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Abstract

This study investigates incoherent diffractive production of two and three jets in photon-
nucleus deep inelastic scattering (DIS) at small x,; within the color dipole picture and the Color
Glass Condensate (CGC) effective field theory. By incoherent, we mean that the nuclear target
breaks up due to color fluctuations in the CGC weight function, which are the source of the
associated momentum transfer /|¢|.

Our focus is on the regime where the two jets are nearly back-to-back in transverse space,
with transverse momenta P; much larger than both the momentum transfer and the saturation
scale (5. In this framework, we derive analytical expressions for the dijet cross section, which
can be decomposed into four factorized terms. Each term is expressed as a product of a hard
factor, which includes the virtual photon’s decay into a ¢g pair, and a semihard factor, involving
the dipole-nucleus scattering amplitude. Additionally, we compute the azimuthal anisotropies
(cos 2¢) and (cos4¢). To extend the validity of our results toward the perturbative domain, we
also compute the first higher kinematic twist correction.

We demonstrate that the cross section for hard dijet production is parametrically dominated
by large-size fluctuations in the projectile wave function that scatter strongly, leading to the
consideration of a third, semihard jet in the final state. When this third jet is explicitly accounted
for, the 2+1 jet cross section takes a factorized form involving incoherent quark and gluon
diffractive transverse momentum distributions (DTMDs). Alternatively, upon integrating over
the transverse momentum of the third jet, the 2+1 jet cross section is expressed in terms of
incoherent diffractive parton distribution functions (DPDFS).

Our analysis shows that the DPDFs and the corresponding cross section saturate logarithmi-
cally when |t| < Q?, whereas they fall off as 1/|¢|? in the regime Q? < |t| < P%. Furthermore,
in contrast to exclusive dijet production, the 241 jet cross section does not exhibit an angular
correlation between the hard jet momentum and the momentum transfer.

Finally, we argue that for typical Electron-Ion Collider kinematics, the cross sections for 2-jet
and 2-+1-jet production are of the same order.
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Introduction

Within the perturbative regime of Quantum Chromodynamics (QCD), the light-cone wave func-
tion (LCWF) of a hadron or nucleus at high energy is predominantly composed of gluons, whose
occupation numbers grow rapidly as their longitudinal momentum fraction x decreases [1H4]. To
preserve unitarity in physical observables, it is necessary to account for gluon recombination,
which regulates the growth of these highly occupied modes and introduces non-linear dynamics
[5, 6]. This phenomenon is known as gluon saturation and a dynamical scale, called saturation
momentum @Qs, emerges to separate the dilute regime (where gluons have transverse momenta
k1 > Q) from the dense one (where k; < Q). To a good approximation, the scale grows as
Q%(A,x) oc A2AY/3(1/2)*, where A is the QCD scale, A represents the atomic number of the
nucleus and A ~ 0.25, |7, |8]. This behavior provides a clear justification for employing weak
coupling methods in the regime of sufficiently large nuclei and/or small values of z.

The Color Glass Condensate (CGC) |9, [10] is a modern effective field theory within QCD
that incorporates the phenomenon of gluon saturation. It is formulated by calculating soft gluon
emissions in the presence of a strong background color field, leading to non-linear evolution
equations for amplitude correlators at small z [11119]. These equations encode the determination
of cross sections and other relevant physical observables.

The investigation of saturation phenomena typically focuses on high-energy collisions of the
system of interest with smaller projectiles. These collisions include proton-nucleus (pA) interac-
tions, Deep Inelastic Scattering (DIS) of electrons off hadrons (such as ep) or nuclei (eA), and
ultra-peripheral nucleus-nucleus collisions (UPCs), where a quasi-real photon emitted by one
nucleus probes the other. In recent years, there has been considerable interest in events where
the kinematics of one or more final-state particles are precisely measured. The simplest example
of such processes is single inclusive DIS [20H24]. One of the most extensively studied processes is
the inclusive production of two jets in the forward direction of the projectile [25H40]. In ep and
e A collisions, these jets originate from the g¢ pair fluctuation of the virtual photon, whereas in pA
collisions, they typically result from a quark-gluon pair produced via the splitting of a collinear
quark. A common focus is on the kinematic limit (the so-called correlation limit) where the two
jets are hard and nearly back-to-back in the transverse plane, i.e. the transverse momenta of the
jets are much harder than both the saturation momentum and the imbalance between them. In
this regime, the dijet momentum imbalance is of the order of the momentum transferred from
the target to the projectile, making it sensitive to saturation physics. Similar considerations
apply to dihadron production [41H46|, as the perturbative part of the process remains the same.
These ideas have also been employed to study the nearly back-to-back production of a photon-jet
system, generated via the g — ¢@y fluctuation, in pA collisions [47].

Equally important is the diffractive production of jets or hadrons, since this kind of processes
is controlled by the saturation regime [34),[48H60]. A defining characteristic of diffractive processes
is the presence of a region in rapidity that is void of particles, known as a rapidity gap. Specifically,
in QCD one considers the scenario in which the rapidity gap arises because the projectile remains
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colorless after the interaction, forming the diffractive system. In this case, the collision is elastic
on the projectile side, and no new particles are produced in the rapidity interval separating
the target and the projectile. Regarding the hadronic target, it may remain intact or break
apart after the collision and we refer to these processes as coherent diffraction and incoherent
diffraction, respectively.

In the CGC framework, a coherent process implies that, when calculating the respective
cross section, the average over the target field can be performed at the amplitude level. Then,
an incoherent diffractive process can be defined as the complementary part of the coherent one
with respect to the total diffraction. The subtraction of the coherent correlator from the total
one suggests that incoherent diffraction is driven by fluctuations in the target weight function.
This work is focused on the case of color fluctuations arising from the color exchange between
substructures within a nucleus [34} 61164]. In other words, in an incoherent process, we assume
that the nucleus fragments due to internal color fluctuations, which are responsible for the
associated momentum transfer.

The primary goal of this work is to rely on the expertise gained in the coherent diffractive
production of two and three jets in high-energy photon-nucleus collisions |52, |55} [56} 60], with
the aim of exploring the effects of color fluctuations in the corresponding incoherent process. The
production of dijets was first studied in [34] for generic transverse momenta of the jets, requiring
the approach to be mainly numerical. Therefore, our first scope was to provide an analytical
insight in the correlation limit [63]. Then, we proceeded to consider the case in which the hard
dijet is accompanied by a third semi-hard jet |64].

To present the results of our study, we have structured this thesis as follows. In Chapter [T] we
give a general introduction to perturbative QCD, with a special focus on the high energy limit in
DIS. In Chapter [2] we provide the general overview of small- physics relevant to our purposes.
We start with a brief review of the eikonal approximation and Wilson lines in QCD, which is
followed by a discussion of the CGC effective field theory. This finally lead us to the scattering
matrix model and evolution equations that allow us to perform analytical and numerical analysis
in our study. In Chapter [3] we give a discussion on coherent and incoherent diffraction in the
dipole picture, providing a diagramatic argumentation on the incoherent diffractive correlator in
the Gaussian approximation.

Having the introductory part at hand, in Chapter [d] we provide the derivation and analysis
of the gq contribution to the incoherent diffractive dijet cross section. In particular, we start
by reviewing the calculation of the cross sections and in Sec. within the correlation limit,
we provide them in a factorized way, i.e. separating the hard momentum dependence from the
semi-hard one. In Sec. [£.4] we extensively analyze the semi-hard momentum dependence of the
cross sections, to then perform a complete analysis of the averaged-over-angle cross sections in
Sec. [£5] We conclude this chapter by analyzing the azimuthal anisotropies in Sec. [£.6]

In Chapter [5] we continue our study by considering the ggg contribution to the cross section of
interest. We take into account the cases when either a (anti)quark or a gluon are the source of the
semi-hard jet. Then, in Chapter [] we show how the incoherent diffractive transverse momentum
distributions (DTMDs) emerge. We rewrite the cross sections of interest in a TMD factorized
form and further analyze the properties of the quark and gluon DTMDs, together with the
diffractive parton distribution functions (DPDFs) that, in the case of the 2+ 1 jets, arise when
the semi-hard jet transverse momentum is integrated over. In Chapter [7] we make a direct
comparison of the 2 jets and 2+ 1 jets contributions by introducing an appropriate observable,
namely dijet production with a minimum rapidity gap. Then, we present the conclusions of the
study.

We also provide some technical calculations and helpful reviews in the appendices. In par-
ticular, in Appendix [A] we show some particularly useful integrals. In Appendix [B] we show the
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tensor decompositions and contractions employed to get the dijet cross section. In Appendix
[C] we show a review of the inclusive dijet cross section with the proper notation in order to
be compared to the incoherent diffractive one. Appendix [D] gives some details of the tensorial
structures at next to leading “kinematic” twist in the ¢ contribution. In Appendix [E]it is shown
that, in the ¢gg contribution, the gluon semi-hard factor is diagonal. Finally, in Appendix [E] it
is given in full detail the study of the gluon DPDF in the limiting regimes.
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Chapter 1

Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a non-Abelian gauge theory designed to describe strong
interactions. It specifically refers to the fundamental interactions between quarks and gluons, as
well as the bound states they form, such as hadrons and nuclei [65-68]. The QCD Lagrangian is
invariant under local SU(N.) gauge transformations, and its density in natural units is given by

e . 1 a v
Laep = Y _ UL (iv' Dy — my) 5 95 — TEa L (1.1)
f

where z/J;; and f represent the quark and antiquark Dirac fields with spin 1/2, flavor f, and
mass my¢, for the six quark flavors in the Standard Model. The color indices «, 3 on the fields in
the fundamental representation of the SU(N,.) gauge group take the values a, 8 = 1... N, and
v* are the gamma matrices. The covariant derivative can be defined as

D, = 8, —igt® A%, (1.2)

where A, represent the gluon field, belonging to the adjoint representation of SU (N.), with spin
1 and color a = 1... N2 — 1. The matrices t* are the generators of SU(N,) in the fundamental
representation and g is the coupling of the theory. The gauge field strength tensor Fjj, can be
defined in terms of the covariant derivative,

gtaFa :Z.[DHaDV]a (13)

pv

or explicitly in terms of the gluon field,
Ff, = 0,A% — 9,A% + g f**° AL A (1.4)

The coefficients f?*¢, known as the structure constants of the group SU(N.), appear in the
commutation relations of the generators of the Lie algebra. In fact, the commutation relations
of the generators t* follow the relation

[t 1] = ifebete (1.5)

and by convention, the basis of the matrices t are chosen such that f¢¢ is always antisymmetric.
In QCD, the number of colors is N, = 3, and the generators in the fundamental representation
can be expressed in terms of the Gell-Mann matrices, which form a basis for the SU(3) Lie
algebra.
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The third term in the r.h.s. of Eq. implies the self interaction of the gluon field, a
property of non-Abelian gauge theories. Another important feature of the QCD Lagrangian
Eq. is that it is renormalizable. As a consequence, the coupling g depends on the arbitrary
(renormalization) scale of the theory. Physical observables should not depend explicitly on the
renormalization scale. This is ensured by renormalization group invariance, which requires that
the scale dependence of parameters, i.e. of the coupling and the masses, cancels out in physical
quantities. In particular, the scale dependence of the coupling is encoded in the QCD beta
function, which at one loop in perturbation theory reads

BQCD(OZS) =-b Olf + O(Ozz), (1.6)

where the strong coupling is defined as oy = g?/4m and

1 /11 2
= (=N Zny). 1.
47r<3 3”f> (L7)

Then, for a physical scale k, the strong coupling can be written as

1
2
as(W) = gz (1.8)
where A is known as the QCD scale or Aqcp, its value depends on the renormalization scale
scheme used, however generally is taken as A ~ 0.1 — 0.3 GeV.

In this work, our attention relies on the physical processes governed by large momentum
scales, kK > A, which imply small values of ay. This means that, at short distances inside
hadrons and/or nuclei, the elementary constituent quarks and gluons — commonly referred to as
partons — interact weakly and can be treated as free particles, a property known as asymptotic
freedom. Moreover, small values of the strong coupling justify the use of perturbative techniques
in QCD, i.e. of perturbative QCD (pQCD).

1.1 Deep Inelastic Scattering

We are interested in the high-energy behavior of QCD. In this framework, one of the simplest
and most powerful processes for studying the structure of hadrons is the so-called deep inelastic
scattering (DIS). In general, this process involves the reaction

e(p) + H(P) — €' (p) + X, (1.9)

in which an incoming lepton, represented by an electron e with momentum p, scatters off a
hadronic target H (which can be a hadron or a nucleus) carrying a momentum P. The final
state consists of an outgoing electron ¢’ with momentum p’ and the produced particles, denoted
by X. Considering the virtuality variable Q* = —¢®> = —(p—p'), when Q < M, with My being
the mass of the Z boson, the DIS process can only be mediated by a virtual photon, commonly
denoted as v*, which carries a momentum ¢. This condition will hold in the rest of this work, and
such a process is shown diagrammatically in Fig. We shall work in frames where the virtual
photon and the hadronic target are both ultra-relativistic. In this framework, it is convenient
to work with the light-cone notation. In this notation, any four-vector v* possesses longitudinal
plus and minus components given by

ot = . v = (1.10)
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Figure 1.1: Deep inelastic electron-hadron scattering.

and transverse components encoded in the 2-dimensional vector v = v* where i = 1,2. The
non-zero components of the metric are g1 = g_4 =1 and ¢g11 = g22 = —1, and any four-vector
is usually written in the (+, —, L) notation. Considering a particle of mass m, four-momentum
k*, and coordinate variables z#, the 1 component plays the role of time, while its conjugate
variable in momentum space, the light-cone energy k~, satisfies the on-shell condition

_k:2+m

k™ 1.11
2k+ ( )

During this work we will denote the magnitude of any transverse vector in momentum space
as k; = |k|. For transverse vectors in coordinate space, their magnitude will be denoted by
dropping the bold format, i.e. considering the transverse position x, its magnitude is given by

x = |zl

1.1.1 Kinematics in photon-nucleus DIS

For definiteness, we will consider the target to be a nucleus with atomic number A > 1, although
most of the following analysis is also valid for smaller nuclei and hadrons. Considering the
momentum of the target per nucleon, Py = P/A, and ignoring the electron that emits the virtual
photon, we generally work with the invariants to describe the kinematics of photon-nucleus DIS

(v*A):

s = (PN + Q)27
Q= ¢, (1.12)
Q2
xBj = 2PN ] q7

where s denotes the center-of-mass energy squared of the photon-nucleon scattering, Q2 is the
aforementioned virtuality of the photon, and z,; is the Bjorken-z variable.
The physical interpretation of x; is that it represents the fraction of the nucleon momentum
in the nucleus carried by the parton involved in the scattering process, implying that x,, < 1.
Setting the virtual photon as a right mover, its momentum in light-cone notation can be
chosen to be:

N2
¢ = (q+, 2qQ+70> : (1.13)

Hence, the light-cone time of the virtual photon, ™+ (also known as its coherence length), is
of the order of 2¢7/Q?. In the rest frame of the nucleus with mass m per nucleon, using the

7
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definition of z,;, we see that

1
xt o~ , (1.14)

My,

so xy, sets the time scale for the DIS process. The relation in Eq. is known as the Ioffe
time |69H72]. On the other hand, the typical interpretation of the virtuality @2 in DIS is that
it controls the “resolution” of the process. In other words, by varying @2, the virtual photon is
constrained to interact with the partonic content of the nucleus at different transverse scales.

By setting the nucleus to be an ultra-relativistic left mover (neglecting the mass of the
nucleons), its momentum is given by

Pl = (0,Py,0). (1.15)

Considering Ry as the nucleon radius, the longitudinal length of a boosted nucleus is L =
Ra/7v, where Ry = AY3Ry and v ~ Py Ry is the Lorentz factor. Hence, the regime of small
values of x, i.e. z,, < 1072, immediately implies that the coherence length of the photon, =™,
is much larger than the longitudinal length of the nucleus, L.

This means that when considering a virtual photon at sufficiently high energies, it is conve-
nient to adopt the dipole picture, in which the virtual photon «* fluctuates into a quark-antiquark
pair gq, and the resulting systenﬂ interacts via gluon exchanges with the components of the nu-
clear target [73H76]. On the other hand, when considering ultra-relativistic energies for the
nuclear target, we are in the regime of small values of z;, in which the nucleus generates a
strong color field. As a result, multiple scattering and the high-energy evolution of the process
must be taken into account [77].

