedure adopted in the
modified formalism described in Section 2.6, which consists in dropping the T = 0 terms from the
fixed order computation of Eq. (3.96). This time, this procedure leaves an explicit rapidity cut-off,
i.e. the logarithmic term multiplying the 7-plus distribution in the last line of Eq. (3.96). Without a
further constraint (like, for example, the topology cut-off introduced in Section 2.6) { can only be
related to 7' through the naive kinematics argument of Eq. (2.37) and set as { = 1Q?. Of course, this
identification can only be done after removing the T = 0 terms, otherwise it would produce ill-defined
contributions like §(7) log 7. Following this approach, the expression in Eq. (3.96) leads to the same

formula found in the modified formalism and shown in Eq. (2.77).

3.7 Region 3: generalized collinear factorization

The last configuration to be considered corresponds to the case in which the hypothesis H.1 is false.
As already pointed out, this situation implies that the other assumption, H.2, holds true. The kinematic
region associated to this choice ( H.2 true, H.1 false) will be named Region 3, according to the

nomenclature of Ref. [17].

In Region 3, the transverse momentum of the detected hadron is large enough to affect significantly
the topology of the final state. This is the physical situation already described in Section 3.3 and
represented in Fig. 3.4. In this case, not only the transverse motion of the detected hadron is not
affected by soft radiation, but it is large enough to be insensitive also to soft-collinear emissions.
Therefore, as in Region 2 the soft contribution is TMD-irrelevant,as well as the overlapping region,
associated to soft-collinear radiation. This is represented pictorially in Fig. 3.12. As a consequence,

only collinear radiation produces significant TMD effects.
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irrelevant lirrelevant relevant

SOFT-COLL.

Fig. 3.12 Pictorial representation of leading momentum regions associated to the radiation in the S4
hemisphere in Region 3, where the assumption H.1 is false and H.2 is true. Both the soft and soft-
collinear gluons are TMD-irrelevant while only collinear guons participate actively in the production
of TMD effects.

This kinematic configuration will inevitably produce a different factorization theorem with respect
to the cross sections obtained in Chapter 2. Most importantly, this is the only kinematic region where
the TMD effects are not described by TMD FFs, but rather by GFJFs, which are as universal as the
TMDs but have a further dependence on the invariant mass of the jet to which they are associated. In
this case, the invariant mass of the jet is related to thrust as in Eq. (D.1).

The explicit computation at 1-loop order is straightforward, as all the necessary ingredients have
already be determined in the previous Sections. Since soft-collinear gluons are TMD-irrelevant,the
result of the action of TgTy is totally analogous to its opposite hemisphere counterpart, shown in

Eq. (3.30). In fact, the approximation gives:
~ do  ~ i
T7y (Wi (e; z,T,kT)] - / %’*w;”ol (z/p,0)8(1—p)yl (e:7) & (kT) . (3.99)

where Y. is the soft-collinear thrust function associated to the hemisphere S4. This can easily be
related to the analogous contribution for the opposite hemisphere thanks to Eq. (3.33). Furthermore,
differently from the other kinematic regions, the only by-dependent quantity, i.e. the quark-from-quark
GFIJF defined in Eq. (3.69), should not be considered only at large b7, since in this case the thrust

cannot reach the ideal limit T = 0 because of the size of k7 (the same argument was already discussed
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3.7 Region 3: generalized collinear factorization

Fig. 3.13 Pictorial representation of the effect of the three kinds of radiation in Region 3. The
final Pr, measured with respect to the thrust axis 7 , is non affected by the emission/absorption of
soft and soft-collinear radiation as the soft gluons (red) and the soft-collinear gluons (orange) are
TMD-irrelevant. The transverse motion of the detected hadron is only produced by collinear radiation
(green).

in Section 3.3). Therefore, the 1-loop order of the partonic tensor in Region 3 is given by:
Wi (e 20 k) =
d
- H#vNceic/;B (1-2/p) [6(1 —p)8(t)V(e)+8(1—p) [ﬂ” (e:7)+S" (e r)} +

+68(1—p)st (e:7) + T, (e:p. b1 r>] =

— H Ne e [5(1 —2) (S(T)V(s) W (e;7) + S (e;r)) +1 (&2, ke, r)] ., (3.100)

where I used the S4-hemisphere counterpart of Eq. (3.34) to reorganize the soft and the soft-collinear
terms into the forward radiation contribution to the usual thrust function, which is then combined
with its counterpart in the opposite hemisphere. Therefore, the usual soft thrust function appears as a
fundamental ingredient of the partonic tensor in Eq. (3.100). Furthermore, notice that in this region
there is no trace of rapidity cut-offs, as all the soft and soft-collinear terms are integrated over the
transverse momentum.

Since GFJF are defined in k7-space, the previous expression is not Fourier transformed. The
Fourier transform allows to €-expand I'; /, as shown in Eq. (3.71). Then, it is straightforward to show
that all the divergences (except the collinear pole characterizing the GFJF) cancel among themselves

also in Region 3.
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3.7.1 Factorization theorem for Region 3

The cross section for Region 3 is obtained by generalizing the 1-loop order result for the partonic
tensor of Eq. (3.100) to all orders. Since divergences cancel, the €-dependence is dropped in all terms

involved in the factorization theorem. Then the final cross section is:

dGR3 .
dzpdP2dT

P
= 0 NCV 73 /drsdrAdTB J(t8)S(7s) Zefcl“h/f <zh, Z—T, TA) O(t—15—14—18), (3.101)
f h

where the factor z; is the effect of the unconventional normalization used here for GFJFs. Notice
that the same factorized cross section has been obtained within the framework of SCET in Ref. [17],
adopting a completely different approach.

This cross section has a similar structure to the factorization theorem devised for Region 2. In fact,
naively Eq. (3.101) can be obtained from Eq. (3.100) by removing the rapidity cut-off and replacing
the TMD FFs with the corresponding GFJFs. We can even define the analogue of the partonic cross
section introduced in Chapter 2 by properly modifying the subtraction mechanism of Section 2.4.1.

The result would be the same of Eq. (2.31) but with the replacement:
pDi/j(PakTyC)’—>F,['}]]~(PakTaT)- (3.102)

Moreover, the hybrid nature of the collinear-TMD factorization theorem is “transferred" from the
structure of the cross section to its TMD part. In fact, GFJFs have all the features of the TMD FFs (they
depend on the transverse momentum of the fragmenting parton) and also some typical characteristics
of the usual FFs (their evolution is DGLAP-like). However, differently from the TMDs, GFJF are
defined without rapidity cut-off, since all the rapidity divergences are regulated by the additional
dependence on the invariant mass of the jet, a role played by thrust in this case. Therefore, they should
be considered more like a “generalized" version of usual FFs, and not as an extension of the TMD FFs.
For this reasons, I will refer to the cross section presented in Eq. (3.101) as generalized collinear

factorization theorem.

Despite the similarities, the factorization theorems of Region 2 and of Region 3 are remarkably
different. In fact, the factorized cross section of Eq. (3.101) is not of any use for the investigation of
the physical meaning of the rapidity cut-off, as all its contributions are defined without any explicit
rapidity regulator. Further considerations on GFJFs are beyond the purpose of this thesis. For more
details we refer to Ref. [45].
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| Ha1 || H2 ||
R H true H false H
R> }‘ true }‘ true H

R3 ‘false ‘ true H
Table 3.1 Kinematic regions and initial assumptions.

3.8 Algorithm for Region selection

So far, three different factorization theorems corresponding to as many different kinematics regions
have been developed: TMD factorization for Region 1 in Eq. (3.89), collinear-TMD factorization
for Region 2 in Eq. (3.97) and generalized collinear factorization for Region 3 in Eq. (3.101). Each
region corresponds to a different physical configuration and, in particular, the transverse momentum
of the detected hadron increases as we move from region 1 to region 3. In fact, in region 1 the soft
radiation contributes actively to the transverse deviation of the hadron with respect to the thrust axis,
which must then have a low transverse momentum, otherwise it would not be sensitive to these tiny
corrections. On the other hand, in Region 3, the detected hadron has a transverse momentum large
enough to be among the causes of the spread of the jet in which it is detected, inevitably decreasing
the value of thrust. However, lacking a proper criterion to discriminate among the regions, these three
factorization theorems are hardly useful for phenomenological analyses. Moreover, the boundaries of
the three regions are not sharply defined, making the description of data difficult, especially in the

overlapping regions.

In order to define a suitable algorithm for selecting each individual region, it is useful to review
the approximations that lead to the three factorization theorems presented in this Chapter. Depending
on the initial assumptions H.1 and H.2, organized’ as in Tab. 3.1, the leading momentum regions
associated to the forward radiation contribute differently to the observed TMD effects and hence the
soft, soft-collinear and collinear terms can be classified on the basis of their TMD-relevance, as in
Tab. 3.2. In other words, Tab. 3.1 implies Tab. 3.2. Moreover, I have shown how the final results

I S I 7 /S I / S

R H TMD-relevant H TMD-relevant H TMD-relevant H
R, H TMD-irrelevant H TMD-relevant H TMD-relevant H

R H TMD-irrelevant H TMD-irrelevant H TMD-relevant H

Table 3.2 Kinematic regions and TMD-relevance. The symbol * reminds that the soft approximation

in this case only refers to gluons radiated in the same portion of space occupied by the jet in which is
detected the hadron 4.

7Notice that the combination where both the initial assumptions are false does not correspond to any kinematic regions
as it is kinematically forbidden, see Egs. (3.41) and (3.42).
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Kinematics regions in a 2-jet topology

could have been found by neglecting the correlation between thrust and transverse momentum from
the very beginning, at the level of definition of the various factors contributing to the forward radiation.
Such approximations make the perturbative computations much easier, as all the issues related to the
2-jet limit in br-space clearly disappear when 7 and kr are independent variables.

This is equivalent to implementing the following approximations in the definitions of the various

factors in transverse momentum space, Eqgs. (3.44), (3.55) and (3.69):
I~ kr _ . .
olt—— ) =0 T—ae 7)) ~d6(t) bothinX, andin Y;; (3.103a)
q
< k% 2y .
S(t———F5)=68(t—(1—2)ze @) ~8(1) inT,,, (3.103b)

where y is the rapidity of the emitted gluon. Analogously, the result of Region 2 could have been

obtained by leaving £ unchanged and setting:

5 <f_ é) s (T_ "QTe—y> ~8(7) Y (3.104)
K2 L .
6<T_1Z—ZQ€> =8(t1—(1-2)ze?) ~8(t) inT,, (3.104b)

Finally, in Region 3 all the relations between thrust and transverse momentum have to be kept into the

definitions of the factors:
Z k% _2y . .
§({t————5)=6(t—(1—z)ze™®) notapproximated in T, /,. (3.105)
Z

Egs. (3.103), (3.104) and (3.105) follow directly from the classification of Tab. 3.2. The simplest
criterion consists in comparing the size of ky with respect to the typical scale induced by thrust. In
particular, in Region 1 Eq. (3.103a) can be interpreted as T Q < kr, while, since in Region 3 the only
TMD-relevant quantity is left unapproximated, Eq. (3.105) can be interpreted as k7 ~ /7Q, which is
also the maximum value kinematically allowed for Pr. As a consequence, Region 2 covers the whole
intermediate configuration TQ < kr < 1/7Q. Notice that this interpretation is in agreement with the
size of the topology cut-off introduced in the modified formalism presented in Section 2.6. Since k7
is directly related to the transverse momentum Pr of the detected hadron through Eq. (B.11), these

interpretations can be transferred to hadronic quantities. In particular:

P
R — r < TQ; (3.1063)
Zh
P
R, —10< T <0, (3.106b)
Zh
P
Ry — —~ ~\/70. (3.106¢)
Zh
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This criteria use only the typical scales associated to the value of thrust, i.e. TQ as a soft scale
and /T Q as a collinear scales. These are the values commonly used as reference scales in thrust-
resummed quantities, see for instance Ref. [53]. Moreover, this has been proposed as a selection
criterion for BELLE data in Ref. [17]. In addition, since the factorized cross sections of Regions 1 and
2 involve TMD FFs, we should also add a cut in Py, because the Fourier transform acts as an analytic
continuation that extends unnaturally the TMDs beyond the (physical) small transverse momentum

region. In this case, the requirement comes directly from power counting:

Q2
75

The application of this algorithm to the BELLE data [8] in the 2-jet region, assumed to correspond to

Pr< Pt =g (3.107)

0.7 < T <1, produces the results shown in Fig. 3.14, where Regions 1, 2 and 3 have been color coded
to red, orange and green, respectively. The cut in Pr for constraining the range of applicability of
TMDs is indicated by the red dashed vertical line. From the phenomenological point of view this kind
of data selection inevitably raises the issue of matching different regions, since Fig. 3.14 shows that
there are at least two different overlapping regions in each panel. The problem of matching different
kinematic regions, each corresponding to a different factorization theorem, is not new in the context
of TMD physics. This, in fact, has recently been one of the most debated issues when dealing with
phenomenological applications of 2-h cross sections, that have two distinct regimes associated to as
many factorization theorems: collinear factorization at large-gr and TMD factorization at small-g7,
see Section 1.4.1. In the case of eTe™ — hX there are three different regions, making the matching

even more problematic. A suitable matching procedure has been proposed in Ref. [17].

