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Introduction

Decades of research aimed at understanding fundamental physics have led to the development
of the so-called Standard Model, which is the theory of fundamental interactions. This frame-
work successfully describes three out of the four fundamental forces: electromagnetic, weak, and
strong interactions. The theory has been extensively validated through experiments conducted
at particle accelerators. In these experiments, different types of particles (leptons or hadrons)
are accelerated and collided, and one or more of the resulting final states are measured. This
measurement is carried out by evaluating an observable; in particle physics, the primary observ-
ables are the total and differential cross sections of scattering processes. In the framework of
Quantum Field Theory, cross sections are determined through a perturbative expansion, where
the calculation of each successive order improves the precision of the predictions.

The study of processes involving identified final hadrons states plays a crucial role in Quan-
tum Chromodynamics (QCD). Such processes enable the exploration of hadronic structure and
its underlying dynamics. In this thesis, I focus on Semi-Inclusive Deep Inelastic Scattering
(SIDIS)namely the process where a hadron interacts with a lepton producing a lepton, an iden-
tified hadron, and a generic hadronic state, namely hi,l — hs,l, X, where X denotes the generic
final state. SIDIS process compared to the inclusive case: the Deep Inelastic Scattering (DIS),
also provides, in addition to the detection of the final lepton state, the detection of one of the
final hadron state. In the framework of perturbative QCD and since the factorization theorem,
the SIDIS cross section is expressed as a convolution of non-perturbative and universal Par-
ton Distribution Functions (PDFs) and Fragmentation Functions (FFs) with the perturbative,
process-dependent partonic cross section, also referred to as the coefficient function. Therefore,
one of the main applications of SIDIS processes is the extraction of PDFs and FFs, which provide
crucial insights into the internal structure of the nucleon. However, unlike PDFs, for FFs there
is limited data available for their determination [1]. This scarcity makes the SIDIS reaction an
important area of study to expand the existing dataset.

Furthermore, SIDIS will be one of the main processes studied at the Electron-Ion Collider
(EIC), which will exploit high-energy electrons and ion beams to simultaneously extract FFs
and PDFs. In particular at EIC, SIDIS measurements with polarized beams and/or targets will
provide valuable insights into the spin distribution of nucleons, hence on their spin-dependent
PDFs across a wide range of energy scales.

In light of the above considerations, a high-precision evaluation of the perturbative correc-
tions to the SIDIS coefficient function is crucial for extracting theoretical predictions for future
experiments. Now, at the parton level the SIDIS process is viewed as p + v* — p’ + X, where
~* is the virtual photon which mediates the interaction with the incoming lepton, while p is the
incoming parton and p’ is the outgoing parton which fragments in the final measured hadronic
state. In this context, coefficient functions (or equivalently the partonic cross sections) are typ-
ically expressed in terms of the hard scale Q> = —¢? and the scaling variables & = Q2/2(p; - q)
and 2 = p1 - p2/p1 - ¢, with p1,py and ¢ are the momenta of the incoming parton, outgoing
parton and the virtual gauge boson respectively. In particular, the coefficient function is differ-
ential in both # and Z variables. For the quark-to-quark channel, the cancellations between the
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real gluon emissions and virtual corrections produce terms of the type a¥§(1 — ) <

1n"’(1r2)> 7
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m +n < 2k — 2, where the symbol + denote the plus-distribution. The aim of this thesis is to
study the so-called threshold limit, i.e. the regime where the real gluon emission is suppressed,
becoming soft. This corresponds to two kinematical configurations:

aks(1 — 2) (W)ﬁ_ with m < 2k — 1 and “mixed” terms o (lnm(lf:&)) <1nn(1fi)>+ with

e The double-soft limit corresponds to the elastic configuration, i.e. there is no momentum
exchange between the incoming and outgoing partons. In this limit, the radiation emitted
by both partons becomes soft, i.e. Z,2 — 1. In Mellin space, this behaviour translates to
the conjugate variables approaching infinity, N, M — oc.

e The single-soft limit, also referred to as the asymmetric case, occurs when either the
incoming or outgoing parton carries a fixed longitudinal momentum and the transferred
momentum approaches its minimum value to allow this configuration. In these limits the
radiation emitted with respect to either the incoming or outgoing parton becomes soft,
implying either £ — 1 or Z — 1. In terms of the conjugate Mellin variables, this corresponds
to either N — oo or M — oo.

Then in these configuration the aforementioned logarithms become enhanced to all orders spoiling
the perturbative approach. This problem is addressed using the threshold resummation approach.
As has been known for a long time [2], threshold resummation leads to an exponentiation of soft
logarithms in Mellin space to all orders in the strong coupling constant. Therefore, the main
goal is to determine the coefficients of the exponentiation by comparing the expansion of the
resummation formula up to a fixed order in «a; with the corresponding fixed-order result.

To clarify, note that the expansion of the resummation formula organizes the soft logarithms
into towers of logarithms. For instance, in the double-soft limit in Mellin space, the logarithmic
terms in z, z-space correspond to terms of the form of(In(N) 4 In(M))". At first order in ay,
a comparison with the fixed-order result at NLO allows us to determine the coefficients for the
leading logarithms (LL) and next-to-leading logarithms (NLL). These coefficients generate, to all
orders, terms of the following types: at LL, only n = 2k; at NLL, n = 2k, 2k — 1, 2k — 2; at
NNLL, n = 2k, 2k — 1, 2k — 2, 2k — 3, 2k — 4; and so on. Whereas in the single-soft limits are
also included all those logarithmic terms that are power suppressed by some powers of either the
variable N or M.

In particular, from the study of the phase space limit, one can observe that the behaviour of
the SIDIS coefficient function in the soft limits is completely equivalent to that obtained for the
Drell-Yan (DY) process at fixed rapidity [3]. Specifically, the Drell-Yan process can be viewed as
the crossed version of the SIDIS case, namely the process where two hadrons collide producing
a lepton pair, or equivalently, at the parton level, the interaction of two partons producing a
gauge boson, that at fixed rapidity conditions has its longitudinal momentum fixed. In this case,
the double-soft limit corresponds to the situation where the gauge boson is produced at rest,
while the single-soft limits correspond to the case where the gauge boson has a fixed longitudinal
momentum and the energy approaches its minimum value to allow this configuration. Then, using
the correspondence between the DY and SIDIS process it is possible to obtain the resummation
formula for SIDIS case directly from the one obtained for the DY case in [3]|. In particular this
approach provides theoretical predictions on the behaviour of the resummation coefficients for
SIDIS case.

In this thesis, I study both the single- and double-soft limits for SIDIS process, obtaining
resummation coefficients up to NNLL accuracy. Whereas the double-soft limit has already known
up to N3LL [4] the single-soft limit is a completely novel result provided by this thesis.

This thesis is structured as follows. In Chapter [I} we provide an overview of the perturbative
QCD approach to the study of strong interactions. In particular, we introduce the factorization



theorem and the PDFs. We then analyze the DIS process, focusing on the appearance of collinear
and soft singularities and how they can be handled in order to obtain finite results. Finally, we
discuss the emergence of soft logarithms and the DGLAP equation. In particular, in this chpater
we provide the notation that is used for the rest of the thesis. In Chapter [2| we study the SIDIS
kinematics and its phase space in the threshold limit, highlighting its correspondence with the DY
process. In Chapter [3| we obtain the resummation formula for a process with a single soft scale
dependence through a renormalization group argument, then providing the resummation formula
for SIDIS case. In Chapter [4] we provide the theoretical predictions for the SIDIS case using the
results obtained for the DY process in [3]. We then present the calculations performed to derive
the resummation coefficients. Finally, we present the results for both double- and single-soft
limits
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Chapter 1

Perturbative QCD

In this chapter, we provide an overview of some of the most important basic concepts of the
theory of Quantum Chromodynamics (QCD) in the context of the perturbative regime (pQCD).
In particular, we address the key concepts required to understand the results presented in chapters
and {4} which constitute the main results of this thesis. We start with a short introduction
about the Lagrangian that governs QCD dynamics, and we introduce the renormalization group
equation with a focus on the strong interaction coupling constant (a).

We introduce the factorization, which allows us to study QCD in the perturbative regime, and
we review one of the most important processes in QCD: Deep Inelastic Scattering (DIS). In this
way, we can introduce the soft and collinear singularities which arise in perturbative calculations
in the context of the parton model. Therefore, we introduce the Altarelli-Parisi equations (GLAP
equations), highlighting their properties.

Thanks to this introduction, we can introduce the notation that we use for the rest of this
thesis. The interested reader can find more details on these basic arguments in many textbooks;
in this chapter, we follow [5], [6], |[7] and [8]. For a detailed overview with a modern approach to
the DIS process one can see [9].

1.1 Basics of QCD

Quantum Chromodynamics (QCD) is the fundamental theory that governs the strong interac-
tion, describing how quarks and gluons interact, and consequently explaining the forces between
nucleons. As a key component of the Standard Model, QCD is formulated as a quantum field
theory, specifically a Yang-Mills theory with an SU(3) gauge symmetry. Specifically, the colour
charge represents the internal degree of freedom responsible for the strong interaction, and it is
characterized by three independent components. The fermion field 1), (the so-called quark field)
is described by a triplet in this colour space, then its transformations can be represented through
the generators of SU(3). These generators in matrices space are 3 X 3 unitary matrix denoted
by the symbol 7. These matrices generate the rotation in the 3-dimensional complex colour
space. Then, the transformation of the quark field (under which the Lagrangian of the strong
interaction must be invariant) can be written as the following local transformation

Vi — i = exp [i0° (2)T"]¢i(x) , (1.1.1)

where () is an arbitrary function. Hence, the Lagrangian that is invariant under these rotations
takes the standard form characteristic of gauge theories, and is given by:

0o 1 a v
Locp = Ui (iv"(Dy)ij — mdij) ¥j — EGWGQ : (1.1.2)

where

11



12 CHAPTER 1. PERTURBATIVE QCD

e (D,) = O0ubij — ig (Ta)ij Aj, ¢ this is the gauge covariant derivative, which couples the
quark fields to the gluon fields via the strong coupling constant g. Here, .AZ denotes the
gluon fields, with a being the colour index running from 1 to 8, and p the space-time index.

o G, = 0, A, —0A] +g f“bCAZA,‘i, is the generalized Faraday tensor, where f are the
structure constants of the gauge group, defined through the commutation relation [Ty, Tp] =
if®eT,. This tensor reduces to the electromagnetic field strength tensor in the Abelian
case, where the group is commutative, there is only a single charge, the gluon colour indices
disappear, and the term involving the structure constants vanishes.

Due to the gauge symmetry of QCD, the expression for the gluon two-point function (i.e.,
the propagator) derived from the gauge-fixed Yang-Mills Lagrangian is not unique, similarly to
what happens in QED. This non-uniqueness introduces an ambiguity parametrized by a gauge
parameter, which can be freely chosen. In non-Abelian gauge theories, the Lagrangian addition-
ally includes two extra terms: a gauge-fixing term and a term involving ghost fields, typically
denoted by c. The role of the ghost fields is to cancel the contributions from the unphysical gluon
states, specifically those corresponding to time-like and longitudinal polarizations. When these
additional terms are incorporated into the Lagrangian in [I.1.2] it attains its complete form.

1 = . 1
—3Cm G+ 3 (v Dy —mp)y = 5

f=q.q

Lqocp = (0" A%)? — 0" Db (1.1.3)

In particular, the ghost fields arise from the quantization of gauge theories via the path-integral
formalism (specifically, through the Faddeev-Popov procedure). This approach also leads to the
derivation of the Feynman rules for the theory.

The Lagrangian depends on seven parameters: the masses m, of the quarks and the coupling
constant gs. It is customary to express the dependence on g, through the so-called QCD coupling
constant «, defined as

2
s
s = 7. 1.14
as =7 (1.1.4)
Whereas, for the quark masses and their electric charges one can see the Tab.
flavour Up (u) Down (d) | Charm (c) | Strange (s) Top (t) Bottom (b)
Electric Charge +2/3 -1/3 +2/3 -1/3 +2/3 -1/3
Mass ~22Mev | ~4.7Mev | ~1.3 Gev | ~0.1 Gev | ~ 173 Gev | ~ 4.18 Gev

Table 1.1: Properties of the six quarks: electric charge and mass.

1.1.1 Renormalization Group Equation

To introduce the concept of the running coupling, let us consider a dimensionless physical ob-
servable O that depends on a single energy scale (). We assume that () is much larger than
any other dimensionful parameter in the theory, such as quark masses, allowing us to neglect all
masses and effectively treat them as zero. Under naive scaling arguments, one might expect that,
since O depends only on a single large scale, its value should remain constant and independent
of ). However, this expectation does not hold in a renormalizable quantum field theory. When
O is computed as a perturbative expansion in the coupling constant as = g2/(4r), ultraviolet
divergences arise from loop diagrams. The removal of these divergences through renormalization
introduces an additional mass scale ugz. Consequently, the observable 9] generally depends on
the ratio Q2/u2. Moreover, the coupling constant a(ug) itself acquires a dependence on the
renormalization scale pg.
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However, p is an arbitrary parameter and does not explicitly appear in the QCD Lagrangian,
although its choice is necessary to properly define the theory at the quantum level. Therefore, if
we hold the bare coupling fixed, physical quantities such as O cannot depend on the choice made
for pgr. Additionally, since O is dimensionless, while both @ and pgr carry dimensions of energy,
it follows that O can only depend on the dimensionless ratio Q?/u2 and on the coupling constant
as. These considerations lead to the conclusion that the observable O satisfies the following
differential equation:

d ~(Q? d Oas(u2) 0 1 A
2 2 2 2 0Qs\Hy
il o, = =0. 1.1.
Thus we define the so-called § function as follows
Oas MQ
Blas(pn)) EM%#, (1.1.6)
O
and ¢ as
2
tEh’l%, (1.1.7)
253

so we rewrite the above equation as follows

0 0 | a
- —1 O (e, 2)) =0. 1.1.8
g () 0| O (e i) (119
What we have just derived represents a specific case of a more general and fundamental equation
in quantum field theory, known as the Callan-Symanzik equation.

In order to solve the last equation, we need to introduce the running coupling a,(Q)?, which
is defined implicitly as follows

aS(Q2) dx
t— s = ag(u?). 1.1.9
A (12) (1.1.9)
By differentiating this last equation we note that
Das(Q?
Blas(Q%) = 8(?)7 (1.1.10)

Thanks to these ingredients, it becomes straightforward to construct a general solution of EqJT.1.8]
namely (3(1, as(Q?)). The analysis developed so far highlights that all the scale dependence of
O is encoded in the running of the coupling constant a,(Q?). Therefore, in order to predict
6(1, as(Q?)), it is essential to solve Eq

In QCD, the B function has the perturbative expansion
Blas) = —Poai(1 + fras + fac +...) (1.1.11)

where the 3; coefficients are known up to 4 loops (i = 3) (see Appendix [B)). The leading coefficient
is

_ 11C4 — 2Ny
B 127

where C'4 = 3 and Ny is the number of active flavours, then the numbers of fermion of the theory.
We note that Sy > 0 as long as Ny < 17. If we solve the equation up to order a2, we obtain

Bo (1.1.12)

045( 2) _ O‘S(:u%)

= 1.1.13
L+ foas(13) In & 449)
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which give the relation between as(Q?) and as(u2) if both are in the perturbative region. There-
fore, if Q%/u2 — oo, then as(Q?) — 0, this property takes the name of asymptotic freedom. The
latter is a peculiar property of the QCD, which causes interactions between particles to become
asymptotically weaker as the energy scale increases (or equivalently the corresponding length
scale decreases). We remark that the sign of [y is crucial, because if this were the opposite we
should have observed an increase in the coupling constant g as the scale () grows (same as in
QED).
Lastly, we define Agcp as the energy scale which satisfies the identity:

Ajep
IS

14 Bocs(p2) In =0, (1.1.14)

then the running coupling becomes

1

In &
ol e

as(Q%) = (1.1.15)

therefore, as(Q?) acquire singularities as long as Q? < Agep. The scale Agep is called landau
pole. We remark that QCD can be treated as a perturbation theory only if the coupling constant
as < 1. This it possible, when the energy scale Q is much larger than Agcp. Therefore, the
existence of the Landau pole shows that QCD is strongly coupled at low energies, and this is the
reason why in Nature isolated quarks or gluons cannot be observed.

1.1.2 Colour confinement

Colour confinement is a key feature of QCD, which states that colour-charged particles cannot
be directly observed at energies below approximately 150 MeV. As we have shown in the pre-
vious section, the Landau pole, Aqcp can be taken as an indication of the energy threshold for
confinement. Below this scale, only colourless states can be directly detected. These states as
known as hadrons and they are bound states of the fundamental particles of the theory, namely
quarks and gluons. Hadrons are classified into two categories: baryons, which consist of three
quarks (such as the proton), and mesons, which are composed of a quark-antiquark pair. The
phenomenon of confinement has been directly observed, but a rigorous proof of QCD confinement
is still missing, because at this energy scale, the value of the coupling constant as becomes 2 1,
spoiling the perturbative techniques.

1.2 Leading Order Factorization

As mentioned in Sec. quarks and gluons—collectively referred to as partons—cannot be
observed as free particles. Therefore, the initial and final states of QCD processes involve hadrons,
which are bound states of partons that cannot be described analytically. Consequently, we are
only able to measure hadronic cross sections but we can only compute partonic cross sections. To
overcome this problem, one can exploit the factorization property of QCD. The goal of this section
is to describe this fundamental feature, which allows us to compute hadronic cross sections in
terms of partonic cross sections and the experimentally measured Parton Distribution Functions
(PDFs). This is just a general overview; several important aspects in the context of Deep Inelastic
Scattering (DIS) will be discussed in the following sections, while the factorization of the more
complex case of Semi-Inclusive Deep Inelastic Scattering (SIDIS) will be addressed in Sec.

Factorization is the property of the perturbative QCD that enable us to link experiments
with theory. Specifically, it states that at the parton level process can be viewed as a scattering
involving a single parton, which carries a longitudinal momentum fraction £ of the parent hadron.
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For instance, we can consider the scattering between a single parton, that carries a momentum
p = £P and belongs to a hadron with momentum P, and another particle with momentum £,
where the parton can be either a quark, an antiquark, or a gluon. In particular, the longitudinal
fraction £ is not fixed, so,through fi(h) (£)d¢, we can define the parton distribution function (PDF)
as the probability to find a parton with a momentum fraction between & and & + d¢ inside the
hadron h. Therefore, PDF's describe the parton content of the nucleon including all the non-
perturbative effects of the process. It can be rigorously proven that the hadronic cross section
can be expressed as the sum over all parton species ¢ of the convolution of the partonic cross
section for a given initial parton ¢ and the corresponding PDF fi(h). The property that we have
just stated is the so-called factorization, that in formula is expressed as

(@,Q%) = > / z<Z,Q2> , (1.2.1)

i=q,q,9

where z is the scaling variable of the process (its definition will be provided in the next section),
while @? is the energy scale of the process. It is worth mentioning that, throughout the text,
partonic quantities are denoted by a hat symbol. Furthermore, we mention that through operator
product expansion (OPE) can be rigorously proved the above factorization formula for the DIS
process. Thus, we note that PDFs serve as the experimental input in the factorization framework
due to their non-perturbative nature. In particular, PDFs describe the internal structure of the
incoming hadron, then they are process independent and they can be extracted through fitting
procedures potentially from any scattering process.