In fact, the multiple scattering process is given by resumming powers of a2A/3 for large
values of A [78], and the high-energy evolution describes the physics from moderate small values
of 2,; ~ 1072 to even smaller values. This phenomenon can be addressed in the context of gluon
saturation or saturation physics, and its study is the goal of the Color Glass Condensate (CGC)
effective field theory, which is discussed in the next chapter. Before introducing the CGC, we
briefly discuss the concept of the high-energy limit in QCD.

1.2 The high energy limit

As mentioned previously, we focus on the regime where z,,, < 1. To be more precise, in the
context of DIS we work for fixed values of the virtuality @2, while we take the photon-nucleus
center-of-mass energy s to be large. By simple inspection of the relations in Eq. (L1.12)), we see
that

T~ (1.16)

from which it is clear that the high energy limit of QCD is equivalent to asymptotically small
values of ;. This is why the high energy behavior of QCD is commonly referred to as small-z
physics. In this framework, we will drop the subscript of the Bjorken-z variable and will only
use it explicitly to avoid confusion with other similar variables.

To study the high energy evolution of QCD, we are interested in resumming powers of the
parameter aglnl/x, which can be of the order of one, since Inl/xz > 1 and can overcome
the smallness of «,. This is known as the leading logarithmic approximation (LLA) in 1/z.

1 As we will see in the following chapters, we will also consider the contribution of the subsequent gluon emission.
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The generalization of this resummation, including the multiple scattering approach in general
hadronic processes at high energy, will be discussed in the next chapter. The most dominant
corrections beyond the LLA can be effectively resummed by using suitable evolution equations
consistent with renormalization group constraints [79H81].

A similar analysis can be done by fixing = and taking the asymptotic high values of Q2% by
resumming the parameter o, In Q?/Q3 ~ 1, with Q3 being an initial momentum scale. Such an
evolution is described by the Dokshitzer—Gribov—Lipatov—Altarelli-Parisi (DGLAP) evolution
equations [82H84].

It is worth mentioning that, before the emergence of QCD, the study of the analyticity and
the asymptotic behavior of the scattering matrix (S-matrix) in hadronic processes was the focus
of Regge theory |85 [86]. This theory is based on the postulates of Lorentz invariance and the
unitarity of the S-matrix, and it is able to describe hadronic cross sections in the high energy
regime, also known as the Regge limit, where s — oo while the transferred momentum is fixed
(Q? in electron-nucleus DIS). Although the primary focus of the study of strong interactions
has shifted to QCD due to its ability to describe a broad range of phenomena, the progress
and understanding achieved by Regge theory are still valued (see e.g., [87] for a pedagogical
introduction and [88] for details). Similarly, a considerable amount of the terminology used in
this old-fashioned theory is still embedded in the current studies of QCD.
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Chapter 2

Color Glass Condesate

Before considering the ideas of the CGC, it is customary to introduce the concept of the eikonal
approximation in small-z physics. This will lead us to the idea of Wilson lines as the appropriate
degrees of freedom to describe high-energy scattering and the shockwave formalism. It will also
help us introduce the notation used in the following chapters. The next section follows the
derivations and analysis in [89H91], with the notation adapted to our purposes. The sub-eikonal
contributions are beyond the scope of this work.

2.1 Eikonal scattering and Wilson lines

The scattering between a particle system off an external field is encoded in the generic S-matrix
element, which describes the transition between arbitrary initial and final states, a and 3, and
is defined as

Sap = <ﬂout|ain> = <ﬂin|U(+Oov *Oo)lain>~ (21)

In our analysis, the states o and (8 are, in principle, composed of quarks, antiquarks, and gluons.
The evolution operator U(+00, —00), which evolves the initial (incoming) state at —oo to the
final (outgoing) state at +o0o, can be expressed as

U(+o0,—00) =TT exp{i/d4x£1(z/}int)}, (2.2)

where T denotes an ordering in the light-cone time ™, 1);,; represents the fields in the inter-
action picture, and the Lagrangian L£; contains the self-interactions of the fields as well as their
interactions with an external field.

To consider the high-energy limit of the scattering amplitude, we shall apply a boost of
mpiditg,E] Y in the +z direction to the particles in the states o and 3, namely,

Sag = <5in|€+iYK3U(—|—oo, —oo)e_iYK3|ain>, (2.3)

where K3 is the generator of longitudinal boosts. The operator between the initial states can
also be written as

e PV K3 (400, —00)e VK3 = T+ exp{i / d*z e“YK**[:I(wmt)eiYIQ} (2.4)

ISuch a quantity will be properly defined in terms of kinematic variables in the following sections. In this
context, it suffices to take it as the boosting variable in the high-energy limit.

11
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since the boost does not affect the time ordering. We are interested in the high-energy limit, i.e.,
Y — oo. In this kinematic region, as the energy of the incoming state increases, the interaction
time of the projectile with the external field tends to zero. To ensure a non-zero and non-infinite
scattering amplitude, it is necessary to assume that the interaction between the projectile and the
external field is mediated by a vector exchange. Specifically, the vector current of the projectile,
J#, couples to the external vector potential, 4,, via a term gJ*A,, where g is the coupling
constant of the theory. This is due to the fact that, at high energies, the vector current J*
has a longitudinal component that increases in proportion to the energy, compensating for the
suppression due to the infinitesimal interaction time. This assumption is indeed satisfied by
the interactions of color fields in QCD, and it was originally developed in the context of photon
exchange in QED [92]. In other words, the integrand in the exponent in Eq. can be rewritten
as

Lr(Yint) = gJ" Ay (2.5)

K3 only affects the vector current, since the external field is not altered by the longitudinal
boost of the projectile. Moreover, under longitudinal boosts, the + components of a generic
vector receive a rescaling factor of e*, while the transverse component remains unchanged.
Therefore, at large rapidities, the product J#.A4,, is dominated by the contribution from J*.A~.
In practice, it is also convenient to assume that the external field is confined to a finite range,
% € (=L, L). This implies that the evolution operator can be decomposed as follows:

U(+o00, —0) = U(4o00,+L)U(+L, —L)U(—L, —0). (2.6)

The lateral factors U (400, +L) and U(—L, —00) do not contain the external field, and under the

boost, the change of variables eTY 2+ — 2+ leads to

eV (400, +L)e Vs = Uy(+00,0),
eTVEs (L, —o00)e™ Y K2 = Uy(0, —o0), (2.7)
where Uy in the r.h.s. denotes that the evolution operator only contains self-interactions. The

central factor in Eq. (2.6) is the one containing the interaction with the external field and under
the boost can be written as,

e TV (4L, —L)e VK o~ T exp{ig / d*z eIt (e YT e o 2)A (T, 27, m)}

(2.8)
Applying the change of variables e™Y 2~ — 2~ and considering the large rapidity limit, we get
PV K (4L, —L)e Y Ks = 7+ exp{ig/dzw X(:E)p(:):)}, (2.9)

where we have defined the functions dependent on the transverse variables
x(z) = /dzJ“A*(xﬂO,:c) and p(x) = /dszJr(O,x*, x). (2.10)

Therefore, the S-matrix in the high energy limit can be written as

Sap = (Bin|Uo(+00,0) T exp{ig/de X(m)p(m)} Up (0, —00)|in)- (2.11)

12



2.1. EIKONAL SCATTERING AND WILSON LINES

This non-perturbative result at high energies is known as the eikonal limit. By inserting the
identity matrix expanded as a sum of complete sets in each side of the central factor in Eq. (2.11)),

SO‘B = Z<ﬁin|U0(+ooa0)"Vin><'yin|T+ exp{ig/dzx X(w)p(w)}|51n><5m| UO(Oa_OO)|O‘in>>
7,8
(2.12)

we see that the Fock expansions, s |din){0in| Uo(0, —00)|ain) and 3°_ (Bin|Uo(+00, 0)[Vin) (Yinl,
represent the possibility of fluctuations of the state a and g into states § and v before and after
the interaction with the external potential respectively.

2.1.1 Wilson lines in QCD
The color current J? associated to the QCD Lagrangian Eq. (1.1) in a generic frame is given by
J(;j = &avu(ta)aﬁwﬁ + fach};wAzCn (213)

where we have dropped the flavor index. In the present analysis, we emphasize that the vector
field A represents the gluons in the system interacting with the external field A. In light-cone
coordinates in the light-cone gauge AT = 0, the + component of the current, takes the form

JE = V2l (1) aptbpy — fOPCOT AL AL, (2.14)

where in the spinors we have used the notation ¢ = %w. Then, by performing the mode

expansion of the fields in J; and integrating over the = at 2T = 0, we arrive to the QCD
expression of the p(x) function in Eq. (2.10),

1 2 2./ +oo + ) ,
palx) = 7/ dp dp / ™ —itpp)w
2 ) (2m)2 (2m)? Jo,  2pT

X { D ()as [b&"”(p+,p)b(ﬁa)(p+,p/) —d{ (p*, p)d (pﬂp’)}

oo

; Z(—z’fabc>a§,*>*<p+,p>a9><p+,p’>}, (2.15)
Asbe

where o = +1/2 and A = 41 represent the helicities of the quark/antiquark and gluon, respec-
tively. From Eq. , it is clear that when p,(x) is applied to a state consisting of quarks,
antiquarks, and gluons, the ladder operators annihilate and recreate them with the same longi-
tudinal momentum p*, helicity, and flavor. Furthermore, the operator can affect the color and
transverse momenta. On the other hand, the phase in p,(x) shows that the transverse position
x of the partonic states is not altered by p,(x), indicating that it is convenient to work with
states in the mized representation of + momenta and transverse coordinates when considering
high-energy processes.

A bare quark state in the mixed representation can be written as the Fourier transform of
the quark state in the momentum representation,

2
k@) = [ GEe el ) (216)

13



CHAPTER 2. COLOR GLASS CONDESATE

Similarly, for an antiquark we use the label ¢ instead of ¢ in Eq. (2.16)), while a bare gluon state
is represented with the label |g) and colour index in the adjoint representation, i.e.

(%)) = [ GEe R elg k) 217

Applying the p,(y) operator to the quark state we get

p()g(kt, @) = 6P (y — a)|qS (kT )t (2.18)

We immediately see that p,(y) acts in an antiquark state in an analogous way with t* — (—t%),
while applied to a gluon state we have

p(Y)gs (kT x)) =63 (y — @) |gh(k T, )T, (2.19)

where T are the generators in the adjoint representation Hence, the central factor in Eq. (2.12))
acts on a quark and gluon state as,

T exp{ig/de X(w)p(w)}lqg(k+7w)> = V(z)|qgs (K", ), (2.20)
T exp{ig/d2w x(w)p(w)}Igi(k+»$)>> =U(z)lga(k", 2)), (2.21)

where V(z) and U(x) are known as the fundamental and adjoint Wilson lines and are defined
as

V(iz)=T" exp{z‘gta/dx+Aa (x*,o,a:)} (2.22)
Ulx)=T" exp{igT“/dx*Aa (x*,O,a:)}. (2.23)

In fact, in the eikonal limit, the multiple scattering of an incoming state with an external potential
A is encoded by the respective Wilson lines. In the case of an incoming antiquark state, the
scattering is encoded by the complex conjugated fundamental Wilson line, V().

Defining the light-cone wave functions in the mixed representation of the incoming state, the

right factor in Eq. (2.12)) is given by

Uso (kS @) H/ Fi ik, (8in] Up(0, —00)|cvin), (2.24)

the S-matrix element at high energy limit can be written as

Z/H i k* iq’gﬁ({k;rymi}) [H Wi(x;)

i€

Usa({k, xi}), (2.25)

where W denotes the Wilson lines describing the scattering. This means that, in practice, the
high-energy scattering amplitude in the eikonal limit for a projectile state interacting with an
external potential can be represented by the convolution of the projectile wave function and the
Wilson lines, which represent the infinitesimal short-time interaction with the target. This is
known as the shockwave approach.

14



2.2. COLOR GLASS CONDENSATE

2.2 Color Glass Condensate

In the previous section, the energy dependence was obtained by applying a boost to the dipole
projectile. Here, instead, because the transition amplitudes are Lorentz invariant, we will work in
the frame where the boost is applied to the hadronic target. In this frame, the energy dependence
of the scattering amplitude is given by the x dependence of the target gluon distribution.

Thus, when considering hadrons and nuclei at high energies, their partonic content is allowed
to split into partons with smaller momentum fractions. The parton distributions are dominated
by small-z gluons, and their growth is described by linear equations [113]. However, an un-
bounded growth in the high-energy limit is unphysical, since the scattering amplitude should not
exceed unity. In fact, the gluon density in phase space favors the recombination of gluons, leading
to the fulfillment of unitarity limits |5, |6]. This phenomenon is known as gluon saturation, and
the CGC is a modern effective field theory focused on its study |9} |10l |89} |93].

The idea of the CGC effective field theory relies on the separation of degrees of freedom in
an ultrarelativistic hadronic target, specifically, a division between large-z (fast) partons and
small-z (slow) partons. Since this separation is arbitrary, a renormalization group equation is
required to ensure the independence of physical quantities from the cutoff used as the separation
scale. The fast partons do not undergo significant time evolution during the short duration
of the collision due to time dilation, so they can be treated as classical static sources for the
smaller-z partons. On the other hand, the slow partons must be described by the QCD gauge
field. Consequently, the classical Yang-Mills equation must be solved,

D, Fi = J, (2.26)

where J” is the current provided by the color sources in the target, so that moving at ultrarela-
tivistic energies in the — direction reads

JY = 6" pu(z™, ). (2.27)

The p function is the corresponding color charge density, and it is a stochastic quantity that
varies with each collision. The CGC description provides a gauge-invariant distribution (weight
functional) Wy [p] that encodes the probability of any p configuration for a given rapidity Y,
which is, in fact, the convenient scale that separates the fast and slow degrees of freedom. In
this framework, every observable must be averaged over all possible configurations of p; that is,
the scattering process must be averaged over all target configurations. The expectation value of
a given density-dependent operator @p for a scale Y is given by

©), = [ DoOW [ (2.28)

where the normalization of the distribution Wy [p] is such that [ DpWy [p] = 1. As mentioned
earlier, the observables must not depend on a particular cutoff in rapidity; thus, the distribution
Wy [p] must evolve according to the functional evolution equation, known as the Jalilian-Marian-
Tancu-McLerran-Weigert-Leonidov-Kovner (JIMWLK) equation |13H19|, which reads

oWy [p]
——— = H|p|Wy|p], 2.29
oy (] Wy [p] (2.29)
where H is known as the JIMWLK Hamiltonian. Such an evolution equation requires an initial
condition that must be non-perturbative at the starting scale. However, in the perturbative
regime, one can choose the evolution to start at a certain cutoff value Yy such that the saturation
scale is already semi-hard, i.e. of the order of few GeV. For an ultrarelativistic large nucleus,
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A > 1, the color density p is taken at x— = 0, and it can be approximated as the sum of the
large number of color charges of the partons (proportional to AY/ 3) at approximately the same
impact parameter . Hence, Wy, [p] can be approximated by a Gaussian distribution in p, known
as the McLerran-Venugopalan (MV) model |94} [95]. The MV model effectively resums powers of
a2 A3 and its details are given at the end of the next Section Before that, we first address
the quantum corrections, which involve the resummation of powers of aY and are governed by
the JIMWLK evolution equation.