The set of rules devised above is not the only possible choice to obtain a valid criterion to make a
selection on data. In particular, it oversimplifies the complex structure of the three kinematic regions,
as it only considers the typical thrust scale associated to the two leading momentum regions, soft
and collinear. Most importantly, the approximations of Eq. (3.106) do not take into account the
rapidity of the detected hadron, which, remarkably, is the crucial information to discriminate between
a configuration where the transverse deflection is due to soft and soft-collinear radiation and one in
which only soft-collinear emissions play an active role in generating TMD effects. This is of course
strictly connected to the boundary between Region 1 and Region 2. Therefore, in the following I
will present a different criterion which takes into account also the information encoded in the hadron
rapidity. It is devised on the basis of the 1-loop order computation, as the argument of the deltas
constraining thrust and transverse momentum are different at higher order in pQCD.

The approximations of Egs. (3.103), (3.104) and (3.105) are considered the fundamental tool
to implement the selection algorithms. The partonic quantities in the deltas are promoted to their
hadronic equivalent, i.e z — z; and kr — Pr/z, (see Section 2.4.1). Then, denominating yp the
rapidity of the detected hadron, Eq. (2.37), I introduce the following quantities:
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Fig. 3.14 BELLE data [8] selected according to the criteria of Egs. (3.106). Red bins correspond to
Region 1, orange bins to Region 2 and green bins to Region 3. The shaded areas correspond to bins
outside the TMD-regime, where Eq. (3.107) is not satisfied. The purpose of this representation is to
capture at a glance how the three kinematic regions are distributed through the whole thrust spectrum,
for a 2-jet topology. Here we do not focus on the details of each thrust bin. A different and more
detailed representation can be found in Appendix F.
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3.8 Algorithm for Region selection

» Soft Ratio rg, defined as:

P, (3.108)

e Collinear Ratio r¢, defined as:

re=z,(1—z,)e 2", (3.109)

Then, by comparing these ratios to thrust, it is possible to obtain an algorithm that takes into account
also the role of soft-collinear radiation. In fact, we can write the analogue of Eqs (3.103), (3.104)
and (3.105), to the hadronic level, as follows.

Region 1 is characterized by:

rs(zn, Pr) < t©  both for soft and soft-collinear radiation; (3.110a)
rc(zn, Pr) <t for collinear radiation. (3.110b)

On the other hand, Region 2 is associated to:

rs(zn, Pr) ~ t for soft radiation; (3.111a)
rs(zp, Pr) < ©  for soft-collinear radiation; (3.111b)
re(zp, Pr) < t©  for collinear radiation. (3.111¢)

Finally, in Region 3 we have:

rs(zn, Pr) ~ T both for soft and soft-collinear radiation; (3.112)

rc(zp, Pr) ~ T for collinear radiation. (3.113)

Therefore, Region 3 is the only kinematic region where rg is never neglected. This constitutes the first

rule:
1. If r¢ < 7 we can only be either in Region 1 or in Region 2, but not in Region 3.

Next, a small soft ratio characterizes both Region1 and Region 2, which can be discriminated according
to the rapidity of the detected hadron. In particular, if the soft ratio is small because of the size of
Pr /zy, regardless of the rapidity yp, then rg will be denoted as momentum dominated. In this case
we are in Region 1, because the soft ratio is neglected even if the rapidity is large, i.e. both for soft
and soft-collinear radiation. If instead the smallness of the soft is due to the largeness of the rapidity
yp, then rg will be denoted as rapidity dominated. In this case we are in Region 2, as rg can be
neglected only when the rapidity is large, i.e. only for soft collinear radiation.

In order to discriminate between these two configurations, we can compare the contributions of

the transverse momentum and the rapidity to the soft ratio and write the second rule:
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Fig. 3.15 Flow-chart representation of the algorithm based on soft and collinear ratios.

2. If ;—TQ < e 7P the soft ratio is momentum dominated and we are in Region 1. Otherwise the

soft ratio is rapidity dominated and we are in Region 2.

This exhausts all the possibilities implied by the first rule. When rg ~ 7 the first rule is violated. In
this case Region 1 is automatically excluded as it is the only kinematic region where the soft ratio is

always considered small, both for soft and soft-collinar radiation. Therefore, we have the third rule:
4. If rg ~ T we can only be either in Region 2 or in Region 3, but not in Region 1.

Next, the size of the collinear ratio discriminates between Region 2 and Region 3. In fact, if also the
collinear ratio cannot be neglected, i.e. rc ~ 7, then we are in Region 3. Otherwise we are in Region
2. This generates the last rule:

5. If rc < T we are in Region 2, otherwise we are in Region 3.

A similar set of criteria based on kinematic ratios was proposed for SIDIS in Refs. [54, 55].

This algorithm is represented graphically in Fig. 3.15. Notice how, within this criterion, Region
2 can be reached following two different routes, while Region 1 and Region 3 can only be reached
through one path. This is in agreement with the naive expectation that Region 2 corresponds to the
dominant kinematic configuration, as it describes the “intermediate” situation where Pr is neither
too small (as in Region 1) nor too large (as in Region 3). This automatically influences the data
selection, showed in Fig. 3.16. Differently from the rough algorithm of Fig. 3.14, here there is a neat
prevalence of orange bins, corresponding to Region 2. Most importantly, there are monocromatic
panels where only one kinematic configuration is realized. This is an incredibly big advantage for
phenomenological analyses, as it overcomes the issue of matching, which concerns only the panels

where more than one Region (i.e. color) appears.
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Fig. 3.16 BELLE data [8] selected according represented in Fig. 3.15. Red bins correspond to Region
1, orange bins to Region 2 and green bins to Region 3. The shaded areas correspond to bins outside
the TMD-regime, where Eq. (3.107) is not satisfied. The purpose of this representation is to capture
at a glance how the three kinematic regions are distributed through the whole thrust spectrum, for a
2-jet topology. Here we do not focus on the details of each thrust bin. A different and more detailed
representation can be found in Appendix F.
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Leaving aside Region 3 (green bins) which is not described by factorization theorems involving
TMD FFs, the great opportunity offered by the algorithm presented above is in its application for the
comparison between Region 1 and Region 2, corresponding to red and orange bins, respectively. In
fact, as discussed at the end of Section 3.5.1, the TMD factorization theorem devised for Region 1
allows to access the square root model My, while the collinear-TMD factorization theorem obtained
for Region 2 gives the chance to extract directly the TMD model Mp. A direct comparison can shed
light on the (still unknown) soft model Mg, which deforms the TMDs defined by the square root
definition. Since the algorithm presented in this Section allows to bypass the matching issues in a
rather large number of bins, this comparison can safely be carried out.

Finally, it is important to stress again that the soft model is the same unknown function which
appears in the 2-h cross sections. Its independent extraction from a process which belongs to another

hadron class is promisingly one of the most powerful phenomenological tools for future studies.

3.9 Conclusions

The “bottom-up" approach to factorization is extremely powerful, as it allows us to construct the
factorization theorems, piece by piece, starting from the full QCD Feynman diagrams. The structure of
the final factorized cross section becomes transparent even at relatively low orders in the perturbative
expansion. In this Chapter, I have applied this procedure to ete™ — hX, for a 2-jet final state
configuration, with a twofold purpose.

First of all, explicit perturbative computations require to extend the definitions given for the soft
factors and for the TMDs in Chapter 1, in order to take into account also the dependence on thrust. This
operation produces a large variety of integrated and unintegrated objects that not only generalize the
definitions of soft factors and TMDs, but also include and extend the usual thrust-dependent functions,
usually encountered in the study of ete™ annihilation processes. All these new thrust-dependent
operators have been defined and computed at 1-loop in Section 3.5.

Secondly, the “bottom-up" approach has been adopted to recover the results of Chapter 2, where
instead a “top-down" procedure was applied. Not only the same collinear-TMD factorization theorem
comes out in a natural way from explicit perturbative computations, but it is framed in a much
more general context where other kinematic configurations are generated and lead to different
factorization theorems. In fact, the whole proof of factorization devised in Chapter 2 was founded
on two assumptions: the transverse momentum of the detected hadron is neither too large to affect
significantly the topology of the final state (H.1), nor too small to be considered affected by the
emission/absorption of soft radiation (H.2). Modifying this initial hypothesis inevitably leads to a
different factorization theorem, which corresponds to a different kinematic region. Since these two
assumptions cannot be false at the same time, there are in total three different kinematic regions,
defined as:
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* Region 1, corresponding to set H.1 true and H.2 false, treated in Section 3.5. In this region the
soft radiation participates actively to TMD effects. In fact, the resulting factorization theorem
is very similar to the standard TMD factorized cross section known to hold in the 2-h class,
than to the case studied in Chapter 2. In fact, the TMD FFs describing the non-perturbative
hadronization process that generates the detected hadron appears in the cross section as if they
were defined through the square root definition used in e e~ — hy hy, SIDIS and Drell-Yan
scattering. Their TMD model, which describes their characteristic long-distance behavior, is
contaminated by the non-perturbative content of the soft radiation by a square root of the soft
model, confirming that in Region 1 soft emissions play a leading role in generating TMD effects.
Thanks to all these similarities, we can identify the factorized cross section obtained for Region

1 as a TMD factorization theorem.

» Region2, corresponding to the case in which both the hypotheses hold true, treated in Section 3.6.
This is the same initial set-up of Chapter 2 and in fact the same collinear-TMD factorization

theorem is recovered.

» Region 3, corresponding to set H.1 false and H.2 true, treated in Section 3.7. Here all the effects
of soft and even soft-collinear radiation are irrelevant for TMD effects, as their contribution can
be neglected, given the (large) size of the transverse momentum of the detected hadron. Since in
this case the measured value of thrust takes part in the collinear radiation contribution, the final
factorization theorem cannot involve TMD FFs. In fact, they are replaced by the corresponding
GFJFs, defined similarly to the (unsubtracted) TMDs but with a further dependence on the
invariant mass of the jet to which they are associated. The hybrid nature of the collinear-TMD
factorization theorems is totally encoded in these functions, which share both characteristics
of the TMD FFs, and also of the usual FFs. However, they are very different from TMDs,
as in their definition there is no trace of any rapidity cut-off, as all the rapidity divergences
are naturally regulated by the further dependence on the invariant jet mass. For this reason,
GFJFs should be considered more as a generalized version of the usual FFs than an extended
counterpart of the TMDs. Therefore, the factorized cross section devised for Region 3 has been

denoted as a generalized collinear factorization theorem.

As all these kinematic regions contain different kind of information on TMD physics, it is extremely
important to devise a solid methodology to identify them unequivocally among the large set of data
provided by BELLE Collaboration [8]. In Section 3.8 I show how a standard algorithm based only
on the typical soft and collinear energy scales associated to the value of thrust does not catch all the
features encoded into the rich structure behind a process like ee~ — hX. Therefore, I propose a
finer algorithm that allows to select the data taking into account not only soft and collinear radiation,
but also the role of soft-collinear emissions. With this criteria, there is a rather large amount of data
which is described by a single factorization theorem, bypassing all the issues related to the matching

procedure to describe data at the boundaries of the corresponding kinematic regions. This is a very
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promising phenomenological tool, as the direct comparison between an extraction made in Region
1 and another made in Region 2 would shed light on the effects of the soft radiation in the standard

TMD factorization.
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The factorization of hadronic processes is one of the most important tools in the study of strong
interactions. In fact, any modern approach to QCD must wisely balance what can be predicted
exclusively by perturbation theory and what has to determined with different, non-perturbative
techniques. Incredible efforts are currently undertaken to push perturbative computations to higher
and higher perturbative orders, and to improve phenomenological analyses to obtain an ever increasing
accuracy in the extractions of non-perturbative, universal functions. These twofolded endeavor has
its point of contact in the factorization theorems, where a cross section is carefully cast in such a
way that all the universal non-perturbative content is singled out from whatever can be predicted by
making use of perturbative QCD.