The factorization result is trivially extended to processes that involve more than one incoming
parton, such as hadron collision, than

1
dU(hl’hQ)(.%'l,xg, Z / d€1 f(hl) @f;hﬂ(éb)d&z] <x1’ M’Qg) ) (1'2'2)
1

i,j=q,q,9 " " z €2 & &

where h1 and ho denote the two incoming hadrons and Z1 and %o are the scaling variables.

As a final remark, we observe that the above factorization procedure is true only at the
leading order (LO) in perturbation theory, as well as the PDFs interpretation as probabilities.
At next-to-leading order (NLO), radiative corrections introduce an energy scale dependence into
the PDFs, that scale is known as the factorization scale pup. The core of the next sections,
through the study of DIS process, is to obtain the factorization formula beyond the LO and to
investigate the behaviour of the PDFs with respect to the factorization scale pp.

1.3 Deep Inelastic Scattering

In this section, we focus on the study of DIS process at the leading order, as it is one of the
simplest QCD process, and because it is nothing but the simplest version of the process studied
in this thesis: the semi-inclusive deep inelastic scattering. We introduce its kinematics, showing
that it depends only on two variables: a hard scale and a dimensionless scaling variable and its
hadronic cross section in terms of structure functions. So, we compute the hadronic cross-section
at the LO.

1.3.1 DIS kinematic

We now introduce the Deep Inelastic Scattering kinematic, with the meaning of the terms “deep”
and “inelastic” clarified in what follows. DIS process is obtained by the scattering of a hadron
H and a lepton [, namely

I(k) + H(P) = I(K)+ X, (1.3.1)
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where k and k' are the transferred momenta of the incoming and outgoing leptons respectively,
the symbol X denotes a generic final state, that we work with an inclusive cross section, namely,
a cross section differential in lepton momentum !’ with a sum and integral over all possible states
for the X part of the final state. Effectively only the lepton is treated as being detected, we will
see that for SIDIS case is slightly different. Furthermore, ¢ = k — &’ is the transferred momentum
by the virtual gauge boson, which mediates the interactions, then it could be a either a photon
or a weak boson. The boson can either be a photon (e.g., if the scattered lepton is an electron)
or a weak boson (e.g., if the scattered lepton is a neutrino). A way to visualize the process is
shown in Fig. [I.1} In particular, it is showed the case where the interaction is mediated by the
electromagnetic force. Specifically, the upper part of the diagram represents the QED interaction
at LO between the incoming and outgoing leptons (I and I’) and the virtual photon ~*, while the
bubble at the bottom illustrates the contribution from strong interactions. For brevity, for the
rest of the chapter, we only investigate the DIS process through the electromagnetic interaction.

k,l l

]{} /
l >

Figure 1.1: DIS Feynman diagram

We now introduce the kinematic variables of the process. Firstly, we define the hard-scale
through

Q?=—¢2, (1.3.2)

that is a space-like variable. Then we define the centre of mass energy of the lepton-hadron
System

§=(P+k)?. (1.3.3)
Hence, from 4-momentum conservation we obtain
P+k=Px+k - Px=P+q—P>=m% =(P+q)*=s, (1.3.4)

where P, is the 4-momentum of the generic outgoing final state, then m,, its mass, and s is the
invariant mass of the hadronic system. At this point, noting that PIQJ = Mir,we can clarify the
notation “deep” and “inelastic” by specifying the energy regime in which we are working

e Deep means Q? > MI%,, which places us in the ultrarelativistic limit. Hence, we can treat
the hadron as massless, as well as its partonic constituents, namely the so-called partons.
This frame it is called Parton model picture.

e Inelastic means M)Z( > Mé,implying that the energy is not converted into momentum.
Therefore we can define the further kinematic variable z, the so-called Bjorken-variable, namely

Q2
2P - q°

8
Il

(1.3.5)
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As we will see in what follows, the x variable plays a central role in the description of the DIS
process.

We now observe that the DIS process has 8 degrees of freedom, given by k¥’ and Px. However,
due to 4-momentum conservation, the fact that &’ is massless, and by the rotation symmetry
under rotation around the lepton direction we have 6 constraints. Hence, the DIS process is
described by 8 —5 = 2 independent kinematic variables. In conclusion, we can choose to describe
the DIS process through the kinematic variables Q2, z, or equivalently one can define

P-q

_ 1.3.6
Y=o (1.3.6)
and describe the process through the variables x,y. Moreover, we note that Q? = zys.
As last consideration we observe that
1_
M2 =P2=(P+q?=-Q*+2P q=Q*—=~ =5 (1.3.7)

Therefore, x € (0,1). In particular, we can remark that if = 1, then M2 = 0, and the process
becomes elastic.

In the case of interest in this section, the interaction is mediated by a virtual photon. As a
result, the process receives both QED and QCD corrections, and the perturbative expansion is
defined with respect to both coupling constants. However, QCD corrections dominate over QED
ones, since the strong coupling constant is larger than the QED fine-structure constant. Therefore,
we will focus exclusively on QCD corrections, considering only the sub-process v*+H — X, where
~* is the virtual photon.

As shown in Fig. assuming that the initial lepton is an electron the matrix element DIS
process is provided by

iM(eP — eX) = —(ie)ﬂ(k')’y“u(k)%(ie) /d4z €% (X|,(2)|P), (1.3.8)
where j#(z) is the quark electromagnetic current, | P) is the the initial state of the proton and (X|
is some high-energy hadronic state. The core of the DIS amplitude is the hadronic matrix element
of the current between the proton and a generic high-energy hadronic final state. In particular,
we can note that this matrix element contains all the information about the interaction of the
electromagnetic current j, with the target proton P. In the context of the DIS process, however,
we adopt an inclusive approach, meaning that we do not directly measure any specific property
of the final state X. Therefore, the hadronic matrix element must be squared and summed over
all possible final states. We can thus start from its expression, which is written as

MY P = X) = (—ie)en(q) / d*z e (X|j, (=) P). (13.9)

Firstly, in virtue of the Optical theorem we have

2ImM(a — b) = —i[M(a — b) — M*(b — a)]

= Z/dHXM*(X — bM(a — X), (1.3.10)
X

where |a) and (b| are the initial and final states respectively. Therefore, since the Fourier transform
of the current is

(X[7"(@)|P) = /d426iq'Z<le“(Z)lP>, (1.3.11)
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we obtain

2ImM (y*P — v*P) = Z/dHXM/l(v*P — X)?
X

= Z/dHXM*(X - Y*P)M(Y*P — X)

= (ie)*e; ( [ Z/dﬂx Plj"(=g)| X){X[i*(g)|P)| . (1.3.12)
Hence, we define the tensor
™ = ﬁ /d4zeiq'z<P\T{j“(z)j”(0)}\P> (1.3.13)

which is called forward Compton amplitude, since if it is evaluated at ¢> = 0 and contracted with
the physical polarizations vectors, it gives the forward amplitude for photon-proton scattering
iM(y*P — v*P) = 4r(ie)?e (@€ (@) (—iT" (P, q)), (1.3.14)

however, in the present discussion we have to analyze Eq. [1.3.13| for general spacelike ¢ and for
general polarization states. Finally, by a direct comparison of Eq. [1.3.12] and Eq. [1.3.14] we
obtain

2T (P, q) = Z [ APl a0 (X @) (13.15)

’ - L > ¢

1SS

H H

Figure 1.2: DIS squared amplitude

We can now compute the DIS cross section o(eP — eX) (see Fig.[1.2)) in terms of TH, by
averaging over the initial and summing over the final electron spin states, we obtain

T 31/ 2
o(eP — eX) :% / (2:)3];k’0 41 Z[ﬂ(k)’mu(k/)ﬂ(k/)%u(k)] <1) X

2
spins Q
2ImT* (P, q) . (1.3.16)

In general, it is customary to rewrite the squared amplitude as the product of a leptonic tensor
L and a hadronic tensor W hence

87 43K et Y
o(eP —eX) = Y / )2 (Q2)2Luv(k,k/)W“ (P,q), (1.3.17)

LM (k, k') = Te(FA*Ey) = Alkuk), + kok), — gk - ) | (1.3.18)

WH (P, q) = ImT" (P, q) . (1.3.19)
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At this stage, it is useful to convert the integral in Eq. which depends on the integration
variable k"0 and the scattering angle @ as an integration over the dimensionless variables x and y
introduced in the Egs. and respectively. So, it is easy to find that

A3k ySs
———— = [ dad . 1.3.2
| o = | @i (1.3.20)
therefore, from Eq. [1.3.16] we find
d*c 2ma’y y
dﬁdy (ep — GX) = WLMV(]C7 k/)W’LL (P, q) (1321)

where o = e?/(4r) is the electromagnetic fine structure constant. To go further, we have to
understand the strcture of the hadronic tensor W), (or equivalently of T},,). Therefore, we
observe that the cross section must be Lorentz-invariant, implying that the tensor W, must
also be Lorentz-covariant. Moreover, since the electromagnetic current is conserved, W, must
satisfy ¢*W,, = ¢"W,, = 0. Finally, as parity is conserved under electromagnetic interactions,
the hadronic tensor must be symmetric. Therefore,

Qv P-q P-q
W;U/(P7 Q) = <_gul/ + 22 > Wl(-T, QQ) + <P,U« - q2 QM> (Pl/ - q2 qy) WQ(%, Q2) )
(1.3.22)

where the two scalar functions W7 and W depend on the two invariants of the problem, x and
Q?. This leads to the equivalent relation for TH”

quq P-q P-q
T,uz/(Pa Q) = <_g;w + ZQV) Tl(l‘, Qz) + (Pu - quM> <PI/ - qQQV) TQ(SUa QQ) .

(1.3.23)

We now define the structure functions through the hadronic scalar functions Wy and Wy
Fi(z,Q%) = Wi(z,Q%) (1.3.24)
Fy(x,Q%) = P qWa(z,Q°) (1.3.25)

therefore, the hadronic tensor can be rewritten as

Quy P.q P-q \ Fy(z,Q?
W;,LV(P7q): <_guu+ 22 >F1(xaQ2)+<Pu_qult> <PI/_ q2 QV> 2( )

P-q
(1.3.26)

In particular, the structure functions F; contain all the information about strong interaction.
Additionally, if we want to take in account the possibility of process through weak interactions
the constraints are weaker, because we lost the parity conservation. Hence, we have a new
structure function F3 through the covariant and antysimmetric term iewquaq“/Fg(m, Q?).

At this point, we are ready to compute the hadronic cross section, than contracting the lepton
and the hadronic tensors in Eq. [[.3.21] after some algebra, we obtain

do 4ma? | (1+ (1 —y)?) P
1

dxdy Q2

(z,Q% + 1y;y (Fo(z, Q%) — 22Fy(x, Q2))] , (1.3.27)

Or equivalently, using d% = xéﬁ, we have
do A
dxdy Q4
In conclusion, we note that F; corresponds to the absorption of transversely polarized virtual
photons, while F, = F5 — 2z F] to the absorption of longitudinally polarized virtual photons.

(+0-0) R Q)+ 2 (B @) - 2R Q)] (a9
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1.3.2 Leading Order

We now want to apply the factorization theorem reported in EqJI.2]at the lowest order in pertur-
bation theory, in order to obtain explicit expressions for the structure functions introduced in the
previous section. The lowest-order process is simply the scattering off a quark. The interaction
between the struck quark and the virtual gauge photon is shown in Figl[l.4] while the overall
picture is illustrated in Fig.

€

k/
-~ i //

q

&p

YYY T

P+

Figure 1.3: DIS Feynman diagram in parton model picture

Firstly, if we define the momentum of the struck parton as p = £P, then from 4-momentum
conservation and since partons are treated as massless, as one can see from Fig. we obtain

pr=5=(p+q?=2P-¢-Q*=0—-x=¢. (1.3.29)

Therefore, at LO the Bjorken variable acquires a clear physical interpretation: it represents the
longitudinal momentum fraction of the parent hadron carried by the struck parton. It is now
evident that the lower limit of integration in Eq. corresponds precisely to the Bjorken
variable.

¢P

Figure 1.4: DIS Feynman diagram at LO

Therefore, exploiting the factorization property, we need to compute the squared amplitude
at the partonic level. We note that At leading order, the process involves a QED vertex, and
therefore the interaction between the photon and the quark is purely electromagnetic. It is
important to note that, for this reason, contributions from gluon-initiated processes are absent
at LO and will only appear at next-to-leading order (NLO), associated with real emissions of
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quarks. The partonic cross section 6(eq — eq) follows from simple QED calculations and is given
by:
do dra?
drdQ? Q4

from we can read the expressions for the partonic structure functions

ea[1+ (1 —y)Q]%é(ﬁ—x), (1.3.30)

Fy = 2zF) = xegé(m - &) (1.3.31)

Finally, if we compare the cross-section as described in terms of structure function in Eq. [1.3.28
to the cross-section as described through factorization Eq. using Eq. [1.3.30], we find

1
Fi(@,Q%) =Y sep [V (@), (1.3.32)
1=9,q

lim Fj(z,Q% = F;(z) Bjorken scaling law, (1.3.33)
Q%2—00
)a _ _ 2 (p) _ 3

h(x) = 22F(x) = Z egvfi (z) Callan-Gross relation. (1.3.34)

1=9,q

In particular, it illustrates how DIS experiments allow us to investigate the internal structure of
the proton in terms of its quark and gluon constituents. Secondly, it explicitly shows that the
structure functions in the limit of large of large Q? are Q*-independent, this behaviour is the
so-called Bjorken scaling law.

It is also worth noting that, in this case, quarks and antiquarks are indistinguishable. There-
fore, to independently determine the corresponding PDFs, charged current (CC) processes are
necessary.

1.4 Higher-orders Factorization

In this section, we study DIS behaviour at NLO, where IR singularities emerge, thus we provide
their physical interpenetration and methods in order to treat them. Thus, we introduce the
general factorization formula and the dependence of the PDFs by the up energy scale, which
implies the violation of the Bjorken-scaling.

1.4.1 NLO corrections

In the previous section, we computed the leading-order contributions to DIS partonic cross sec-
tion. We now want to compute the first correction at perturbative order O(«ay). In fact, at NLO
for the DIS process, we need to compute the amplitudes arising from gluon emission. These
are represented by the diagrams in Figll.7] and Fig[I.11] corresponding to the real and virtual
corrections, respectively. However, we have to note that gluons and quarks are treated as mass-
less in the parton model picture, hence integrals appearing in amplitudes calculations and in the
phase space manifest infrared (IR) singularities. Two different types of singularities are present,
soft and collinear. Whereas, the virtual corrections can be treated using renormalization group
arguments, obtaining Z—terms corrections by the fields renormalization. Hence, we only need to
study the real amplitudes.

We start by computing the real emissions from the incoming quark Fig[T.5] We immediately
see that when the intermediate quark becomes nearly on-shell, that is, when the denominator
of the propagator approaches zero (i.e., (p — k)?> — 0), a singularity arises. In particular, since
p? = k% = 0 the nature of this singularity can be viewed as follows

(p—k)?=—-2p-k=—2p"k"(1 — cos ) , (1.4.1)
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Figure 1.5: Real contribution Figure 1.6: Real contribution
to the incoming quark [a] to the outgoing quark [b]
Figure 1.7: DIS NLO Real gluon corrections
v o
q q
> > q - q
p p
k
q q g
Figure 1.9: Self- Figure 1.10: Self-
Figure 1.8: Vertex energy correction: energy correction:
correction incoming quark outgoing quark

Figure 1.11: DIS NLO virtual gluon corrections

than a singularity arise when k is soft either k* — 0 or collinear to p, namely § — 0 then k? — 0.

We now focus on the collinear singularity. To this end, we choose the incident quark momen-
tum to lie along the third axis, and the outgoing momenta to lie in the 1-3 plane. We define z
as the fraction of energy carried by the nearly on-shell quark relative to the incoming quark, so
that 1 — z represents the fraction of the initial quark’s energy carried away by the gluon. Then
the three 4-momenta can be written as

b= ( 0, 07]7) (142)
k= ((1—2)p, ke, 0,(1 —2)k), (1.4.3)
p—k~(zp,—k,0,2p). (1.4.4)

These three vectors satisfy p?> = k% = (p — k)2 = 0, up to terms of order k7.

However, in the process involving the emission of a real gluon, both p? and k? are exactly
zero, while (p — k)? is slightly off-shell, differing from zero by an amount of order k2, then we
need to know the value of (p—k)? in terms of k? which appears in the propagator. So, we modify
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the Eq. in order to satisfy the condition k? = 0 up to terms of order kf, rewriting k as

]432
k=((1-2)pkt,0,(1—2)p— -t 1.4.5
<( Z)p’ taoa( Z)p 2(1—2’)])) 9 ( )
then p — k as
K
k= S — 1.4.6
p (Zpa ktaoazp—i_ 2(1—Z)p> ( )
Thus, we obtain
2 2 ki 4
— =—ki—2 O(ky) . 1.4.7
(b= h)? = =} — 22 + O (147
Therefore, if the gluon is real and the quark is virtual, we have
2 2 ki
k* = — k) = — . 1.4.8
0, (kP =—1 (143)
Hence, since for k; — 0 the intermediate quark is almost on-shell we have that,
. _ ip—k _ Y,uip—k)a(p— k) 2
On-shell condition:p = w (p)u’(p) = = == +O(k;), (1.4.9
p=2 w00 = 5 L (), (1.4.9)
Therefore, we factorize the collinear singularity in the squared amplitude as follows
2 2 2
Ap—k q
=] QOO k | ® P | +non singular, (1.4.10)
AD p—k
where the first squared amplitude on the r.h.s, is obtained by the matrix element
iM(p — (p— k), k) = (—igs)u(p)T*v"e;, (k)u(p — k) , (1.4.11)
then exploiting the limit k2 — 0, and using the axial physical gauge, namely
ki 4+ kVpt
> eulk, Nep(k,A) = (—g,w+ TR +k n > : (1.4.12)
A=1,2 e
one obtains
1 1 2(4m)ask?Cp [1+ 22
L IS S M - (- k. = 2T (14.13)
. z(1—2) 1—2z
colors  pols spins
(1.4.14)
At this point, from Eq. [1.4.10] we can express the partonic cross section as follows
1 BE |1 2
~NLO /
k = - —(p—k),k
1 2 2
— dIL,, —k)=pH|". 1.4.15
((p—k)2> / » (Mg, (p— k) = ') ( )

(1.4.16)
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Where v, is the velocity of ¢ and dIL, is the phase integral over ¢’. We now substitute kY and
(p — k) using Eqgs and and employ Eq to rewrite the integral over k as

d3k = dk3d%k; = pdzndk? . (1.4.17)
Then, using Eq. the cross section can be expressed as
2 2
~NLO / pdzdk; (1-2)
k = —— k), k) ———
& (pg — k,p') /1677(1—2 ‘ > M(p— (p—k),k) P
z 2
e ———— dH / /
(1 + vq)22p2q° / v 1My
- dk’t 1 4+ z N (0)
= 2 dz el Cr [ T z] " (zp) (1.4.18)
thus, we define the so-called splitting function as
1+ 22
Fyq(2) = Cr [ T ] , (1.4.19)
then
s tmaz dk‘
GNLO — % / —L / Az P,y (2)5" (zp) . (1.4.20)

Furthermore, we remember that the incoming quark carries a fraction £ of the momentum proton
P, then, since p’ is massless, by momentum conservation we note that the struck quark and the
photon must satisfies

X

(2P+¢)*=0—2=10= c (1.4.21)
where Z is the corrective of the Bjorken variable at the parton level. Thus

R « ima:c dk A R

N0 — o / k; A2 Pq(2)69 (2p) . (1.4.22)

We now have reached a crucial point, because we recognize the logarithmic collinear singularity,

. . K aw dk?
in the integral [y <+

we are required to introduce an IR cut-off A. Consequently, collinear singularities are managed
similarly to UV divergences through renormalization, being absorbed into the parton distribution
functions. This absorption leads to the emergence of a scale dependence in the PDFs.