2.2.1 The JIMWLK and BK evolution equations
At LO the JIMWLK Hamiltonian can be written as

) 1 52
H :/dzwuawi—i—f/dga:d?y b y) ————, 2.30
(] ( )5pa(w) 5 n*( )5pa(:c)(5pb(y) (2.30)
where the operators v%(zx) and 7%°(z,y) are defined in function of adjoint Wilson lines,
wr i d?z "

) = o [ ((Z “WEY) () - U U (=) + U)U ()]

mg z—x)*(z —y)?
(2.32)

The evolution equation of an arbitrary operator O is also encoded in the evolution of the
weight functional Wy-[p], i.e. differentiating Eq. (2.28) with respect to Y we get

04(0), = [ Do 0,05 Wy (2.33)
= / Dp O, H[p|Wy [p], (2:34)
=/Dp [”H[p]@p} Wy [p], (2.35)

0
where we introduced the simplified notation dy = v and in the last equality we have integrated

by parts. Therefore, the JIMWLK evolution for the expectation value of an arbitrary operator
is given by

D) = 2z V“wﬂ 1 2 d2 ab(p &
c’)y<(9>—/d < ( )(Sp“(a:)>+2/d d*y <77 ( ’y)(spa(x)apb(y)>’ (2.36)

where we have dropped the explicit dependence of p in the operator. In the case of a gq dipole-
nucleus scattering, the operator (O) is given by the S-matrix for the elastic scattering defined
as,

Sz, y) = Ni e {V(@)Vi(y), (2.37)

where V(x) denotes the fundamental Wilson line discussed in the previous section, the trace
denotes that we are considering a colorless dipole and the factor 1/N,. stands for the average in
color charge. Hence, the evolution of the dipole S-matrix can be found by substituting Eq. (2.37))
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2.2. COLOR GLASS CONDENSATE

in Eq. (2.36), by using the definitions in Egs. (2.31)) and (2.32). This calculation involves a
considerable amount of algebra which can be simplified with the help of the relations

Uapt® = VTtev, (2.38)
Uttt = vievt (2.39)

together with the Fierz identities
()i (t" e = % <5u5jk - 1\1755ij6kl) : (2.40)

which for arbitrary N, x N, matrices M; and M, imply that

{9 Myt My ) :% o { My} tr{ M} — % tr{ M, Mo} (2.41)
tr{t“Ml}tr{t“Mg} :% tr{MlMg} — 2]1\7 tr{Ml}tr{MQ}. (242)

After performing the substitution, one arrives to

[} —x)?
oSy =5 [P U (S asey) - S@y)]. (@)
It is clear that the evolution equation for the average of an S-matrix is expressed in terms of
the average of a product of two S-matrices, which is in fact a four-Wilson-line operator that
must evolve again as dictated in Eq. , and will lead to an operator with six Wilson lines,
and so on. This is known as the Balitsky hierarchy, and the related equations are referred to
as Balitsky’s equations [11]. However, a closed equation can be obtained in the large-N, limit,
where we can make the replacement

(S(y,2)5(y, 2)) = (S(y,2))(5(y, 2)), (2.44)

getting the Balitsky-Kovchegov (BK) evolution equation |11}, [12]

v (s(e.)) = 5 [ @22 W2 5y, 2))(5(y, 2)) - (S(y, @) (2.45)
Y Y 27T (Z — x)g(z — y)2 Y, Yy, vy, ) .

which can be written in terms of the scattering amplitude, T'=1— 5, as

oy (T y) =52 [z 22

2 (z—x)?(z —y)?
x [(T(z,2)) + (T'(y,2)) — (T(z,y)) — (T(z, 2))(T(y, 2))]. (2.46)

The linear approximation to the BK equation is known as the Balitsky-Fadin-Kuraev-Lipatov
(BFKL) evolution equation [IH3]|. It is valid when the scattering amplitude is small, i.e. the
regime of weak scattering. When the scattering amplitude approaches the unity, gluon recombi-
nation becomes favorable, and the non-linear term drives the evolution, suppressing the growth
given by the BFKL equation. The transition between these two regimes is dynamical and occurs
at the saturation scale Q.

For the case of a gluon (adjoint) dipole, the S-matrix for the dipole-nucleus scattering is given
in terms of adjoint Wilson lines, namely

Te{U(z)U'(y)}, (2.47)

Sg(xvy) = NQ -1

(&
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where, again, the factor 1/(IN? — 1) stands for the average in color charge and the trace is
performed to consider colorless dipoles. It is also worth noting that for colorless dipoles, the
scattering amplitudes vanish as the dipole size approaches zero, since the color charges of each
component cancel each other. This phenomenon is known as color transparency.

Initial condition: The MV model

The initial condition of the BK equation can be given by the MV model for a given rapidity Yjp.
In this context, we also assume that the nucleus is homogeneous in the transverse plane, i.e., the
scattering matrices depend only on differences between pairs of transverse coordinates. Then,
the averaged S-matrix for a gluon dipole, Sy = (S,), can be written as

2202
Sy(x,y) = exp ( ly 4) @4 In W= i)QAQ) , (2.48)

where the saturation momentum is given in the scale Q% via the relation

2n g2 (2.49)
Al A2 - s° .
In the Gaussian approximation, the relation between the averaged adjoint and fundamental S-

matrices is given by
Sy(x,y) = [S(ay) "/, (2.50)

with Cp = (N2 — 1)/2N.. We would like to point out here that for numerical purposes, the
saturation momentum is defined through the condition S,(r = 2/Q,) = 1/2, where r = |y — x|.
This definition differs slightly from the one used in Egs. and , which is more suitable
for analytical calculations. Additionally, to regularize the infrared behavior of the MV model in
Eq. (2.48), we modify the logarithmic term as In(4/r*A?) — 21n[(2/rA) + €].

2.2.2 Collinearly improved BK equation

At next-to-leading order (NLO), the JIMWLK equation includes the resummation of terms which
are of order o [asIn1/x]™, and the explicit Hamiltonian was derived in [96} 97]. The NLO BK
equation was derived previously and fully presented in [98|. In this work, we will use the simplified
form of the NLO BK equation, developed by unambiguously using the rapidity ¥ = Inl/z as
the evolution time of the hadronic target: the collinearly-improved Balitsky-Kovchegov (collBK)
equation |99} [100]. The collBK equation is non-local in rapidity, and the version used in this
work reads

2

Oy Say(¥) = [ L2 5y — @Y [r} jEAI[S (Y = 0ain)Say (¥ —0yir) — Say (V)]
Ty (CI} — 2)2(2 — y)2 72 Tz xz;r)Ozy zy;r Ty (2 5;)

27
where the coordinate dependence of the averaged S-matrices is now shown in the subscript and
the rapidity shifts, explicitly shown in the argument of the daughter dipole scattering matrices,
are given by

2
Opzr = IMAX {O, In |2} , (2.52)

with r = |z —y|, and similarly for §.,.. They resum all-order double logarithms generated by the
successive gluon emissions. The resummation of the DGLAP-like single transverse logarithms is
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given by the factor [r2/22]iA1, where zZ = min|z — z|, |z — y| and A; = 11/12. The exponent

+ A, always suppresses the evolution, as it is positive when r? < 22 and negative when 72 > 22,
The running coupling &g, encodes the corrections given by the one-loop QCD S-function and
is given by

-1

1 (@—2)* — (2—y)* as(|z — 2[) — as(|z — y) (2.53)

as(|lz—yl) (z—y)? as(|z — z[)as(]z —yl)

QpLm =

where
1

~ boln [4/(r2A2)]”

with by = 0.75, A = 0.2 GeV, and r* = r/y/1 +1r2/r2_ . where rya, = 4 GeV~!. The values of
Ay reduce to g (rmin ), where rp;, = min | — yl, | — 2|, |z — y|, when one of the three dipoles
has a much smaller size compared to the other two, which is a condition required by pQCD for
the applicability of the approximation. When starting the evolution for a given rapidity Yp, we
assume a constant behavior for values of Y < Y}, meaning that

as(r) (2.54)

Spy (Y < Vo) = Sy (Yo), (2.55)

and where Sgy(Yp) is given by the MV model.
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Chapter 3

Coherent and Incoherent Diffraction

In hadronic scattering, a diffractive process can be defined as a high energy reaction in which
no quantum numbers are exchanged between the colliding particles. An equivalent definition
is that a diffractive process is characterized by an angular separation in which no particles
are produced, a rapidity gap AY, in the final state. The dominant contribution to diffractive
processes is usually referred as PomemnE] exchange, which in QCD refers to the exchange of an
even number of gluons. In fact, the diffractive constraint in high-energy QCD scattering means
that the final states arise in a color-singlet state after the interaction.

For a wide discussion of diffractive processes see 87| and |101], here instead, for definiteness
we will focus on diffractive photon-nucleus DIS.

3.1 Diffraction in the dipole picture

In particular, we consider low-mass diffraction, where the invariant mass of the outgoing pro-
jectile state, My, is much smaller than the virtuality, i.e., M, < (. In the dipole picture, this
outgoing state is described by the jets produced after the scattering of the partonic fluctuation of
the virtual photon off the hadronic target. At LO in the strong coupling, and assuming the target
remains unchanged after the collision, the total DIS cross section for photon-nucleus scattering
can be written as

. d2r [ dw .
YA v —qq|2

where S is the transverse area of the target, which arises from neglecting the impact parameter
dependencﬂ in the averaged scattering amplitude 7 = 1 — S. Since we are assuming S-matrices
that depend only on the difference between pairs of transverse coordinates, the coordinate de-
pendence of T is determined solely by the dipole size, r, while the rapidity dependence is left
implicit. The quark longitudinal fraction, 1, is defined as the fraction of the longitudinal mo-
mentum of the virtual photon, ¢*, carried by the quark. The wave function 17" 97 encodes the

INamed after the Soviet physicist Isaac Yakovlevich Pomeranchuk for his contributions to hadronic diffractive
physics.

2This simplification will be assumed throughout this work since we focus in large quasi-homogeneous targets,
in which the impact parameter is not expected to play a relevant role. However, to consider a realistic description
of the experiments involving proton targets, it is necessary to address the impact parameter dependence in the
cross sections. See, e.g. |102] for a recent study of its effects in proton and nuclear targets
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fluctuation of the virtual photon into a ¢g pair. The dipole-nucleus total cross section can be
written by omitting the expression related to the virtual photon, i.e.,

ol — 2 5 T (r). (3.2)

By the unitarity of the S-matrix, we also know that elastic 2 — 2 scattering — which implies
that there is no quantum number exchange in the process and thus describes diffraction — is
given by the cross section EI

olft = Su|T(r, V)P (33)
When the scattering is strong, the 7-matrix approaches one. By inspecting the ratio agfg“ / aglqA,
it is evident that the diffractive cross section represents half of the total DIS cross section. The
T — 1 limit is known as the black disk limit, and in terms of saturation physics, this is the regime
where the saturation scale controls the non-linear behavior of the scattering. In other words,
diffractive processes are controlled by gluon saturation. On the other hand, diffractive processes
are generally suppressed in the dilute regime due to color transparency. Hence, diffraction is a
significant process for probing saturation.

In the dipole frame, the diffractive process is specified by the elastic scattering of the partons
in the photon light-cone wave function of the virtual photon off the nucleus. The final state of
the nucleus dictates the type of diffraction. The process is coherent if the nucleus remains intact
after the collision, while it is incoherent if the nucleus breaks up.

3.1.1 On coherence and incoherence

To calculate the diffractive cross section, the nucleus is described within the CGC framework.
We must then consider the average over all possible configurations. The detailed formulas for
all relevant cross sections will be provided in the following chapters. Here, we will focus instead
on the general characteristics that distinguish coherent and incoherent diffractive processes. To
be precise, considering the T-matrix for the projectile to scatter elastically off the nucleus in
the direct amplitude (DA) as T, while T represents the corresponding quantity in the complex
conjugated amplitude (CCA), we can express the total diffractive cross section as

oP o (TT), (3.4)

where all the dependencies and integrations over the various variables are suppressed. The total
diffractive cross section includes both the coherent and incoherent contributions. The coherent
part corresponds to an intact nucleus in the final state, so the averaging must be performed at
the amplitude level, i.e.,

oD o (TYT). (3.5)

The coherent diffractive production of jets has been extensively studied in the last few years |52,
55}, |56l [60]. Here, we shall only mention the main results that arise when comparing it to the
incoherent production. The incoherent contribution to the diffractive cross section is defined as
the complementary part of the coherent contribution with respect to the total diffractive cross
section, namely

ol =0 — 6D, o (TT) — (T)T). (3.6)

inc

3See, e.g., Appendix B in [10] for details
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Figure 3.1: Generic diagram for the incoherent reaction v* A4 — xX.

This expression suggests that incoherent diffraction is determined by fluctuations in the target’s
weight function. In electron-proton DIS, studies on geometrical fluctuations in the shape of the
proton have been conducted with significant success in describing experimental results [62, (103}
104]. Particle number fluctuations via QCD Pomeron loops [105-109] have also been explored
in the literature, although due to technical challenges, this approach has not been significantly
pursued. Our work, compiled here, relies on the analytical study of color fluctuations |34} |61}
63, [64], which arise from color exchanges between different substructures within the nucleus,
specifically due to perturbative gluon exchanges.

Before discussing incoherent processes in detail, we introduce the relevant kinematic variables
in diffraction. For instance, an important kinematic variable is the transverse momentum trans-
fer, A. This can arise due to geometrical fluctuations as mentioned for ep DIS. However, when
the target is a large homogeneous nucleus, the associated momentum transfer is non-perturbative
and thus negligible for our purposes. This fact is explicitly seen when calculating the coherent
cross section, where the contribution of the transferred momentum is given by a d-function in A.
In incoherent diffraction, on the other hand, the color fluctuations set the momentum transfer
to be of the order of the saturation momentum.

It is also important to define two additional kinematic invariants in diffraction, namely

2 2
+ M2+ |t 2

xp = @M and = #, (3.7)

where ¢ = —A7 is the invariant momentum transfer and M7 is the aforementioned invariant mass

of the diffractive system. The invariant mass, as well as xp and 3, can be explicitly determined
in terms of the kinematics of a given outgoing state. The physical interpretation of xp is that it
represents the fraction of the target’s longitudinal momentum, Py, carried by the Pomeron and
transferred to the diffractive system after the collision. The two variables in Eq. are not
independent; they follow the relation

Ty = Bxp = YBj = YB + Yp, (3.8)

which can be inferred from the definition of z; in Eq. . The corresponding rapidities are
also defined in Eq. . In fact, Yp determines the value of the desired rapidity gap, while
Y3 =1In1/8 corresponds to the rapidity interval occupied by the diffractive system. Therefore,
it is evident that their sum must be equal to Yg; = In1/xz;. The projectile as a whole probes the
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target at the longitudinal scale zp, meaning that the relevant value of the saturation momentum
is given by Qs(Yp). A general diagram for the incoherent diffractive reaction v*A — x X is shown
in Fig. [3.1] where neither the specific dynamics nor the precise nature of the outgoing states x
and X are specified.

3.1.2 Incoherent diffraction in the CGC

From Eq. (3.6), it is clear that the incoherent cross section is determined by the connected part
of the DA and CCA. By isolating the factor that encodes the QCD dynamics, explicitly shown
in Eq. (3.6) by the replacement S = 1 — T, we can define the incoherent diffractive correlator as

Wp = (S(z,y)S(y,2)) — (S(z,y)) (S(y,2)), (3.9)

where the dipole coordinate dependence is now explicitly shown in the argument of the S-
matrices. The correlator can be in the fundamental or adjoint representation, depending on
whether the dipole projectile is given by a gg pair or a gluon-gluon pair, respectively. In the
lowest order in the number of gluon exchanges, each amplitude of the projectile dipole contributes
with two gluons, so at the cross section level there are 4-gluon exchanges.

For our purposes, it is also customary to define the distance between the dipoles in the
CA and CCA, B = b — b, where b is the impact parameter in the DA (similarly b in CCA).
The impact parameter is given by the relation b = ¢ & + Yoy, where ¢; is the longitudinal
momentum fraction carried by one component of the dipole, while ¥ = 1 — 9, is the same in its
complementary component.

Let us consider dipole sizes and the difference of impact parameters to be much smaller than
the saturation momentum. Then the elastic scattering S-matrix Eq. in the DA can be
expanded as

2

9 a_ a\2 . a_ [T _
S(z,y)~1-— N (g —ag)” with af = / dzt A (2T, ), (3.10)

— 00

where A, is the color potential of the CGC. A similar expression is given for S(y, ), where, as
in the case of the impact parameter b, the bars over the coordinates represent that they belong
to the CCA. Then the relevant terms are the ones that involve color contraction of one field in
the DA with a field in the CCA. For example, one of those terms is given by the contraction of
the object g*(a% ab)(as al)/4ANZ2. By considering that the correlator of two fields is diagonal

Yy
in color we get the relation
4 4
g a a g a a a a
Nz ;@zm oz% (g al) = e ;<aw ag)(ag a), (3.11)

where the summations over the color indices of the exchanged gluons are explicitly shown to
avoid any confusion. The single summation over a implies that in the 1.h.s. only one gluon color
flows. On the other hand, when two independent gluon colors are summed over, and assuming
that in the Gaussian approximation every component of the gauge field has equal weight, we
must divide the corresponding contributions by the number of colors in order to get an equality

with the expressions in Eq. (3.11), i.e.,

4 4 4
g a a g a a a a g a a
4N02 ; <am a%><ay a:l?i> = 4Nc2 Ea:<am a17><ay a:ﬁ> = ; 4N02(N02 _ 1) <am 0‘@><0‘Z Oél%>

(3.12)
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3.1. DIFFRACTION IN THE DIPOLE PICTURE
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Figure 3.2: Left panel: Diagram of incoherent diffractive dijet production at the level of four-gluon
exchange. This corresponds to Eq. (3.11]), which is part of the product (T'(x,4))(T'(y,x)). Each of the
two lower double lines, representing colorless substructures (nucleons) within the nucleus, exchanges a
single gluon with the projectile ¢g pair in the DA (and one in the CCA), resulting in inelastic scattering.
Right panel: The same process in the large-N. limit, where gluons are represented by double lines. In
this case, the substructures are no longer colorless in the final state, indicating that the nucleus does not
remain intact. Two independent color flows, @ and 3 (in the fundamental representation), are present,
and the diagram is of order g® NZ2.