One of the most interesting cases to which the factorization procedure can be applied regards
the study of the effects of the transverse motion of the partons confined inside the hadrons. In fact,
such transverse momentum dependent effects offer an incredibly rich source of physical information,
as they disclose the entire 3-dimensional structure of hadrons. In the past years, proper TMD
factorization theorems have been devised, within different approaches, mainly for three reference
hadronic processes: e"e~ annihilation into two back-to-back hadrons, Semi-Inclusive DIS at small
values of momentum transfer and Drell-Yan scattering for a back-to-back lepton pair. The universal,
non-perturbative content involved in the cross sections of these three processes has been organized
into TMD parton densities, which generalize the commonly used collinear PDFs and FFs, accounting
for the dependence on the transverse momentum of partons inside the hadron. These results have been
a breakthrough both from the theoretical and from the phenomenological point of view, as they have
extended and generalized the original factorization theorems sensitive only to collinear momentum
fractions.

With the increment of the experimental potentialities, the variety of accessible hadronic processes
is quickly increasing, making it necessary to develop suitable factorization theorems based on rigorous
proofs, which are progressively becoming more and more complex from the computational point of
view. Nowadays, in addition to the above mentioned reference processes, there are other interesting
processes that encode valuable TMD information. In particular, the cross section measured by the
BELLE Collaboration [8] has triggered a great interest among the experts of TMD phenomena.

This process is a e™ e~ annihilation into a single hadron %, where the transverse momentum of £ is
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measured with respect to the thrust axis. Despite this might look as a rather simple hadronic process, it
is actually very hard to give a rigorous proof of the factorization of its cross section in terms of known
universal functions. The lack of any publication on this subject until the summer of 2020 [12, 16]
testifies the level of difficulty of this task.

This thesis has the ambitious purpose to exploit the Collins factorization formalism [7] to devise a
rigorous factorization theorem for the cross section of e e~ — hX. This goal can be achieved only
after a careful review of the building blocks appearing in a factorized cross section. In Chapter 1 I
present the most general definitions of soft and collinear factors in terms of light-cone momentum
fraction and transverse momentum. In particular, a consequence of these definitions is that only TMDs
can be considered truly universal objects, provided they are defined by the factorization definition
presented in Eq. (1.21). In fact, soft factors depend inevitably on the total number N of collinear
contributions involved in the process, each one associated to a reference hadron experimentally
accessible: the target for TMD PDFs, the detected hadrons for TMD FFs. This property, indicated
as N-h universality, induces a classification on hadronic processes, which can then be organized in
N-h classes, according to their soft content. Processes belonging to different N-h classes must show
a different contribution of the soft radiation; hence, ultimately, they lead to different factorization
theorems. In particular, the three benchmark processes for TMD factorization belong to the 2-h class,
while the process considered by BELLE belongs to the 1-h class. Therefore, its factorized cross
sections should show different structures. Moreover, TMDs have been historically defined in a way
suitable for the three reference processes, by absorbing part of the soft radiation contribution inside
their definition, which consequently does not coincide with the factorization definition presented in
Section 1.3. This commonly used definition has been referred to as “square root” definition all along
this thesis. Being specifically devised for the 2-h class, it cannot be extended straightforwardly to
ete” — hX.

This totally general considerations are the background on which any factorization theorem should
necessarily be founded. In Chapter 2 I have shown how these ideas can successfully be applied through
a “top-down" factorization approach to ete™ — hX. As long as the transverse momentum of the
detected hadron is neither too large to affects significantly the topology of the final state, nor too small
to be sensitive to the deflections due to the emission/absorption of soft radiation, the factorization
procedure leads to a new, and somehow unexpected, structure of the final cross section. It is a sort
of hybrid of collinear and TMD factorization. It encodes the same structure of a collinear factorized
cross sections, but the partonic cross section is convoluted with a TMD FF instead of a collinear
FF. I denoted this as “collinear-TMD factorization” theorem. This is perhaps the most important
result presented in this thesis; hence, an entire Chapter is devoted to investigation of the features and
properties of this new kind of factorization theorem. First of all, according to expectations, the TMD
FFs appearing in the final cross section must be defined by the factorization definition. Therefore,
from the phenomenology point of view, the TMD FFs extracted from SIDIS and e™e™ — hy h, cannot

be used straightforwardly within the factorization theorem presented in Eq. (2.26). Furthermore, the
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final cross section is not CS-invariant, as both the partonic cross section and the TMD FFs depend on
the rapidity cut-off introduced by the factorization procedure to regularize the rapidity divergences.
I do not interpret this as a failure or an inconsistency of the factorization theorem, but rather as an
opportunity to study new aspects of TMD physics, that standard TMD factorization theorems cannot
describe. In fact, there is a strong connection between the rapidity cut-off and the measured value of
thrust, as it can easily be deduced by a simple kinematic argument: the rapidity of the detected hadron
(provided the two initial assumptions on the size of its transverse momentum hold true) has a natural
lower limit fixed by thrust. Therefore, if the rapidity cut-off can be somehow linked to a measurable
quantity, it cannot be considered as a mere computational tool, but instead it should be assigned a
specific physical meaning. Detailed investigation of this physical meaning may shed light on totally
new aspects of the hadronization mechanism and on the confinement of partons. The collinear-TMD
factorized cross section devised for e e~ — hX is then the first physical observable that can disclose

the deeply hidden features of strong interactions.

In Chapter 3 I apply a “bottom-up" approach to the factorization of the eTe™ — hX cross section,
by constructing the factorization theorem piece by piece, starting from the full QCD Feynman
diagrams and proceeding order by order in perturbation theory. This alternative road to factorization
is extremely powerful, as the structure of the factorized cross section becomes transparent even at
low orders in the perturbative expansion. Of course, given the same initial assumptions on the size of
the transverse momentum of the detected hadron, this approach has to lead to the same results of the
“top-down" approach. This has been explicitly verified by generalizing to all orders the 1-loop result
for the partonic version of the process.

Furthermore, I have also considered the possibilities related to different choices of initial hypothe-
ses. Therefore, the collinear-TMD factorization theorem was framed in a general context where other
kinematic configurations lead to different factorization theorems. There are in total three kinematic
regions. In Region 1, the transverse momentum of the detected hadron is low enough to be sensitive
to soft radiation. As a result, soft gluons play an active role in generating TMD effects and the final
cross section is more similar to the usual 2-h class factorization theorems. In fact, the TMD model is
modified by the same non-perturbative soft contribution that appears in the commonly used square
root definition. Therefore, the factorized cross section valid for Region 1 can be considered a TMD
factorization theorem. Region 2 is the intermediate configuration that produces the collinear-TMD
factorization theorem discussed above. Finally, in Region 3 the transverse momentum of the detected
hadron is large enough to produce significant effects to the topology of the final state. Therefore,
the fragmentation process shows a thrust-dependence that is absent is the definition of the TMD. As
a consequence, the corresponding factorized cross section involves generalized Fragmentation Jet
Functions (GFJFs) instead of TMD FFs. As GFJFs are more similar to a generalized version of the
usual collinear FFs than to an extended definition of TMDs, I have denoted the Region 3 cross section

as “generalized collinear factorization theorem”.
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Finally, I have proposed an algorithm to select data according to the corresponding kinematic
regions. This can be an extremely powerful tool for phenomenological analyses, as it allows to bypass
the long-standing problem of matching different kinematic regions. In particular, comparing the results
of the extraction of the TMD FFs from Region 1 and Region 2, it will be possible to shed light on
the role of soft radiations in generating TMD effects, as such a combined phenomenological analysis
can in principle allow to access and extract the soft model, Ms. Moreover, after the non-perturbative
building blocks of the standard TMD factorization will have been determined, the general scheme
proposed in this thesis could be extended to many other hadronic processes, possibly involving more
than two TMDs.

In conclusion, the work presented in this thesis looks incredibly promising. Not only because it
presents new kinds of observables, like the collinear-TMD factorized cross section of ete™ — hX,
which may describe some interesting and still unknown features of non-perturbative QCD, but also
because the general approach devised in this thesis gives top priority to the universality properties of
the non-perturbative objects involved in the factorization procedure. Hopefully, in the future, these

new perspectives may disclose the inner, unrevealed secrets of strong interactions.

120



Appendix A

Review of the Collins formalism

This Appendix is a short review of the kinematics approximators defined in [7] that have been widely

used all along this paper. Their definition is based on the power counting rules:

1. Given the typical (large) energy scale Q of a process, the hard, collinear and soft momenta are

weighted as:

Phard ~ (Q7 Q7 Q)9
Peont. ~ (@, As, 4 ); (A.1)
Peote ~ (As,ﬂ,s,),s);

where A << Q is some IR energy scale and As = A%/Q. Such scaling allow to classify sets
of subgraphs inside a generic Feynman diagram. According to this classification, the hard

subgraph will contain particles carrying hard momenta and so on.

2. Any extra collinear line attached to the hard subgraph gives a suppression. Extra means any
line besides the minimal number of fermions required by the kinematics of the process and any

number of scalar polarized gluons.
3. Any soft line attached to the hard subgraph gives a suppression.
4. Any fermionic line connecting collinear and soft subgraphs gives a suppression.

All the gluons connecting soft and collinear subgraphs and hard and collinear subgraphs are collected

into Wilson lines (or gauge links). They are path-ordered exponential operators defined as:

W= pfexp |—ieo [ ds ot (1) | (A2)

where 7 is a generic path and P denotes the path ordering (i.e. when the exponential is expanded the

fields corresponding to higher values of s are to be placed to the left). The coupling constant and
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Review of the Collins formalism

the gluon field are bare quantities, as indicated by the label “0". In the previous formula, 7, are the
generating matrices of the gauge group, in the appropriate representation. The Wilson lines guarantee
that PDFs and FFs (in both collinear and TMD cases) are gauge invariant, by linking the quark to the
anti-quark fields. If this direction y* is a straight line the Wilson line depends only on the endpoints

of the path and can be written in a compact way as:

W, (x2, x1,n) = P{exp [—igo /sz A n“A?O)u(ln)ta] } , (A.3)

If the strongly boosted particle is a quark, the associated Feynman rules are:

]
= ; A4
k-n+i0’ (A4)

g . = —igontt,. (A.5)

In the Collins factorization formalism, the Wilson lines associated to soft contributions are tilted

off the light-cone. In the following, wi = (1,0,07) and wa = (0,1,07) will represent the plus- and

minus-directions respectively, while the tilted directions will be defined as:
n = (1,—e »1,0r), ny = (—e®2,1,07). (A.6)

The auxiliary parameters y; and y, will acts as rapidity cut-offs and will regulate the rapidity diver-
gences due to the Wilson lines associated to the collinear contributions, which are straight along the

light-cone.

Since we are interested in 2-jet topologies, we will label the hemisphere associated with the
plus-direction as “A" and the opposite hemisphere as “B" (backward emission, along minus-direction).
Therefore, in each Feynman diagram we will identify an hard subgraph, labeled as “H", a soft
subgraph, labeled as “S" and two collinear subgraphs, labeled either “A" or “B" depending on the
leading direction of the collinear particles that flow inside them. The classification is not unique,
but depends on the kinematic configuration (or region R) associated to the particles involved. The
operation of choosing a certain kinamtic region “R" is defined to be the action of the kinematic
approximator Tx. In practice, any generic Ty is based on the following recipe:

1. In the collinear subgraphs approximate the circulating soft momenta as:

k-n; k-n
for A, k ~wy
wy -1y wi-np

k~w; for B. (A7)
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. In the hard subgraph neglect all the masses and approximate the circulating collinear momenta

as:

k w1
for A, k~wp
wi-w2 w1 w2

k ~wy

for B. (A.8)

Notice that the circulating soft momenta are totally neglected in the hard subgraph.