However, before proceeding further, we observe that a divergence also arises in the limit z — 1,
corresponding to the case where the emitted gluon becomes soft. Nevertheless, we have not yet
taken into account the other contributions to the amplitude, in particular the virtual corrections.
Specifically, This correction contributes only when & = 1. At first, we note that since all of the
virtual diagrams contain the factor §((£P + q)?), their contribution to the structure function is
proportional to (1 — &), hence Py, is modified as follows

. Therefore, to prevent the appearance of divergences in the cross section

1+ 22

} Kb6(1—2), (1.4.23)

with k& a constant to be determined. To this aim, we require that P(&) cannot vary with @2, so
its integral in & must be zero. Therefore, the splitting function becomes

12‘2
Paq(#) = CF ((11jw)+ + 25(1 - ﬁr)) : (1.4.24)
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where “plus” denotes the plus distribution defined as in the appendix

Finally, concerning the real corrections we note that so far, we have only considered the
squared amplitude from the squaring of the diagram of Fig. In fact, in the light-cone gauge
the |a|? terms is the only which gives a logarithmic divergences — the other terms, ab*, b*a, |b|?,
as can be seen by using dimensional analysis, give finite corrections to the structure function; all
the possible contributions to the squared amplitude are reported in Fig.

In conclusion, the soft divergence, i.e. & — 1, cancels out in the sum of the virtual and
real contributions. While, the UV-divergences are treated by using renormalization techniques.
However, the collinear divergence remains, hence we are left only with IR-divergences. Theorems
[10] and [11] ensure the cancellation of both soft and collinear singularities between the real and
virtual gluon diagrams. In particular, they state that suitably defined inclusive quantities will
be free of singularities in the massless limit, which is the case for the gluon radiation emitted by
the outgoing quark. However, when considering the radiation emitted by the incoming quark,
we are not inclusive. Indeed, the photon scatters off a quark with a definite momentum, and so
it is sensitive to collinear splitting. In other words, The virtual photon can differentiate between
a single quark and a collinear quark-gluon pair that share the same total momentum. From a
physical perspective, the limit k&, — 0 corresponds to the long-range (“soft” ) component of the
strong interaction, which cannot be computed within perturbation theory.

! Including virtual corrections

+ complex conjugate ~ field renormalization for fi-
nal quark
Figure 1.12: Direct contribu- Figure 1.13:  Interference
tion |a|? contribution ab* Figure 1.14: Direct contribu-
tion |b|?

Figure 1.15: DIS gluon corrections

1.4.2 Factorization of collinear singularities

The crucial idea behind the removal of collinear singularities lies in recognizing that the small-
k: limit reflects a sensitivity to long-distance strong interactions, which cannot be addressed
within perturbative QCD. The parton distribution functions originally introduced in the Sec.
are unphysical, bare quantities, and can be redefined to absorb the divergent contributions,
yielding finite, physical PDFs. Thus, the factorization formula introduced in Eq. needs a
modification.

Specifically, the DIS differential partonic cross-section through Eq. can be rewritten
as follows

d&él) o Qs Q? .
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where A is the scale introduced in order to regularize the logarithmic divergence, C(z) is the
non-logarithmic contribution to the cross section (sees Eq. and it is a calculable function,
and Py, is the splitting function defined as in Eq.

By considering the structure function Fy and, for simplicity, focusing on a single parton
species, we can express the result up to O(as). Thus, by adding the leading-order contribution
from Eq and performing the change of variables & = z/¢£ in Eq we obtain:

R, @) =2 1000+ 2 [ L (myarn D +0@) 100 (2) +0(ad)] . (1420

where the subscript (0) means bare. Then, in completely analogy to the renormalization proce-
dure, we introduce a factorization scale pp in order to split the divergent contribution

Q2 Q2 MF
oy =In—=- ) +In Az (1.4.27)

Thus, Eq. [1.4.26] can be rewritten as

1 94
Fy(z, Q%) :xe [f(p (0)( )—1—2;/ d:r <qu(§7)ln/ﬁ7+qu(:%)lnff;

C(#)) fPHO) (%) +0(a?)] . (1.4.28)

The physical PDF is obtained introducing the pp-dependent term 9 f

@Y _ s [T gm0 (T) 3y
5f< = 27r/x df! (;) Pyq (#)In 55 (1.4.29)
thus the physical PDF have a ur dependence and it is
Q2
192,03 = 170a) + o7 (2.5 ) + Ofa). (1.4.30)

Thus, restoring the sum over the possible flavours we obtain

1 34 2
By@.Q*) =) ¢, / %% £ (% MF) <5(1 — &)+ ‘23‘7 [qu(fc) In 222 + R(@)D (1.4.31)

F

L4z 2
dz T
— 2 (p) ‘

generalize zz: €qi /E 3 i (E)NF> Ci <.T o, In Q2> . (1432)
to all orders

in expansion in asg
The above formula is a prototype of the so-called factorization formula. The sum runs over
i = q, where ¢ represents all possible quark flavours. The PDFs f; contain long-distance effects,

including non-perturbative corrections of order O (A%§D ) Since these contributions cannot be

computed through perturbative calculations, they must be extracted from data. In contrast, the
functions C};, known as coefficient functions, encode all short-distance effects and can be computed
as a series expansion in as(Q) < 1. In other words, they are derived from Feynman amplitudes
at the partonic level. In particular, we note that since the dependence by @ of the PDFs, one
the important consequences of the factorization procedure is the violation of the Bjorken scaling
beyond the leading order calculations.

However, we note that the above formula is not complete yet. Indeed, we take in account the
case where we have an incoming gluon, so a PDF of the type f4(£). Hence, we could have another
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possible partonic reaction v*g — qgq. The calculation of this contribution at the NLO proceed in
the same way as the v*q — gq calculation, and we obtain the complete factorization formula:

1 ds s 2 2
Fo(z,Q?) = xZegi/ %f;p) (%MF) (5(1 gy 4 2l (:z,ln“F In “’R) +)
4,9 z

o q Q2 ’ QQ

1 da T s . ,LL2 M2
xZegi/ gfép) (5,,“/F) < Q(WR)Cfgl) <x,ln Q—Z,ln C;) + .. > . (1.4.33)
4,q z

We note that we also include the dependence on the renormalization scale, on which the coef-
ficient functions depend due to loop contributions to the partonic amplitude. However, since
the arbitrariness of the two scale we are always free to impose 1 = pur = ur. The analytical
expressions for the the coefficient functions in the MS renormalization scheme at O(a;) were first
computed in [12]. Finally, we can repeat the process for the others structure functions present in
the formulation of the cross section (e.g. Fi,F3...).

In conclusion, since the factorization theorem explained above, we can express the differential
hadronic cross section as follows

d0l+h_>l+X 2 1df (h) (@ N ) M%
W(ij ): Z / 7 fl <%7MF) Ol4+i—l+X m,as(uR),ln@ . (1.4.34)

i=q,q9""

Here, o is the physical cross section, namely the hadronic one; therefore, it must not depend
on the factorization scale. On the other hand, & is the partonic cross section with collinear
corrections removed, so it can be computed from the partonic Feynman diagrams of the process.
Meanwhile, fi(h) represents the PDF for the parton ¢ with respect to the hadron h. Lastly, to
ensure perturbative stability, one should set © ~ @. One then needs to determine how f;(&, 1 = Q)
evolves as () varies, this goal will be achieved in Sec.

1.4.3 Dimensional regularization and soft logarithms

Before to go further with the study of the PDF dependence by the factorization scale, we briefly
review the technique used to regularize higher order corrections beyond NLO, so multiple emis-
sions.

At higher orders in the perturbative expansion, it is not strictly necessary to explicitly split
the integral over k? into two separate regions. Instead, using dimensional regularization is more
convenient, as it preserves the Lorentz and gauge invariance of the theory, unlike the cut-off
method. Moreover, this approach highlight the structure of the singularities that appear in the
calculations. In this section, we provide its definition and show how, by means of a fundamental
distributional identity, it leads to plus distributions and logarithms.

In the partonic cross-section computation, we have two different types of integrals: loop
integrals and phase-space integrals, which are performed in four dimensions. The core idea of
dimensional regularization is to compute these integrals in d = 4 — 2¢ dimensions, with the limit
€ — 0 to be taken at the end of the calculation. In the end, the infrared singularities manifest as
simple poles in €. We can now distinguish two cases:

e ¢ > 0 in order to extract the UV divergences;
e ¢ < 0 in order to extract the IR divergences.

In this section we are interested in the second case.
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The phase space in d-dimension for a DIS process with n—outgoing partons it is expressed as
follows

do, (e H am) 1 5(d) p+q— Zp] (1.4.35)

z:l J

Therefore, the divergent integrals becomes finite but they acquire a term proportional to 1/e.
e-finite terms come from the interference of poles with exponentials in €. For instance, we can
take the regularized collinear-divergent integral

Q* 42k Q* k2
Toon = / =1t e / L 1.4.36)
) R 0 ) (

where [i is usually defined as the factorization scale multiplied by some constant; indeed, in order
to keep the mass dimension of the integral the same as in d = 4, we multiply it by i*~¢, where
[i is parameter of mass dimension one and arbitrary value. Therefore,

: dk‘Q 1 ,l~l,2 ¢
~
ICO — NQE /Q t — ( ) , 1437

! o (kP)rte e \Q? ( )

and by a simple Taylor expansion we obtain

1 2 1 2
Icoll = - <—1 —I—eln% —+ 0(62)> = —— _|_]n%
€ 1% € i

+ O(e), (1.4.38)
On the other hand, in this context in the calculation of the real gluon emission contributions

the term (1 — #)~!7¢ appears at all order because of the collinear and soft emission [13].

particular, the plus distribution arise from this term, in fact (for the proof see the appendix

A2
(1)t = ‘5(16@ N i 1 Pn(lﬁ)] 7 (1.4.39)
- +

11—z

depending on the order of the pole multiplying the identity, a different finite logarithm survives,
while the remaining terms are either cancelled or vanish as e — 0. Thus, the IR-soft poles
cancel, while the collinear poles are cancelled against the poles present in the PDFs. In the MS
scheme, fi(h) (&, ) is defined via minimal subtraction of the 1/e pole. On the other hand, at the
n—perturbative order C; and & contain the terms

o as(p)" In" Q—j and when are O(1) they spoil the perturbative approach. However, it can be
dealt by evolving PDFs at the hard scale of the process as it shown in the next section.
n [In*(1-2)

o a (i) [W} . where usually 0 < k < 2n — 1.

In this case, we recognize that these plus-distributions regularize the soft divergence at £ = 1.
Specifically, they represent what remains in the calculation after the cancellation of both the soft
and collinear divergences. There is, however, an important aspect to consider: IR singularities
cancel out completely, but near the singular point (though not exactly at it), a large logarithm
remains due to the cancellation of the singularity itself. Roughly speaking when & is equal or
larger than a value Z satisfying

asIn’(1 —z) ~ O(1) (1.4.40)
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any finite order truncation would be meaningless, since all terms in the perturbative series are
of the same order. Since & € (0,1), this kinematic region where & — 1 is always contained
within the definition of the cross-section, so that the coefficient functions C; need each time to
be resummed.

Clearly, this implies that soft-gluon effects may persist and become significant in kinematic
regions where there is a large imbalance between real and virtual contributions. In such cases, a
fixed-order expansion becomes unreliable, as higher-order terms can have a non-negligible weight.
Therefore, to obtain reliable predictions, calculations to all orders in perturbation theory are
required. One can note that these singularities—and the logarithms associated with them—can
be computed to all orders. This is where the threshold resummation theory comes into play, as
it allows for the summation of these logarithms. We obtain the resummation formula trough
renormalization group approach in sec. [3|and we apply it to the SIDIS process, which is the main
process studied throughout this thesis.

1.5 DGLAP equation

The dependence of the PDF's is through two variables, & and ur. The first one is non-perturbative,
but the dependence on the factorization scale can be computed. Indeed, the dependence by up
is through the collinear logarithmic terms, as we have shown in Eq. For this purpose,
we can use a RGE approach, as done in Sec. for the strong coupling. In this case, the
renormalization group evolution is known as the Altarelli-Parisi (or DGLAP) evolution. To
derive this equation, we use the fact that the hadronic cross section is a physical observable,
which implies that it cannot depend on up. So, using Eq. we obtain:

d do ! 3f-(h) h) o 00
2 — E: di | 225y W) 299 ) 1.5.1
Hr dyi? (dde2> /x ) <MF o oI opz v 5

1=¢,q,9

where, for simplicity, we omitted the dependences. Since the r.h.s vanishes and 6 can be obtained

(h)
by perturbative calculations we can extract 4; 5. For example at LO in the strong coupling,
F

dlog p
ie. O(as), from Eqfl.4.31] we have

1
_ Ty 0 () (T PN ONE as(bm) 5 4 2
0= / dizpiy s (17 (5ome) 80— 0) + 207 (Zom) 55 (“Pul@)+0(ad), (152)

and dividing by z and defining y = 2/% — d& /& = —dy/y, we obtain

0 as(pr) [Hd x
2 (p) _ Qs\e) [ QY p0) (2 £(p)

hence, the DGLAP equation is an integro-differential equation. Here, we obtain the simplest
case, namely, up to O(ay), while the role of the subscript (0) will be clarified in the next steps.
It can be shown [14] that the general formula, including O(a) corrections and all partons, takes
the form of a (2N + 1)-dimensional matrix equation acting on the space of quarks, antiquarks,
and gluons, namely

, (fé?)<x,uF>>_as<uR>Z Ly [Pus (;,ast))) Pyg (% 0s(in) <fé?’<y,uF>>’

H h T x z | h
Fa,u%“ fég )(w7 MF) 2 qj,3; 7% Y quj (57 as(MR) ng (57 as(ﬂR)) f!g )(ya PLF)
(1.5.4)
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which can be written in a more compact form as

(h)
Mgafi 8(5527 L) _ Ozs(MR) ZPU 2 f](h)(x,MF)’ (1.5.5)
Hi 2 J
where the sum is over all the active flavours and g, while ¢ could be either a flavour index or a
gluon index g.
We observe that each splitting function (or evolution kernel) is also computable as a series
expansion in og.

Qs
Pyug, (2, a) = 8;; P (2) + ?Pq(ilq)j(z) +...

Qs

Pz, ) = P (2) + ?Pq(gl)(z) ...
Qs

Pyq(z,05) = PO (2) + ?ng)(z) ...

@
Py(2, a5) = P (2) + fpgg)(z) ... (1.5.6)
In order to obtain the splitting functions at higher orders, we must include higher-order corrections
in o, by adding multiple gluon emissions to the diagrams in Tab. For instance, the splitting

function P, at higher orders is derived from the first diagram in Tab. inserting on it multiple
(1)

gluon emissions on the quark leg. Specifically, the amplitude for Pq; is given by the diagram
with two real gluon emissions plus the diagrams with one gluon emission accompanied by a gluon
loop correction. The same argument also holds for the other splitting function. Whereas, at the
leading order we have the results reported in Tab.

As a final remark, we emphasize that, due to the SU(Ny) flavour symmetry and charge
conjugation invariance, we have

qu = Pq}'q}

Prg; = Paq;
119 = Paig = Pyg
Pygi = Pygi = Pyq
(1.5.7)

Specifically, the splitting functions P, and P, are flavour-independent and the same for both
quarks and antiquarks. As we shown in the previous steps, the leading-order P, splitting
function is zero unless ¢; = g;.

1.5.1 Splitting functions

In this section, we provide a physical interpretation of the splitting functions and analyse their
structure beyond LO.

The leading-order splitting functions Pég) have a well-defined physical interpretation: they
describe the probability of finding a parton of type a inside a parton of type b, carrying a fraction
x of the parent parton’s longitudinal momentum, while having a transverse momentum squared
much smaller than p?. Thus, their interpretation as probabilities requires them to be positive
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q
xTp
q b
1422 3
- PO =C <+5 1—;c)
1-apRe, e =y, Pt
+ virtual contribution
g
p
P 1+ (1—2)?
q S PO = Cp <x — POz 1)
(1—=z)p q
q
Tp
g 0 1
(1—=)p q
g
xrp
p b
11—z 11Cy4 —4N:Tg
— PO = 9oC < * + +z(l—2)+6(1 —x f
(1 _ l’)p p 99 A (1 _ $)+ T ( ) ( ) 6

+ virtual contribution

Table 1.2: Splitting functions at leading order

definite for x < 1 and to satisfy the following sum rules:

/1 dzP{(z) =0, (1.5.8)

0

/ "o PO(@) + PY ()| =0, (1.5.9)
0

/ 4o [szP;? (z) + Py (x)} =0, (1.5.10)
0

this corresponds to quark number conservation and momentum conservation in quark and gluon
splittings, respectively.