This expression shows that the connected piece of the total diffractive correlator Wp is suppressed
by a factor of 1/N? in the large-N,. limit. Combining all the possible terms, the correlator can
be written as
~ g4 a a a a a a a a 2
Wp ~ W [<o¢w ozj> + <ay ozg> — <aw ag> — <o¢y oz@>] . (3.13)
Then, at two-gluon exchange, we can reconstruct the average values of the scattering amplitudes
by adding and subtracting "equal-point correlators" of the form (a%ag%), i.e.,

W = 5= (T(e.) + (T(0.2)) — (T(@.2)) ~ (T(w.5)". (314)

c

A typical diagram for four-gluon exchange corresponding to incoherent diffraction is shown
in Fig[3:2] along with the illustration of color flow in the large-N, limit. For comparison, the
corresponding diagram in the coherent sector is shown in Fig[3.3]

An interesting configuration to consider is when the dipole sizes 7,7 are small compared to
the distance between the dipoles in each scattering amplitude, B. This allows us to expand all
the amplitudes in Eq. around B, since they all involve one leg in the DA and the other
in the CCA. This configuration will be analyzed in detail in the ¢g contribution to the total
incoherent diffractive DIS cross section.

By performing this expansion, we observe that the lowest-order term in the linear combination
inside the squared bracket in Eq. is quadratic, since the process is elastic on the projectile
side. In other words, we find

T(CL‘, g) + T<y7 5:) - T((L’, :I_") - T(y> g) = TifjaiajT(B)’ (315)

where again we use the calligraphic symbol for the average of a quantity. Thus, Eq. (3.14) can
be rewritten as

Wh (7,7, B) ~ mrifjrkflaiajT(B)akalT(B). (3.16)

C
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CHAPTER 3. COHERENT AND INCOHERENT DIFFRACTION
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Figure 3.3: Left panel: A diagram for coherent diffractive dijet production, generally proportional to
(T(x,y))(T(y,x)), at the level of four-gluon exchange. A colorless substructure (nucleon) in the nucleus
exchanges two gluons with the projectile ¢ pair in the DA (and similarly with a potentially different
nucleon in the CCA), resulting in elastic scattering. Right panel: The same process in the large- N, limit,
where the gluons are represented by double lines. The nucleon remains intact. Two independent colors
flow in the DA, and another two in the CCA, leading to a total diagram of order g8 N?.

Again, we emphasize that this expression for the diffractive correlator is valid in the Gaussian
approximation at the level of four-gluon exchange when r, 7 < B < 1/Qs. In the next chapter, we
extend this analysis to the regime where r,7 < B, 1/Q;, i.e. without imposing any constraints on
the relative magnitudes of the saturation momentum and difference between impact parameters.
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Chapter 4

The gg Contribution

The goal of this chapter is to provide an analytical understanding of the cross section for incoher-
ent diffractive dijet production in high-energy DIS of a virtual photon v* off a large nucleus with
atomic number A. To this end, we first review the kinematics in which we work. We consider a
frame where both incoming particles are ultrarelativistic. In light-cone notation, the photon is a
right mover with virtuality ¢*q, = —Q? and 4-momentum ¢* = (¢, —Q?/2¢™",0). The nucleus
is a left mover, and we neglect the mass of the nucleons, so its 4-momentum per nucleon is given
by PN = (0,Py,0). Thus, the virtual photon decays into a ¢g pair, whose lifetime is much
larger than the longitudinal extent of the boosted nucleus. This allows the scattering process
to be well described by the collision between the gg dipole and the nucleus in the regime where
xy, A3 < 1.

In this context, the nucleus can be at saturation, generating a strong color field. Therefore, it
becomes necessary to account for multiple scattering. We also work in the kinematics where the
scattering occurs in the eikonal limit, and after the collision, the ¢ pair produces a dijet system
in the forward direction of the virtual photon. The produced dijet remains colorless and acquire
a momentum transfer A from the nucleus due to the exchange of color between its subnuclear
components.

This process was numerically studied in [34] in the regime where all momenta are of the order
of the saturation momentum, i.e., k1, ~ kay ~ A; ~ Qs, with A} = |ky + ka| and where
k1 and ko are the final transverse momenta of the quark and antiquark, respectively. In our
work, we consider the correlation limit, in which the transverse momenta of the two jets are
much larger than the saturation momentum. In this limit, the transverse momentum hierarchy
satisfies k1, ~ kot > Qs, Ay (with no assumption regarding the relation between A and Q),
meaning that the two jets propagate approximately back-to-back in the transverse plane. It is
important to note that in the process under consideration, the dijet imbalance ki + k2 and the
momentum transfer from the target A are the same, since there are no other particles between
the dijet and the nucleus in the final state.

This limit allows us to perform analytical calculations, which, as we will show below, accu-
rately describe the phenomenon under study. It is also important to emphasize that the most
interesting case occurs when the momentum transfer is of the order of or smaller than the sat-
uration momentum, as this is when unitarity corrections and gluon saturation become relevant,
even though two hard jets are being produced.

We begin by briefly reviewing the gg component of the light-cone wave function (LCWF)
of the virtual photon in the framework of light-cone perturbation theory (LCPT). Our analysis
focuses explicitly on the case of a transverse virtual photon to avoid unnecessary proliferation of
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CHAPTER 4. THE ¢g CONTRIBUTION
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Figure 4.1: Feynman diagram in light-cone perturbation theory describing the quark-antiquark fluctu-
ation.

equations. A brief discussion of the longitudinal polarization case will be presented at the end of
Section and the corresponding cross section will be provided as a final result after we derive
the transverse case.

In Fig. we show the Feynman diagram for the virtual photon splitting into a quark-
antiquark pair, along with the respective variables in momentum space and transverse coordi-
nates. The DA in momentum space is given by

Nc 1
@)= X 3 [ andns o) [ @Kk + k)

)\LQ:ﬂ:l/Q (X,B=1
X 1/’f\1>\2 (1917 kll) 5(1[3 |q§1 (1917 kll) qu (1927 k/2)>7 (41)

where the index i = 1,2 represents the polarization of the transverse photon, and a and § are
color indices in the fundamental representation. For the quark (and similarly for the antiquark),
A1 and ¥ denote the helicity state and the longitudinal momentum fraction with respect to
the virtual photon. The transverse momenta of the quark and antiquark before the scattering
are represented by k} and ki, respectively, and are primed to distinguish them from the final
momenta ki and k. The delta function (1 —1; —13) represents the conservation of longitudinal
momentum, while (2 (k) 4 kj) ensures the conservation of transverse momentum.

The amplitude 1/}@\1 X, 0 Eq. encodes the splitting of the virtual photon into the ¢g pair
and is given by

il l
: [qt eer  ox A0k
% ,0, k) = 1A2 , 4.2
Va0 6) 2 (2m) K2 +9(1 - 9)Q? 4.2)
where ¢ is the plus longitudinal momentum of the virtual photon, e is the electric charge, and

ey is the fractional electric charge of the quark flavor under consideration. The function cpﬁ\ll 2o (0)
represents the helicity structure of the photon splitting vertex and is given by

PN x, (9) = Oagn, [(20 — 1)0% + 2ie™\q] . (4.3)

The denominator in Eq. (4.2]) comes from the contribution of the energy denominator E.; — E.,,
according to the LCPT rules, which reads

7 ’Y_2q+ 191 192 _2q+’l91’l92 1 172 ’ ’

As discussed in section [2.1.1) in the eikonal limit, it is convenient to work in the mixed
representation. Thus, we perform a Fourier transform of the quark states in momentum space
according to

45,01,K) 5,02 = [ Padly b g 00, 020), 615)
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4.1. MULTIPLE SCATTERING OFF THE TARGET
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Figure 4.2: Feynman diagram representing the amplitude for the scattering between the G pair and
the nuclear target in the shockwave formalism.

where we explicitly show & and y as the corresponding transverse coordinates of the quark and
the antiquark. The integration over the initial transverse momenta kj and k% then leads to

N 1
‘7;(Q)>qq = Z Z / d1dds 6(1 — 91 — ¥2) /dZ:Ude
0

A1,2=%1/2 a,8=1

X 03,0, (01,7) das a5, (91, @) 43, (92,9)) (4.6)
where we remind that » =  — y. Now, in coordinate space, the ¢ amplitude reads
i [at deey 4 Qr' 3
1/’>\1A2 (W,r) =— b (2n)2 P12 () TKl(QT)- (4.7)

where we have defined Q? = ¥19,Q? and r = |r|. K; is the modified Bessel function of the
second kind, which exponentially suppresses the decay of the virtual photon to dipoles with a
size much larger than 1/Q).

4.1 Multiple scattering off the target

We shall add the effects of multiple scattering off the nuclear target in the eikonal approximation.
In the kinematics of interest, the nuclear target can be treated as a shockwave due to Lorentz
contraction (see Fig. and the scattering of each parton in the color dipole is given by a
Wilson line. The Wilson line for the quark interaction V() (V(x) for the antiquark) is defined
in Eq. and rewritten here in the proper notation of our present pourposes,

V(x) = Texp {ig/dz+t“Aa(:c+,O,a:) ) (4.8)

where we have dropped the + index in the T', which indicates time ordering in light-cone time.
We remind that ¢ is the QCD coupling, ¢* is the SU(NN.) color matrix in the fundamental
representation, and A, , with a = 1,..., N2 — 1, represents the small-z gluons in the target.

The multiple scattering of a ¢q pair off the nuclear target takes the form [V(a:)VT(y) — ]l] 0B’
where the identity matrix represents processes with no interaction. Then, the multiple scattering
of a color dipole in the fundamental representation can be included in the scattering amplitude

in Eq. (4.6)) by making the replacement

dap — [V(w)VT(y) - ]l] (4.9)

af’
Such a replacement corresponds to the inclusive production of dijets, where there is no restriction
on the final state of the projectile. In the particular case of an incoming colorless ¢g dipole, the
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CHAPTER 4. THE ¢g CONTRIBUTION

product of the Wilson lines must be color-averaged, i.e., traced and divided by a factor of N..
Furthermore, the scattering must be elastic, that is, the color dipole must emerge as a color
singlet in the final state, which is a requirement for the process to be diffractive. Thus, in the
scattering amplitude Eq. , we further make the replacement

1
Vi)Viy) 1], {N V(@) V()] - 1} o = [S(.y) — 1] 805, (4.10)
where we identify the S-matrix for the elastic scattering of a color dipole, S(x,y). Now we are
able to write the complete ¢g component of the diffractive scattering amplitude of the (transverse)
virtual photon LCWF off a nuclear target,

N. 1
@)= Y Y m/ dﬁldﬁzd(lfﬂlfﬂg)/dzmd&y

A12=%1/2 a,8=1 0
X5 x, (91,7) [S(z,y) — 1] |af, (W1, 2) G5, (92, 9)),  (4.11)

which in fact allows to determine the diffractive production of dijets by calculating the number
of quarks and antiquarks in the final state. Hence, to calculate the corresponding cross section
we must average over the quark and antiquark number operators Ny (k1) and Nz(k2), namely,

do_'y;A—)qu

1 ) ~ ~ .
Dot +_ gty - P/ ~ i b
Tk Byl 20— K k) = 5 4 (@) No(kr) Na(ka)[12(a)) o (4.12)

where the factor 1/2 comes from the average over the 2 transverse polarizations. The §-function

factorized in the Lh.s. of Eq. enforcing the plus longitudinal momentum conservation is

a consequence of the dot product of the partonic states considered in the r.h.s. of the same

equation. This arises from the (anti)commutation relations of the ladder operators involved in

the quantization of the gauge field, see e.g. Appendix B in [110]. In fact, in constructing the cross

section, we follow the conventions in [110] (see also [35]) for the normalization of the number
operators, leading to

YrA—qqX 200 A245 24 d24

0., _ Gem Ne (D-e3) o1 =01 = 02) (v3 + 3) dzdy d'z dy

d191 d’l92 d2k1d2k2 271'2 2 27 27w 2w

T QK (@) K (@) (S ) 1[S(5.2) 1)
(4.13)

% e—ik:y(m—:i)—ikg-(y—'g _
rr

where again the barred coordinates belong to the complex conjugate amplitude and e, = €2 /47.

The brackets in the last factor in Eq. account for the average over all possible target
field configurations, and we shall take it in the framework of the CGC. At moderate rapidities we
use the MV model introduced in Chapter 2] (see Eq. ), while, to evolve to higher rapidities
we rely on the solution of the collBK given in Sect. [2.2.2] The rapidity gap is determined by
the kinematics and in order to understand its precise allowed values, it is convenient to make a
change of variables.

In the DA (and analogously in the CCA) in the coordinate space we replace the transverse
positions & and y by the dipole transverse separation r and the center of energy (or impact
parameter) b which can be defined as

b=ax+ day, (4.14)
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4.1. MULTIPLE SCATTERING OFF THE TARGET

So, it follows that x = b+ J2r and y = b — J1r. In momentum space, we replace the transverse
momenta ki and ko with the relative momentum P and the dijet imbalance A,

P =195k; — V1 ko, A =Fki + ko, (415)

which are equivalent to the relations k1 = P + 91 A and ks = —P 4+ ¥3A. Then, by a simple
inspection, we find that the phase in the Fourier transform in Eq. (4.13) can be rewritten as

ki-(x—2)+ky(y—9y)=P-(r—7)+A-(b-b). (4.16)

We consider a homogeneous nucleus, so the CGC correlators depend only on the differences
between any pair of transverse coordinates. In the present process, the correlator in the last
factor of Eq. can depend only on three vectors, which we conveniently chooseﬂ to be r, 7,
and the difference between the impact parameters in the DA and the CCA, B = b — b, see the
phase Eq. . We immediately observe that this implies that one of the two center-of-energy
vector integrations leads to the total transverse area of the nucleus, S .

It is also important to note that Eq. and our choice of independent coordinate vectors
imply that the hard scale P, controls the individual sizes r and 7, while the semi-hard momentum
A controls the separation between the dipoles in the DA and the CCA. In the correlation limit,
this implies that in coordinate space we have the condition r,7 < B, 1/Qs.

Finally, as we are interested in the incoherent diffractive cross section, we must subtract the
piece of the correlator averaged at the amplitude level. Thus, the cross section of interest in the
transverse sector can be written as [34].

YrA—qqX 2 25 425
dop 7SJ_OZCmNc (Ze?) 5(171917192) (ﬁ%+ﬁ§)/gd7’l’d7’f'

d,dd, d2PA2A  4x3 2 27 2w
% g—iA-B=iP-(r—) % Q K1 (Qr) K (QF)W,(r, 7, B), (4.17)
where
Wy(r, 7, B) = (S(z,y)S(g,2)) — (S(z,y)) (S(y,Z)) - (4.18)

is the diffractive correlator defined in Eq. in its fundamental representation, and it contains
all the QCD dynamics within the CGC framework. This correlator must be evaluated at the
rapidity gap of the diffractive process, which is determined by Yp = In1/xp, as discussed at the
end of section[3.1.1] The conservation of minus longitudinal momentum for the process v*P — qg
leads to the relation

zpPy = (kL - Foy +Q%). (4.19)
N 2gt \ Vg

By using the definition of zy; in Eq. (1.12) and changing the transverse variables from k;, and
koy to P, and A, we find that

Pz A?
Tp = T, <1 + Q—g + Q;) . (4.20)

In the kinematic regime of interest, we have the hierarchy Q ~ kiy ~ koy > Aj, which, in
terms of the relative and transfer momentum, is given by P; ~ @ > A . This means that the

L Although other choices can be considered, the one used here allows us to directly relate the size of the dipoles
under consideration (see also Sect. i with the momentum scales of the correlation limit.
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term A% /Q? < 1 can be neglected, while P?/Q? is of order one. Therefore, the rapidity gap
can be written as

N 1 pP? )
Yp~ In - In (1 + o2 ) (4.21)
From the last equation, it can be inferred that the production of the dijet takes up roughly one
unit of the available longitudinal phase space. Since xgz; < 1, the first term dominates at the
leading logarithmic level, and the second term can be neglected. This also implies that we can
assume that the gap is independent of P, , although keeping the second term in the evaluation
of the correlators is not a significant issue.