. The attachment of a soft gluon to a collinear subgraph is approximated as (Grammer-Yennie

approximation):
Aok DSk AG kP ESES(ky
Ny 1
~ (A.9)
-~ k nzv
B(...k, OHS( ko Yy~ Bk RSk )y
( s Yy ) ( s 1Yy )li ( s Yy ) kn2+10 s Ry )v

where  are the approximated momenta defined in Eq. (A.7) and the iO-prescription is correct

when the momentum k flows out of the collinear subgraph.

. The attachment of a collinear gluon to the hard subgraph is approximated as (Grammer- Yennie

approximation):
-~ 7C\;,LWZ.V
H(...,k,.. A k) ~H( kR ———A( Lk, )y,
k-wy 410 (A.10)
~ k
H(.. ko MB(. ko Yy~ H( K, e Y ko)

k-wi+i0 V7

where  are the approximated momenta defined in Eq. (A.8) and the iO-prescription is correct

when the momentum k flows out of the hard subgraph.

. For a Dirac line leaving the hard subgraph and entering in the collinear-A subgraph, insert the
projector P = %)ﬁ Y. The same rule applies for a Dirac line leaving the collinear-B subgraph

and entering in the hard subgraph. For a quark line in the reverse direction, insert P = %)F vt

Soft factors and collinear parts are functions initially defined only over a rather small region in

the transverse momentum space, according to power counting rules. The Fourier transform to the

impact parameter space can be regarded as a kind of analytic continuation, because at fixed by we can

roughly access all transverse momenta with k7 < i, even trespassing the original momentum region.

In particular, the small by region is associated with large transverse momenta, where perturbative

QCD can be applied and a power expansion in ¢ allows us to perform explicit calculations. This can

be proved by a direct application of the factorization procedure to the small by approximation of the

Fourier transformed function. For the soft factor this can be found in Section 1.2, while for collinear

parts see for instance Refs. [7, 56].

123



Review of the Collins formalism

+h.c. + h.c.

g

(a) (b)

Fig. A.1 Feynman graphs contributing to the small b7 behavior of the 1 loop soft factor §2-h- (a):
Virtual diagrams (zero in dimensional regularization). (b) Real diagrams.

Despite the undeniable advantage provided by the possibility to perform explicit calculations
in the small by region, perturbative QCD is not enough to reproduce integrated quantities, which
correspond to the Fourier transformed functions evaluated in b7 = 0. These can be recovered from
the operator definitions, that obviously give a non-perturbative, all-order point of view. Therefore in
by =0, Egs. (1.2) and (1.6) simply confirm that the integrated soft factor is the identity matrix, while
Eq. (1.17) reproduces the integrated PDFs and FFs. The failure of perturbative QCD in by = 0 is
due to the fact that the integral over kr is intrinsically ill defined, since it extends well beyond the
physical momentum region where the TMDs and the soft factor are defined. As a consequence, new
UV divergences arise and the counterterms Zs and Z¢ in Egs. (1.2) and (1.17) are not sufficient to
cancel them. Therefore, the perturbative approach lead to definition of integrated functions as bare
quantities and they need a renormalization in order to acquire physical meaning and reproduce the
correct results. In the following, such renormalization procedure will be investigated for both the 2-h
soft factor, in Section A.1 and the TMDs, in Section A.2. All the quantities computed in this section
will be function of by, however when used into Egs. (1.14), (1.26), such dependence must be replaced
by the b* prescription.

In the last section A.3, I will review the explicit formulas for 1-loop FFs.

A.1 Small b7 behaviour of 2-h Soft Factor

The Feynman graphs in Fig. A.1 show that in the small b7 region the (renormalized) 2-h soft factor is

given by:

- o b (v
Son(br, yy1 —y2) =1— Z(:) 8Cr (y1 —y2) log (Zf) +0 (a?j e 20 )2)) , (A.11)

where ¢ = 2¢”%. The perturbative expansion of the previous equation should be valid at small

br; however in this region log (b7 /c1) becomes large and sufficiently near to by = 0 it completely

oversizes Og so that the expansion becomes meaningless. Resummation in principle solves this
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A.1 Small b7 behaviour of 2-h Soft Factor

problem. The soft kernel can be directly obtained from Eq. (A.11) by using Eqgs. (1.7):

R(br, 1) = “4(“) 16C log ( ;“) +0 (o). (A.12)
This expressions implies that K (br, 1) is large and positive as by decreases. Therefore, the resummed
soft factor of Eq. (1.10) explodes in by = 0, as in its exponent the soft kernel multiplies the rapidity cut-
off combination (y; — y;), which has to be intended as a large and positive number. An improvement
can be reached by providing a resummed version! for K by using its evolution equation solution,
Eq. (1.9). Given that the ag-expansion of the soft kernel has the following structure:

Kbriw) =Y (a4(n ) ZK’” log! (:;) (A.13)

n=1

where ;, has been defined in Eq. (1.27)(a). On the other hand, the anomalous dimension Y is
expanded as:

Z ( ) s (A.14)
Therefore, Eq. (1.9) can be recasted as follows:
~ ~ U g
K(br: u) = K(br; up) — / Y(os(p)) =
o as (1) n0] _ ap as(u' _
-L{(%) F /M(m}—
1
= log_l< >g (x) = &Kx)+... (A.15)
;) 1+2\X \_v_/ log (%>
where:
pe O (B (A.16)
4n )’ '

The recipe to reach the NLL accuracy is the following [57]:

* The anomalous dimension Yk of the soft kernel is expanded up to 2-loops. The 1-loop coefficient

can be found directly obtained from Eq. (A.12). For 2-loops coefficient see for instance

! Actually, it is inappropriate to count the logs of a quantity, like the soft kernel, which is already the result of a
resummation procedure.
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Refs. [58, 56]:

W =16Ck; (A.17a)

536 8x? 160
w=2ce (005 ) - e (A170)

where ny is the total number of fermion fields considered.

 All the other quantities are expanded up to 1-loop. In this case the only other term is the part of
the soft kernel without logs, i.e. computed at reference scale u = ;. At 1-loop it is just zero,
as follows from Eq. (A.12):

KM = o; (A.18)
This recipe results in:
K Ym
& (x) = 5 log (1 — 2B x); (A.192)
2o
2
Koy % B p Ly
83 (x) = 2B |7 g + KT (A.19b)

where By and B; are the coefficients of the beta functions up to 2 loop:

11 2

Bo = 3 Ca— 3 (A.202)
34 10
B = ?Ci — 5 Cany— 2Crny. (A.20b)

Notice that the NLL expression of K coincides with Eq. (A.12) in the limit g — 0. With this estimate,
the divergence of K is much less severe but it is still there. An easy way to solve the problem and
ensure that the perturbative QCD computation agrees with the operator definition prediction is to
introduce a cut-off that prevents the soft transverse momentum to reach the UV region when it is
integrated out. This can be implemented in br-space by introducing a new parameter by, 7 0 that
provides a minimum value for b7. A modification of the b* prescription, Eq. (1.4), is a simple way to

insert this cut-off directly in the definition of the soft factor. For example, we can use the modified b*

b5 (be(br)) = b5 <w/b%+b§4m>. (A.21)

Then, the integrated soft factor is given by the unintegrated §2-h evaluated in b} (b.(0)) = byn. If pt

prescription of Ref. [59]:

can be considered a large energy scale (e.g. if it can be set equal to the hard energy scale Q of the
process) then we can set byyy = ¢ /. Consequently, all logs in Egs. (A.11) and (A.12) as well as the
soft kernel are zero in by = 0, while the soft factor is unity Despite this kind of regularization has
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A.2 Small b7 behaviour of TMDs

been devised for the 2-h soft factor, it applies equally well to the general soft factor SN, where N
can be any integer greater than 2.

A.2 Small b7 behaviour of TMDs

Formally, the integrated TMD is the Fourier transformed TMD computed at b7 = 0. In order to
recover this result from Eq. (1.26) by applying perturbative QCD, the Fourier transformed TMD has
to be renormalized, otherwise it would vanish in by = 0. This can be guessed from the structure
of the perturbative Sudakov factor in Eq. (1.26). Differently from the soft case, in the exponent K
multiplies ~ log  «< —y. Therefore, in the large rapidity limit we have a suppression as by — 0. A
more rigorous proof can be found for instance in Ref. [59]. Alternatively, it also follows from the
resummed expression of the TMD. By using also the results of the previous section, we can compute
the general resummed structure of the (perturbative) Sudakov factor. This operation is easily done by
separating out the part that depends on the rapidity cut-off { from the rest of the exponent appearing

in the perturbative Sudakov factor:

exp {;mﬁ ) 1ogf§ f - [m(ocs(u’), 1)~ 1 (as(u) log ﬂ } -
_ exp{;zabﬂ ) log ([jb) [ o [n)«xs(u’), 1)~ 2 as(u) lg(:j)] } 9
<exp{ Jtog = [Ribra ) [ M tas(u)| | (A22)

Notice that the general structure for the resummed version of the last exponent has already been
given in Eq. (A.15). Therefore, we only have to focus on the second line of Eq. (A.22). The rapidity-
independent part of the TMD anomalous dimension (obtained setting { = u?) has a small coupling

series totally analogous to that of the anomalous dimension of the soft kernel:

re(as(n), 1) = Z ((XS(#))n y([;n]’ A

] 4r
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Therefore, the exponent in the second line of Eq. (A.22) can be recasted as:
= Ju Hdu' 1 0
3 Kors o tog (B ) "B o), 1) - (et t0g (£ )] -
Hp Hp u 2
_ Z l O‘S(“)
=12\ 4z

> KM% 10g (IJ) +
Mo
[n] “Lﬂl OCS(N/) " 1 [n] “d:u (:u/) " E o
e, u’( am ) A%, w \Tar ) O \w) [T

— Y log! ( " >gz+1( ) = log (ﬁ‘b)gl(x) o)+ (A24)

>0
LL

NLL

where x has been defined in Eq. (A.16). Following the usual recipe to get the NLL accuracy, with:
% =6Cr, (A.25)

both for TMD PDFs and TMD FFs, the functions g; and g, are given by:

1]
Yk log (1 —2fx)
_ 1 A.26
g1(x) 46, [ + Box : (A.26a)
1]
Y& [31 x 1 )
= — 1 -2 —log(1—-2 —
2] 1]
Y% | 2Pox i
log(1—2 log(1—2 . A.26b
i [ e ﬁoxﬂ 5 Tog (1-260) (A260)
Finally, up to NLL the perturbative Sudakov factor is:
pert. Sudakov lowbr (T U\ jog (A.27)
factor 1 corrections’ '

Therefore, the perturbative Sudakov factor produces a suppression as by — 0. Notice that this holds
true independently from the rapidity cut-off.
The Wilson coefficients cannot modify this behavior. Their o expansion has the following

structure:

n 2n [k/2]
> ZZ%J”“” <u>log<c>, (A.28)

o brin 0= ¥ (% )i (o

n=0

where [k/2] denotes the integer part of k. If the scales are fixed according to the standard choices of

Egs. (1.27), all the logs disappear and the only b7 dependence in the Wilson coefficients is given by
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A.2 Small b7 behaviour of TMDs

os(Up). Hence, the TMD at reference scale (see Eq. (1.26)) can be written as:

(ngk(br; o, Cp) ®Ck,h(.uh)) (&)=

0% " s
-y <Si“b>) (479 0 cx () (©). (A.29)
n=0 T ’
Recalling that the convolution ® of two generic functions f and g is defined as
Ldp
(ron) @ = [ TrE/pse) (A30)
X
and that the Wilson Coefficients of the final state have a normalization factor p>~2¢ when the
convolution is made explicit (see for instance Ref. [58]) we have:
Fim(x; ) + O (os(Up)) initial state

TMD at low by (A.31)

reference scale
Z—2+26dh/j (z, wp) + O (as(up)) final state,

where we used that the Wilson coefficients at lowest order are just delta functions, both in flavor
and in the collinear momentum fraction. Furthermore, since u;, o< 1/br, when by — 0 the energy
scale becomes very large and o can be really considered a small parameter and we are allowed to
neglect 0 (as). Eq. (A.31), together with Eq. (A.27), implies the vanishing of the TMDs evaluated
in by = 0, preventing finding the usual PDFs and FFs in contrast with the operator definition of
Eq. (1.17). Analogously to the soft factor case, this problem can be solved by introducing a new
parameter by # 0 that provides a minimum value for 7. This will act as a cut-off preventing the
collinear transverse momentum to reach the UV region in the integration. Then, the integrated TMD
is given by the unintegrated TMD evaluated in b5 (b.(0)) = by = ¢1/U:

suppressed

initial state,
terms

_ Fim(x, 1) x
/d272£kTCf7h(§7 kT’ u, C) - Cfrh(é’ bMIN; K C) -
. 2224, i(z, 1) X suppressed  fina] state.