Beyond the LO, the flavour structure of P, is no longer trivial. Through the SU(Ny) flavour
symmetry, we can rewrite the splitting functions in terms of flavour singlet (S) and non-singlet
(V) contributions

Pyg; = 6ijPyq + Py (1.5.11)
Pyg; = 8ijPgq + Py (1.5.12)

At NLO, the pure singlet functions are non-zero, but on the other hand, we have the symmetry
condition:

S _ pS
Py =P (1.5.13)

)
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The formal solution of the GLAP equation requires a treatment beyond the scope of this work.
However, we note that, in its current form, the equations for individual PDF's cannot be decou-
pled. Therefore, as previously mentioned, it is necessary to introduce appropriate combinations
of PDFs, which are classified into two categories: non-singlet PDFs and singlet PDFs. Con-
sequently, since the coefficient functions are convoluted with the PDFs, they are also classified
accordingly.

As we have shown, the DGLAP equations (Eq. form a system of 2Ny + 1 coupled

equations. Therefore, using the notation féih) = ¢; and féh) = g, it is convenient to rewrite the
quark sector in terms of the flavour singlet (S) and non-singlet (NS) components to decouple the
DGLAP equations. Hence, we define the singlet term as

Ny
1 _
as = Ry > @i+ a), (1.5.14)

i

which evolves together with g according to:

= (5)=Co )= (%)
-z _ ® , 1.5.15
0Q? <9 Poq  Pyg g ( )

while the NS sector is given by three non-singlet combinations of PDFs, namely
sk = 4+ @ — (ar £ @) (1.5.16)
vV —
NS =G — i (1.5.17)

which evolve independently with PJS, Pyg, PIEI/S and decouple the remaining 2Ny — 1 equations.
Specifically, we have

+ v 1%
Piy=PY+PY (1.5.18)
PYg = P) — Py + Ny(Pyy — Por) = Pyg + Ps (1.5.19)
all the splitting functions are known up to NNLO [15-17].
For instance, we can analyze the DIS factorization formula using these redefined PDFs. From

Eq. we know that the DIS structure functions, in the case of the electromagnetic interac-
tion, are given by the convolution

FPIS — Z (ng ®g¢+CY (jj> +Ci®g (1.5.20)
J

=Y e O e ¢S (x,Q) + Z e2 | [CF ®as+CY @ 4] (2,Q?) (1.5.21)

where k = 1, L, the sums run the active flavours, e, are the electromagnetic charges of quarks.
The flavour combination q}\IS is defined as follows

Ny
_ 1 _
6 = ZqNS gk =G+ @) - N > (g + ) (1.5.22)
k=1

It evolves with PK{S, while ¢s, defined in Eq. 1.5.14|, follows the evolution dictated by Eq.
The equivalence between Egs. 1.5.20] and [1.5.21] directly arises from the charge conjugation
symmetry Cf = C’Zi in the context of the electromagnetic interaction. Consequently, we can
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separate NS diagrammatic contributions from pure-singlet (PS) ones and express the result as
follows:

: i 1
Ot =k =0+, | e | b 052
J

In this case, NS contributions are defined as those in which, on either the left or right side of
the cut diagrams, the struck parton is directly connected to the incoming quark through a quark
line. On the other hand, PS contributions arise from cut diagrams in which, on both sides of the
cut, the struck parton is separated from the incoming quark by gluon lines.
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Chapter 2

Semi-Inclusive Deep Inelastic
Scattering

In this chapter, we provide an overview of SIDIS process, which is the core of the studies of
this thesis. The main difference compared to the DIS case is that we also measure one or more
hadronic final states. Therefore, we are no longer fully inclusive over the final hadronic states,
and the factorization formula in Eq. requires modifications, because we need to introduce
the fragmentation functions.

In particular, we briefly introduce the kinematic variables, which closely resemble those used
in DIS case. We then present the SIDIS differential cross-section, the fragmentation functions
and their evolution and the SIDIS factorization formula. Furthermore, we also introduce the
kinematic variables for the Drell-Yan process at fixed rapidity.

Secondly, we study the nature of the enhanced logarithms that emerge in the SIDIS process
when the scaling variables become large, namely in the so-called double- and single-soft limits,
which are the regimes of interest in this thesis. To this end, we analyze the behavior of the
coefficient function in these limits. In particular, we extract its dimensional dependence in terms
of powers of a soft scale by studying the phase space and the partonic amplitudes. As a result, we
derive the form of the enhanced logarithms, which appear at all orders in the coefficient function
in the soft limits and necessitate a resummation procedure, the main topic of the next chapter.

We observe that from the phase space investigation, we obtain one of the main features of this
section: the SIDIS phase space correspondence with its crossed version, the Drell-Yan process,
as discussed in section We also note that this study directly provides the resummation
formula for the SIDIS process, presented in section

2.1 Kinematics

2.1.1 SIDIS Kinematic variables

We consider the SIDIS I(k) + Hi(P1) — (k') + H2(P,) (Fig. with momentum transfer
g =k — K, hence:

Hy(P1) +7%(q) = Ha(P2) + X . (2.1.1)

Hj represents the incoming hadron state, and Hs is the outgoing measured hadron state. v* is
the virtual gauge boson which mediates the interaction between the incoming hadron and lepton.
The variable X denotes the remaining hadronic radiation. In particular, at the parton level, the
variables &; and & in Fig[2.T] and Figl2.2) represent, respectively, the momentum fraction of the
initial hadron carried by the incoming parton and the momentum fraction that the produced
hadron takes from the parent parton.

35
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SV

yyy . ©

Figure 2.1: SIDIS process

The hadronic process is described by the kinematic variables:

Q*=—¢*=—(k—F)2, (2.1.2)
2

x = 5P ¢ space-like variable, (2.1.3)
P - P

z="1""2 time-like variable, (2.1.4)
Pi-q
Pi-q

= . 2.1.5

YT Pk (2.1.5)

Where, Q? = xy5 and V/3 is the center-of-mass (c.m.) energy for the incoming lepton and nucleon.
If we consider only the electromagnetic interaction, in addition to the structure functions’ depen-
dence on the scaling variable z, and the terms that cancel after integrating over the azimuthal
angle of the outgoing hadron, one obtains the usual DIS tensor in Eq. [18]:

v
Wi(P,q) = (—gw + {q;’) F (2, 2, 07)

P - P - F2 (g, 2, Q2
+ (P{‘— ;Qqq”) (Pf— ;2qu> 2 (P'QQ ). (2.1.6)

Therefore, the triple-differential cross section may be written as [19] [20]

dot2 dra? [1+ (1-— y)2 H, 9 11—y _m, 9
= F Q —2F Q . 2.1.
dxdydz Q2 [ 2y T (a:,z, ) + y L (:L’,Z, ):| ( 7)

h
Here, « is the fine structure constant and Fp = I;—L and FJ = 2F} are longitudinal and trans-

verse structure functions. We note that a part the structure functions dependence by the scaling
variable z this cross section is analogous to the one obtained in the DIS case in Eq. [1.3.2§

At the partonic level, the SIDIS process reads as follows:

filp1) +77(q) = fa(p2) + X, (2.1.8)
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f1 is the incoming parton from the parent hadron H;. fs is the outgoing parton that fragments

to the outgoing hadron Hy. Hence, p;1 = &1 Py and p2 = %, where &1, & are momentum fractions,

then 0 < &,& < 1. v* is the virtual gauge boson and X is the remaining parton radiation.
Therefore, the partonic kinematic variables become:

Q* Q@ =z
pioq &Pq & (2.1.9)

: &Py 2
P1-p2 £ _ % (2.1.10)

pig  &PLog &
G P
p2=g
- q
plzélP/l/

q
Figure 2.2: Diagram for the SIDIS process at leading order.

z

z

At the leading order, the partonic process is represented in Fig. Then from momentum
conservation is interesting to observe that

PP _ .

= fl’ R AL L TY 1 1q) _ §2 = 2 =¢&2, (2.1.11)
19 p1-q p1-4q

(M +9)°=(GPi+9¢°=24P - q—Q*=0—-& ==, (2.1.12)

In both cases, we have used the massless condition for the partons. Thus, at leading order,
x represents the momentum fraction carried by the incoming parton relative to the incoming
proton, while z corresponds to the momentum fraction carried by the outgoing hadron relative
to the outgoing quark.

2.1.2 DY process at fixed rapidity

In this section, we briefly review the kinematics of the DY process at fixed rapidity in order to
introduce its correspondence with the SIDIS process in the threshold limit. To this aim we follow,
the arguments presented in [3].

The DY process is given by the interaction of two hadrons into a lepton pair, namely

Hy(P) + Hy(Py) — 1(k) + ' (K)+ X (2.1.13)

where H; and Hs are the incoming hadrons and [,1" are the outgoing leptons. As for the SIDIS
case we can consider the interaction mediated by a virtual photon. Therefore, at the parton level,
the interaction is given by

fi(p1) + fa(p2) = v (p) + X (k) , (2.1.14)

f1 is the incoming parton from the parent hadron H; and f, is the incoming parton from the
parent hadron Hs. At the leading order the process is represented in Fig. what one immedi-
ately can see from the diagram in Fig. [2.3]is the fact that DY process is the crossed version of
the SIDIS case. After this consideration, we can introduce its kinematic. The DY partonic cross
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p2 =61

p1=&P1 q

q
Figure 2.3: Diagram for the DY process at the leading order.

section is expressed through the rapidity of the outgoing gauge boson, namely its longitudinal
boost, and the following scaling variable

M2

T N s=(m +p2)2 (2.1.15)

where M? is the invariant mass of the final lepton state. We now consider the system in the
partonic center of mass (CM) frame, then we obtain

S

p2 = ‘f(l,O,O,—l) (2.1.17)

p= (\/Mz 2 +pz,ﬁt,pz) — (VA5 P coshy. i /M7 + pZsinhy) (2.1.19)
k= <\/M)2( 22+ 72— —pz> (2.1.20)

then we want re-express the dependence of the process through two new scaling variables

1 = 1Y, (2.1.21)
xo = /Te Y. (2.1.22)
so that
T1T2 =T (2.1.23)
1 I
=—-In— 2.1.24
y=gh~ (2.1.24)

in particular the Jacobian of the transformation (z1,z2) to (y,7) equals one. As it shown in Sec.
the above changing variable makes clear the correspondence between the soft limits in the
DY and SIDIS processes. Moreover, we note that, for fixed 7, the rapidity domain is constrained
by the fact that |p,| in Eq. cannot exceed the value allowed by the maximum available
energy. We now note that s is given by

s=(p1+p2)’ = (q+k)* = M2+M§+2p$+2p2+2\/M2 + p? +pg\/M§ +p? +p2, (2.1.25)

then at fixed rapidity (at fixed p,), we can note that the minimum value of s corresponds to the
minimum energy configuration, determined by both the photon’s energy and the invariant mass
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M, of the recoiling system X. Therefore, the minimum value of the energy s is reached when
pr = 0 and Mx = 0, thus

S 2 Smin pz = ( +pz + > . (2126)
Therefore, we obtain that

< 8= M? -7
Pz = Pzmax — 2\/; = Q\ﬁ’
then p, .. is reached when p; = 0 then using Eq. [2.1.19| we have p, ., = M sinh y™?* hence

(2.1.27)

1
InT <y<ln—. (2.1.28)

\/;_

The corresponding bounds on z1 and x9 are
0<uxzi,20 <1. (2.1.29)
Using the Eq. 2.1.19 the double-soft limit is defined as follows
§ — Smin(0) = M? (2.1.30)

that means

pp—0 p,—o0=>7—=>1 y—0 (2.1.31)
namely
1 —>1 z9— 1. (2.1.32)

On the other hand single-soft limit is defined as
S — Smin(P2) (2.1.33)

at fixed p, namely at fixed rapidity. Therefore, in terms of variables x; Eq. the condition
of fixed y implies fixed ratio xl = ¢?¥ and the condition of minimum s implies that 7 must be at
its maximum, i.e. maximum product x1z9. If we assume without loss of generality x1 > x4, for
fixed e?¥ we have maximum z,e~ %Y, namely x; = 1. So the single-soft is the limit where either

1 — 1 x9 fixed (2.1.34)
or

xg — 1 x; fixed (2.1.35)

2.1.3 Fragmentation functions

In the SIDIS process, compared to the DIS case, we need to account for a new non-perturbative
effect: the probability that the outgoing parton fragments into the measured final hadron. This
probability is defined through the fragmentation function (FF), referred to as Df (&2, pr), which
represents the probability that the parton j, with a longitudinal momentum fraction P/&, frag-
ments into the observed hadron H. In analogy to the PDF case the evolution of the FFs is
predicted by the DGLAP equation [21]. Hence, in analogy to Eq. we obtain

/1,2 anI(Z’, luF
T Oud

- O‘s () ZPT ® DI (2, 1) , (2.1.36)
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where py is the factorization scale, the sum runs over all possible partons j, while ¢ represents a
specific parton, and Pg denotes the time-like splitting functions. These, compared to the space-
like splitting functions, are obtained from gluon emissions off the outgoing parton line, namely in
the case where the emission occurs after the hard interaction with the photon. At leading order,
there is no difference between time-like and space-like contributions. However, beyond leading
order, virtual contributions appear, and the direction of the Wick rotation differs, resulting in
sign differences between the space-like and time-like cases. In particular, we note the difference
compared to the PDF case. In that case, the kinematics of the incoming parton is governed
by the Bjorken variable, making the kinematics space-like, and we thus use space-like splitting
functions, P;;, in order to evolve the PDFs. On the other hand, the kinematics of the outgoing
parton is governed by the z variable, which is time-like, so we need to use time-like splitting
functions, Pg, in order to evolve the FFs.

As we shown in sec. in order to decouple the 2N; + 1 DGLAP equations. We can split
the FFs into flavour singlet and NS contributions. Hence, we define the singlet term as

Df = —> (DI + DI, (2.1.37)

which evolves together with Df according to

0 (DX pr  pT DH
sz (o) = (47 +4) (o7): (2138

while the NS sector is given by three non-singlet combinations of PDF's, namely
H+ _ nH H H H
Dyxgar = Dy, = Dg; — (Dg, + Dy, ) (2.1.39)
DY’ =Dl - DI (2.1.40)

which evolve independently with P§’S+, ng, Pl%v and decouple the remaining 2Ny —1 equations.

Specifically, we have

Pfg =PV £ Py (2.1.41)
T,V A v,T : TV _ pT,— T,S
Py =PLV — P+ Ny(PLT - P ) = Pyg + Pyd (2.1.42)

where we have rewritten the time-like splitting functions in terms of flavour singlet (S) and
non-singlet (V) as

T _ s pl\V T,S
Pl =6;,PLV + PLS (2.1.43)
T _ ¢ pl\vV T,S
Pl =6;Pg" + Pg®. (2.1.44)

All the NS and PS time-like splitting functions are known up to NNLO [22-24].

2.1.4 z-distribution factorization

In section we apply the factorization theorem to express the hadronic cross section as a
convolution of a long-scale perturbative term and a short-scale non-perturbative term, specifically
we obtained the Eq. Although a rigorous proof of the factorization theorem via the
Operator Product Expansion (OPE) cannot be provided for the SIDIS case, alternative methods
have been developed to establish it (see, for instance, [6]). Therefore, we can state that the
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factorization theorem holds for SIDIS as well. Due to the different nature of the two non-
perturbative phenomena present in the SIDIS process, described by the PDF and the FF, the
SIDIS z—differential hadronic cross-section can be factorized as the convolution of a Z—differential
partonic cross-section with a PDF and a FF:

2 dfl d€2 H, d&l~ r z
(z,2,Q%) Z/ s i(6) D5 (&) — (5152> : (2.1.45)

Here, f;(&1) is the PDF of parton i = ¢,q,¢ in the nucleon at momentum fraction &;, while
DH2 (&2) is the corresponding FF for the parton j going to the observed hadron Hs. The functions

dg” (z,2) are the partonic differential cross sections for incoming parton 7 and outgoing parton

7 and represent the perturbative terms of the convolution. Finally, note that, to simplify the
notation, we omit the dependence on the renormalization and factorization scales, ur and pp,
respectively.

After the change of variables, we can express the z distribution as follows:

(z,2,Q%) Z/ di [tdz, DH2 (f) dsfj (,2) . (2.1.46)
z

z

Secondly, we express the z-distribution in Mellin space, as the resummation procedure showed
in the next chapters cannot be performed in Z,Z space (see, for instance, [25]); while for the
definition and properties of the Mellin transformation the interest reader can find a summary
about it in Appendix[A.2] For simplicity, with a little abuse of notation we denote z—distributions
only by their dependences, namely:

%(:L’V%QQ) = 0—<x727Q2) ) (2147)
dgz’f (z,2,Q%) = 64z, 2, Q%) . (2.1.48)

Applying a double-Mellin transformation to Eq we obtain:

1 1
&(N,M,Q?) = /dxxN_l/ dzzM"Yo(z, 2,Q%) , (2.1.49)
0
G(N, M, Q%) Zfl N)D(M)6i;(N, M, Q%) (2.1.50)
where
_ 1
V) = [ daa i) (2.1.51)
0
1
Di(M) = / dzzM 1D (z) (2.1.52)
0
515 (N, M, Q?) = /0 45N -1 /0 455 (a2, QP) (2.1.53)

To obtain the above relations we used the factorisation of convolution product under a Mellin
transformation Furthermore, we stress that the above argument can also be applied to the
individual terms of the SIDIS cross section in Eq. , namely the longitudinal and trans-
verse structure functions. Owing to the universality of the parton density and the fragmentation
function, it suffices to split the perturbative partonic cross section into its transverse and longi-
tudinal components. Therefore, using Ho = h for notation simplicity, the structure functions are
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expressed as

dx dz 4

Fiz,2,Q%)

(L) (masz) b, Q)Dh( pe) (2154

where k = T, L and C* are the coefficient functions. So in Mellin space the structure functions
become

FRN, M, Q%) =" filN, ) CY <N M, (i), ‘g ’g ) Di=(M, pr), (2.1.55)
ij

with f; and D;L defined as above and

1 1
Cid (N M, ag (i), ‘S ‘S) —/0 d:z:zN—l/O dzsM-1 (;p 2, s (i), ’g‘ ’g) . (2.1.56)

As it shown for the DIS case similarly the coefficient function of the SIDIS process can be
rewritten in NS and PS terms, for instance at NNLO as it done in [26] and [21] we have

2
i a0 as(BR) i) o (%) i(2) 3
Ciyy = CHO L SR i) (VR ) i@ L o). (2.1.57)

T pp T

where ¢ = T, L. Therefore, using the notation NS and PS we have

01(2) cb () QCzNS Ze 1P87

aq q qq

CE’(Z) — C’L:( ) 202

qq qq q qq9”
CH® = O = 200! 1+ 2,017 + eqey C1F
O = o) = 2cil 4 i : — eqeg O3
Ci = 4P = ac,.
Ci? = O = €iCly

Cil?) = (Z >C;g, (2.1.58)

J
again for ¢« = T, L. With ¢ (') we indicate a quark (antiquark) of flavour different from ¢,

whereas the NS and PS superscripts in the quark-to-quark channel denote the non-singlet and
the pure-singlet components respectively.