In Eq. , it is also clear that to maximize the rapidity gap, the most interesting scenario
involves longitudinal fractions, ©; and 1o, that are roughly equal. This leads us to express the
cross sections per unit of longitudinal momentum, as given in Eq. , rather than in terms
of rapidities. To convert from the latter to the former, it suffices to multiply by a factor of
¥195. Since the longitudinal fractions are of order one-half, the dependence on this factor can
be neglected.

To conclude this section, we briefly describe the corresponding expression for a longitudi-
nally polarized virtual photon. It suffices to make the replacements 92 + 93 — 499, and
(r/r)K1(Qr) — Ko(Qr) in the DA (and similarly in the CCA) in Eq. (4.17).

4.2 The fundamental correlator in the correlation limit

This section focuses on computing the connected part of the average of the product of two dipole
S-matrices in the fundamental representation, for an arbitrary number of colors V., to the lowest
order in the dipole sizes r and 7. As discussed bellow Eq. , in the correlation limit we assume
that r,7 < B,1/Qs, with no specific constraint between the sizes B and 1/Qs. As mentioned
earlier, we work within the Gaussian approximation and assume that the averaged dipole S-
matrices depend only on the magnitude of the dipole separation, i.e., S(x,y) = S(|z — y|).
Therefore, the exact double dipole correlator in the Gaussian approximation for a homogeneous
nucleus can then be written as |111]

(S(z,y)S(y,z)) =S(z,y) S(y, ) e_%"'zvig

VD+F f w (VD-F f v
x[( oVD _NCQ\/5>€ +< + D)e ], (4.22)

where we use the definitions

por dprop pe

C

We observe in these expressions that the lowest order term in r and 7 is obtained by expanding
the logarithms of the S-matrices. To achieve this, we note that from Eq. (4.14]) and the relations
below that @ — y = B + ¥57 + ¢17. Therefore, we can write

InS(x,y) ~ InS(B) + (Yor + 917)'0" InS(B) + % (9or 4+ 017)" (For + 917)70°07 In S(B),
(4.24)
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4.2. THE FUNDAMENTAL CORRELATOR IN THE CORRELATION LIMIT

and similarly for the other three dipole correlators appearing in the argument of the logarithm
in f. The leading terms cancel because they all involve one position in the DA and the other in
the CCA. It can also be explicitly checked, as discussed above Eq. , that the linear terms
in dipole size also cancel. Then, the second-order terms can be combined to yield

f Ne iz gigi InS(B) = L ir 9 n S,(B). (4.25)
2CF 2
In the second equality, we use the adjoint dipole S-matrix S,(B), as defined in Eq. (2.50]), within
the Gaussian approximation. We also note the similarity between Eq. and E, and
we can consider the former as a generalization of the latter. On the other hand, the leading term
in F' is independent of the dipole sizes r and 7, and can be written as

Ne

F~—
2CF

InS?(B) = —InS,(B). (4.26)

The limiting behavior of Eq. ([#.25) and Eq. (#.26)) allows us to expand v/D in orders of f, so at
second order it reads

VD~ po 2 A0S (4.27)

By the same argument the various factors in Eq. (4.22) can be expanded for small values of f.
The linear terms cancel, while the quadratic ones give the relation

2Cp

F_1+4+F
N3 '

F2

(S(@y)S(5.2)) = S(a.y) S(w.0) |1+ 27 (1.25)
We see that the second term, which in fact correspond to the incoherent component, is already
quartic in the sizes r and 7, meaning that even when taking higher order values of F in Eq. ,
their contribution would be neglected in the double dipole correlator. When B < 1/Qs, F is
small and the F-dependent fraction in the second term in the square bracket in Eq.
becomes 1/2. Eventually, Eq. (4.28) reduces to Eq. (3.16) as it should. It is also important to
point out that at large-N,., Eq. (](]4:ﬁ]) reduces to Eq. (4.28)) E| (clearly with 2Cr /N2 — 1/N2) for
generic dipole sizes r and 7.

By subtracting the S(z,y) S(y, Z) component in Eq. (4.28), the incoherent diffractive corre-
lator in terms of dipole sizes in the correlation limit can be then written as

_20p

_ e —1+4+F
Wy(r, 7, B) ~ N3 _—

12800 S

(4.29)

Finally, to the order of accuracy, S(x,y) S(y, &) can be set equal to unity in Eq. (4.29)), and by
using Eqs. (4.25)) and (4.26]), the correlator in terms of S, takes the form

W,(r,7, B) ~ % rF kP ®(B) [0°07 In S, (B)] [0%0' In S, (B)), (4.30)

C

2As argued in Chapter [3] the N.-suppressed terms are essential in the study of incoherent diffraction. At the
same time, it is evident from the squared bracket in Eq. that these terms allow to perform the replacement
(S(y,2)S(y, z)) — (S(y, 2)){S(y, z)) in the BK evolution equation (cf. Eq. and bellow). It can be shown
numerically that the evolution of the n-point Wilson-line correlators in the Gaussian approximation at large-N.
closely approximates the exact JIMWLK evolution equation |112]. This justifies neglecting the N.-suppressed
terms in the small-z evolution of dipole scattering amplitudes and allows us to use the collBK evolution equation
in the present work.
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Figure 4.3: The typical dipole configuration that determines the incoherent diffractive dijet cross section
in Eq. in the most interesting kinematic regime, P, > A ~ Qs, which is a subspace of the regime
defined by the correlation limit P; > A, Qs. In this configuration, the ¢g dipole in the DA is separated
from the one in the CCA by a large distance, B ~ 1/A | ~ 1/Qs, compared to the dipole sizes themselves,
which satisfy r,7 ~ 1/P| < 1/Qs.

where we defined the dimensional scalar
Sy(B) —1—1InS,(B)
In*S,(B) ’

to compact the expression. Eq. generalizes Eq. for arbitrary values of B, so that
the conjugate momentum A, can be of the order of (or smaller than) Q. This implies that the
correlator includes unitarity corrections for the associated scattering amplitude.

Notably, in Eq. 7 there is an angular correlation between r (and 7) and B, which in
momentum space corresponds to an angular correlation between P and A. The tensorial factor-
ization, dictated by the size scales at the level of the diffractive correlator in the correlation limit,
is explicit in Eq. . In other words, the power-law dependence on the small fundamental
dipole sizes r and 7 factorizes from the dependence on the large adjoint dipole B.

In the next section, we will present the analogous factorized cross sections, expressed in terms
of their related hard and semihard momenta, along with their non-trivial dependence on S, (B).
The appearance of the adjoint dipole is a consequence of the participation of double dipoles, which
can be seen in Fig. [I-3] where the dipole configuration for the incoherent diffractive process in
the kinematic regime of interest is shown.

®(B) =

(4.31)

4.3 The factorized cross sections

The form of the fundamental correlator in Eq. (4.30)) allows the factorization of the integrals over
r and 7 from the one over B in Eq. (4.17)), leading to the form

do‘g;A*}qu SJ_ Qlem Nc
A0,d0, 2PA2A 478

(Z eﬁ) 51—y — ) (92 + 192) yA 2, (4.32)

. 2,
where the “reduced” cross section ‘AT‘ is defined as

|A | — ’Lk?S P Q) H]lS*(P Q) gZ] kl( ) (4'33)
and where the hard factor H’Tks is given by the rank-3 tensor
) _ d2 ik s _
H%kS(P, Q) _ / 27: 671P T TTT Q . (QT‘), (434)
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while the semihard factor gg ’kl(A) reads
. 2B . o
gyt(A) = / S ¢ AEO(B) (007 In S, (B)] 00 n S, (B)) (4.35)

with the scalar function ®(B) being defined in Eq. ({.31]). This central result of our work shows
that at leading twist (in reference to the inverse powers of P ), the cross section for incoherent
diffractive dijet production can be given in a factorized form at the tensorial level: one factor
depends only on the hard momenta P and @, while another depends solely on the semi-hard
momentum A.

It is also clear that this result includes all the inverse powers of the imbalance A . A similar
property was found in the case of the inclusive dijet cross section [27] [113].

Notably, in contrast to the coherent case, where the imbalance momentum is generated by
the emission of a gluon |52, 53, |55], this factorization does not hold at the level of the amplitude.

The hard factor Eq. is symmetric in all indices, and as a result, the integration can be
written in terms of 6°* P, P*P*P* and their permutations, all with the same weight. Thus, by
performing the decomposition in terms of two independent scalars, it can be expressed as

8i P! Pk ps
@)y

2

H’frks(Pv@)Z—W(

5P + 5" PF 4 5k P7) + (4.36)

The semi-hard factor gg’kl(A) in Eq. (4.33) incorporates the QCD dynamics through the

non-linear scattering of the adjoint dipole off the nuclear target. Its tensorial structure consists

of two factors, each of which is a symmetric rank-two tensor of the form 907 InS,(B). Since

we assume that S; depends only on the magnitude of B, these factors can be decomposed into
diagonal and traceless parts, which read

o §ii .
00’ InSy(B) = Fy(B) - + F_(B)BY, (4.37)

where the scalar coefficients F (B) and F_(B) are found to be

_ 9*InS,(B) 1 9In&y(B)

Fi(B) = 4.38
and where we have defined the traceless tensor
Ny BiBi  §4
BY = - — . 4.
( S ) (4.39)

The two functions in Eq. have dimensions of mass squared, and we note that F (B) =
V2InS,(B). Hence, the rank-4 tensor gg’kl(A) can be decomposed in terms of the structures
SR UARAL ATATAFAL or permutations of the first two. The precise form of the tensor,
along with its corresponding scalar coefficients, is given in Appendix [B] see Egs. (B.1))-(B.7).
Here, we rewrite only the coefficients that contribute to the cross section of the process under
consideration, which are

G a0 = [ G2 AT amE @) (1.40)
600 = [ L2 2B amir ), (441
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g(AL) = / d;—ﬂBe*m-B O(B)F, (B)F_(B) cos 265 (4.42)
and
g ( )= /% _ZAB(I)(B)[F (B)]2C034¢AB7 (4'43)

with ¢,z being the angle between the vectors A and B. We will refer to these quantities as
semihard coefﬁcient.sEI and observe that the integration over the angle ¢, in these terms can be
performed using the relation

d°B . o
/2— e AB F(B)cos2ngas = (—1)" dB BJ, (A} B)F(B), (4.44)
0 0

where F(B) is an arbitrary function of B, representing all possible semihard coefficients in terms
of one-dimensional integrals involving the first three even Bessel functions of the first kind, i.e.,
Jn(A1 B) with n =0,2,4.

Now that we have suitable expressions for the tensors involving the hard and semihard factors
of the cross section, we can perform the corresponding contractions to obtain the transverse
reduced cross section, which is given by

APE(3Q" + P) o+ o 8Q'PY (-
| A | Wg (AL )‘*‘mgn (A1)
1602 P2 (Q?% — p? 2 802 P4 cos4

where ¢ is the angle between the hard jet momentum P and the momentum transfer A.

The longitudinal cross section, as discussed at the end of section[f.1} differs from the transverse
one by replacing factors involving the longitudinal fractions and Bessel functions of the second
kind. These replacements affect only the hard factor, resulting in the reduced cross section

[AE]” = HF(P.Q) HI'(P,Q) G M (A), (4.46)

where now the hard factor is encoded in the rank-2 tensor

2
H} (P, Q) = / T P ik QKo (Qr)

(PR 2 (PR \ P 2) '
The contractions with the semihard factor lead to
2Q Q4 _ 2Q2P2 + 5P4) 2@2(@2 _ Pf)z =)
B S )+(Pi+—Q2)6gD (&)
16Q% P2 (Q?% — P2 2 8Q2p? 4

3This differs from the original paper |63], where they were abusively called semihard distributions due to their
similarity to the gluon distributions in inclusive dijet production |26} 27} |113|. See the discussion below Eq. (4.11)
in |63] and Appendix in this work. We do not use the same terminology here to avoid confusion with the parton
distributions introduced in [64], which will be presented in Chapter@
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4.4. THE SEMIHARD MOMENTUM DEPENDENCE

Just as in the case of the transverse cross section, the longitudinal component is expressed as a
linear combination of four semihard coefficients, g]g") (A1), with the indices n = +, —, 1,2, which
correspond to 0,0,2,4 in their angular dependence, cosng,s. Each term is given by analytical
expressions depending on the hard momenta P, and Q, as well as on the angle between P and
A. We note that there is a one-to-one correspondence between the angle ¢, and the angle ¢;
that is, each gf)")(A 1) involves a cosngp, which in turn leads to a cosn¢ dependence in the
cross section. Additionally, we observe a flip of sign in the terms involving cos2¢ and cos4¢
between the transverse and longitudinal components. This characteristic is also observed in the
inclusive dijet cross section for the coefficients of cos 2¢ 27].

Before proceeding with the analysis of the momentum dependence of the semihard coefficients
Q](Dn)(A 1), we note that for the typical magnitude of jet momenta dictated by the photon decay
vertex, P| ~ @, the hard momentum factors in all terms scale as 1/P$. We also observe that
in the limit @ — 0, which corresponds either to photo-production (Q? — 0) or to the aligned
aligned-jet limit (192 — 0), the longitudinal reduced cross section in Eq. vanishes, while
for the transverse case in Eq. , only the first term contributes.

4.4 The semihard momentum dependence

The A -dependence is captured in the semihard factors Q](D")(A 1) in each term of both the
transverse and longitudinal components. We begin by performing simple analytical calculations
in different regimes, considering the momentum transfer A and the saturation momentum Q.

For moderate small values of x, we assume that the dipole-nucleus scattering is described by
the MV model, which was introduced in Eq. and is restated here for convenience in the
form

B2QY 4
S¢(B)=1—-"T4(B) =exp (— 1 In BQA2> , (4.49)
with the scale Q% in terms of the saturation momentum given by the relation
Q3
Q% In 1= Q% (4.50)

Such a relation refers to the gluon saturation momentum which is enhanced by a factor of
N./CF w.r.t. the quark one. Hence, the functions Fy (B) and F_(B) are described by the simple
expressions

F{(B)=-Q%In(4/B*A*) +2Q%, F_(B)=Q%. (4.51)
The dimensionless ®(B), defined in Eq. (4.31]), can be expressed in the piecewise form
1/2 for B<1/Qs,

1 4
“InS,(B) | B2Q% In(4/B%A?)

for B> 1/Qs,

We point out that the normalization is well-controlled when B < 1/Q);, distinguishing it from the
second case, although they are of the same order. In contrast, the third case, which corresponds
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to the regime where unitarity corrections are important with A < @4, exhibits suppression for
large values of B.

In the weak interaction regime, where A > @, the dominant contribution to the coefficients
g]g”)(A 1) comes from small dipoles with B <« 1/Qs. By performing the integrations with the
help of the integrals in Appendix [A] we derive the expressions for the semihard coefficients to
logarithmic accuracy, namely

+ 2@ A2 o Q5

for Al > Qs.
(4.53)

We see that the dominant contributions come from gfj) (A1) and Q](Dl ) (A1), and in this regime,
they satisfy the relation g(+>( 1) QQS)(AL). It is also evident that gfﬁ(AL) is power-

suppressedEI
In the regime A ~ Q, corresponding to dipole sizes B ~ 1/Q;, we find
2 2 2
g7~ @2, 6\~ Q—Q G ~ 9 G ~ Q— for Ay ~Qs  (4.54)
Pa PA ,OA

where we have defined p4 = In(Q?/A?). In this regime, g](j) (Qs) also dominates with logarithmic
accuracy. This same property holds in the regime of small momentum transfer, where A < A;} <
s, in which case it behaves as

2 AQ
G\ (AL) ~ Q3 (1112]\2 —In? A;) for A < Q,, (4.55)

thus, 91(3+)(A 1) dominates across the entire kinematic regime and exhibits saturation. We also
note that due to the dependence on the angle between A and B, the angular integration in
gg)(Al) and gff)(AL) results in Jo(A B) and J4 (A, B) for the corresponding semihard co-
efficients [cf. Egs. , , and ] These Bessel functions vanish quadratically and
quartically, respectively, at small arguments, leading to the suppression of the coefficients in the
region where A is smaller than Q.