terms
(A.32)

The by renormalization is not the only way to make sense of the integral over 757. If TMDs are
not at the core of the factorization theorem under examination, a common renormalization procedure

is to define the integrated TMDs as the bare version of the usual PDFs or FFs. Formally:

. f ](?;), (x, 1) initial state,
/dHEkT Cjn(& krsp, &) = - (A33)
Zi%kd},% (z, u) final state.
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Here, the label “@" stands for bare functions of renormalized fields (that’s where the (-dependence
on the r.h.s of the previous equations come from). In this form, it appears as the integration makes the
soft-collinear subtractions trivial, because the S,_}, appearing in the factorization definition (Eq. (1.21))
is unity when integrated over all soft transverse momentum. To get renormalized quantities, we
have to cancel order by order the UV divergences introduced by the integration through an UV
counterterm, in the following indicated as Z.oy.. This will necessarily depend on the plus component
of the momentum of the reference parton, i.e. on the collinear momentum fraction . Hence, the
renormalized quantities are not simple products of the bare quantities with the UV counterterm, like

in Eq. (1.21), but rather convolutions:

cjn(S, )= (( Zeol.) (Ots(,u))®c,(f,)l> (&), (A.34)

where, as in Eq. (1.21), the label “(0)" denotes a bare quantity computed with bare fields. With this
definition, we can interpret the renormalized integrated TMDs as the usual PDFs and FFs used in
collinear factorized cross sections. Notice that the OPE of the TMDs at reference scale involves
renormalized PDFs and FFs, as the bare version of the Wilson coefficients can be trivially defined as
the “unsubtracted hard part” in the collinear factorization theorem that fixes the structure of TMDs at

small br. In fact, straightforwardly:

Crnlbr:n, O)™N" €, ”(br,u £)® ,ii
= (Cg © )(bT,H §) @ (2, coll m (1)) )®( coll.) O‘S(“))®C1(c?1)1) =
:ngm(bﬂ K, C)®Cm,h(u), (A.35)

where the dependence on the collinear momentum fraction has been neglected for simplicity.

A.3 Unpolarized Fragmentation Functions in pQCD

This section is a review of the main formulas for Unpolarized Fragmentation Functions. I will focus
on the gluon-from-quark and the quark-from-quark case, as they are the only relevant configurations
for 1-loop analyses of e™ e~ annihilation. The cases quark-from-gluon and gluon-from-gluon can be

found in the related literature.

In the following, labeling & the total moment momentum entering in the collinear subgraph, the
momentum of the outgoing parton is P = (zk*, 0, 6T>, where z is the light-cone momentum fraction.
All the quantities will be computed in the Collins renormalization scheme, which differs from MS
because the common factor:

(47)°

S =Ti_g

(A.36)
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is not €-expanded.
Often, we have to compute UV-counterterms. This will be achieved by constraining the integra-

tions on k7 from U to infinity. It is useful to recall:
—2¢

/ aiz ()2) e =k —— Re(e)>0: (A.37a)
u

“ Bl C —2¢e 1 1 C
/“ dikz (k7) log<k%) =u (—82+£10g(u2>), Re(g) > 0. (A.37Db)

Since TMDs are properly defined in br-space, we also have to perform Fourier transforms. Useful

formulas are:

1—¢ b 2e
/ e ’kaTk =Q* (’i 5 <C> e X (—g)T(1—¢€), Re(e)<0; (A38a)
T - 1

1 ¢
d2 2£k lkT bT 1 g<> —
/ e k2

1-¢ 2¢e
g () oo oo (2) ()
Re(e) < 0: (A.38b)

where ¢y =2e %, b = by Q, Vg is the Euler-Mascheroni constant and H_;_ is the harmonic number

evaluated at —1 — €.

A.3.1 Gluon-from-quark

The gluon-from-quark configuration starts from &'( o). Then, from the definition of Eq. (1.15), the
lowest order of the gluon-from-quark TMD FF in momentum space is:

(1] B 1 /dkjL dk— Tre Trp -
—D —— - - =7 =
A g/q< 2, kr) (2m)P Nc 4
(1 1 14+(1—2)2—¢Z?
426F58(8)u28k2 * ;) £ 0(1-2). (A.39)

Notice that there are no soft-collinear subtractions for the 1-loop gluon-from-quark TMD FF, as the
configuration in which the emitting fermion turns soft or is reflected backward is suppressed by power
counting. Furthermore, since there are no contributions from virtual emissions, this function is already

renormalized, i.e. there is no need for a TMD UV counterterm Ztmp.
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According to the discussion in the end of the previous section, the integration of Dy, over
transverse momentum gives the bare gluon-from-quark collinear FF, as in Eq. (A.33). Being a
scaleless integral, in full dimensional regularization the result is zero. However, the renormalized

gluon-from-quark collinear FF does not vanish, as it equals its UV counterterm. From Eq. (A.33):

ndé/z[ (e =2 7 [ 2% g0l (e k) = 0=
-2 B d!) (e2) -2 e z,)] (A.40)
Therefore, by using Eq. (A.37a):
Se 1+ 2
Hdi’l/]q( 12) = 7Z£/]q con(€:2) = _E >2Cr SS(Z) 6(1—z). (A41)

On the other hand, the Fourier transform of Eq. (A.39) gives the gluon-from-quark TMD FF:

i 1, 7
TDL/]q(g 2 br) /dz %o krbr4 DL/]q( k) =
2e 2e 2 2
os U b e 1+(l—z)"—¢€z
i £<Q> (q) e (—e)[(1—¢) = (1-2)
_ Og 1 (1) ) O 1 bru 1+(1—Z)2
= an 2 Zajg.eon (&9 + 5 2Cr (Z—ﬂog - g : (A42)

Notice that in the final result survives a pole in €. This is the collinear divergence associated with
the FF, the cause of the the failure of pQCD in predicting such observables. The perturbative, finite,
quantities associated with TMDs are the Wilson coefficients. Once collinear and TMD parton densities

have been computed, the Wilson coefficient are determined through Eq. (A.35). For FFs, at 1-loop:

g (&:2)
Gz b, §) =Coy (852, brs 1, §) - ’Q;—z (A43)
For the gluon-from-quark configuration we have:
9 G py— B, [ brit poe) LH(L-2°
in ‘fg/q(z, br) = 471:2CF [z 2 <log ( - logz 3 . (A.44)

A.3.2 Quark-from-quark

For the quark-from-quark configuration, the computations are more difficult. The lowest order is just
a delta function, but for the &'(os) we have to consider both virtual and real gluon emission, besides

the non-trivial subtraction mechanism. For virtual gluon emissions, the bare unsubtracted collinear
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contribution is:

0. 111: 1 dPk Tre T
Os D(O)a[l},unsub(g; Z) _ E S (P+ —ZP+) / Ic 1Ip 4

4 4/g,virtal +h.c. =

O 2¢ /°° 2 2\ 1-E /1 o
——4 dk7 (k 1— —_— A4
ar CrScu o T ( T) o(l—z) A dal—oc (A.45)

As in Eq. (A.33) the label “(0)" stands for bare functions of renormalized fields. To get the true bare

quantity, function of bare fields (labeled by “(0)"), we have to subtract the 1-loop wave function
renormalization factor:

Se

Cr—. A.46
4w F € ( )

Os 1),y _Os
471:22 (8)

Since in Eq. (A.45) there is a scaleless integral, the previous equation is zero in full dimensional
regularization. However, there is also an unregulated rapidity divergence, which must be canceled in

the subtraction mechanism. The subtraction term is given by the following soft-collinear contribution:

['71/1
Os 1] _/ d’k Trc ! B
A 2—h,Virtua]( )= (27IT>D Ne n | +he =
Os 2 [T 52 2\ 1€
= 17 YCF St e/o dky (k7) 5(1—2z) [210g< > / da ] (A.47)

where { is the rapidity cut-off, fixed as in Eq. (1.23). Notice that this term also presents an unregulated

rapidity divergence, that cancels exactly that in Eq. (A.45). Finally, the 1-loop subtracted bare virtual
contribution to the quark-from-quark TMD FF is:

Qs . (0),[1 Os (0),[1];unsub. , . 1
E ;/27[vgrtual( ; ) = H |:D((]/)q,[vgrtual (8’ Z) - 6(1 _Z) S[Z]h v1rtual(8):| =

— Dacrsen™ [aig ()7 8(1-2) [1 g (C” _o-
JO

K

2
Os 1 1
-2 1D, it (8:2) = 2y mup ()81 =) =0, (A48)
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where Z" is related to the UV counterterm of D!

q/q, TMD q/q, virtual as.
1 (0),[1 1
Zt[]/]q,TMD = |UVec.t of Dq/)q,[vgrtual} _Z£ ] (A.49)
Then finally:
Os 1] Ly O 0 _ O 11 ¢y 3
EDQ/Q-,Wrtual(g’ )= qu/q,TMD(87 ‘:)5(1 —2) = E2CFSe {—82 + p log E 30

(A.50)
Notice that D/, virwal 18 also the virtual emission cotribution to the collinear quark-from-quark FF.

For real gluon emission, the bare unsubtracted collinear contribution is:

Os . (0),[1];unsub. , . .
2 Dajaren (&3 k) =

1 [dktdk™ Trc T

— / _fc b +h.c. =
< (2n)D NC 4 —l-wy
os I'l—g) ,.1 2 -z

= —2CpSe —— — 1—¢)—— | 6(1—2). A.S51
ag- TFPE T e H k% Z(I—Z)+( ) 2 (1-2) ( )

As for the virtual case, there is an unregulated rapidity divergence in z = 1. The subtraction mechanism

solves the problem, as the soft-collinear contribution cancels exactly such divergence.

Gs gl

dktdk™ Trc
4T h,real( ’kT) = /77

(2m)? Nc

s F(1—¢g) , 1 !
=——2CrSe ——"U" 5|2 A.52
4 Foe 7-51—8 ‘u k% 0 ( )

Therefore, the bare subtracted quark-from-quark TMD FF in momentum space is:

&s 0),[1] /.. _ 9 [4(0),[1];unsub. , . _ _ ol _
HDq/q,real(g’ Z, kT’ C) - E |:Dq/q,real (8’ Z kT) 6(1 Z) SZ—h,real(S’ kT):| -

sy TU8) L (2 (EN
_471_2CFS8 et @ z(l—z)++5(l z)log 2 +(l—¢) 2 ) (A.53)
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A.3 Unpolarized Fragmentation Functions in pQCD

From Eq. (A.33), the integration over transverse momentum gives zero in full dimensional
regularization. Nevertheless, it gives the contribution of the real gluon emission to the bare colliner
quark-from-quark FF:

%d@,[l] (8;2)222728 /dz 2&7(' %D( ), [1] (E;Z,kT,C)ZOZ

47 a/qreal 4 q/q.real
_ O [ ey 0,11
= ) ales = [UV e ot [ (A.54)

This result, together with the virtual emission contribution of Eq. (A.50), gives the renormalized quark-
from-quark collinear FF. Notice that we do not have to consider the quark self-energy contribution, as

it has been already included into the virtual emission term. Therefore:

1 (0),[1 1 .
d[[I J(e:2) = [UV et of d L 4Dl (es2) =
_ O ) oy O, Se 2 3s
_47qu/q7COn(8,z)— 122G <(1_Z)+ -2+ 38(1-2) (A.55)

Notice that the virtual and the real contributions for the integrated subtraction term are exactly equal
and opposite. Hence they cancel in the sum, Eq. (A.54). This explicit computation, shows that the
subtraction mechanism is trivial for integrated TMDs, as the soft factor appearing in the factorization
definition, Eq. (1.21), is unity.