2.2 Soft limits

As shown in the previous chapter for the DIS case, starting from NLO we have real gluon emissions
either from the incoming quark line, the outgoing quark line, or both. The aim of this thesis
is to to study what happen when the radiation reaches the boundaries of the phase space. In
particular this is achieved in the following cases:

e The double-soft limit, where z, 2 — 1.

e The single-soft limit, also referred to as the asymmetric case, where either £ — 1 or
Z — 1 while the other scaling variable remains fixed.
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Therefore, we have to solve three problems. Firstly, we need to show to which system config-
urations these limits correspond. Secondly, we need to understand which kinematical configura-
tions of the outgoing radiation correspond to the three soft limits. Finally, we must analyze how
the differential partonic cross section behaves in these limits, implying the need for a resummation
procedure.

2.2.1 Phase space in soft limits

We now analyze the phase space of the partonic process in Eq. in soft limits in order to
extract the dependence of the partonic cross-section, and consequently the coefficient functions,
in the double- and single-soft limits through the scaling variables & and Z.

We focus on the Z—distribution when the system X includes n final-state massless partons
with momenta ki, ...,k,, which are emitted from both the incoming (p;) and the outgoing
(p) partons. The momenta of the incoming and outgoing partons must satisfy the momentum
conservation equation:

prtg=p+tki+..+k. (2.2.1)

We are interested in the double- and single-soft limits and in how the SIDIS phase space behaves
in this limit similar to the double- and single soft limits of the Drell-Yan process in rapidity, [3]
and Sec. This correspondence allows us to apply the same resummation formula to both
processes.

To this end, we use the partonic Breit frame. The frame is defined by the gauge boson and
incoming parton being back-to-back, with ¢ being purely spatial, this last choice is possible since
q is a space-like vector. Defining the four-momentum of the virtual gauge boson as

q=1(0,0,0,-Q) , (2.2.2)

and imposing the conditions s = (p; + ¢)?, that p; and ¢ are back-to-back, and that p? = 0, we
obtain:

s+ Q?
= 1,0,0,1) . 2.2.3
b1 2Q ( s Uy Uy ) ( )
In order to obtain the 2 dependence for p, we use the fact that p; -p = 2p; - ¢ and p? = 0, leading
to:
L(pt .\ - (P .
=|= — | = - . 2.2.4

We now can use the crossing symmetry between SIDIS and DY process. In the DY case
(Sec. the single-soft limits are determined through the Mandelstam variable s = (p1 +p2)2.
Then, using the notation adopted in the two cases and exploiting the crossing symmetry, we have
the following correspondences

DY pi < p1  SIDIS (
DY ps < —p SIDIS (
DY k+k SIDIS (2.2.7
DY p+ —q SIDIS (

therefore

5
DY s=(p+ps)’ o t=(p—p)=-2Q" SIDIS. (2.2.9)
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In the DY case in the soft limits s is at its minimum value, therefore also ¢ in the SIDIS case in
the soft-limits must be at its minimum value.

The double-soft limit in the DY case is provided by the condition s = M?2, hence in its crossed
version (SIDIS case) is obtained by t = —Q? with #,2 — 1, which is the so-called elastic limit.
Whereas, in the DY process single-soft limits correspond to the case where the photon has a
fixed longitudinal momentum with s at its minimum (then k¥ = p; = 0). Thus, the photon must
have fixed longitudinal momentum even in the single-soft limits of the crossed process. We now
observe that in the SIDIS process we have

k= (pr+q-p)° (2.2.10)

and using the Breit frame we obtain:

E*=s(1—2)— pj : (2.2.11)
thus
k< s(1—32)= QQW =k . (2.2.12)

Here, we use the fact that s = Q2 1_53. Therefore, in the single soft limits k?> — 0 that implies
pt — 0. Then, using Egs. [2.2.4 and [2.2.3 - we have

(Q 0,0,Q) &—1, (2.2.13)

then in the single-soft limits one of the two above conditions is satisfied. That implies that either
the incoming parton p; or the outgoing parton p has fixed longitudinal momentum, because @ is
fixed. Furthermore, in this cases the exchange of momentum ¢ approaches its minimum value in
order to allow this configuration.

As a final step, we determine the relation which determines the kinematical configurations
of the extra radiation in the soft-limits. Using the fact that all partons are massless, squaring

Eq we obtain:

5= Zk -k +2Zp ki (2.2.15)

1,j=1

where both terms in the LHS are positive semi-definite. Moreover, in Breit frame it becomes

QQI; Zkokol—cosﬁw —1—22 <

,j=1

) E2(1 — cosb;9). (2.2.16)

One of the aim of the next section is to exploit the above relations to obtain the kinematical
configuration of the outgoing partons in the threshold limits.

2.2.2 Double-soft limit

As we can see in the appendix of [25] we can write the phase space as:

dk?
donia(p+ 05 p b k) = [ 5 donlor + i py ) don(hs o) (2.2.17)
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with n > 0. Here, d¢y is the phase space for production from the incoming total momentum
p1 + ¢ of a massless final state with momentum p differential in 2, and system with momentum
k recoiling against it. Meanwhile, d¢,, represents the phase space for the production, from the
incoming momentum k, of a n-parton final state with momenta k;.

We now compute the two-body phase space in terms of the Z variable in d = 4—2¢ dimensions.
In the Breit frame we have:

491k dd—lp
(2m)d=12K0 (27)d—12p0

1t d—2 ddflp
:( ) 5(p(1)+q0—p0—k‘0)

dpa(p1 + ¢ p, k) = 2m)? 6@ (py +q—p—k)

4 pYkO
(4m) ), o s+Q° o o
= dpid 1) — —k . 2.2.18
167TF(1 — 6) poko Pt ap2, 2Q p ( )

In the second equality, we perform the integration using the three-dimensional delta function. In

the third equality, we express the integration over d? 2p, in spherical coordinates and exploit the
d

2

F’f , where I'(x) denotes the Gamma function. For notation
2

simplicity, from this point onward, we will identify p as p.

Next, we aim to express the phase space as differential in 2. Therefore, using[2.2.4] we perform
the following change of variables:

identity for the solid angle Q; =

1 p? .
L= _ 2.2.1
P==35 <:2Q ZQ) (2:2.19)
therefore
_dp. 11 pf R . Lg.
dp, = Ir dz = D) <2Q +2Q ) dz = P dz. (2.2.20)

Thus, EqJ2.2.18|is equal to:

CN A a2z § (8 LA k0> ' (2.2.21)

T 167T(1 —€) ZkD 20Q

We now perform the integration over p?. To this end, we need to express the argument of the
S-function in terms of a function of p?. We note that, by momentum conservation, k; = —p;, so
that |k;| = |pt| = p+. Hence, we have:

KO = k2 4 p + (K92 .

Furthermore, by expressing k® as p3 + ¢* — p?, and using the fact from Eq that p° and p?
can be expressed in terms of p?, we find that the argument of the -function becomes:

2 —_02\?2 — 02
g(p?)ZS;QQ —po—\/k2+p?+<s 2QQ) +(p3)2—2(8 QQQ )p3

2 —_02\?2 — 02
ZS;QQ —po—\/k2+(p0)2+<S2QQ) —2<S2QQ )pS. (2.2.22)
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In the second equality we use the fact that p? = 0. Hence, the solution to the equation g(p?) = 0
is py = 2[s(1 — 2) — k?]. Furthermore, using from EqJ2.2.4| the fact that dp = 907 we obtain:

t _d27
1 N2 0
14— (p° =2 @ &
KO 2Q dpt

1 [(s+Q? 0o s—Q*\] &p°
P+W<%2_k_2Q>hﬁ

_Qd _ 1
© kOdp?  22K0

dg(p}) | _
dp?

(2.2.23)

Thus, using the delta identity 6(f(z)) = >, ‘ &= e can rewrite the 2-phase space as:

df(I) [
(4m)* ~ 2\ —€ 72
d ip k)= ————— “dz . 2.2.24
b2(p1 + @ p, k) ST — o) (pe")“d2 ( )
Hence, the phase space in Eq[2.2.17] becomes:

. 4)€ dk?
donia(on g h) = s S [ ok (2229

8rl(1—¢€) ) 2w

We can now compute the kinematics limits for k% integration. Of course, kmm =0, e.g. when
we have only a single parton in the final state. The upper bound is obtained through the Eq.
2.2.12)

Introducing a dimensionless variable v in order to interpolate between 0 and k2,,, we can set
0<v<1, (2.2.26)
and rewrite the measure over k2 in the phase space Eq2.2.17| as:

P g gr= =2

(2.2.27)
with v ranging from 0 to 1. Furthermore, the phase space déy(k;k1,...,k,) can be viewed
as a phase space with the same structure as in deep-inelastic scattering, where the incoming
momentum is k2. Here, the variable k is now integrated over and vanishes in the soft limit. As
shown in Ref.[25], it can be written in terms of a dimensionless integration measure, with the
dimensional dependence contained in a power of k2. Thus, using Eq. (4.17) of Ref.|25] we obtain:

n—1
don (ks ki, ... kn) =27 [‘Z(e] (k2)r=2=(n=Degqn=1(e), (2.2.28)
i

where N(e) = and

1
2(477)2—26

n—1

1 1
A" (e) = dQy ... dQy_y / dzp_1 2Dy 12 / dzozy “(1—2)' 7% . (2.2.29)
0 0

The definition of the dimensionless z; variables is irrelevant here.

We can finally consider the double-soft limit of the phase space. Eq implies that k2 — 0
as both & and 2 approach 1. Furthermore, as shown in Eq[2.2.28| the dimensional dependence of
the phase space d¢y,(k; ki1, ..., k,) is entirely contained in powers of a soft scale:

Ras = Ky = Q21— £)(1 = 2)(1 + O(1 — &) + O(1 - 2)). (2.2.30)
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Hence, from Eq[2.2.25 the double-soft limit dependence on &, 2 — 1 for the SIDIS phase space is
given by the soft scale in Eq[2.2.30} In other words, since the remain integral of the phase space
ranging from 0 to 1, and the SIDIS differential partonic cross-section is a function of the scaling
Z, 2 and the hard scale Q? we obtain that

9 . . do 9 .
(@%2,2) =  ——(Aas(Q7,2,2)), (2.2.31)

double-soft dZ
limit

do
dz

hence we have just showed what has been anticipated in the sec.

As it shown in Ref. 3], by replacing the kinematic variables Q2 with M?, the invariant mass
of the lepton pair, and the pair &, Z with z1, z3 defined in Sec. 2.1.2] the SIDIS double-soft limit
is equivalent to the double-soft limit of its crossed version: the Drell-Yan process at fixed rapidity

(DY).

2.2.3 Single-soft limit

We now focus on the single-soft limit, which is very similar to the double-soft limit discussed
above. Indeed, the double-soft limit is nothing but a particular case of the single-soft limit. In
particular, through the study of this limit we are able to understand the kinematical configuration
of the outgoing partons in the soft limits. As we note from Eq. we have

> ki=k. (2.2.32)
=1

Instead, from Eqs. [2.2.11] and [2.2.12] in the single-soft limits, namely & — 1 and 2 fixed or 2 — 1
and z fixed, we obtain the conditions

p=0—k =0, k2=0. (2.2.33)

Therefore, in the Breit frame as defined above we obtain

p=(-p:0,0,p:) , (2.2.34)
s+ Q? s —Q?
= A - . 2.2.
k <pz + 20 ,0,0,—p. + 20 ( 35)
Hence,

2> pki=2p-k=st= (2.2.36)

= s if 2 — 1,7 fixed

{o if & — 1,4 fixed
therefore using the momentum conservation relation given by the Eq. we obtain that in
both single-soft limits, so also in the double-soft case, k; - k; = 0 for all 4, j, so all the radiated
partons must be collinear. They are not necessarily soft, although some of them may be; the
only requirement is that their longitudinal momentum fractions combine in a way that satisfies
Eq. 2.2.35

The phase space can again be written in the form of Eq. 2:2.17} In particular, Eq. 2.:2:25
still holds and upper bound of k2 is still given by k2. Eq Therefore, in the single-soft

cases by Eq. [2.2.28| we obtain that the dimensional dependence of the phase space is contained
in power of a soft scale

(2.2.37)

A — Q2L —#)1+0(1—2)] ifd—1,2 fixed
ST1QU -+ 01 —2)] if5 1, fixed,
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therefore

o 5 dé 50 .

;@58 = 3 Ws(@1).2), (2.2.38)
limit

o 5 dé 5>

S Ass ) ) . 2.2.

dé (Q ’$7 Z) 2fsilnj:-soft dé( (Q Z) :L‘) ( 39)

imit

Again, as for the double-soft case, these results are completely equivalent to the ones obtained
in the DY at fixed rapidity case [3]. Consequently, it is clear that the kinematic behaviour in the
soft limit is the same for the SIDIS and DY processes at fixed rapidity. The only difference lies
in the fact that the DY kinematic variables x1, x9 are both time-like, whereas in the SIDIS case,
Z is space-like and Z is time-like. This reflects the fact that one process is the crossed version
of the other: indeed, the outgoing quark and the incoming gauge boson in the SIDIS case are
exchanged in the DY case.



Chapter 3

Resummation

In this chapter, we provide the resummation formula for the SIDIS case in threshold limit. In
particular, we demonstrate how the enhanced logarithms introduced in Sec. are mapped
into Mellin space, then we identify the enhanced logarithms in & and Z space in the threshold
limit in the case of the SIDIS process. We then analyze how these terms are organized by the
resummation formula in terms of logarithmic towers in the double-soft limit. Consequently, we
provide an interpretation of the resummed terms in Mellin space in the single-soft limit. Finally,
we derive the resummation formula for a process with single scale dependence, explaining the
matching procedure and providing the resummation formula for both soft limits in the SIDIS
case.

3.1 Logarithm towers and Mellin space

As shown in Sec. in the threshold limit, large logarithms in the form of plus distributions
appear in the partonic cross section. Specifically, these logarithms dominate the behaviour of the

partonic cross section in the soft limit. In the case of a single scale dependence z, which in the
threshold (or soft) limit approaches 1, these terms are given by Eq. [1.4.39, Then, they take the

form as(p)" [mkl(%;x)} , where typically 0 < k < 2n — 1, these logarithms terms are enhanced
in the limit z — 1. T+hreshold resummation accounts for these large logarithmic terms to all
orders in the strong coupling. However, as shown in [25], the resummation procedure cannot
be performed in z-space. This problem can, however, be resolved by transforming to Mellin
space and performing the resummation in that space. Therefore, we briefly review how the plus
distributions showed above appear in Mellin space.

As shown in appendix the Mellin transform exchanges the threshold variable z with a

complex with a complex variable N, indeed given a function f(z) its Mellin transformation is

1
MIF))(N) = /0 a2V f (). (3.1.1)

We note that, in the limit | N| — oo, the only finite contribution to the integral comes from f(1).
Hence, the two limits z — 1 and |[N| — oo lead to the same result.
So we define,

Iy = /01 dz 2N 71 [W]Jr = /01 dzzjvl_i;llnp(l —z). (3.1.2)

Thus, we define the generating functional
1
G(N,n) = / ANt —1)(1 = 27t (3.1.3)
0

49
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we can obtain the plus-distribution term in Mellin space through

I, = d—an(N, 1) L (3.1.4)

We can recognize the definition of the Euler Beta function in the definition of the generating
functional, namely
1 T(N)I'(n) 1

G(N’n):B(N’n)_H:m_E’ (3.1.5)

where in the second equality we used the Stirling approximation. We now focus on the case p = 1,
then taking the first derivative of the above expression in relation to we obtain

1
I =5 [@OW) +8)? +¢(2) — ()] | (3.1.6)
where g is Euler-Mascheroni constant, ((n) denotes the Riemann zeta function evaluated at n,
and ¥ is the n—th polygamma function, that is defined as follows

dn+1

wvﬂ(x)::dxn+11nr(x). (3.1.7)

In the large N—limit, it can be shown that

.h:;ﬁwww+q?+o<$>. (3.1.8)

If we repeat the procedure for p = 0, we obtain

h:—mwwm+o<$>. (3.1.9)

In general, at order p = n, we obtain a term proportional to In?*'(Ne#). This provides the
leading logarithmic conversion valid for N — oo,

K

In this thesis, in order to obtain the Mellin transformation of the partonic coefficient function we
use the correspondence between the Mellin transformation and harmonic sums |27, 28]. Specifi-
cally, the analytical continuation of harmonic sums in Mellin space can be exploited to express
the Mellin transformation of distributions in terms of harmonic sums. Through this approach,
the Mellin transformation of the plus distribution can be rewritten as a linear combination of
harmonic sums. Consequently, the behavior in Mellin space for large N can be easily determined
by extracting the leading coefficient in the expansion of the harmonic sums. For the definition
and a complete overview about the harmonic sums one can see [28].

We now focus on the SIDIS case, which has two scaling variables & and 2, then we can have
logarithms terms written in terms of either & or 2. In particular, at the kth order in perturbation
theory, we have the following contributions [29)

] & InPTH(NeE). (3.1.10)
+

e The delta contributions, o#§(1 — &) [111:1(_1;)2)} and o§(1 — 2) [lng(_lg)@} withn <2k—1
+ +
and m < 2k — 1.

e The mized contributions, o [mz(_lj_f)} [ln(nl(_lzf)é)} with m +n <2k —2
+ +
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For the SIDIS case, from the above considerations, in the double-soft limit case it is clear that
summing the mixed and delta contributions in Mellin space yields contributions of the form

kL™ om < 2k, (3.1.11)
where

L= %(ln]\_f—i—ln]\_i) (3.1.12)

N =Ne'® M = Me'®E . (3.1.13)

For convenience we include the factor e7? which appears in the limit of the logs Mellin transfor-
mation in the definition of the Mellin variable. In this manner we simplify a lot the calculations.

1 |const.
g L2 L  const.
aZ | LA /¥ /2 L const.

1\1: Czk L:Zk—l szfz sz—3 £2k74

LL  NLL NNLL
Figure 3.1: All-order threshold logarithmic structure [30)

From Eq. it is easy to understand that the enhanced logarithms which appear to all
orders in perturbation thepry follows a peculiar hierarchy which is displayed in Fig[3.1] Specifi-
cally, the row denotes the fixed order calculation while the columns denotes how the logarithms
that are summed through the resummation formula, as it is proved in the next chapter. Towers
of logs are denoted by the notation LL (leading logarithm), NLL (next-to-leading logarithm),
NNLL and so on; where the LL tower contains the most significant corrections.