The present work focuses on phenomenological applications, where the rapidity scale, at
which the scattering amplitude must be evaluated, is of the order of a few units. In this context,
the properties of the semihard Q](D")(A 1) are well described by the MV model. While detailed
analytical estimates for high rapidities are possible, they are beyond the scope of this work.
Nonetheless, for the sake of completeness, it is worth discussing the modifications that high-
energy evolution, particularly the BK evolution, may bring to the estimates presented here. The
BK evolution softens the perturbative tail of the scattering amplitude. At asymptotically high
energies, the amplitude becomes a function of the single variable BQ,(Y'), a property known as
geometrical scaling, valid over a wide kinematic regime that extends to momenta well above Q)
[L114H116]. Up to logarithmic factors, in the regime where B < 1/Qs, the solution behaves as
T,(B) o (B2Q?)7, where at LO, v ~ 0.63. At NLO, the corresponding corrections |98} 117, |118]
and the necessary collinear resummations [99} 119, |120] ensure that this remains a good solution,
with 7 satisfying 1/2 < v < 1.

That said, we present the numerical evaluation of the semihard coefficients g]g”)(A 1) from
Eqgs. — in Fig. In the left panel, we show the initial condition where the scattering

4To obtain this expression, it is necessary to retain the first subleading term —Tg4/6 in the expansion of @,
where the amplitude 7, involves exchanges of only two gluons.
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Figure 4.4: The four semihard functions Q](:,")(A 1) as a function of the transverse momentum A are
shown. Left panel: The input amplitude T;(B) is taken from the MV model with Q2 = 2 GeV?. Right
panel: The input amplitude 74(B) is obtained by evolving the MV model initial condition to AY = 3
using the collinearly improved BK equation [99].

amplitude is given by the MV model, with Q2 = 2 GeV2. We confirm the hierarchies for
AL > Q, and A ~ Q, as outlined in Egs. and (4.54). It is also evident that QS)(AL)
and Q]SQ)(A 1) bend downward at small A, as discussed below Eq. . Furthermore, we
observe that Ql(;r) (A1) grows logarithmically as A decreases; specifically, it grows as the square
of the logarithm of A3, as dictated in Eq. (£.55), while Q](Df) (A1) grows more slowly. In the right
panel, we show the same semihard coefficients evolved over a short interval, AY = 3, using the
collinearly improved BK equation detailed in Sec. [2:2.2] It is clear that such a short evolution
does not bring significant changes in the behavior of the semihard coefficients. However, we
observe that Q](;)(A 1) for Ay > Qs is no longer power suppressed as it was in the MV model.
Still, since its contribution to the cross section is of the same form as the one from g](j) (A)) (ie.,
independent of the angle ¢) but much smaller, it can be safely neglected for practical purposes.

We further analyze the constraints on the factors Q](Dn)(A 1) imposed by the positivity of the
transverse and longitudinal cross sections, as well as their dependence on terms proportional to
cosng. To simplify the notation, we rewrite the reduced cross sections in Egs. (4.45)) and
in order to highlight their dependence on cosn¢ and the momenta P and A, namely

’A]’\DIQ :N(j\(PL,AL)JrQZN?i‘(PL,AL)coanS. (4.56)

n=1

At the leading twist level, where we have been working so far, the only non-vanishing terms
are N} with n = 0,2,4. Therefore, since the averaged reduced cross sections N are explicitly
positive, we can equivalently analyze the ratios |A8|?/Ng. To do so, we minimize these ratios
as a function of P} and ¢ and require that the minimum value remains non-negative. Focusing
on the longitudinal sector, we begin by keeping only the QS)(AL) and Q](Dl)(Al) terms in |A}|?
(see Eq. (£.48)), since the contribution from gg)(Al) is the only one comparable to gfj)(AL)
in the MV model, particularly in the regime where A is of the order of Qs or higher. As a
result, |A5|?/N& has a global minimum at ¢ = 0 and P, = Q/V/3, leading to the positivity

constraint Q'l(;)(A 1) - 2g1(31)(A 1) > 0. We observe that, in the leading logarithmic behavior
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Figure 4.5: The l h.s. of the two positivity constraints normalized to QH)(AL). Left panel: transverse
sector [cf. Eq. ] Right panel: longitudinal sector [cf. Eq. ]

for A} > Qs in the MV model (shown in Eq. (4.53))), this constraint reaches equality, or
“saturates”. This property is very similar to that found for the unpolarized and linearly polarized

gluon distributions [26]. When including the contribution from 91(32 )(A 1), while still neglecting

g](;)(A 1), the constraint of interest is given by the relation
cLa) =057 (A0 - 205 (A1) + 5 g”)( >0 (4.57)

In the regime where A | > @y, it can be shown analytically that, by keeping all the 1/A? terms
(and not only those enhanced by a logarithm) in the MV model, the Lh.s. in Eq. (4.57) is strictly
positive. In the transverse sector, the corresponding positivity constraint is given by

Cr(d) = 657(a0) ~ 20 (a0) - 5 AP A1) > 0. (4.58)

In Fig. we present the numerical calculations of the constraints in Eqs. ) and -,
demonstrating their validity over a wide range of A . These calculations are performed using
the MV model and its evolution, as described by the solution to the collinearly improved BK
equation.

4.5 Analytical estimates and numerical results of the aver-
age cross sections

In this section we consider the incoherent diffractive cross sections averaged over the angle ¢
between the momenta A and P, namely

A—qaX YA—qaX
do_gk qq /27\' d¢ ngA qq
0

— 4.
dIl 27 ddydds d2Pd2A’ (4:59)

with dIl = (27)2P, dP; A dA | d¥1dd;. From Egs. (#.45) and ([4.48)) it is visible that the
terms involving Q](Dl)(A 1) and Q](DQ)(A 1) vanish due to the angle averaging. Therefore, the above
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CROSS SECTIONS

quantity receives the contributions of gfj)(A 1) and g](;)(A 1). As discussed in the previous
section, g](;)(A 1) is subleading, hence for analytical estimates we consider only the contribution
of ggf)(A 1), while it is kept in the numerical calculations.

Following the notation in Eq. (4.56)), the reduced transverse and longitudinal average cross
sections can be written as

r . APT(3Q" + PY)

B 2Q2(Q* — 2Q°P? +5P%)
TP

(P?+@Q%)°

GO (AL), NE =~ GLI(AL).  (4.60)

We are interested in getting an analytical understanding of the incoherent diffractive cross section
and its magnitude w.r.t. the respective inclusive cross section. The latter is analytically known
in the correlation limit |27 [113] and it is reviewed in Appendix [C| Hence, we proceed to study
the ratio of the averaged cross sections, namely

dUgFA—’q(?X/dH 1 4P%(3Q* + PY}) g](;)(Al) (4.61)

oy 79X 2N2 (P14 Q)(PE + Q2 (4m%a, /Cr) 2G(AL) '
for the transverse polarizations and

Aot a1 QY- 2Q2P? + 5P! G (A1) (4.62)

QoA g T NE T PR(PI+ QP (%0 /Cr) aG(A L)’
for the longitudinal one. The factor zG(A ) is the unpolarized unintegrated gluon distribution
in the target, cf. Eq. 7 and it is dimensionless. In both ratios we have factorized the fraction
that encodes the semihard dynamics, and in the regime A ~ @, it is of the order of Q2.
Generally it is a function that varies slowly with A . Thus, the behavior of the ratios, when
P, ~ @, has the form

dop A7 g 1 Q2
doﬂ;AquX/dH N P

inc

(4.63)

We explicitly observe the 1/N? suppression discussed in Sect Additionally, we note the
stronger suppression given by the 1/ Pf fall-off in the diffractive case, which is much more signif-
icant than the 1/P} suppression in the inclusive case. Nevertheless, the precise P, dependence
of the ratio differs significantly between the two polarizations, and this distinction is related to
the relative magnitude of P, w.r.t. Q. In the transverse sector, at small P, , the ratio vanishes
quadratically, while at large P, , it falls off as 1/P?. This indicates a maximum at a value P7,
which is proportional to @, and the numerical solution to the resulting algebraic equation yields
Pr ~ 0.75Q. In the longitudinal sector, the scale for both small and large P, is of the form
1/P?, but with different coefficients in each limit. These features were previously observed in
the numerical study by [34], our work instead focuses on providing an analytical understanding
of them in the correlation limit.

The angle-averaged reduced cross sections as functions of P, and A are shown in Fig. [£.0]
The harder tail in P, , compared to A, is visible in both the transverse and longitudinal cross
sections at high momenta. On the other hand, as discussed in Eq. , when A decreases
and becomes smaller than Qs, the cross section shows a logarithmic increase.
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Figure 4.6: The angle-averaged reduced incoherent diffractive dijet cross section at leading twist. Left
panel: as a function of the momentum transfer A, for a fixed relative momentum P, . Right panel: as
a function of P, for a fixed A .

4.6 The azimuthal anisotropies

The azimuthal anisotropies are the objects sensitive to the relative angle between A and P, and
are defined as the dimensionless ratios

'YAA_”IqX /27rd¢ dUgKA%qf?X B J\ﬁ
d191d192 d2Pd2A o d,dv, d2Pd2A J\/'O)‘7

2m
(cosng)y = /0 g—j: cos ng (4.64)

where n is an even integer. At leading twist, the non- vanishing anisotropies are the elliptic
(cos 2¢) and the quadrangular (cos4¢), ones, as visible in Egs. ) and ([4.48), and read

2Q%(Q* - P?) Y (AL) 4P2(P2-Q*)  GY(AL)

2¢) ~ = , 2¢), ~ —= - 4.65
<cos ¢> 3Q4 T Pj‘_ g](;)(A ) <COS ¢7> Q4 _ QQZPE + 5Pjﬁ g](;)(A ( )
and
3 (2) (2)
(cos4¢) QP p (A1) (cos4e), 2P p (A1) (4.66)

3Q+ P! ¢Iay)’ T Q' —2Q°P2 +5PT glI(AL)

As discussed at the end of Sect. E we observe that (cos2¢), is proportional to 91(31 )(A 1)

while (cos4¢), is proportional to QI()Q )(A 1)- We also observe the opposite sign between (cos2¢)
and (cos2¢),, and similarly for the (cos4¢), anisotropies, a fact that can be written with the
relations

(cos 2¢) r(cos 2¢), <0 and (cos ), (cosdg), < 0. (4.67)
As observed in Eq. (4.65)), (cos2¢), can vanish. Indeed, one has
(cos2¢)r = (cos2¢), =0 when P, =Q forany Aj, (4.68)

which are zeros similar to the ones appearing in coherent diffractive dijet production [51]. In the
“all twist” numerical solution [34], the zero in the transverse sector does not exist. We shall see
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Figure 4.7: Diffractive {cos2¢) azimuthal anisotropies at leading twist. Left panel: as a function of
the momentum transfer A, for a fixed relative momentum P, . Right panel: as a function of P, for a
ﬁxed AL.

in Sect. that in the correlation limit, this property can be well described when taking into
account the first higher twist correction.

When comparing the azimuthal anisotropies in the present case with those in inclusive dijet
production, we observe that in the inclusive case, in the correlation limit at leading twist, only
the (cos2¢), anisotropies are non-zero. To obtain the (cos4¢), anisotropies in such a case,
higher twist effects must be considered |121], which are power suppressed by either Q%/P? or
Aﬁ_ / Pf_. In contrast, for incoherent diffractive dijet production, the (cos4¢), anisotropies are
parametrically of the same order as the {cos2¢), anisotropies, as all the hard coefficients are of
the same order in P, .

In Fig. the (cos2¢) azimuthal anisotropies are shown for the MV model and its evolution
over a few units of rapidity. We observe a smaller anisotropy as the momentum transfer A
decreases, and the zeros at P, = ), determined by the hard factors, are clearly visible.

Similar features are observed in the numerical solutions for the (cos4¢), anisotropies shown
in Fig. (except for the discussed zeros). We also note that in the MV model, and to some
extent in the BK solution, the semihard factors satisfy the relation Q](D2)(A 1) < Q](Dl)(A 1) for
all relevant momenta due to the presence of large logarithmic factors, as seen in Egs. and
(4.54). Thus, although both (cos2¢), and (cos4¢), are of the same twist, the quadrangular
anisotropy is eventually smaller than the elliptic one.

4.6.1 Higher twist kinematic corrections

In this work, we focus on hard jets in the correlation limit, where the relative momentum P, is
much larger than the semihard scales, including the momentum transfer A | and the saturation
momentum @Q,. The higher twist corrections then arise from considering contributions propor-
tional to powers of the ratios Qs/P, and A, /P, beyond the leading-order expansion. The
powers of the ratio Qs/P, are referred to as “genuine saturation” effects, or saturation twists.
To fully account for these contributions, one must employ a numerical approach [34]. Our in-
terest, however, is focused on hard jets, which leads us to consider the “kinematic twists”, where
contributions involving powers of A, /P, [122H124] play a significant role.

To resum the kinematic twists one can rely on the improved TMD framework and follow
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Figure 4.8: Diffractive (cos4¢) azimuthal anisotropies at leading twist. Left panel: as a function of
the momentum transfer A, for a fixed relative momentum P, . Right panel: as a function of P, for a
ﬁxed AL.

the procedure developed in [123] (see e.g. [37] for the implementation in the case of inclusive
dijet production). Our goal in this work is more modest, in the sense that we consider only the
first higher order kinematic twist and we show that this is enough to have a good analytical
description of the anisotropies in the kinematic region of interest.

Before proceeding to the calculation, we point out that at leading twist the only dependence
of the fractions ¥; and ¥, in the reduced cross section is given by the hard quantity Q. On the
other hand, in the first higher twist correction we see by explicit calculation that the reduced
cross section has an explicit dependence on such fractions. Hence, in order to keep the problem
simple, we take 7 = 15 in the rest of this section.

Starting from the general expression in Eq. for the transverse cross section (and simi-
larly for the longitudinal one), the correlator Wp (v, 7, B) defined in Eq. must be expanded
to the 6th order in the dipole sizes r and/or 7, in contrast to the 4th-order expansion at leading
twist in Eq. . The additional two powers in the dipole sizes result in an extra 1/P? factor
in the cross section in momentum space. Similarly, the higher-order expansion introduces two
more derivatives, which, after Fourier transforming, lead to a factor proportional to the semihard
scales, either Aﬁ_ or Q2. The kinematic correction corresponds to the former case.

The leading contribution to this correction comes from terms with the fewest factors involving
InS,(B), which scales like Q?. As with the leading twist, this contribution involves only two
factors. In other words, by expanding f, defined in Eq. , to the 4th order in the small
dipole size and inserting it into Eq. , we find that the first-order kinematic correction to
the transverse and longitudinal reduced cross sections, Eqs. and , is given by:

2 ]- i A jls* ~ 17, klmn
S AB|* = < HEme(P,Q) Y (P, Q) G (A, (469)
and
1 i ~ 1E3 ~ 17, klmn
O|AB[* = ¢ H™™(P.Q) HY" (P, Q) G5 "™ (&), (4.70)

respectively. The hard factors Hi¥™"*(P,Q) and H¥*™"(P,Q) are the evident extension of the
leading ones in Eqgs. (4.34) and (4.47) with two more indices each and their details are shown in
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Appendix [D] On the other hand, the rank-6 semi-hard tensor reads

Gt (A) = / %e—m-B ®(B) [0°07 In Sy(B)] [9¥0'9™ 0™ In S, (B)], (4.71)

and its tensor decomposition is also given in Appendix [D} In this section we are only interested
on the final expressions for the MV model, which can be expressed in terms of elementary

integrations over the adjoint dipole size B. Hence, by using the notation in Eq. (4.56|), the
corrections to the averaged over angle reduced cross sections for the transverse sector is given by

(recall that Q2 In % = Q2)
16P2Q%*(7Q* — 7Q*P? +2P}) dB
T _ L 1 1) Ha [ 9O
SN = o Y e (4.72)
while for the longitudinal one reads
16Q2(Q° — 5Q*P? +8Q*P! —2PY) dB
ONE = — L L L2 Q% | = Jo(ALB)®(B). 4.73
N ZEYRE Qa | 3 0(ALB)®(B) (4.73)

Such expressions diverge logarithmically at small B, however, they are valid in the regime where
r < B, and therefore we are allowed to set a UV cutoff equal to ¢g/P, in the integrations in
Egs. and , where ¢g is a constant of the order of one El

Analogously, we can calculate the corrections to the numerator of the (cos2¢), anisotropies.
For the transverse sector we find

8P? ~ ~ ~ dB
T _ L 4 6 4 p2 2 pd 6

—(7Q° — 20Q*P? +3Q*P! —2P%) / 4B Jo(A; B)®(B)In 4

1 1 1 B B2A2
(4.74)
and for the longitudinal one
SNL = SPIQ*(Q*—P?) 4 2 32 B A
~ dB 4
2 2

Unlike in the case of A, the integrals involved in the corrections SN3' are UV finite since the
Bessel function Jy(A | B) vanishes quadratically for small arguments. We note that now only the
longitudinal anisotropy vanishes when P, = (), while the kinematic correction to the transverse
sector shows that the value of P, at which (cos 2¢)r changes sign increases with A ;. We further
observe that when P, > @, the kinematic correction to {cos2¢), is positive and increases with
A, rather than being negative and decreasing as in the case of the leading twist [cf. Eq. ]
So, in fact, the higher twist correction implies a minimum in A | as a function of A for P, > Q.
In Fig. the (cos 2¢), anisotropies are shown in the MV model when the first higher kinematic
twist is included.