The Fourier transform of Eq. (A.54) gives the bare quark-from-quark TMD FF in by-space. By
using Eqgs. (A.38) we have:

1 267 s 1
EDEI/)II [rgal(g; 2y bTu C) = /d2 2£k " bT4 Dg/)q [re}al(g ) kT’ C) -

2¢e 2e
_% lad ﬁ —“2€¥E(_ _
=i Se <Q> <C1) e ['(—e)I'(1—¢)x

X [z(l.z—z)++(1_£)1z_2z+5(l_z)< H_|_ g+210g<b>+10g<QC ))} =

_ O (1 [y .

T [—Zq/q"TMD(e, 5)o(l—z)+ ?Zq/q.,coll(g’ z)} +
11 br i 2 1 1
e | )=
2z Og< cl ><(1—Z)++ZZ+Z>

—28(1—2) <log< Cl“)log(f > +log? ( :f‘))] (A.56)

The renormalized quark-from-quark TMD FF is obtained by summing the virtual emission contribution

Os
—2C
+47t F

from Eq. (A.50). As for the case of integrated quantities, the wave function renormalization factor has

already been included into the virtual term. Notice how the combination of real and virtual emission
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Review of the Collins formalism

leaves only the collinear pole of the TMD, associated with Z, /, co11:

©).01] ... _ % [500).01] (1 RN
E q/q,real(g’ z, br, C) - E |:Dq/q real<8 z, br, C) +Dq/q,virtual(8’ Z)} -

as 1] .
~ar ?Zq/q,coll(g’ )+

Dol (Y (2 1y
2z 2log< cl >((1—Z)++z2+1>
—26(1—2) (log <b;u>log<lf>+log (b;ﬂ>>] (A.57)

Finally, the quark-from-quark Wilson coefficient can be obtained by inserting Eq. (A.57) and
Eq. (A.54) into Eq. (A.43):

Os 1] _ % 1 1 bru\ 2 1. 1y
4ﬂ%q/q(z,br,é)—4n2cplzz . 2 ( log C1 logz (l—z)++zz+z

—28(1-2) <10g< ;”>1og<i>+1og <b;“)>] (A.58)

—ZC
—|—4ﬂ F

A.4 Unpolarized Fragmentation Functions at LL. and NLL accuracy

The TMDs expressed as solution of RG and CS evolution equations, Eq. (1.26), have the same
structure of resummed quantities and, indeed, they can be actually obtained through a resummation of
the soft gluons emissions in 2-h class cross sections. In fact, they have a reference scale piece, encoded
into the OPE, multiplying the exponential associated to the evolution-dependent part, encoded into
the Sudakov factor. Therefore, they should be computed by properly counting the large logarithms
in the exponent of the Sudakov factor. In the following, I will focus on the Unpolarized TMD FFs.
With the help of Eqgs. (A.16) (A.26) and (A.19), besides the explicit expressions for the NLO Wilson
coefficients of Egs. (A.44) and (A.58), we can easily build:

* The LL-accuracy by setting the Wilson coefficient to LO and the perturbative Sudakov factor at
LL:

Estf/h(ZabT;.ua ¢)= lzdh/f(Z 1) exp{10g< ) <52> K(x)}x

1
X Mp, ;,,(z, br) expy —7 gx(br) log < C2> } (A.59)
h

136



A.4 Unpolarized Fragmentation Functions at LL and NLL accuracy

* The NLL-accuracy, by setting the Wilson coefficient to NLO and the perturbative Sudakov
factor at NLL:

~ 1
DY, (2 brs u, §) = Z7<dh/f(27 Hp)+

+ S [ 2 L (cfp. ) [ 6,00+l ) [02 )] )

X exp {k)g <:fb) 1(x) +ga(x log <52> (g log Eu) g5 (X)) } X
)} (A.60)

1
><MD| f/h(Z7 bT) exp{—4gK bT log( 2

&\ﬁ

137






Appendix B

Kinematics of eTe™ — hX

The initial state of the hadronic process is an e

*e~ pair, where the electron has momentum /; and

the positron /. The two leptons annihilate in a virtual photon' with momentum g, associated to a

total energy Q = 1/¢? available in the c.m. . The observed hadron, of momentum P, belongs to a jet

initiated by a parton produced in the e*e™ annihilation of momentum k. The study of kinematics

is strictly connected to the choice of the frame. Clearly, this is completely arbitrary since the cross

section will be Lorentz invariant. Three main frames are useful in deriving the final form of the

factorized cross section.

1. Hadron frame, labeled by (/). This is the frame where the outgoing hadron % has no transverse

components and it moves very fast along the (positive) Z;)-direction:
Pr ) =0r. (B.1)

Furthermore, since £ is strongly boosted in the plus direction its plus component is very large,
of order ~ Q. As a consequence, its minus component has to be very small in order to satisfy

the on-shell condition P? = 2P(Z) P(;l) = M,%. Therefore, in this frame, the full four-momentum

M? M?

The fragmenting parton belongs by definition to the same collinear group of the outgoing

P can be written as:

hadron, hence it has a very large plus component, a low transverse momentum and an even
lower minus component. It is almost on-shell, with a very low virtuality. Neglecting all the
suppressed components, k£ and P become exactly collinear, i.e. k =< P. This can be made explicit
by setting:

1
+ _1pt
Kiy ==,

i (B3)

1

since the c.m. energy is around 10 GeV, heavy EW bosons are exluded.
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Kinematics of e7¢™ — hX

e
—k-P
k7 /i:

|:>q—kr

Fig. B.1 Momentum flow that determines the kinematics boundaries on Z.

Therefore P ~ Z k, and

P, A2 A
W -z
k= (/2\7 k(h)va,(h)> ~ Q (17 @7 Q) ) (B4)

where A < Q is the infrared scale introduced by power counting (see Appendix A). Since
power counting rules are defined in the hadron frame, this is the most appropriate frame where
to implement factorization. We can interpret z as the collinear momentum fraction that the
outgoing hadron takes off the fragmenting parton. Clearly z has kinematics boundaries, due
to the requirement that all the particles crossing the final state cut are physical, i.e. they have
positive energy. With the help of Fig. B.1 and by applying the power counting rules, we obtain

the following constraints:

* Positive energy for the final state of the jet
1
0 + + _ pt _
(k—P)(h) Nk(h)_P(h) _P(h) (2 1) >0, (B.5)

which gives 7 < 1.

* Positive energy in the hard part of the process (given that q(’h) > 0)

+
(g—k)% >0—qh —k' _ 9 1—P(’”i > 0. (B.6)
(n) = )~ 0 = 5 2] 2

The fractional energy z; is defined as:

+
P'q P(h) Ecm.
p=2—=—"=2 (B.7)
¢ qt Q

where E. . is the energy of the detected hadron in the center of mass frame. Then
Eq. (B.6) gives the kinematics boundary: 7 > z;, with z; < 1.
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Fig. B.2 The LAB frame and the (k)-frame are both c.m. frames, but differ by a spatial rotation.

2. c.m. frame, labeled by (c.m.). In this frame the spatial momentum of g is zero

Ol

Ej(c.m.) = (B.3)

Since rotations send null spatial vectors into null spatial vectors, the condition in Eq. (B.8)
is defined modulo a rotation in space. Therefore, if we set the Z-axis of this frame to be the
direction of the outgoing hadron, we can identify the hadron frame with the c.m. frame and
apply power counting and the whole factorization procedure directly in this frame. This is a big
advantage, since usually the calculation of the hard part of the cross section is much easier in
the c.m. frame but in general it does not coincide with the hadron frame, which on the other
hand makes simpler the application of the factorization procedure®. Hence, from now on, we

will set c.m = (h).

Notice that the LAB frame, in which the Z-axis coincide with the beam axis, is a valid c.m.
frame but it is not the hadron frame, as they differ by a spatial rotation, as shown in Fig. (B.2).
The lepton pair is back-to-back in both the frames, but the direction of their spatial momenta is
different.

2For example, this is the case of eTe™ — hy hg X, with the two hadrons almost back-to-back. In this case, the hadron
frame is defined as the frame in which both hadrons have zero transverse momentum, i.e. where they are exactly back-to-
back. However, a spatial rotation can fix only one hadron and the c.m. frame cannot be identified with the ()-frame. The
two frames are actually connected by a light boost in the transverse direction, where the boost parameter is (proportional
t0) g7, () As a consequence, we need boost-dependent projectors connecting the collinear and the hard parts of the cross
section. In principle, we can use a boost also in the case of the production of a single hadron, however the boost will depend
on gr,(;) which, in this case, is not observed.
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Kinematics of e7¢™ — hX

3. Parton frame, labeled by (p). As explained in Ref. [7], in order to properly define a fragmenta-
tion function we need a frame in which the fragmenting parton has zero transverse momentum.

This is the parton frame, defined by requiring
kr,(p) =0r. (B.9)

In principle we have two Lorentz transformations available that we can use to reach the parton
frame from the hadron frame: a rotation of the (small) angle between the fragmenting parton
and the outgoing hadron and a (light) transverse boost in the 7{% (n) direction. By defining
k= %R (1) / k(tl), the angle of the rotation is o = —+/2k, while the parameter of the boost is

B — \/2k. The two choices give the same result:

k3 A2 A2
|+ - TR .
k= (k(h),k(h) —2% ,0T>p+ﬁ<Q2> <1, o 1>, (B.10)
M2 +20 . M2, A2 M2, A?
P=|Zk}, — "Ul),—Ak +ﬁ< ’ )(1 ,1). B.11
(Z W22k, S » 0 0? (B-1D

Notice that the plus components remain the same in the two frames (apart from power suppressed
corrections). In this frame we can identify the Z,,)-axis as the axis of the experimental jet of
hadrons in which 4 is detected. In fact, all the (almost) collinear particles in the jet have been
generated by the same fragmenting parton and hence the sum of their spatial momenta has to
be equal to 75( p) = |7é] Z( p)» that lies on the (positive) Z direction in this frame.

Since, Pr (,) gives the transverse momentum of the outgoing hadron with respect the jet axis, its
measurement probes the transverse motion of the partons inside the detected hadron. However, the
determination of the jet axis is not easy. The direction of the fragmenting parton (positive Z(,)-axis)
coincides with the partonic thrust axis ﬁpart., which is the direction that maximizes the partonic thrust
T defined as .

Zi |k(c.m.)7i : ﬁpart-|
Zi |7é(c.m.),i|

where the sum runs over all the partons produced in the hard scattering, and %(C.m.% = %(h),i is

?:

: (B.12)

the spatial momentum of the i-th outgoing in the c.m. frame. For example, in the case of two
(back-to-back) partons T=1and ﬁpart_ is the axis of the parton pair, while for three partons T =
max{xj, xp, x3} >2/3, withx; = 2|%(h),i\ /Q, and 7par. is the direction of the i-th parton. However, the
partonic thrust axis cannot be accessed experimentally. The thrust axis provided by the measurement

is the hadronic thrust axis 7paq., Which is the direction that maximizes the hadronic thrust 7' defined as

T — Y |ﬁ(c.m.),i ’ ﬁhad.|

o : (B.13)
Zi |P(c.m.),i|
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where now the sum runs over all the detected particles in the c.m. frame (e.g. the LAB frame).
The variable T describes the topology of the final state and it ranges from 0.5 to 1, where the lower
limit corresponds to a spherical distribution of final state particles, while the upper limit realizes a
pencil-like event. Its value is close to its partonic counterpart, but they are not the same. As shown
in Ref. [46], the observed distribution of hadronic thrust is related to the distribution with respect to
the partonic thrust (which can be computed in perturbation theory) by a correlation function C(T, /T\)
that is sharply peaked around 7" ~ T. Therefore, the direction which maximizes the hadronic thrust is
approximately the same axis that maximizes the partonic thrust, i.e. ﬁpart. ~ Nhad. = 1. The estimate
of how much they differ can be made more quantitative in the simple case of a 2-jet configuration.
In fact, in this case we have T =1 and T ~ 1 — (M12 —I—M%)/Q2 (see Ref. [46], where M ; is the
invariant mass of the hadronic jets. Hence T-T~0C (M?/Q?). This approximation is crucial for the
interpretation of the transverse momentum measured in the BELLE experiment. In fact, the transverse
momentum of the detected hadron with respect to the (hadronic) thrust axis can be really considered

as the transverse momentum with respect to the jet axis, the direction of the fragmenting parton.
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Appendix C

Virtual gluon emission up to NLO

In this section I will review the results for the contribution of the virtual vertex corrections in

et

e~ annihilations up to NLO. Such contributions enter as fundamental functions appearing in the
factorization theorems. For instance, they are the vertex functions V and V* in the factorization of the

partonic tensor of ete~ — hX for a 2-jet configuration, as depicted in Fig. 2.2b.