In conclusion, we express in Mellin space the soft scales on which the partonic cross section
depends in the threshold limit. We associate to the & scaling the N mellin variable, while to 2
the M variable.

Therefore, from above considerations for the single-soft limits we obtain that the scales in Eq.

in Mellin space becomes

A _{QQ N — oo, M fixed

N
QM—Q M — oo, N fixed,

(3.1.14)

Whereas, for the double-soft case, using an approach similar to the one applied above to establish
the correspondence between a single-soft scale and its Mellin-space representation, one can, with
extra work, show—as done in the appendix of [3]—that the double-soft scale in Eq.
transforms in Mellin space as

Agg = ——= N =00, M — 0. (3.1.15)
NM

In particular, in the appendix of [3] is showed that in the double-soft limit one can use as
resummation formula of the DY at fixed rapidity, and so also for the SIDIS process, the same
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resummation formula of the inclusive case. From |25] we know that the soft scale of the inclusive
case in Mellin space is Q?/N?, therefore

C&iis(N, M) = iy (N, M) = CB3(VNM), (3.1.16)

where C™ is the resummed coefficient function. The aim of the next chapter is to find an explicit
expression for C¢5.

3.1.1 Interpretation of the single-soft resummation

Before proceeding further, it is important to understand the meaning of the single-soft resum-
mation. In Sec. we discussed which terms the resummation formula sums in the double-soft
limit; however, we still need to interpret the terms summed in the single-soft regime.

Firstly, we note that the contributions from enhanced logarithms to the fixed-order correc-
tions of the coefficient function in both soft limits arise from the distributional terms, i.e., those
involving either - or +-distributions. In fact, all other terms are suppressed, as they are propor-
tional to at least the first power of either 1/(NM), In(N)/(NM), or In(M)/(NM), all of which
approach zero in both the double-soft and single-soft limits. However, in the single-soft case, one
of the two Mellin variables is kept constant, which allows some contributions of the type either
1/N or 1/M to survive compared to the double-soft limit.

Hence, we conclude that, compared to the double-soft case, the single-soft resummation for-
mula also resums the next-to-leading power (NLP) corrections, which take the form of either
In(N)¥ /M7 or In(M)*/N7 with k > 0, j > 0, but never terms like In(N)*/N7 or In(M)* /M.

3.2 Single-scale resummation

In this section, we derive the resummation formula for the partonic coefficient function in the case
of single-scale dependence in the soft limit. As shown in the previous chapter, SIDIS in both the
double-soft and single-soft limits serves as an example of single-scale dependence. The following
derivation is based on [25] and [31]. The key difference between the two works lies in the further
assumption of full factorization of the soft singularities. The goal is to obtain a resummation
formula that is valid to all orders. To achieve this, we use a renormalization group argument.

We note that, in this section, in contrast to the notation introduced in Sec. we avoid to
use the Tilde symbol over quantities expressed in Mellin space to keep the notation as simple as
possible. The correct notation will be restored in the next section.

We express the SIDIS hadron cross section in double-Mellin space, as shown in Eq[2.1.50] but
with the scale dependences restored:

o(N, M, Q%) = fi(N,u3) D (M, u3)655 (N, M, Q°, a5 (1)) (3:2.1)
2%
here, ur and pp are renormalization and factorization scales. Because of the arbitrariness of the
two varibles ppr, pr we can choose them to be equal, so ur = pur = u, therefore:

o(N, M, Q% = fi(N,p>)DI* (M, )65 (N, M, Q% as(?)) . (3.2.2)
i,

To obtain the single-scale resummation formula, we use a cross-section that depends on only
one Mellin moment, N. By the end of the chapter, we recover the SIDIS case, where both the
double-soft and single-soft limits depend on the two Mellin variables, N and M. Finally, we
remark that the hadronic cross section cannot depend on an arbitrary scale such as p.
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We note that resummation is expressed for a coefficient function. The coefficient function is
defined factoring out of the cross-section the Born-level expression

Gij (N, Q% a5(@%)) = Cii(N, Q% /i, as (1))l (@) - (3.2.3)

Furthermore, in the soft limit, only diagonal partonic channels are unsuppressed, resummation
can be performed independently in the quark singlet and gluon channel and we will consequently
suppress the parton indices 1, j.

The argument is based on the observation that, due to collinear factorization, the physical
anomalous dimension

d 2

2

v(N,as(Q7)) = dIn Q2 InC (N as(p?), Q2> ) (3.2.4)
is renormalization-group invariant and finite when expressed in terms of the renormalized coupling
as(p?).

We now consider the perturbative expansion of the bare coefficient function in powers of the
bare coupling constant, which in Mellin-space is given by:

o0
CP(N, Q% ab,e) =D (ad)"CH(N, Q% ¢), (3.2.5)
n=0
where we adopted the dimensional regularization with d = 4 — 2¢ space-time dimensions and with
b means bare. We now recall that the renormalized coefficient function C undergoes multiplicative
renormalization. This means that all divergences can be removed from the bare coefficient func-
tion C°(N,Q?,ab, €) (Eq by defining a renormalized coupling constant (%) according to
the implicit equation

Qb (12, as(12),€) = W2 as(12) 20 (0 (12), €) (3.2.6)

and a renormalized coefficient function according to

2 )

C (N, 222 as(,u2)> = ZO(N, as(4?), €)CP(N, Q% al, ) . (3.2.7)

Where Z(@) and Z(©) are computable in perturbation theory and have multiple poles at € = 0.
Moreover, thanks to dimensional analysis, we find that the dependence of C°® on @Q? and o
is only through the dimensionless combination Q~2¢ b , namely

CP(N, Q% al,e) = C*(N,Q b ). (3.2.8)

Therefore, by the independence of Z(©) on Q?, and using Eqn the anomalous dimension vy
can be rewritten as:

(V. 04(@) = —eal s InCY(N. @2 o). (3.2.9)

Note that for a single-scale process in the soft limit the dimensional dependence of the phase
space, therefore of the coefficient function, is through a fixed combination of the scale and the
scaling variable

Ao(z, 0% = N2(1 —2)® a €N, (3.2.10)

where, for example, from [25] @ = 1 for DIS and a = 2 for DY, otherwise for the SIDIS one can
seen the Egs. 2.2.30l This implies that Mellin-space coefficient function only depends on
N through the dimensional variable

)\2

Ao(N,\?) = ~e €N, (3.2.11)
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We now consider the further assumption of full factorization of the soft scales singularities.
This in turn implies that the bare coefficient function C'*) in Mellin space factorizes in the product
of two bare coefficient functions

C*'(N,Q% 0%, e) = CPI(Q%, al, )OI (A(N, @), €, (3.2.12)

where €09 collects virtual contributions, that have Born kinematics (hence, C®9) does not
depend on N), and C®) collects contributions due to real emission. The two bare coefficients
function can be written in power series as

U@ a0 =3 () @mel ), (3213)
n=0
COD RN, Q). 0le) = 3 (k) A2 CM (o). (3:2.14)
n=0

Hence, we can rewrite the anomalous dimension as

2 Ay (N, Q?
Q% as(Q%) =7° (%,%(ﬁ,e) + A1 (( u2Q ),as(uz),e> , (3.2.15)
2 d1n C(0:0)
v @’as(“%) il CALCE (3:2.16)
Ao(N,Q? dlnCcOb
’Yl <(Iu2Q),Oés(#2),6) = _6dnTag(Aa(N7 Qz)a@ls):e)- (3.2.17)

It is important to stress that 4¢ and 4 are not individually finite for € — 0, and thus depend a
priori on the scale u. However, their sum, namely the physical anomalous dimension - is finite
and renormalization group invariant. Hence deriving both sides of Eqf3.2.15| with respect to 1
we obtain

dc 2

;%dgﬁ(%¢mﬁx§=—a%wm, (3.2.18)
dvt [ Al(N,Q?

ting 10 (RS 0. ) = gl (3219)

Here, g(a(u?)) is finite power series of the coupling constant a(u?). Therefore, by solving RGE
for both 7' and 7¢ and by adding the solutions, we obtain the following resummation formula for
the anomalous dimension:

AV, 04(Q8) = ol @) + [

where gg is an analytic function of its argument.
Therefore, using Eq. [3.2.20| for the physical anomalous dimensions that emerge from the RG
argument, we obtain a resummed expression for the coefficient function of the form

2 2 Qg2 [k AN
o (%% 0,0 = (Goau@) e [ 755 [T Sty 2
w

2 2

AZ(N.Q?) g2
O a(0s(k?)) (3:2:20)

where

go(as) =1+ Zgé") (%) ; (3.2.22)
=1

glas) = igi (%)z : (3.2.23)
i=1



3.2. SINGLE-SCALE RESUMMATION 95

We now want to rewrite the resummation formula in an equivalent form, but as we show in
the next sections, that it is more convenient for our aims.
We introduce the standard anomalous dimension v4p, defined by

2
I (Vo) F(V. ). (3.2.24)
Where F, in the inclusive case, represents the PDF in DIS or the luminosity in DY, where by
luminosity we mean the product of the two PDFs of the incoming partons. Obviously, in non-
inclusive cases such as DY and SIDIS, F' is a function of both Mellin variables N and M. For
instance, in the SIDIS case, it corresponds to the product of the PDF and the FF.

Therefore, the anomalous dimension can be rewritten as

2 d N
(@) = e € (Vo). )

= vap(N, as(Q?)) + InC (N, a(Q?),1) (3.2.25)

d
dlnQ?
where, in the second equation we used Eq. (3.2.1)) with Q% = u2.

From the last equation, it follows that the physical and standard anomalous dimensions

coincide at leading order in ag hence at NLO in perturbation theory, but differ beyond leading
order. Then, we now note that

@ k2 @ k2
/ G = /Q , rrar(V, )
+InC (N, as(Q%),1) —InC (N, as(Q5), 1) (3.2.26)

It is thus natural to separate in Eq. [3.2.21] the contribution from the standard anomalous
dimension and that from the coefficient function. To achieve this, we perform the change of
variable A2 = k2 /n and interchange the integration over k% and dn in Eq. [3.2.21

(e <N, 22227&3(13)) _ (as(Q ), )exp{ /Na dn /Q dkfg (avs (ke /n))}, (3.2.27)

hence, from Eq.[3.2.26] we can rewrite the resummation formula as

2 2
Cres <N7 iizv O[S(M2)) = 9o (aS(Q2)7 ffg) X

N dn | e di? )
exp{ [ [ |, S A /m) - Dlan@ /n))”, (3.2.28)

where again A, D are power series in «a,. Specifically, A is the contribution given by the standard
anomalous dimension while D is the extra terms which provide the difference between v and v4p.
Consequently, we have:

Ala) = i A® (Oi) , (3.2.29)

. T
=1

[e.e] .

. (2

Diay) =Y D (22)". 3.2.30

(avs) Z T ( )
1=1

Including the first k£ 4+ 1 terms in the perturbative expansion of A and gg, and the first k& terms

in the perturbative expansion of D, leads to resumattion with N*LL accuracy.
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Finally, we can note that for large = it can be proved [32] that only the diagonal splitting
functions have an enhancement behaviour, and it is given by:

Pi(z) ~ + Bis(1—2x). (3.2.31)

A
(1—x)y
Thus, from DGLAP equations (Sec. A (sometimes called I'*"*P(qay)) is given by

1
vap(N,as) = —/ dz 2V 1P (2) (3.2.32)
0
]\}im Yap(N, o) = TP) (o)) In N + const., (3.2.33)
—00
T(eusp) () = A<1>O‘s +A® ( ) +.. (3.2.34)
T

where P is the splitting function.

As a final step, it is useful to rewrite the resummation formula reported in Eq. [3.2.28 with
one less integration. So, taking the exponential

[l Ea () -2 ()]

//< () L (e () - (9)] -

N dn (97 dg? N qn [# dq Q% dq? 5
/1 n/@'é’ q? -2 e / / —5A(a ))_/% ?D(Oés(q ) =
Q% 342 N® 4 1 Qg2 Q? 342
dg? 2 dn o (M de 2y [© A2 2y _
Jio At / AR M RIS M)
Q? d 2 N¢@ 2 ? d 2
/Q2 qu [A(%(qz))mQ;-’ —D(as(q2))] +lnN“/2 q—qQA(as((f)), (3.2.35)
Na

where in third step we made the change of variables ¢> = k?/n for the first two integral, while
for the third ¢ = Q?/n. Therefore, Eq. [3.2.28 can be written as

2 2
cres (N,%yas(/fo = go (as(Qz) f:) )

Q? d 2 Na 2
exp { /N ra [A(as@?)) In =55 = Dles(e?))

+In N® /u dq;A(as(qz))} . (3.2.36)

2 q

3.2.1 Matching procedure

From Egs. [3.2.36] and [3.2.28] we see that the resummation formula exponentiates the logarithms,
summing them to all orders. What remains to be determined are the coefficients of the power

(i))

series in the exponent, in our notation (A4; and D;), and the constant factors (g,

. To reach
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this aim, we can solve the integrals in the exponential of our resummation formula, then we can
expand it to a fixed order in perturbation theory, for instance at order a.

This computation should yield the fixed-order result (in Mellin space), which must coincide
with the fixed-order calculation of the partonic cross section in the same space in the threshold
limit. By comparing the two expressions, we can extract the coefficients of the power series,
which can then be substituted back into the all-order resummation formula. From Fig. [3.1] it is
clear which towers of logarithms we are able to determine through the coefficient obtained by the
comparison with the n—th fixed order. In particular, from the N"LO fixed order we predict the
towers of logs up to N"LL.

In the next chapter, we determine the coefficients up to NNLL for the resummation of the
SIDIS process.

Now that we have determined how to obtain the resummation formulas, it is important to
note that these formulas are valid only in the threshold region. Outside of this kinematic regime,
we must rely on the fixed-order calculation. To combine both results, we must subtract the fixed-
order expansion of the resummation formula up to the highest order of the fixed-order calculation,
ensuring that these terms do not appear twice, as that would lead to a non-physical result.

3.2.2 SIDIS resummation formulas

In this thesis, for simplicity we work with Q% = ,u% = u%, because the dependence by the arbitrary
scales N%z and p2 can be restored at the end of the calculations through the RGE and DGLAP

equations. Therefore, from Eq. [3.1.16] and from the formula in Eq)3.2.36| obtained for the re-
summation formulas for processes that have a single-scale dependence in the soft-limit, we obtain,

double-soft limit resummation formula:

G (N, M, 0,(@%)) = go (05(@?)) *
Q* qi2 V Tk
p{/ e Ty m M2 —D““(kz””’ 2

k2 Q2

AT
or equivalently using Eq. [3.2.2§]

éres (N’ M, as(Q2)) = 90 (as(QQ)) <
NM n nQ2% 1.2
P {/1 o [/2 Ci€i21‘1(<>4s(1<:2/n)) —D(as(QQ/n))]} . (3.2.38)

n

On the other hand, for the single-soft limits, the behaviour of the resummation formula is some-
what different. In both single-soft limits, we have a single-scale dependence, as shown in Sec.
2.2.1} However, now one of the two Mellin variables is constant, meaning that the coefficients of
the resummation formula must depend on this Mellin variable. Consequently, from the single-soft

scales in Eq. [3.1.14] we obtain,

z-single-soft limit resummation formula:
C™ (N, M, a5(Q%) = go (M, as(Q?)) x

Q? 2 1.2
P {/c;j % [A(M’ as<k2>>1njg‘; — D(M, as(kQ))]} ) (3.2.39)
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or equivalently
Cvres (N’ M’ as(Q2)) = g0 (]\47 aS(Q2)) %
N an nQ? 71.2
xp {/ o [/ AN A(M, o, (8 n)) — DM, as(QQ/n))” , (3.2.40)
1

n 2 k2
2-single-soft limit resummation formula:
O (N, M. (@) = g0 (N, as(Q))

Q? 2 1.2
exp {/QQ % [A(N, a,(k?)) In ]\g’; — D(N, as(k2))]} : (3.2.41)

M

or equivalently
C™ (N, M, as(Q%)) = go (N, as(Q%)) x

M n | @ qk? 2 )
exp{/1 o [/2 ﬁA(N, as(k*/n)) — D(N, as(Q /n))]} . (3.2.42)



Chapter 4

NNLL SIDIS resummation

In this chapter, we derive the resummation formula coefficients at NNLL accuracy for the ¢q
channel of the SIDIS process in both the double-soft and single-soft limits, using the matching
procedure. This channel contains, in fact, the most significant logarithmic corrections.

In particular, in Sec. we report the theoretical predictions for the DY at fixed rapidity
provided by [3] and from then we establish the theoretical predictions at NNLL for the SIDIS
case. After that, we verify explicitly these predictions for SIDIS case, providing for the first time
the single-soft resummation of this process.

4.1 NS transverse coefficient function up to NNLO

For the matching procedure Sec. we need a fixed-order result at NNLO. To this aim,
we use the SIDIS coefficient functions Cy, recently obtained in [26] at NNLO. We note that,
more recently, in [33] they obtained the polarized case and also the same results of [26] for the
unpolarized case at NNLO. As it shown in Secs. and the double- single-soft limits of
the coefficient function are provided by its delta and plus-distribution contributions.

In this section, we report some properties of the distributional behaviour of the coefficient
function Cyy. As shown in Sec. all coefficient functions are split into two contributions,
representing the perturbative contributions to the transverse structure function (Fr), namely
CqTq, and to the longitudinal structure function (F7), namely Cqu. The aforementioned work
provides both Cg; and Cqu.

First, we note that Czﬁz does not contain distributional contributions; therefore, we focus only
on the study of C’g;. Furthermore, as shown in Sec. beyond NLO, C’g; can be split into a
NS and a PS contribution. Again, the PS contribution does not contain any distributional terms.

Therefore, the resummation problem concerns only the non-singlet contribution CqTq up to
NNLO. Hence, the distributional part of the coefficient function can be written as a perturbative
expansion in ag as follows

O

Qs 2
CTd = ) 4 <?) Cham 4 <?) CTANS(2) L O(al), (4.1.1)

where CT"? represents the distributional part of the coefficient function. Furthermore at the LO
from Callan-Gross relation the longitudinal contribution is not present, in particular

0)/a 2\ ~ A
CON(&,2) = 6(1 — 2)8(1 — 2), (4.1.2)
that in Mellin space becomes

» B
CO(N, M) =1. (4.1.3)

99
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_ Finally, taking the mellin-transformation of Eq. in either single- or double-soft limit
CqTq could be expressed as:

~ g\ = g\ 2 ~
Co(N M) = 1+ (22) CRAOW, M) + (22) CLANSON, M) + O(ad), (4.1.4)
C(E(N, M) ~ C’g;l’d(N, M) when either N, M or both approach to cc. (4.1.5)

where N, M are the mellin moments of &, 2 respectively, hence, as £ — 1 then N — oo and
as 2 — 1 then M — co. We remember that C7 is the Mellin transformation of the coefficient
function €T, then CT¢ is the Mellin transformation of the distributional part of the coefficient
function. Finally, as it shown in the next section, we observe that the single-soft cases the
coefficient function needs a further modification.