51t can be checked numerically that the precise choice of ¢y does not produce sensitive changes to the results
here presented.
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Figure 4.9: Diffractive {cos2¢)» azimuthal anisotropies including the first higher kinematic twist. Left

panel: as a function of the momentum transfer A for fixed relative momentum P, . Right panel: as a
function of P, for fixed A .

All these features, obtained semi-analytically in the region where PJQ_ is (much) larger than Q2
are in good agreement with the fully numerical solution and the discussion given in [34] (cf. Fig. 3

there).

‘We conclude this section commenting that the first higher order twist provides also expressions
for the remaining non-vanishing quantities A} and SN which contribute to the corresponding

(cos4¢) and (cos 6¢), anisotropies, although, they are out of the scope of the present work.
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Chapter 5

The ggg Contribution

In this chapter we consider the production mechanism of two hard jets accompanied by a third
semihard jet. As was shown in the previous chapter, at leading order in QCD perturbation theory,
the cross section exhibits a 1/ Pji spectrum. When a third jet accompanies the hard dijet, with
transverse momentum k such that k; ~ Qs < P, the large size R ~ 1/k; ~ 1/Qs controls
the scattering and becomes strong, leading to a 1/P{ spectrum. At the same time, such a NLO
calculation comes with an extra factor as(P) ), nevertheless, this dependence is only logarithmic
and when P, > (@, the softer power law is the most relevant factor. This mechanism was
originally studied in detail for the case of coherent production [52} 55, 56] and here we shall
apply the same ideas. The third semi-hard jet can be composed of any parton, i.e., a gluon,
a quark or an antiquark. Another significant feature of the third semi-hard jet is that it must
be soft. In fact, when its formation time 2k™/k?% is of the order of the virtual photon lifetime
2¢"/Q?, its splitting fraction ¥ = kT /¢ T satisfies the relation ¥ ~ k% /Q* ~ Q?/P? < 1. At the
same time, as it will be explicitly visible in next sections, partons with even smaller longitudinal
momentum fraction than the above estimate diminish the rapidity gap of the process, and thus
are not interesting to our purposes. In the following, we will refer to the third jet as either
semi-hard jet or soft jet.

5.1 241 jets: soft gluons

Following the derivation for the coherent case |55 and making the appropriate adaptations to
the incoherent case, here we present the 2-+1 jet incoherent diffractive cross section for a gluon
semi-hard jet. In this scenario, after the virtual photon decays in a quark-antiquark pair with
size r, any of the two fermions is allowed to emit a soft gluon with momentum fraction ¥3 and
transverse momentum k3 at a distance R. When r < R, the ¢gg fluctuation can be treated as an
effective gluon-gluon dipole that subsequently scatters strongly off the nuclear target, acquiring
a transverse momentum A and a minus longitudinal momentum zp Py, . While the gluon fraction
93 of the plus longitudinal momentum ¢ of the virtual photon fulfills 93 < 1, the quark and
antiquark longitudinal momentum fractions ¥, and 5 follow the relation ¢¥; + ¥ ~ 1. The
final transverse momenta kq of the quark and ks of the antiquark are hard and their imbalance
receives contributions from both the gluon recoil and the momentum transfer, since transverse
momentum conservation requires k1 + ko = —k3 + A. This is a characteristic sign of the present
process in contrast to the coherent and the 2 jets incoherent one, where only either the recoil
momentum or the momentum transfer, respectively, contribute to the imbalance. In Fig. we
show the two amplitudes contributing to the scattering which correspond to the scattering off
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Figure 5.1: Production of a hard quark-antiquark pair accompanied by a soft gluon in DIS off a nucleus
within the dipole picture. The scattering off the shockwave is considered only after the gluon emission,
as the large pair is formed subsequent to the gluon vertex.

the shockwave only after the gluon emission. In fact, within the transverse momentum hierarchy
here considered, the interaction of the ¢g pair with the target prior to the emission of the gluon
effectively corresponds to the no-scattering limit.

For convenience, we work with the definitions ky = P + ¢%1(A — k3) and ko = —P +
¥2(A — k3), such that we use the hard momentum P and the semi-hard momenta k3 and A
as independent variables. In Fig. [5.2] we provide a clear depiction of a typical configuration of
interest in coordinate space.

The derivation of the cross section is similar to the one for coherent production, differing only
in the diffractive correlator, and it is given in detail in [55]. Prior to presenting here the expres-
sions for the incoherent cross section, some comments are useful. The exact quark-antiquark-
gluon component in the LCWF of a virtual photon was calculated in [125 [126]. Generally, the
gluon emission can change the transverse coordinate of the emitter fermion due to recoil. In
order to ensure that the transverse recoil is negligible and guarantee that the relation r < R
remains valid in all stages of the process, it is necessary to impose ¥3 < k3, /P, . The addition
of the multiple scattering off the target is done in the shockwave formalism by multiplying the
corresponding Wilson lines with the projectile wave function. The hierarchy in coordinate space
and the color flow implies that the ¢gg system effectively acts as a gluon-gluon dipole. This
fact leads to the emergence of adjoint S-matrices, which then can be used analogously to the
fundamental ones in the problem of dijet production described in the previous chapter. It is also
worth mentioning that besides the fact that the hard factor for coherent and incoherent 2-+1
jet diffractive production is the same, it also coincides to the one in inclusive dijet production.
Thus, restricting again to the case of a transverse polarized photon, the hard factor reads

d?r d%r
——e

H' (91,92, P,Q) = (97 +93) | 5= 5~

TP T QK (Qr)QE(QF). (5.)
where we use the superscript (g) to denote that the soft parton in the configuration is the gluon.
When compared to the corresponding factor in equation , it is visible an extra factor 7% in
the DA (and similarly #/ in the CCA) that comes from the vertex emission of a large-size gluon
with polarization ¢ from the fermionic dipole of size r. By performing the integrals and rewriting
the rank-2 tensor in diagonal and traceless parts, we get

(Pt +QY 5 _ 4Q*P? pii

H’;‘j(g)(ﬁlvﬁ27PaQ) = (19% +19§)

(P +Q?)* (P? +Q2)t
= HY(P,,Q) 6% + HP(P,,Q) PY. (5.2)
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Figure 5.2: Tllustration of a representative configuration contributing to the incoherent diffractive pro-
duction of a hard quark-antiquark pair and a semi-hard gluon. The kinematic regime of interest is
defined by P, > A, ks1,Qs, which corresponds to the relation 7,7 < B, R, R,1/Qs for the various
sizes and distances in coordinate space. In the typical scenario where A ~ k3 ~ Qs, the distances B,
R, and R are all approximately of the order of 1/Qs.

The three-partons invariant mass of the outgoing system for P, > k3, , A and ¥3 < 1,
reads

2 o PP K3
M2 = (k1 + ko + k3)” ~ —2=

x = (k1 + k2 + k3) 9195 T s
Hence, by (3.8]), the splitting fraction zp and the diffractive variable 8 can be specified keeping in
mind that, as in dijet production, |¢| is much smaller than Q> —l—Mi, so it can be neglected. It is
also customary to define = as the fraction of the minus longitudinal momentum of the Pomeron
transferred to the ¢g pair, namely

for 2 4+ 1 jets. (5.3)

32 2 32 2
= 52 2Q +PL 2 = Q ::PL 6 (54)
Q? + P7 + (0192/93)k3 | Q
In other words, the fraction = regulates the rapidity interval between the hard dijet and the edge
of the gap on the projectile side. The first equality in also allow us to make a change of
variables between 95 and z, a fact that will be useful in further calculations. We can also observe
that for hard jets kinematics, and when 93 is of the order of k2 /P?, the rapidity gap in the
2+ 1 jets process is roughly a unit smaller than the one in the 2 jets one, assuming equal x,
values.
The corresponding semi-hard factor of the cross section depends on the vectors k3 and A,
and it has only a diagonal component, as it is shown in Appendix [E] i.e.
y §id
Qfﬁc(x,x]p,k;;,A) = Tginc(x,x[p,kg,AL (55)

T

where the coefficient obtained by taking the trace of G¥ reads

1 d’B d°R d*°R _. , 5
ginc(xax]P’akBa A) _ 7/ R R esz-szkz'(RfR)

s 2w 2w 2w
x R*RM M2Ky(MR)M2Ky(MR)W, (R, R, B). (5.6)
The scale M? in Eq. (5.6) reads
x
M? = T k2, (5.7)
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and R*RM = (1/2)cos2¢rp, with ¢pp being the angle between R and R. As previously
suggested, W, (R, R, B) is the connected piece of the CGC correlator <Sg (R+b,b)S,(b, R+I_))>
for a homogeneous nucleus target, in analogy with Eq. , with the S-matrix S, in the adjoint
representation. It is then clear that the gluon-gluon dipole is given by the small ¢¢ pair positioned
in b and the emitted gluon in b+ R in the DA, and similarly for the CCA.

Since the semi-hard factor in Eq. does not possess a traceless part, the hard factor only
contributes to the cross section via its diagonal piece when performing the contraction in both
transverse and longitudinal sectors. In consequence, there is no angular dependence of the type
P - A or P-kj3 and the hard momentum dependence is given only by its magnitude P, . Here
we should also mention that the angular dependence between the k3 and A is not interesting to
our purposes and it disappears when integrating over ks.

Finally, we can write the incoherent diffractive cross section for 2+1 jet production when the
semi-hard jet is given a soft gluon as

doviA—aea(9)X
d¥1dd. 2 Pd?2Ad2k3dInl/x

SL(N(? — 1) ginc(Iax]P’akfivA)
473 27‘(‘(1 — .’L') ’
(5.8)

= QemUs <26?> 519 Hgg) (191, ’1927 PL7 Q)

where we use the notation where dy = §(1 — 11 — 93 —93) =~ 6(1 — 91 —¥3). The transverse hard
factor is given by Eq. (5.2)), while the longitudinal one we find

H (91,95, P1,0) = 80395 —2 1L (5.9)
U (P} +@Q*)*
It is now evident that for the typical hard dijet kinematics, in which 1,15 are of the order of
one-half and P, ~ @, both hard factors behave like 1/P?.

We would like to emphasize that, in general, the CGC correlator W, (R, R, B) must be
computed without performing any expansion in order to keep track of all possible unitarity
corrections. This is due to the fact that the momenta A, and k3| are both semi-hard, thus the
corresponding sizes B and R, R can be of the order of 1/Q;.

5.2 241 jets: soft quarks

Similar to the scenario explored in the previous section, the outgoing state can also consist of
a hard antiquark-gluon dijet with transverse momenta ko, k3, ~ P, and a semi-hard quark
jet with k1, ~ Qs < P, (or equivalently, a hard quark-gluon dijet and a semi-hard antiquark)
[60]. This again represents a ¢dg configuration with a large size R ~ 1/k1; ~ 1/Qs, which
leads to strong scattering with the target and, consequently, a dijet spectrum that falls off as
1/P}{. Similarly to the soft gluon case of the previos section, the quark carries a small fraction
V1 ~ ki, /P? < 1 of the longitudinal momentum ¢*.

The fermionic emitters have very different momenta in the final state (for instance, the
antiquark being hard and the quark semi-hard), hence the corresponding diagrams differ and
must be computed separately. We consider the two distinct scenarios that lead to the desired
dynamics and final state. One of them consists in the virtual photon decaying directly into
a large qq pair of size R, and the semi-hard antiquark subsequently producing a hard gg pair
of size r < R. Since both, the intermediate and final state configurations have a large size,
the scattering with the target nucleus can occur either before or after the gluon emission. The
amplitudes for these processes are depicted in Fig[5.3] In the second scenario the virtual photon
decays into a hard ¢g pair of size r, and then the hard quark gives rise to a soft quark at a
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Figure 5.3: Production of a hard antiquark-gluon pair plus a soft quark in DIS off a nucleus in the
dipole picture via the channel § — gg. The large pair is formed already at the photon vertex, thus the
gluon may be radiated after the scattering off the shockwave (left panel) or before the scattering off the
shockwave (right panel).
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Figure 5.4: Production of a hard antiquark-gluon pair plus a soft quark in DIS off a nucleus in the
dipole picture via the channel ¢ — gg. The scattering off the shockwave is taken only after the gluon
radiation, since the large pair is formed after the gluon vertex.

distance R > r and a hard gluon. Hence, the gluon and the antiquark form a hard dijet of size
r. In this case, the only considerable contribution to the scattering occurs after gluon emission,
as shown in the amplitude of Fig[5.4] Finally, the interference term between the two processes
must also be included in the calculation of the total cross-section. A detailed derivation is given
in [60] for coherent diffraction, and here we shall only present the final results adapted to the
incoherent case. Similar to the soft gluon case, we now encounter the scattering of a large gq
dipole with its legs at b + R and b, while the kinematics of the final hard jets are given by
ko = P+192(A — k)l), ks = *P+193(A — kl), with 99 + 93 ~ 1 and A ,k11,Qs < P,. In
coordinate space a similar picture to the one shown in Fig. applies for the quark being the
semi-hard jet.

The hard factor is the same as in coherent diffraction and in the transverse sector reads

(P2 + Q%)% +93Q" + 3P}

i 51 = {9 (95,95, PL,0) 69, (5.10
P}_(PJQ_“‘QQ)B T ( 2 3 1 Q) ( )

HID(9y, 95, P, Q) = 9,

where similar to Q2 we have defined Q? = ¥,93Q2. This tensor is obtained as the sum of
the contributions given by the square of the term with gluon emission from the antiquark, the

square of the term with gluon emission from the quark and the respective interference term. The

)

property of H;f (@ being diagonal implies again that the only dependence on the hard momentum
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is via its magnitude. The semi-hard factor can in general be written in the form

i §4 .y
Qiic(xyx]lj’y kla A) = ? Qinc(x,x]}b, klv A) + Qiljlc(il',.%']p, kl, A), (511)
where
1 d2B d’R d°R iA-B—ik A
. - —iA-B—iki-(R—R)
anc(mny7k17A) 27T/ o0 o o €
RR , S ]
"R MK (MR)M*K{(MR)W,(R, R, B), (5.12)
with
2_ T 2
M*=—Fk7,. (5.13)

1—2z

We recall that W, (R, R, B) is the connected piece of the CGC correlator <S(R—|—b7 b)S(b, R+5)>
for a homogeneous nucleus target, with S the S-matrix in the fundamental representation also
appearing in Eq. . However, in this case we shall not perform any expansion in the correlator
in order to analyze its behavior since, as in the soft gluon case, the sizes B, R and R can be
of order of 1/Q;. The traceless part folc in Eq. does not contribute to the cross section
since it must be contracted with the diagonal hard tensor in Eq. .

Having all the ingredients, the incoherent diffractive cross section for producing a hard
antiquark-gluon pair with a soft quark can be written as

doA—=(@)agX
d¥od¥3d?Pd?Ad?k;dInl/x

SLNC Qinc(xax]?aklaA)
473 2rr(1 — x) ’
(5.14)

= 20emasCr ZE? S9H\" (92,93, P, Q)

where now dy = 6(1 — 9 — 99 — ¥3) =~ 6(1 — 95 — ¥3). The longitudinal hard factor reads (see
Appendix A in [60] for details)
Q?

(9) )) = 492093 ————
HL (19237937PJ_7Q)*4192193 (PJQ_—FQZ)?)

(5.15)

We emphasize again that both hard factors fall-off as 1/P{ for typical kinematics of the hard
dijet, just as in the soft gluon sector.