At lowest order (LO) the virtual emission contribution coincides with the LO partonic tensor in
the 2-jet topology case., as shown in Fig C.1. In fact, at LO the subtraction mechanism described in
the Section 2.4.1 is trivial. From Eq. (2.33) we have:

~ uv;uns.; [0]

Wl Ty =w; (z, T). (C.1)
Notice that at LO the total transverse momentum of the radiation collinear to the fragmenting quark is
trivially zero, as there is no radiation at all. Therefore, in transverse momentum space the unsubtracted
partonic tensor multiplies a 5(7{}) which gives just 1 after the Fourier transform. This is the reason of
the lack of any b7 dependence in the previous equation. Moreover, the LO is finite and hence also
any €-dependence has been removed. The r.h.s of the Eq. (C.1) is given by the lowest order Feynman
diagrams for the topology considered. The squared matrix element, summed over all spins and colors

of the fragmenting quark, is given by:

k,/
MO 0= A -
_k2
=} Y dic p(ki, s1) Ky ¥ e p(ky, s1) = e Ne Te {7 K7} (C2)

S1,C
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Virtual gluon emission up to NLO

Fig. C.1 The lowest order Feynman graph contributing to the (unsubtracted) partonic tensor for a 2-jet
topology.

The projections onto the relevant Lorentz structures, as in Egs. (2.7), are:

—guvMy 1 =8ANC(1— ) ki -ky = 463 Ne(1 - €) Q% (C.3)
kl,y k],v uv o
> Miv Pl =o, (C.4)

where we used momentum conservation k; + k, = g. Since the projection of Eq. (C.4) is zero, the
final state tensor will be written as in Eq. (2.12) and the partonic cross section will only have the
transverse projection. Moreover, the configuration described by Eq. (C.2) is an exact, pencil-like,
final state. Therefore the dependence on the thrust is trivially 6 (1 — 7'). The phase space integral only

involves ky:

_gqu;W o zT)=

D
=35 Gy (cem " 0) @26 (g =k —ko) (276 () 01k 0(43) 5(1 ~7) =

—2&ANc(1—€)8(1—2) §(1—T) =2F"

Lf (C.5)

where the factor 1/(4x) is the normalization of the hadronic tensor fixed according to Eq. (2.5).

Finally:

WY Oz, 1) = Y FO (2, 1), (C.6)

where the transverse tensor H# ¥ has been defined in Eq. (2.13). The resulting partonic cross section
follows from Eq. (2.10a) and is given by:

~[0]
do ~ Ao
;o [0] o 2
miGBZF"f(Z’ )= 302 efNcd(1-2) 8(1-T) (C.7)
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where the Born cross section op has been defined in Eq. (2.11). Hence the LO is in practice just a

constant. Then, it is useful to define the following quantities:

Ho, s = e72Nc (1 —¢); (C.8a)
Hy=) Hyy, (C.8b)
7

At Next-Lowest Order (NLO), the emitted gluon is virtual and the final state still hosts two
particles: the outgoing quark, of flavor f and momentum k;, and the antiquark crossing the final state
cut, of momentum k. Momentum conservation sets ¢ = ki + k». The 1-loop squared amplitude is
given by:

MW, 0) = +he. =

4—2¢ — i(—k, —
— [ k) s ith /) iCho])

(ki =12 4+i0" (ky+1)2+i0
. —igaB Oub
X (—lgoy‘ﬁtb)kz v u(ky) lzj—iﬁzo +hec =

20 Te{k Y (b =Dyt (b + ) Ya by vV}
(27)4=2¢ [(ky —1)24i0] [(ko +1)2+i0] [I2 +i0]

=ie}g® u* Cr Ne / +h.c. (C.9)

This expression can be properly simplified by decomposing the Dirac structure in its scalar, vector
and tensor parts, by using momentum conservation and the Passarino-Veltman reduction formula [60].
This leads to:

My, 0) =Ml Ovil(e; u, 0), (C.10)

which simply asserts that the 1-loop squared matrix element for the virtual emission of a gluon is the
lowest order MJ[CO], computed in Eq. (C.2), “dressed" with the vertex factor V. As a consequence, the
corresponding contribution to the final state tensor will be simply proportional to the lowest order,
computed in Eq. (C.5). Hence:

wiv ez T, 0) = HEY Rz 1) V(e 1, 0). (C.11)
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Virtual gluon emission up to NLO

The 1-loop vertex factor is given by:

(3)
Os 1) . 02,2 41 —g)? )
(3)
2 1 1
2 L3 ___0
+20 IO+Q210 (1 s)< Q22(1_8)> }—i—h.c.,

where I introduced the integrals Iy and 1(53) defined as:

o / a*r-%1 1 B
07 ] @r)* 2 [(ky —1)2+i0] [(ka +1)2+i0] [2+i0]

0 _ / dr 1 B
O ) @)t [tk = D2 +i0] [(ka + 12 +i0]
- i(41;r()82)g (@) *B(1—e,1-e).
Therefore:
2¢e —e)3
%‘;VM(S; 10) = _%STCFSe (g) (—=1)°¢ (1 F(el)Fz(gl)Jr £)

2I(—e)  (=1)"%(3+2¢)I(¢) B
x <_£r(1_8)+ (1-26)T(1+e¢) >+h‘c'_

2 u?

% 242 (3 0eM ) 48— 224300 “—2+ lo w 2
82 € 2 gQZ gQZ gQZ

S
= 2CF S
4w Fe

Finally, the contribution of the virtual gluon emission up to NLO is given by:

Wi (g2, 7,1, Q) = HYYeiNe§(1—2)8(1—T) (1 + Z‘—; vil(e; u, Q)) .
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Appendix D

Thrust and 2-jet topology

In e™e™ annihilation, the 2-jet case is the most probable configuration, as any further jet is associated
to an extra power of ¢is at partonic level. Therefore, often it is useful to define the variable t=1—-T
and study the behavior of the cross section in the small-7 limit, which corresponds to a 2-jet topology
of the final state. In this case, the thrust axis 7 defines two opposite hemispheres: S4, which points
along the direction of the thrust axis, and S, which points backwards, along the direction 7 opposite
to 7i. Then, from Eq. (B.13) the value of 7 is well approximated by the sum of the invariant masses of
the two jets produced in the final state (see Ref. [46, 47]):

M?> M3
“o o

This relation is extremely important in perturbative calculations, since the invariant masses M, and

T (D.1)

M3 can be computed explicitly at partonic level by considering the full momentum flowing into each
hemisphere. Clearly, the r.h.s. of Eq. (D.1) is trivially zero only when all partons emitted into each
hemisphere are virtual. All other cases require at least one real emission. Therefore, at 1-loop level the
non-trivial configurations have three real particles in the final state. A 2-jet topology can be achieved

either when one of them is soft or when two of them move collinearly.

Despite its importance, the study of thrust is not covered by Collins factorization formalism, as
the soft and collinear factors defined in Sections 1.2 and 1.3 do not take it into account. However,
thrust can be introduced in the formalism thanks to Eq. (D.1), which relates it to the total momentum
flowing into soft and collinear contributions, with the further constraint of the hemisphere selection.
Actually, this further information is relevant only for soft radiation, which can really be emitted in
each hemisphere with the same probability. The collinear cases are simpler, as the property of being
collinear already constrain the particles to be emitted only into one hemisphere. Moreover, thrust
acts naturally as a rapidity cut-off and rapidity divergences are regulated by the topology of the final
state instead that by tilting the soft Wilson lines, see Appendix A. Therefore, usually rapidity cut-offs

are not included into a standard presentation of the thrust-dependent functions. The implementation
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Thrust and 2-jet topology

of the thrust-dependency into the “full" Collins factorization formalism, i.e. keeping all the rapidity
cut-offs, is investigated in Chapter 3. Notice that, again, this issue is relevant only for soft factors, as
the collinear contributions are already defined without rapidity cut-offs in the Collins factorization
formalism. In this section I will follow the standard methods by removing any track of the rapidity
regulators from the kinematics approximators Ty reviewed in Appendix A, leaving to the thrust the
task to regulate the rapidity divergences. I will add a label “o" to the approximators defined without
the rapidity cut-offs. Since only the approximators of soft momentum regions are affected by this
modification, at 1-loop we have trivially °Ty = Ty and °Tp = Tp.

In the following I will use the same conventions used through this thesis, labeling with &y, k;
and k3 the momenta of the quark, the antiquark and the gluon. The quark is assumed to generate
the collinear factor in the S4-hemisphere, while the antiquark generates the collinear factor in the
opposite direction. All the TMD effects are not considered in this section. Therefore, all the quantities

are integrated over kr, the total transverse momentum entering into the relevant collinear subgraph.

D.1 Soft Thrust Function

The 1-loop soft thrust function S(&, 7) is obtained as a result of the application of the soft approximator
°Ts, i.e. by eikonal-approximating the propagators of the quark and the antiquark along the plus- and

the minus-direction respectively. The soft approximation applied to the r.h.s of Eq. (D.1) gives:

K = <q+, 0, F)T), (D.2)
K = (0, 7, 67), (D.3)
K = (1+, I TT), (D.4)

where ¢g* = g~ = Q/+/2. Notice that the soft approximation leaves k3 unchanged in its functional
form, but the size of all its components are now of order A2/Q, where 4 is a very low energy scale
according to power counting. Depending on the hemisphere in which the soft gluon has been emitted,

we have two different, equally probable, configurations:

-
t=y¥ =~ if S emission, i.e. IT > 1 (D.5a)
q
e L
T=y = qj’ if Sp emission, i.e. [~ >17. (D.5b)
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D.2 Jet Thrust Function (backward emission)

Therefore, by defining the usual light-like directions w; = (1, 0, 67) and wy = (0, 1, 67), the 1-loop
soft thrust function is obtained as:

lew,
s g _/ d?l Tic \ 2
in (g,7) = 2P Ne 1 1.Werh.c. (27)64 (I7)
I- R It .
x|8lt——)Oo("=1")+d(t——)6(I ~I")|=
q q
2¢e
_% BT el
- 8505, <Q> el (D.6)

Notice that all the divergences of S(&, 7) are regulated by dimensional regularization, and we did not
encounter any unregulated rapidity divergence. As anticipated, this is due to the explicit presence of
T, that acts as a regulator. In fact, the expression in Eq. (D.6) is divergent if either € or T vanish. The
g-expansion of Eq. (D.6) follows from its integrability property. In fact, S[!! (g, 7) is integrable with
respect to T, but its trivial expansion in powers of € does not. This problem is solved by considering

an expansion in terms of 7 distributions instead of functions. Then, one can easily prove that:

1

e _ 1 1y | (logr 2
T = g5(r)+ :). e — +Jrﬁ(.e), Re £ <0, (D.7)

which is a easy application of the trick of Eq. (3.8).

D.2 Jet Thrust Function (backward emission)

The 1-loop jet thrust function J(g, 7) is obtained by applying the collinear approximator either Ty
or Tp, i.e. eikonal-approximating the propagator of the parton that goes into the opposite (light-like)
direction. The jet thrust function is integrated over the associated collinear momentum fraction. In
the factorization of e™e™ — hX this is realized by the contribution of the radiation emitted backward
with respect to the detected hadron. Therefore, in the following I will consider the gluon collinear to
the antiquark, which is directed into the Sg-hemisphere. The case of a gluon collinear to the quark is

totally analogous. The Tp approximator applied to the momenta gives:

KB = (q+, 0, 5T)7 (D.8)
2

(B) _ I7 - 4= —’>

ky’ =\ s———q —1",=Ilr ), (D.9)

2 (2<q——z—> !