In order to provide the Mellin transformation of the distributional part of the coefficient
function we extracted them from the contributions to the coefficient function at NLO Cg;’(l)

at NNLO C’;’;’@) provided in [26]. In this manner, we have also showed that C* and CTS do not
contain any distributional contribution.

Therefore, we derived the Mellin transformation of the distributional contributions of CT
using the Mathematica package MT in particular its function MTMellin (for the package usage see
[34]). Consequently, we proceed to compute their asymptotic behaviour in single- and double-
soft limits. As shown in appendix the Mellin transformation of the plus distributions that
appear in the QCD coeflicient functions leads to harmonic sums. Hence, to treat the asymptotic

and

behaviour in Mellin space of the coefficients functions C’gzj M and ég:i @) we used the Mathematica
package HarmonicSums, in particular its function SExpansion (for the package usage see [28]).

4.2 Theoretical predictions at NNLL

In this section we provide a theoretical prediction for the SIDIS resummation formula at NNLL
in both double- and single-soft limits based on the result provided in [3] for the DY process at
fixed rapidity. We anticipate that the goal of the next sections is to verify these predictions,
consequently providing for the first time the asymmetric resummation for the SIDIS process. For
the DY we follow the notation introduced in Eq. in Mellin-space we associate to the &
variable the moment IV, while to the variable o the moment M.

As it shown in [3] and [4], and as we verify explicitly in the next chapter, in the double-soft
limit at NNLL the resummation formula for both SIDIS and DY at fixed rapidity in Eq.
becomes

él(]i;’T (N7 M, aS(QQ)) = 90,(ds,qq) (as(QQ)) X

@ k2 NMEK? 2 a2(k?)
exp {/Qz 7z [AQQ(as(kQ))ang - DY 3 } , (4.2.1)
NI
where with the subscript ds we mean double-soft and A is the cusp function, then
2 3
_ 1) %s 2) O 3) Qs
Agglas) = AT+ AP A= 1 (4.2.2)
and
_ 1n QA (2 Qs 2
907(d87qq)(a8) =1+ 90,(ds,qq) . + 90,(ds,qq) ( - ) +... (4.2.3)

Therefore, in double-soft limit the Dy term vanishes. In the next section, we verify up to a2

that the coefficients A, are the coeflicients of the cusp, and we obtain the explicit expression for

2 (@) (2)
Dyq 190, (ds,qq) and 90,(ds,qq)"
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The work in [3] also presents a resummation formula for the DY process at fixed rapidity
up to NNLL. Specifically, this resummation formula using the soft-scale of the double-soft limit
taking one of the two Mellin variables as fixed produce both the double- and single-soft limits.
In this manner, one can obtain the double-soft coefficients simply by sending the fixed Mellin
variable to infinity.

This result is derived in [3] by translating a previous finding obtained within the framework of
Soft-Collinear Effective Theory (SCET) [35] into QCD. However, explaining how SCETs work is
beyond the scope of this thesis, but an introduction to the topic can be found in [13]|. Therefore,
we directly report the translated result. For instance, for the &1 —single-soft limit we have

: : o dk? N MR
Ct?qCETT (N, M, as(Q%) = H (as(Q%)) exp {/92_ §5a [Fcusp(as(kz))ln o2

qq T T

~pon2 ) (b —msuron + 2P n) =L
(4.2.4)

where, taking the space-like splitting function P4, we define, with a slight abuse of notation,

1
Pyg(M) = /0 Ay’ Pyg(#2) (4.2.5)
2
Qg fo%s
Pyg(M) = Pg)— + Py == + ..., (4.2.6)
Pq(é)(M) :qu(M)_A}iinoopqq(M)a (4.2.7)

whereas the prefactor H is given by

A O Qg
=1+ gg}gds’qq)? +F(M)= +0(). (4.2.8)

Thus, it is straightforward to generalize the double-soft result in order to match the SCET result.
In fact, we can do it simply writing

CeEnT (N, M, s(Q%)) = g8 (M, a5(Q%)) x

@ k2 N2
o { Jor = [Aqq<as<k2>>ln g7~ D, as<k2>>] , (4.2.9)
Q2
where
en en, (1 O en, (2 s\ 2
Gogy (M as) = 1+ gﬁ,qq( )(M)? + g%,qq( (a1) (;) + O(a?) (4.2.10)
gen _ peen(D) % 4 peen,(2) @s)? 3
D (M, o) = DD (M) == + D) (M) ( 77> +0(ad) (4.2.11)
and
bitasigq) = Ian (M) = Hy = golly. o+ F(M) (42.12)
g(),(ds,qq) 90,94 =41 gO,(ds,qq) ’ e
1 en >
DY), = DEMO (M) = PO (M), (4.2.13)
DY = DERD(M) = D) — mByF (M) + P (M) (4.2.14)



62 CHAPTER 4. NNLL SIDIS RESUMMATION

In particular

F(M) = 13,1(2)(M) In M + other terms, (4.2.15)
lim F(M)=0, (4.2.16)

M—00

Y Fig (M) =0, (4.2.17)
. gen,(2) (2

A 900 (M) = 90 (ds0) (4.2.18)

the complete definition of F'(M) for the DY at fixed rapidity is given in [3|. In the next sections,
we provide the complete F'(M) function for the SIDIS case.

In DY at fixed rapidity, the Z1- and Zo-single-soft cases are identical since both variables are
the scaling variable of a PDF. Consequently, the splitting functions appearing in the resummation
formula are space-like in both cases. Therefore, changing M with N into the Eq. [£:2.9) we obtain
the resummation formula in the Z9—single-soft limit.

On the contrary, in the SIDIS case, the behavior in the Z- and Z-single-soft limits differs: &
is the scaling variable of a PDF, while Z is the scaling variable of a FF. Therefore:

e Z—single-soft limit: we need to use the time-like splitting function P(;,Tq’NS(,%) in Mellin space;
e Z—single-soft limit: we need to use the space-like splitting function Pé\;s (z) in Mellin sapce.

It is important to note that in the notation of [26] the NS contributions that into account all
the contributes ¢ — q. Therefore, it also considers diagrams of the type ¢ — qqg, where there
are two quark lines of the same flavour and one tags a ¢ from one line and a ¢ from the other.
These terms in double-soft limit vanish, but in the single-soft limit they are still present. In this
case, we cannot use the P, splitting function in order to predict the soft corrections due to these
diagrams, because we are considering only the case where we have only one fermion line. So,
to verify our theoretical predictions in the single-soft limit we have to subtract them from the
coefficient function Cyq.

Finally, we observe that in Eq. [£:2.9 we present the resummation formula for the single-soft
case of the DY process at fixed rapidity, which, with the above considerations, also applies to the
SIDIS case. However, we used the soft-scale of the double-soft limit, namely Q*/(NM). Thus,
in Eq. the exponential also resums the In M terms, which are not large. In fact, when we
expand the resummation formula, these terms must vanish. It is now clear why we use P instead
of P: we need to subtract the logarithmic terms that are not large in the single-soft limit. Indeed,
as shown in [3], if we use the scale Q?/N instead of Q%/N M, the resummation formula takes the
form of Eq. but written in terms of the splitting functions without the constant terms and
the function F'(M) without its logarithmic contributions.

4.3 Resummation formula expansion

To verify the theoretical predictions at NNLL from the previous section, we need to extract
the coefficients of the resummation formulas through the matching procedure. This requires
comparing the resummation formulas expanded up to NNLO with the soft-limits of the coefficient
function, also computed up to NNLO. Here, we provide the expanded expression of the SIDIS
resummation formulas obtained in Sec3.2.2

We start with the expanded expression for the double-soft limit. We take the resummation
formula as in Eq. Firstly, we rewrite the first integral using RGE equation for the strong
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coupling as

Q% k2 as(Q*/n) g,
= as(k?/n) = — 4.3.1
/an e = [ e (43.1)

with o = as(Q?) and

Bla) = —a? (Bo + Bra + Bra? + O (oz?’))
= —a?b (1 +ha+ba?+0 (a3)) . (4.3.2)

Where bg = 5y and for i #0 b; = %. The values of 8 up to k = 2 are given in appendix.
Whereas the second integrand can be rewritten with the following change of variables

MN dn 1 1-X
—=— dl 4.3.
/1 n bocs ~/1 7 ( ’ 3)
with
l=1-bpasln(n), (4.3.4)
A = boas In(NM) . (4.3.5)

We can apply this change of variable because, by using the RGE, the solutions of a(Q?/n) are
functions of ay and [; see Appendix [B| for the solutions up to third order. Hence, we can write
as(Q2/n) = as(1).

At NNLL we need to expand A and gg up to order 3 and D up to order 2, hence the
resummation formula becomes:

ConT (N, M, g (@2)) = (1+ 98" Vs (@%) + 6P 0 (@%)?) x

1 1-X as(l)
exp{ — / dl/ da
bOOéS 1 Qs

AP 1 AP a
+ +
7T2b0 1+bia+ b2042 7T3b0 1+ b+ b2042

/ o ap® W, pe <a5(l) ) 2} +0 () . (4.3.6)
1 m T

AW 1
mhy o + bra? + byad

+bga8

Then, we perform the integrations in the exponential up to order «; obtaining
A (1 (2
ng&T (N, M, QS(Q2)) _ (1 +ggq( )Oés(QQ) +ggq( )as(Qz)Q) %

exp (Ofsgm L0+ 045930\)) 1 O(d) (43.7)
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with
AW
g(A) =LA+ (1-NIn(1-2N), (4.3.8)
b
Aty : Ag)
g2(N) = o2 (2X +1og?(1 — A) +2In(1 — X)) — wag(A +log(1— X))

DY (1 — \)
+
7Tb0

(12 2
g3(N\) = _Aaly ()\ + 11112(1 —A)+Aln(1 - )\))

Combh(1-A)\ 2 2
ADb, A2
_ L0122 (1o0(1— A) — Mog(1 — A) — 2> + A
a2 (log(1 =) ~ Alog(1 =) = 5 +)
AP N2 AP N2
~ DOl (N b log(1—A) ) 4o
T22(1— \) ( g A+ logl >> TR

o . oW
m2bo(1 —A)  who(1 —N)

(A + by In(1— ). (4.3.9)

we note that the functions g;(\), g2(\), and g3(\) are identical to the ones appearing in the
exponent of the resummation formula used in [4].

We now expand Eq.(4.3.7) up to order a2, therefore:

s

~ Qs
Cip T (N M. (@) 1+ 2 (24122 = 2D1L + 1)
2
4
+ 2 <2A%,c4 + S Ao L8 — 441Dy L8 + 2410012
T

+2A45L% — 2wbo Dy L2 + 2D2L% — 2Dy g\ L — 2DyL + gém) ’
(4.3.10)

where for simplicity we omitted the gg index in resummation coefficients and we remember that
L= 3(InM +1InN). Hence, in order to extract the resummation coefficients in the double-soft
limit we compare the Eq. with the fixed order result.

We now proceed to obtain the single-soft resumattion formula expanded up to o2. If we want
to use the scale Q?/(N M) the expanded expression is simply given by [4.3.10| with In M and In N
written explicitly. Then, for instance, in the Z-single-soft limit, where, for simplicity, we again
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omit the gq subscript and the M dependence in the coefficients, we obtain:

CEZS’T(N’MaOZs(Q )) Nl—i-( Alln M — DllnM—}—gé)

~ _ A In2 N
+InN(A;InM — D) + 1;)

a? A% In* M ArByln® M A D In®* M
2 t -
s 8 6 2

1 _ _
+Alg((] ) In2 M n Ayln® M

2 2
ﬁoﬂ'Dl ln2M D2 IHQM 1 — — 2
- 5 + S~ Dig n M — DyIn M + gy

1 _ 3 _ §
+InN [2/@ In® M — Z A1 D1 In* M + Arg{V In M + Ay
v 29 71 1
In M + D3In M — DygS — Dy

1 _ _
+§A17r50 In?2 M — ByrD; In M}

(1) 2
+ ln 3A21 2 — §1411)1 In M + Algo —+ é &
2 2 2
+1A1,807T lnM — M
2 2
214 A7
T3 N < A2In M — A12Dl + Alg“”) LA 1;1 N} . (4.3.11)

Noting that the various coefficients in the above case are functions of the Mellin variable M, then
the Z-single-soft limit is analogous; we simply need to exchange N and M.

Finally, if we express the single-soft limit using the correct scale, namely Q?/N for the -
single-soft limit and Q?/M for the -single-soft limit, the procedure is the same. We simply need
to make the following re-definition in the calculations above

e )\ = by, ln N for the £—single soft case;
e )\ = bypasIn M for the Z—single soft case.

Therefore, for #—single-soft the resummation formula in Eq. [3.2.39] expanded up to a? becomes

CosT (N, M, 05(Q%) =1+ 2 < A1l N — DyIn N + g >>
O‘? (2) = (1)
+-5 (97 +mN (=Dig" - D)

— Alg(l) A2 b07TD1 D2 Alﬂ'bo A1D1
In? N 0 = In3 N -
o ( 5 T 5 T |7 6 2

+A% ln4N}

g (4.3.12)
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As in the previous case, the Z-single-soft limit is analogous; we simply need to exchange N and
M.

4.4 Double-soft limit

In this section we derive the resummation formula at NNLL accuracy for the gq channel of the
SIDIS process in the double-soft limit.

This goal has already been achieved in previous works: at NNL accuracy in [36], at NNLL
in [29], and more recently also at N®LL in [4]. However, there is a substantial difference between
the procedure followed in those works and ours. Because, in the aforementioned works, the
resummation coeflicients were extracted through a matching procedure based on the conjecture
proposed in [37], which suggests that the SIDIS process is the crossed version of Drell-Yan, a
statement that we have proven in a more rigorous manner in Sec. Consequently, according
to this correspondence, the SIDIS coefficient functions are derived from the Drell-Yan results,
that is from C(]]%Y we obtain ngIDIS. Instead, we directly use the SIDIS coefficient functions up to
NNLO, as we mention in the section[d.1] Hence, we have a validity check for both the resummation
formalism introduced in the previous chapter, and for the crossed-process correspondence. After
this check, we can use the resummation formula obtained by the RGE argument and the crossing
correspondence to study new cases of interest for SIDIS process, namely the single-soft cases.

As it shown in the previous section, the integration in the exponential of the resummation
formula leads to the same result of [29]. So this check the validity of our resummation formula.
Otherwise, one can see that the resummation formula written as in Eq. is the same
resummation formula used in [29] and [4].

We observe that the coefficient functions provided in [26] are expressed in terms of 0124, Ca,
and Np, where C4 = 3 and Ny represent the number of colors and the number of active flavors
in QCD, respectively. Once we obtain the asymptotic expression of the Mellin transform of the
coefficient function in the double-soft limit—using the computational tools cited in Sec. [{.I}—we
rewrite this limit in terms of Cp = TR%, Ca, and Np, where TR = 1/2 and Cp = 4/3 in
QCD. this choice explicitly highlights that the resummation terms As are the coefficients of the
perturbative expansion of the cusp function.

Therefore, by performing this transformation and comparing their results with ours, we find
full equivalence between the results directly obtained from the SIDIS coefficient functions in our
case and those derived by exploiting the crossing symmetry of the Drell-Yan process in |29].

Hence, the final step is the matching between resummation formula and the fixed order result.

At NLO, in the asymptotic limit we obtain

3 2 1 1
CLW = Cp {2£2 + % - 4} +0 <N> +0 <M) : (4.4.1)
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While at NNLO, in the asymptotic limit we obtain

CENS(2) (N, M) = 203L* + 4CpLP (gb())

2 2
2 g4 67 _ 7V, 22
+ CpL [CF< 8 + 3>+ <18 6>CA 9Nf:|

101 7 14
+ CpL |:<27 — 2§(3)> Cyq— 27ij|

1535 572 7xt 151
+CrCa [‘192 BT T 364(3)}
127 w2 ((3) 1 1
+ CrNy |:96+24+18:| +O<N>+O<M> . (4.4.2)

Up to order (%)2 the resummed coefficient function is provided by Eq. 4.3.10, at NLO the
coefficient is:

CITW) (N, M, a,(Q?)) = 241 L% — 2D1 L + g5, (4.4.3)
and by comparison with Eqs. we obtain

Al =Cr, (4.4.4)

DY =0, (4.4.5)

g(g,l()ds,qq) =Cr <7;2 - 4) =Cr(¢(2) —4), (4.4.6)

where ds means double-soft. Hence, at order o using D; = 0 we remain with

. 4
CITR) (N, M, 0s(Q?)) = 243 + 5Ambob” + 24168922 + 24,02 — 2Dy + g8

(4.4.7)
and by comparison with Eqs. we obtain
A2 =Ly ng - 7:) Ca-? f} | (14.8)
Ky = O [~ T = B 2 <00)]
L CrCa [—1155’25 - E’f; + ;;T; + 1;61«3)}
+ CpNy [19267 + ;Tz + CS)] . (4.4.10)

Obviously, the resummation coefficients are the same of [29], except for a factor of 1/2 in the
term Ds, as in their case the resummation formula includes a 1/2 multiplying the D terms.
Furthermore, we note that the coefficients A are the coefficients of the cusp. In conclusion, we
have proved the validity of the theoretical predictions given by Eq[4.2.1]
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4.5 Single-soft limit

In this section, we present the novel contribution of this thesis, specifically, the single-soft coef-
ficients up to NNLL for the SIDIS process in the gg-channel. Since the coefficient function in
the single-soft limit contains significantly more terms than in the double-soft case, it is useful
to introduce a convenient notation. We observe that, in the limit where one of the two Mellin
variables approaches oo, the coefficient function can be rewritten, e.g., in the z-single-soft limit,
as follows:

Qs

(N0 = 1+ (22) (w2 N AP () + 1 N A (M) + 60 (1)

s

+ (a—)z (1n4 N (M) +1n® N2 (M)

s

+1n? NP () + NP () + £ ()

+0(;)+0<L>+Om®, (45.0)

where fi(j ) (M) is a function only of the Mellin variable that does not approach oo, where 7 denotes
the power of In N and j denotes the order of the perturbative expansion. The Z-single-soft case
is entirely analogous; it suffices to exchange the roles of N and M.

The functions fi(j ) are listed in Appendix @Furthermore, as before they were obtained using
the packages [34] and [28] by applying the computational methods described in the previous
sections,

Finally, we observe that the functions f(gi) contain the constant terms. In particular, in the

Z-single-soft limit, they include all terms of the form §(1 — &) {ln&(i;)’g)kr, d(1—2)6(1—2), as well

as the constants that arise when taking the asymptotic limit of the Harmonic sums with respect

to N. Whereas, the other functions f]@ arise from the 0(1 — 2) contributions and the mixed

contributions showed in Sec. Obviously, the functions f]@ are different if we take either the
ZT—single-soft limit or the Z—single-soft limit.

4.5.1 Zz-single-soft

Firstly, we consider the case with the scale Q?/(NM). As we done in the previous section for the
double soft case, taking the resummation formula expanded up to o? as in[4.3.11| and comparing
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it with the fixed order expression expressed as in we obtain the relations:
=27V (M), (4.5.2)
Dy(M) = —fP (M) + Ay ln M (4.5.3)

A _
95i2a(M) = £ (M) + Dy (M) I 31 — £ W1 (4.5.4)
A2

e -2 =o, (4.5.5)

A1b DA A? _

FP0ry - 2200 2 A =0, (4.5.6)
6 2 2
D, A D2 ApgV
Ap(M) = 2P (M) - 2 (—bm; Ly 1;’0”1 M4+ =y 1;10
3 3,
*§A1D1 lnM + ZAl h’lM 5 (457)
- A
Dy(M) = —fP (M) + <—b07rD1 In 07+ 1007 2 gy DigV + AyIn M + D?In M
_ | _
+ 4190 In M — %AlDl In? M + 341 In® M) (4.5.8)
9 9 A2In* M AmBoln® M A D In®M
g (M) = 17 (M) - ( Fg—+ -
8 6 2
Alg(()l) M  AsIn®>M
+ +
2 2
Diln*M  Dim*M _ _

_bom 12n + =1 121 —Dlgél)lnM—DglnM> : (4.5.9)
for simplicity we omitted the g subscript and the M dependence of the coefficients. Then,
computing the above relations one obtains the single-soft coefficients

A =CF, (4.5.10)

1 67 w2 5

A2 L br_ 1 2N 4.5.11
4 QCF[<18 6>CA 94’ (45.11)
1 _ pO),T

DW(M) = POT (M), (4.5.12)

2)

D@ (M) = DY) —mhoF (M) + PLRE(M), (4.5.13)
1 1 1 - 1 - 1

i2g(M) = 9810 oy + FOM) = £ (M) ® 8 — 1V (M) I M + £V (M), (4.5.14)

gien (M) = [P (M) it 31 = (P (M) W 3 4 1 (M) 1 1

— Pnmar+ 1P ). (4.5.15)
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with

F(M)ZCFIHM<1I1M—|- Sl(M)>+;CF (SI(M)2—1n2(M))

2M2 +2M

Cr(2M? — M —1)
2M2(M + 1)2

CrS1 (M)
S O2M(M+1)°

+ gCF (So (M) —¢(2)) (4.5.16)

where S; are the harmonic sums, while the time-like PTs are expressed in an explicit manner in
the appendix [C] Therefore, we have verified the theoretical prediction for the SIDIS process as
reported in Eq.

In particular, we have confirmed that by substituting the coefficients above into the expression

[4.5.1) and taking the asymptotic limit for the variable M, we recover the double-soft limit. In
other words, we find the coefficient function in the double-soft limit as given by Eqs. [£.4.1] and

In fact, the coefficients in Eqgs. [4.5.10 taking the asymptotic limit for M reduce to
the double-soft coeflicients.

Whereas, using the scale Q?/(N). Following the previous steps, but now taking the resum-
mation formula expanded up to a? as in |4.3.12| we obtain the following resummation coefficients

AY) =Cr, (4.5.17)
AP = %C’F K?; - 7;2) Cp— ng} : (4.5.18)
DY (M) = PO (M), (4.5.19)
D@ (M) = DY), — wBoF (M) + PG (M) (4.5.20)
96.90(M) = 960 00 + FOM) = f57 (M), (4.5.21)
G0y (M) = 157 (M) (4.5.22)

where F (M) is the non-logarithmic part of F'(M), while qu(’l,(i) is simply the Mellin transform of
the time-like splitting function at order ¢ without the constant terms.

As a final check, we have shown that the resummation formula with the scale Q%/N and the
one with Q2/NM, using the respective coefficients reported above and their expansion up to

a2, namely Eq. [4.3.12/ for Q?/N and Eq. [4.3.11] produce the same result. Therefore, the two

R
resummation formulas are equivalent.

4.5.2 Zz-single-soft

In this section we provide the resummation coefficients for the Z—single-soft limit. Since the
methods used to find the coefficients through the matching procedure with the fixed order are the
same explained in the previous case, we only report the final results. Using the scale Q*/(N M),
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we obtain
Af) =Cr, (4.5.23)
AQ) = %C’F K?; — 72:) Ca— ng} : (4.5.24)
Dt(z}z) (N) = Pq(s,)]vs(N) (4.5.25)
D@ (N) = DY) — o F(N) + P o(N) (4.5.26)
Bi2(N) = G5 450y + FON) = S (V) 102 N — (NI N + f§D (), (4.5.27)

G2 (M) = FP (Nt N — D (V)18 N + 2 (N)In? N

— (NN + 2 (V) (4.5.28)

with

F(N) = Cpln N <lnN + _ Sl(N)> + Lo (2 - 102 )

2N? + 2N

- Sifi(gj)v ff;ﬁfﬁ B + %CF (€(2) = S2(N)) (4.5.29)

where 5; are the harmonic sums, while the space-like Ps are expressed in an explicit manner in
the appendix [C]
Whereas, using the scale Q?/N we obtain

AY) =Cr, (4.5.30)
A = %CF K?; - 7;2) Ca— ng} : (4.5.31)
D\V(N) = PO(N), (4.5.32)
DP(N) = DY)~ mBoF(N) + Plyks(N), (4.5.33)
120(N) = G5 0y + F(N) = [V (N, (4.5.34)
oy (N) = f§2(N) (4.5.35)

where F(M) is the non-logarithmic part of F (M), while ]511(2) is simply the Mellin transform of
the space-like splitting function at order 7 without the constant terms. Furthermore, as we done
in the previous case, we verified that the resummation with the scale Q?/(NM) is equal to the
one with the scale Q?/M, and we have also checked the correct reduction to the double-soft limit
case.



72

CHAPTER 4. NNLL SIDIS RESUMMATION



Conclusion

In this thesis, we have studied the SIDIS process, focusing specifically on the resummation of
soft logarithms in the threshold limit. In particular, we have analyzed two distinct threshold
regions: the double-soft limit, which corresponds to the elastic configuration where there is no
momentum exchange between the incoming and outgoing partons, and the single-soft limit, which
occurs when either the incoming or outgoing parton carries a fixed longitudinal momentum while
the transferred momentum approaches its minimum value to allow this configuration. These two
configurations correspond to the limits Z,2 — 1 and either &£ — 1 with fixed Z or 2 — 1 with
fixed Z, respectively. In particular, the single-soft case is the novel result. The peculiarity of the
asymmetric case is that, compared to the double-soft case, it also predicts all the next-to-leading
power (NLP) corrections to the enhanced logarithms that emerge in the threshold limit.

Specifically, through a phase space argument we have verified that in both limits the coeffi-
cients function dependence is given in terms of a single soft scale, which is Q?(1 — #)(1 — 2) in
the double-soft case and either Q?(1 — &) or Q*(1 — 2) in the single-soft cases. Which in Mellin
space becomes Q?/NM and either Q?/N or Q?/M. This result is completely analogous to the
one obtained in the threshold limit for the DY at fixed rapidity [3], thereby showing the corre-
spondence of the two process in the threshold limit. Thus we have obtained the resummation
formula and its theoretical predictions for the SIDIS from the DY case [3]. Then through the
fixed order results up to NNLO provided by [26] we have obtained the resummation coefficients
up to NNLL in both soft limits for the NS case of the gg channel finding a perfect agreement
with theoretical predictions.

A natural subsequent application is to extract from these results the first NLP corrections,
namely soft logarithms suppressed by a factor N or M, in order to verify the predictions for this
case established in [4]. Furthermore, as we have shown in Sec. in the single-soft limit for the
qq channel we have subtracted from the NS coefficient function terms which are represented by
the diagrams of the type ¢ — ¢qq, where there are two quark lines of the same flavour and one
tags a g from one line and a ¢ from the other. Therefore, a possible future development is to
understand how to incorporate these terms into the resummation formula.
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Appendix A

Analytic tools

A.1 Laplace transform

The Mellin transform is a specific case of the Laplace transform. Therefore, we begin by introduc-
ing the definition of the Laplace transform and some of its properties, which are also applicable
in the Mellin case.

Def A.1. Given a function f(t) with t € [0, 00| its monolateral Laplace trasnform is defined as
follows:

fls) = £lro)e) = [ dte 10 (A1)
The inverse of the monolateral Laplace transform is given by
0= £ = 5 [ s (A2)

From Eq.(A.1) it follows immediately that if f(t) is a real function, then f(s) is real, hence
we have the relation:

f(s") = f(s)", (A-3)

where * indicates complex conjugation.

A.2 Mellin Transform

The SIDIS coefficient functions dependence is given by the scaling variables z, z € [0,1]. When a
function is defined in the range [0, 1] the Laplace transform can be reduced to a Mellin transform
through the change of variable x = e™t

Def A.2. Given a function f(x) with x € (0, 1) its Mellin Transform is defined as follows

5 1
FN) = MIF(2)])(V) = /0 N f() (A4)

Obviously, here we only renamed s as N, and then the inverse of the Mellin transform ac-
cording to Eq.(A.2) is given by

_ 1 c+ioo _
fO = MUFN0 = 5 [ ana V) (A5)

211 —i0o
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Like in the Fourier and Laplace transforms exist a convolution product which factorize under
Mellin transform, this convolution is defined as follows

(o9 = [ dyf (g <‘;>
= /Oldy/o1 dzf(y)g(2)d(z — y2), (A.6)

and it can be extended to the many function case

(L& fo)z /dy1 /dynfl ) Fa(n)0(E = 11 y) . (A7)

And from the second form of the convolution product we can note that g ® f = f ® g. Under
Mellin transformation, as we expect, the convolution product factorize

M[f @ g|(N /dZL‘ZL‘N 1/ dy/ dzf(y )o(z — y2)

A.2.1 Plus distribution

From the cancellation of the collinear singularities in the coefficient function, plus distribution
terms emerge. The plus distribution is defined as follows:

1 1
/dZ[f(Z)]+9(Z)E/ dzf(2)[g(z) — g(1)]. (A.9)
0 0

Hence, from the definition, we obtain the following useful property

1
/0 dz[f(2)], = 0. (A.10)

Furthermore, an equivalent definition for the plus distribution is provided in terms as the limit
of a class of distributions:

= tim (60— = ar) =00 -2 [ aurt] (A1)

where the limit is performed after the integration over the test function g(z).
Plus distribution arise from d—dimensional regularized calculations from the identity

e = 0@ - <1>+ + € <1”>+ +O(e?), (A.12)

€ x T

for divergences in & = 0 or equivalently exchange x with 1 — x for x = 1. The above identity can
be derived acting on a test function g(z) as follows

[ a g = [ aw eyt - g0 + 20
0 0

€

- [t 0] o) - g0 + 22

SR ORECRE

(1 _ :i')_l_e _ M + i lei |:1nl(1_xi.):|+ , (A.14)
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A.2.2 Harmonic sums

In Sec. we have shown that the Mellin transformation of a plus distribution can be expressed
through polygamma functions 1)(Js. These functions can be viewed as the analytical continuation
in the complex plan of the harmonic sums, this fact is showed in 28] and [27]. Here, we report
the definition of the harmonic sums in order to introduce the notation for the results in the next
appendices. A generic harmonic sums is defined as

_ sign(a1)”  sign(ag)™
Sayar (N) = > Tl ol (A.15)
k

N>ii>io>>i>1 4

where k is called the depth and w = Zf:o |a;| is called the weight of the harmonic sum Sg, . 4, -
For instance, we report the explicit expression for the harmonic sums that appear more frequently
in the calculation of the double- and single- soft limits, namely k = 1,w =4 >0

M1
Si(N)=>"—, (A.16)
=17
then
N Yo
SIN)=> "= S(N)=) —. (A.17)
=7 =17

In particular at large limit N we have

SUN)=InN +0 (;) SN =" 40 (1) . (A.18)

For completeness we provide the relation with 1(© and () polygamma functions [27]

S1(N) = O (N +1) + 7z, (A.19)
So(N) = —pW(N +1) +¢(2). (A.20)

where ((i) represent the Riemann function evaluated at the point i, while vg is the Eulero-
Mascheroni constant.
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Appendix B

Running coupling and § values

We use the following expansion of the running strong coupling

as(,u) _ aS(MR) |:1 B Oés(,UR) by In(l)

l l

2
A
+< (l“R)) (b (In*(1) —In(l) +1—1) —bo(I — 1)) | + O(ews(per)), (B.1)
where
12
I = 1+ boas(ur)In—, (B.2)
HR
and
ﬁ—i(nc 2Ny) ,B—L(wc? 5CaNs — 3CrNy)
0 — 127 A ) 1= 247_[_2 A ALV f FiVf)
1 2857 . 1415 , 205 9 79 o 11 9
= — (22008 - 2202 N, — S2CuCENy 4+ C2Ny + —CuN? + —CpN
bz 647T3< 51 A~ gy Gl = g CalrNy + CpNy + 5 CaNy + 5 Cr Ny |
(B.3)
with Ny the number of flavors and
C—Ng_l—ﬁ Cir=N.=3 (B.4)
F= 9N, T3 AT Tem '
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Appendix C

NLO splitting functions

Here we reports the NS splitting function space-like and time-like up to NLO.
o g\ 2
Prg= 2P + (?) PO 4+ 0(a?) (C.1)
Note that at leading order, the time-like case and space-like case are equivalent. Then, from [5]

x2
P = PO = |15+ S -] €2

that in Mellin space becomes

Cr [3 1
(0) e o T S
qu (N) 5 [2 + NN+ 1) 251(N)} , (C.3)
therefore
. _ 1
0 _
pq(q>(N) =CF (lnN + ONZ 12N Sl(N)) : (C.4)

At NLO the difference between the NS singlet space-like splitting function and the NS time-like
splitting function is given by [38]

1) 1 1 1
A ns(@) = ECF <<—32 [1 — x} . + 162 + 16> Hio(z) + (—32 [1 - x] . + 247 + 24> Hoo(z)

+Hy(x) <_32 [1:@] . + 162 + 16> + Hoy(z) (24 Ligj . —4dx — 20>> ;

(C.5)
which in Mellin space becomes
AD (V) = 2 (2N +1)S1(N) | (3N?+3N +2) S(N) (3N +3N +2)¢(2)
49.NS F\ 7 N2(N +1)2 2N(N +1) IN(N +1)
6N3 +9N2 + 7N +2
A T+ SIY) — 2815 ) (©.6)

81



82 APPENDIX C. NLO SPLITTING FUNCTIONS

Whereas, the space-like splitting function in x space provided by [5] is

Pq(;,)Ns(x) = i (C% <<2H0(9C)H1(90) - 3H;(x)) <2 [ ! L —x— 1) - %(:c + 1) Ho(z)%—

1—x
<7‘” + 2) Ho(z) — 5(1 — :):))

2
+CpCy ((;Ho(m)z - 11[?(”@) - 7;52 + f;) <2 L i xL —x— 1)
o)+ 0=2)
+%CFNF <<—§H0<m) - 190> (2 L i QJL e 1) B 4(13-@))
+ 35(1 — ) <c,% <6¢(3) + g - ”;) — CpCiy (—34(3) + % + 117:)
—joene (3+20)). (©1)
then
Paaks(®) = Pls(0) + i (@) (C)

Whereas, the space-like splitting function in Mellin space becomes

PO vy =2 (- (2N +1)S1(N) (3N 43N +2) S5(N) N (BN?+3N +2)¢(2)
geNSVE TR 2N2(N 4 1)2 AN(N +1) AN(N +1)
3N3 4+ N2 -1

+m —((2)S1(N) + S1(N)S2(N) + S3(N) — C(B))

1IN?2 +5N -3  5S51(N)  So(N) ((2)
+CrNF <_ NN T 18 6 6
(11N? + 11N +3)¢(2)  151N* + 236 N> + 88N? + 3N + 18
+CrCy | — 4
12N(N +1) 72N3(N +1)3
1 67S1(N)  118(N)  S3(N) = ¢(3)
+§§(2)81(N) 2 + B 5 + 5
1 2 3 7'['2
+3 <CF <6C(3) +3- 2)
wen (3@ + T T L1 2y oy (C.9)
FA 24 " 18 2\6 9 ) :
then
PURG(N) = PLG(N) + AV G(V). (C.10)
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In conclusion we provide the explicit form of the P splitting function in both cases:

A1) B (2N +1)S1(N)  (3N?43N +2) S3(N)  (3N?+3N +2)¢(2)
Pans) = Cf <_ IN2(N +11)2 B AN(N +1) * AN(N +1)

3N3 + N2 -1

+m —((2)S1(N) + S1(N)S2(N) + S3(N) — C(B))

5InN  11IN?2 45N -3 55 (N) Sa(N)  ¢(2)
Ne [ — _ _
+Cr F( 8 BNENLD? 18 6 )

1 _ 67InN  (1INZ2+11N +3)((2)
+CrCa <_2C(2) A 12N(N +1)

151N + 236 N3 4+ 88N?2 + 3N + 18
T2N3(N +1)3
_OTSIN) | LLS(N)  Ss(N) L ¢(3)
36 12 2 ’

+5C2)51(N) (C1)

while, the time-like is

5 (1), _ (2N +1)S1(N)  (BN? 43N +2) S3(N)  (3N?+3N +2)((2)
Pia"" () _C%< NN TIE T NI N
3 2
R (IS ) = SUN)SN) + $1(N) ~ ¢(3))
5InN  11N?2+4+5N -3 55 (N) Sa(N)  ¢(2)
+CFNF<_ 18 36N2(N +1)2 s 6 " 6)

1 _ 67InN  (1IN?+11N +3)((2)
+CrCa <_C(2) N+ =5 12N(N 1 1)

2

151N* + 236 N3 + 88N?2 + 3N + 18
72N3(N + 1)3
_ 6751(N) N 11S5(N)  S3(N) | ¢(3)
36 12 2 2 )

+5C2)51(N) (C.12)
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Appendix D

Coeflicient functions in soft limits

D.1 2 single-soft limit

We report the coefficient function C’g; in Mellin space and in the & single-soft limit using the

notation of Eq.(4.5.1]).

NLO results

2 (M) =~ (D.1)
2
AP (M) = Gy <51(M) - 4J\42+4]\4> (D.2)
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We report the coefficient function Cg; in Mellin space and in the 2 single-soft limit using the

notation of Eq.(4.5.1)).
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NLO results
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