(B) I

k' =510 ) (D.10)
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Thrust and 2-jet topology

As in the previous case, the backward approximation leaves k3 unchanged in its functional form,
but resizes its components as [T ~ A2/Q, [~ ~ Q and Iy ~ A, where A is a very low energy scale
according to power counting. The emission of the collinear gluon into the S4-hemisphere is suppressed
by the action of Tp, therefore we only have to consider the emission in the Sg-hemisphere:

®_lFqg 1

T=¥ _Qzli_l—é;’

if Sp emission, i.e. I~ > T, (D.11)

By defining k = kgB) + kgB) as the total momentum entering into the antiquark hemisphere, the 1-loop
jet thrust function is:

dk* dP—2ky / dPk,

s 1) _ D1 /
g &0 =2007 [ —ors— | ap
(k‘kz)'wl
TI‘C TrD _ 5
X — —=7 k Nk +h.c. X
NC 4 /k' I k2
k>
x (2m)8; (k3) (27)8 ((k—k2)?) 8P (kr) S (r— ’%
s H % —1-¢ 1-¢
= E4CFSS <Q> T [B(z—e, —8)+2B(1—8,2—8)} . (D.12)

Notice that in J(€, 7) the thrust acts as a regulator for the rapidity divergences, as in Eq. (D.6). As
a consequence, there is no overlapping with the soft momentum region and, contrary to the Collins

factorization scheme, no subtraction is required.

D.3 Fragmenting Jet Function

The fragmenting jet function (FJF) J;;, describes the fragmentation of the parton j to the hadron A
and, iin addition to the light-cone momentum fraction, the invariant mass of the jet is measured [61].
In the following, I will review the 1-loop computation of their partonic version, focusing on the
gluon-from-quark and quark-from-quark case. Also, I assume that the gluon is emitted collinearly to
the quark, i.e. into the S4-hemisphere. Therefore, such functions are obtained through the action of
the approximator 7. From Eq. (D.1), the invariant mass of the the jet is Mi = 7(Q? and hence the
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D.3 Fragmenting Jet Function

thrust-dependence will replace the dependence on M4. The action of T4 gives the momenta:

kY = (20,0, (D.13)
KN = (0, g, 6T>, (D.14)
KN = ((1-2)g" _ Iy (D.15)
: 2(1-2)gt )

where z represents the fractional energy associated to the partonic process:

= - (D.16)
q° gt

The emission of the collinear gluon into the Sg-hemisphere is suppressed by the action of T4, hence

the only relevant configuration is given by:

w_ 2z If

=~ L if S4 emission, i.e. [T > . D.17
) 1_ZQ2,1 A emission, i.e ( )

T=Yy

(A4)

In the following, k =k} + kgA) identifies the total momentum entering the considered S4-hemisphere.

D.3.1 Gluon-from-quark

The 1-loop gluon-from-quark fragmentation jet function is given by:

o dk~ - Tre T
75‘][1] (&; 7, 2) :/ 4227 I'c lTp ,er

4m”8la (2m)P T'Ne 4 X
2 < k%
2¢e € N2 e2
_ %ichSs <g) o(1—2) (12) L+ Z? e (D.18)
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Thrust and 2-jet topology

D.3.2 Quark-from-quark

The case of a fragmenting fermion involves more Feynman graphs. The 1-loop quark-from-quark

fragmentation jet function is given by:

&s 1] .. _ [ Ak 5 ey
qu/q(s,r,z)—/ d= Fkr x

(27)P

1€, (D.19)
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Appendix E

Solution of Integrals through Mellin

transforms

In this section, I present the solution of the non-trivial integral appearing in the Fourier transform of
the soft thrust factor in Section 3.5. The Mellin transform trick is taken from Ref. [62].
Consider the integral of Eq. (3.46). Its solution can be obtained by exploiting the convolution

property of the Mellin transforms:

| avnsta) = [ a1 - wg E.D)

where fdenotes the Mellin transform of the function f. The off-set § in Eq. (E.1) is a real number
that lies in the intersection of the convergence region of 7 and g

This property can be applied to Ica, r if we first change variable x — y~2. Then:

oo —1—€
e(ar) =2 [ dy—6(1-y) Le (@) (E2)
0 l—ry N—_——
" g(ay)
hE,r(Y)

The Mellin transforms are:

~ 1 1 34e—u S5+e—u 1

N r(-5+4%) 3

Ge(u)=2""—2 2 forRe(e) <Re(u) < -. (E.4)
r(1-5-%) 2
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Solution of Integrals through Mellin transforms

Tm(u)
A SID

5% 63— - > Re(u)

Fig. E.1 Graphical representation of the Mellin conjugate space. The integrand function in Eq. (E.8)
has two sets of poles in u = —2k+ &, for k > 0 and in u = —2k — &, for k > 1. The first set is
due associated with the Gamma function I' (—% + %) the second to the hypergeometric function.
The green strip between € and 3/2 is the "strip of initial definition" (SID) and coincides with the
intersection of the convergence regions of the two functions g and &, . The integration path must lie
into the SID. Finally, since the hypergeometric function produces an essential singularity in u — oo,
we must close the contour to the left.

Therefore, we can choose Re(€) < § < 3/2. Finally:

Ie(aar):
1 8+ du ray\—u 1—‘(—%—4—%) 1 £ u e u 1
=_= =2 (2 FlL1+Z 452442 -) =
r/g,m 2m‘(2> T(1—¢—92+e+u” '\ Tyttt
=Si(g,a,r)+ S2(g,a,r) (E.5)
where we have defined the two series:
100
Siear)==—% ReS felur), (E6)
k=0
Iy Res
Sy(e,a,r) = — Y Res  fe(u,r) (E.7)
k=1
with:
a\ —u F(—%—i—%) 1 € u e ul
== Fl1L,1+=-+=24+=-+=;—]. E.8
Fe(u,7) (2) r(l—¢—92+etu”’ I Sl S S E8)

Consider first S1. We have:

—& = (1) 2k 1
Sl(g,a,r):_(ﬁ) rsz( ) (g) r—kmBl/,(l+g—k,0) (E.9)
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If r = r; = e 2", as in the first term of Eq. (3.45), we are interested in the limit ; — 0. Since:

Bl/r](1+8—k,0) —

ek LCHe—KI(—e+k) e T(E-KHI(2+e—k) )
=—(=1) 1+e—k g (1+8_k)r(1+8_k)2r+ﬁ(r1) ’
(E.10)
we have:
_ _(_1-e_ T /2 a '\
sie.an) =~ e ()
—€ 1 2
—(g) Mﬁz(—&1—871—8;—Z>+ﬁ(r%) (E.11)

On the other hand, if r=1/r, = e 22 as in the second term of Eq. (3.45) we are interested in the

limit r, — 0. Since:

1
B, (1+&—k,0)=ryte* <1+e—k + ﬁ(rz)) : (E.12)

Therefore:

S](S,a,l):

rn
B a\ —¢ 1 F 1 1 . a2 ﬁ 2 —ﬁ El3
() e (s o -0 @y

Consider now S>. We have:

stean = 5) T (9 B () e

a

If r = r;, we cannot expand anymore the previous result around r; ~ 0. However, if = 1/r,, then
S»2(g,a, 1/ry) = O(ry) and it can be neglected. Notice that all the contributions involving y, are
suppressed. Hence, only yj, the leading rapidity cut-off in the S4-hemisphere, will survive in the final
result. In fact, using Eqs. (E.11) (E.14), we have:

- () ()] @

_¢e 1 2
. (g) il (—s;l—s, s —‘2) +O(r) (E.15)
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Solution of Integrals through Mellin transforms

where the combination of the Bessel-J functions can be rearranged as:

() ()] e () e

The other integral instead is suppressed as r, — 0:

I (a, 1) =0(nr). (E.17)

The solution of the integral of Eq. (3.56) can be obtained through the same procedure used to
solve the integration in Eq. (3.46). The result is:

/waxi/ilj_g (%) — 2 (=n)*K . (&) + (g)er(—e), (E.18)

Notice that, differently from Eqgs. (E.15) and (E.17), this is an exact result.
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Appendix F

Color-coded representation of the

kinematic regions

In this Appendix I will present the same plots shown in Figs. 3.14 and 3.16, but from a different
perspective. Each panel corresponding to the set of criteria proposed in Ref. [17], see Eq. (3.106), will
be directly compared to the analogue panel obtained by applying the more refined algorithm proposed
in this thesis, shown in Fig. 3.15. As the size of these figures is augmented, all labels should result
more visible and easier to read. In the following plots, BELLE data [8] are presented according to the
color-coding associated to the three kinematic regions of ete™ — hX. Red bins correspond to Region
1, orange bins to Region 2 and green bins to Region 3. Clearly, only thrust values corresponding
to 2-jet topologies are considered, namely all bins with 0.75 < T < 1.0. As far as z;, is concerned,
all available bins are included. The shaded areas correspond to bins for which the value of Py falls
outside of the TMD-regime. The cut-off in Pr of Eq. (3.107) is represented by a vertical blue line in
each panel. In the implementation of this cut, the symbol < “much smaller than" is rendered as "less
than 25%". Instead, for the algorithm of Fig. 3.15, the symbol < “much smaller than" is evaluated as
"less than 30%".

Some general features of the two different set of criteria for the data selections become evident
from the direct comparison. First of all, the criteria of Ref. [17] suggest a strong dominance of Region
1. Instead, with the more refined algorithm presented in this thesis, most of the BELLE data turn out
to belong to Region 2, as expected, while only the lower z;, bins correspond to Region 1. This fits
perfectly with the physical expection that in Region 1 it is much easier for soft radiation to transversely
deflect a low-energetic hadron than in Region 2. On the other hand, the distribution of the green
bins, associated to Region 3, seem not to be affected by the two different kinds of data selection. In
both cases, Region 3 starts becoming relevant for TMD studies only at very large values of thrust. In
fact, green bins appear on the left of the cut in Pr only in the very last bin, for T = 0.975. This fits
perfectly with the physical epectation that in Region 3 a hadron detected near the jet boundary can
hardly be associated to the “pure” TMD-regime, unless the jet is extremely narrow, i.e. at very large

values of thrust.
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Color-coded representation of the kinematic regions
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Fig. F.1 BELLE data for thrust 7 = 0.750 selected according to the criteria of Eq. (3.106) (upper
panel) and to the algorithm of Fig. 3.15 (lower panel). Here Region 3 (green bins) is not realized. The
criteria of Ref. [17] suggest a total dominance of Region 1. Instead, with the more refined algorithm
presented in this thesis, we find that only the lower z;, bins correspond to Region 1, while most of the
BELLE data belong to Region 2.
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Fig. F.2 BELLE data for thrust 7 = 0.825 selected according to the criteria of Eq. (3.106) (upper
panel) and to the algorithm of Fig. 3.15 (lower panel). Here Region 3 (green bins) is not realized. The
criteria of Ref. [17] suggest a total dominance of Region 1. Instead, with the more refined algorithm
presented in this thesis, we find that only the lower z;, bins correspond to Region 1, while most of the
BELLE data belong to Region 2.

161



Color-coded representation of the kinematic regions

[
=
w

[
I
E~Y
S
o

2 ar O e 8 R 2 ==

e il boe=en il o=z |l i§ee=zzn i

[

.0 Z.SPO.O 0.5 1.0 15 2.0 25
o

103 I II
10?2

W11 z=0725 HH I z=0775
101 I | I |

0.0 0.5 1.0 15 20 2.5 0.0 0.5 1.0 15

|

Fig. F.3 BELLE data for thrust 7 = 0.875 selected according to the criteria of Eq. (3.106) (upper
panel) and to the algorithm of Fig. 3.15 (lower panel). Here Region 3 (green bins) is not realized.
The criteria of Ref. [17] suggest that Region 1 and Region 2 are equally distributed on the left of the
cut in Pr. Therefore, a phenomenological analysis performed according to this criteria necessarily
requires a matching procedure in order to properly describe the bins at the boundaries between Region
1 and Region 2. Instead, with the more refined algorithm presented in this thesis, we find that only the
lower z;, bins correspond to Region 1, while most of the BELLE data belong to Region 2. With this
selection, the issues related to the matching problem are less severe.
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Fig. F.4 BELLE data for thrust 7 = 0.925 selected according to the criteria of Eq. (3.106) (upper
panel) and to the algorithm of Fig. 3.15 (lower panel). Here Region 3 (green bins) is not realized. The
criteria of Ref. [17] suggest that Region 1 and Region 2 are both present on the left of the cut in Pr.
Therefore, a phenomenological analysis performed according to this criteria necessarily requires a
matching procedure in order to properly describe the bins at the boundaries of Region 1 and Region 2.
Instead, with the more refined algorithm presented in this thesis, we find that only the lower z;, bins
correspond to Region 1, while most of the BELLE data belong to Region 2. With this selection, the
issues related to the matching problem are less severe.
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Color-coded representation of the kinematic regions
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