We conclude this chapter by noting that the structure in which the cross sections Eq.
and Eq. are presented is deliberate and not arbitrary. This particular form has been chosen
to facilitate the identification of the corresponding gluon and quark incoherent diffractive TMDs
and PDFs. In the following chapter, the cross sections will be expressed in a factorized form,
accompanied by a comprehensive analysis of them.
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Chapter 6

Quark and Gluon Distributions

We start this chapter by interpreting the processes of interest from the target point of view.
For the production of 2 hard jets we shall identify the conditions under which the dipole picture
leads to the leading-twist result at high Q2 in a partonic description of the target. Then, we shall
rewrite the 241 jets cross sections in Egs. and in a TMD factorized form. Finally, a
detailed analysis of the DTMDs and DPDFs will be provided.

6.1 Incoherent DTMDs
6.1.1 SIDDIS from two hard jets production

To analyze the g case, we will consider incoherent single inclusive diffractive DIS (SIDDIS),
a process in which only the transverse momentum of a single particle is measured in the final
state at fixed 8 and [t|. As there are only two particles in the final state, the longitudinal and
transverse momenta of the unmeasured particle are not independent. Hence, we simply must
perform a change of variables, for example from 1; to  in the transverse cross section given
in Eq. . We further assume that the relative momentum is of the order of the quark and
antiquark hard transverse momenta, i.e. P, > A, . In this scenario, the total invariant mass is
given by

i

= 9.0 for 2 jets, (6.1)

M = (ky + k2)?

which, when inserted in Eq. (3.7), leads to

N Q? o
~ P - PP (6.2)

B

Recalling that Q2 = 9 (1 — 9,)Q?, it is clear that Eq. (6.2) is quadratic in ;, thus its solution
in terms of the independent variables 8 and P, for values smaller than 1/2 is

=9, (8P )==[1-y/1- L. (6.3)

1
2 1-8Q?

In the same way, the second solution for values larger than 1/2 is equal to 1 — ¥.. Due to the
symmetry of the integrand in the cross section, Eq.(4.17)), under the exchange ¢ <> 1 — ¢, the
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current computation can be restricted to the solution in Eq.(6.3]), with the final result multiplied
by a factor of 2. The square root in the solution of ¥y implies the upper limits

2
Pi*ziﬂﬁQ2 or ﬁ*:QQ—CEZLPJQ_'
for the hard jet momentum (with given Q? and B), or equivalently, in the range of allowed
values for 3 (with given Q% and P?) respectively. This also reflects the fact that, when all other
kinematic variables are fixed, large values of P? require a small 3, meaning that the production
of hard jets “consumes" part of the available rapidity interval.
The quantity Q? can be also be expressed in terms of the variables P? and f3, as we can see
in Eq. , implying that in this context Q2 is independent of Q2. Such a fact makes possible
to use the notation

(6.4)

B
1-8

Making the replacements in Eq.(4.17), we can write the SIDDIS transverse cross sectionﬂ as

Q* = P2 = M2, (6.5)

doYrA—4eaX

SJ_aem - Q2 Qinc
) (6.6)
2PA2AdIn1/3 Z “ro? Q2 /74M2’ 1-53

where Qi is the semi-hard factor defined in Eq. (5.12)), now expressed in terms of dummy
variables of the present process as

2 2 =
Qine = 7/ @B &r & CT it B—iP (r—) T MK (M) MK (MF)W, (r, 7, B).  (6.7)
27 o2 21 2m T
Since Qi does not depend on 2, the cross section is proportional to 1/Q? only if M? < Q?,
or equivalently, Pf_ < Pf_*. Consequently, the solution in Eq. inherently favors asymmetric
pairs with 9, ~ M?/Q? < 1. Put differently, this analysis illustrates that the leading twist result
emerges when the final state is constrained to aligned jet configurations, where the fermion with
fraction 1 — 1, essentially carries the entirety of the longitudinal momentum ¢+ of the virtual
photon.
In this M? < @Q? limit, we shall further rewrite the cross section as

dorrA—aaX A2 om Z f2 dzgi*®(z, zp, P, A)

d2Pd2AdIn 1/ﬂ Q? d2Pd2A z:ﬁ’

(6.8)

which exhibits TMD factorization and where we have introduced the (anti)quark incoherent
DTMD

dl‘qmc(x,iv]% P’ A) _ S1 N, Qinc(937$]P’7 P, A) (6 9)
L2PEA T 4n3 m(l—w) |

The semi-hard factor Qi,c, given in the present case by Eq. , is viewed as a function of the
rapidity related variables x = 8 and xp and the transverse momenta P and A. It is evident
that besides the dependence on the magnitudes involved, Qj,. can also depend on the scalar
product P - A. However, in many cases, only [t| = Af_ is measured, which eliminates any
angular dependence.

INotice that we have dropped the label D in the cross sections as was used in Chap.
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Figure 6.1: Pictorial representation of TMD factorization for incoherent diffractive processes in the gq@
contribution. The final evolution of the Pomeron consist in a quark-antiquark pair, where the quark
carries a longitudinal fraction 1 — x and transverse momentum P, appearing in the final state. The
antiquark with fraction x and transverse momentum —P + A is absorbed by the virtual photon and
brought on-shell.

At this point, it is instructive to compare our result with the coherent case, which was
extensively analyzed in [60]. Upon integrating over A, Egs. and become analogous to
those in coherent diffraction, with the sole difference being the QCD correlator. As emphasized
throughout this work, the incoherent diffractive correlator involves the connected piece shown in
Eq. , whereas in the case of coherent diffraction, one simply replaces W, with the factorized
correlator (T'(r)) (T'(7)). For a homogeneous nucleus, this substitution leads to a complete
factorization of the DA and CCA integrations, while the integration over B produces a §-function
in A. Consequently, after integrating over A, we recover the (anti)quark DTMD result in [60].

We now argue that the above result agrees with the following picture in the standard Bjorken
frame and in the LC gauge A; = 0, where the LCWF of the left-moving target is typically
constructed. The Pomeron is interpreted as a colorless partonic fluctuation of the target, char-
acterized by a small (minus) longitudinal fraction zp and a transverse momentum A, which
subsequently splits into a ¢ pair. One of the fermions, for instance the quark, carries a splitting
fraction 1 — = and a transverse momentum P, appearing in the final state. The other fermion,
which carries a fraction z and a transverse momentum —P+ A, with A} < P, starts as a virtual
particle and is only put on-shell after absorbing the virtual photon. Unlike in the coherent case
where the momentum transfer is a non-perturbative scale, here A may reach the order of Qg
or be even larger. This description is correct if and only if 17 < 1 and in this limit, the fraction
x corresponds to the diffractive variable S in which is the reason that justifies the choice
of the variable = in Eq. (6.8]). In Fi we provide an illustration of the TMD factorization just
described. For a detailed discussion, see Section 2.4 in |60].

6.1.2 2-+1 jets production

Rewriting Eq. as

dogp(z, xp, k1, A) _ S1Ne Qinc(x, zp, k1, A)
d2k;d2A T 4qps 2n(1—z)

(6.10)
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Figure 6.2: TMD factorization in incoherent diffractive production of a hard antiquark-gluon pair
accompanied by a soft quark. Left panel: The antiquark emitted from the Pomeron absorbs the virtual
photon, subsequently producing the hard pair. Right panel: The quark from the hard ¢¢ fluctuation of
the virtual photon annihilates the antiquark emitted from the Pomeron, resulting in the production of
a hard gluon. The corresponding interference diagram is not shown.

we readly see that the 2 + 1 jets cross section in the soft quark sector, cf. Eq. (5.14)), can be
expressed as

dor A= (@)agX
ddad¥sd?Pd?Ad?k;dInl/z

de]%’nC(xa xp, kla A)
d2k;d2A

= 20emsCr Y €30 H\" (02,93, P1, Q)
(6.11)

Once more, we can interpret this as taking a fermion, say a quark, from the projectile LCWF
and identified it as part of the Pomeron since it is soft. The Pomeron splits into a ¢g pair, where
the quark carries a splitting fraction 1 — x and transverse momentum k; and appears in the final
state, while the antiquark carries a fraction z and transverse momentum —k; + A. These are
transferred to the hard gg pair, putting it on-shell. This interpretation, along with the TMD
factorization in Eq.7 is depicted in Fig

In an analogous way in the soft gluon sector, by using the appropriate color factor and the
semi-hard Gj,. given in Eq. , we define the incoherent gluon DTMD

dzGye(z, vp, k3, A) _ SL(NE — 1) Gino(@, 2p, k3, A) (6.12)
d2ksd?A R m(l—a) |

Hence, we can express the respective cross section in the form

doAA—ad(9)X
d¥1d¥,d?Pd2Ad%ksdInl/x

dzGr(z, xp, k3, A)
PChsd2A
(6.13)

= OemOg Ze? 619 H)(\g)(Q9177927PJ_7Q)

where the hard factors are given in Egs. and for the transverse and longitudinal
polarizations respectively. It is clear that a similar interpretation as the one for the quark
DTMD can be given. In this case we are able to take a gluon from the projectile LCWF and
interpret it as part of the Pomeron. The Pomeron splits into a pair of gluons, one carrying a
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Figure 6.3: TMD factorization in incoherent diffractive production of a hard quark-antiquark pair
accompanied by a soft gluon. The gluon emitted from the Pomeron is absorbed by the antiquark from
the hard ¢ fluctuation of the virtual photon. Similar diagrams can be given for the case in which the
gluon is absorbed by the quark and for the interference term.

fraction 1 — z and transverse momentum ks and appears in the final state. The other gluon
carries a fraction x and transverse momentum —ks + A which are transferred to the small g
dipole and put it on-shell. These features are illustrated in Fig.

6.2 Analysis of the incoherent DTMDs and DPDFs

This section is dedicated to the study of the dependence of the incoherent gluon and quark
DTMDs on the various variables. In particular, we are interested on how they depend on the
transverse momentum k of the semi-hard parton (denoted by ks for the gluon in Eq. and
by k; for the quark in Eq. ) and on the splitting fraction . Furthermore, we shall perform
an integration over the semi-hard jet momentum to get the incoherent gluon and quark DPDFs.
In fact, the integration over the kinematics of the soft jet in each of the 241 jets cross sections,
derived in Chapter [5] will let us make a direct comparison between such cross sections and the
exclusive two jets cross sections presented in Chapter This comparison is indeed one of the
main goals of the present work and will be presented in Chapter [7]

6.2.1 Incoherent DTMDs

As clearly seen from the quark and gluon TMD definitions in Egs. (6.9) and 7 it suffices to
study the functions Qine(z, zp, k, A) and Gine(z, zp, k, A) given in and Egs. respec-
tively. The angle between the momenta A and k is not interesting for our purposes and we will
assume from now on that its integration is already performed. Hence, the DTMDs now depend
only on the corresponding magnitudes. In this analysis we are interested on the dependence on
the semi-hard momentum £k, , so we shall take A to have values of the order of the saturation
scale Q5. Nevertheless, when considering the incoherent DPDFs we will provide an extensive
analysis of the A -dependence.

As discussed at the end of Section xp sets the scale at which the CGC correlators W,
and W, should be evaluated, with their relative dependence coming mainly through Q(zp).
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Figure 6.4: Left panel: The function Ginc(z, zp, k1, A1), which appears in the definition of the incoher-
ent gluon DTMD in Eq. , multiplied with kL/QS (z) and plotted in terms of kL/QS (z) for fixed A
and for various values of z. Right panel: The function Qinc(w,xp, ki, A1), appearing in the definition
of the incoherent quark DTMD in Eq. , multiplied with the factor 1/z and plotted in terms of
k1 /Qs q(z) for fixed A and for various values of . In both cases an average over the angle between k
and A has been performed and the scattering amplitude is given by the MV model at zp ~ 102 with
a gluon saturation scale Q2 = 2GeV?.

However, Q4(xp) is not precisely the relevant saturation scale when considering the momentum
k). The exponentially decaying Bessel functions Ko(MR) and K;(MR), along with the oscil-
latory behavior from the Fourier transform, suggest that the effective maximum size R scales as
RZ .~ (1—=x)/k% |52, 55, 60]. Physically, this implies that the formation of a soft parton with
transverse momentum k; remains incomplete when z is not very small and becomes strongly
suppressed when 1 — x < 1. The integration becomes sensitive to unitarity corrections in the
correlators W, and W, only if R, ~ 1/Q2(xp), which corresponds to k3 ~ Q?(x,zp), where
we define the effective gluon saturation momentum |52, [55, [60]

Q*(z,zp) = (1 — 2)Q%(wp). (6.14)

A completely analogous relation can be formulated for the quark saturation scales Qg,q(x,xp)
and Qg,q(xp).

Considering the correlators given in Eq. and Eq. , with an analysis similar to the
one performed in Section [£.2] within the MV model, by simple estimates it can be shown that for
k1> QS, both Gine and Qj,. exhibit a power law tail of the type Qﬁ/k‘i On the other hand, in
the limit k| < QS we find that Qj,. vanishes, while G;,. saturates, i.e. in this region k) G, goes
linearly to zero; see the left panel of Fig. We also point out that when x < 1, the Bessel
functions in Qi can be expanded for small arguments, i.e. Kj(MR) ~ 1/MR (and similarly
for Ki(MR)). From this, it is evident that Qj,. scales as M? o x and thus vanishes linearly
with 2 as x approaches zero. This behavior has also been observed in coherent diffraction [60].
In contrast, unlike in coherent diffraction, Gi,. and Oy remain non-zero when 1 — z < 1 (see
the end of Appendix [F] for a technical explanation of this difference).
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In summary, the qualitative behavior of G, can be expressed as

1 for ki < Q(x,xp),
1

ginc ~ 22 X ~4 (615)

mNe Qs 76’23(]:4’ ze) for ki > Qs(x,zp),

1

when the possible logarithmic dependence are neglected and for fixed values of A;. A similar

expression can be given for (1/x)Qjinc, but as just discussed, it vanishes at small k&, . Another

important characteristic visible in Eq. is that as Gin. and Q;n. have mass dimension -2,
when A ~ @y, they are expected to scale as 1/Q2.

The above discussion indicates that both & G, and k&, Qi are expected to exhibit a distinct
maximum at k; ~ Qs, followed by a relatively steep tail at higher momenta. This behavior is
precisely what is observed in the numerical results shown in Fig. for a fixed A, of the order
of the saturation momentum. Moreover, by numerical analysis we have confirmed that these
properties hold for various values of A . The primary effect of increasing A is a gradual shift
of the entire spectrum towards larger momenta; however, this shift occurs very slowly and is not
important for the purposes of this study.

6.2.2 Incoherent DPDFs

By integrating the DTMDs over the transverse momentum up to the scale of interest, which in
this study amounts to the hard momentum P,, we define the corresponding DPDFs. Hence,
considering the incoherent gluon DPDF we have

deGEe(x,ap, PLAL) _ /’ﬂdzk dzGie(z,zp,k, A) S| (N2 1) Plko Gine (T, p, k, A)
d2A - d2kdzA B 473 2m(1 — z)

(6.16)

and similarly for the quark one with the color factor being ..

Based on the high-momentum behavior of the DTMDs as described in Eq.7 integrating
to infinity in Eq. requires subtracting a correction term that decreases as 1/P?. This weak
dependence can be neglected, as it has been systematically done to corrections of this order
throughout this work when assuming that &, ,Qs, A; < P, . It is also important to notice that
logarithmic corrections, which are slightly more significant, may arise from DGLAP evolution
between the semi-hard scale Qs and the hard scale P, . In references [52] |55l [56| 60| this fact
is discussed in detail. While such corrections should, in principle be included in the incoherent
case as well, the observable of interest in this work, which will be given in Sect. [7] has little
sensitivity to the changes due to DGLAP evolution. Indeed, such an observable will be found to
be dominated by values of x around one half, a regime in which DGLAP is not very significant.
Therefore, although this is not strictly accurate, the DPDFs are treated as P, -independent in
this study.

We then proceed by pointing out that the &k -integration is dominated by values in the regime
ki ~ Q. and introduces a factor Q2 = (1 — z)Q?. This factor cancels the 1/Q? prefactor in
Eq.(6.15) as well as the 1/(1 — z) factor in the DTMD definitions in Egs.(6.12) and (6.10).
Furthermore, the incoherent quark DPDF inherits a factor proportional to z from the respective
DTMD.

A complete analysis of the gluon DPDF is given in Appendix [F] in the regimes A | < Q4
and A, > @, and close to the end-points x = 0 and x = 1. There we have employed the
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Figure 6.5: The incoherent gluon (left panel) and quark (right panel) DPDFs (the latter multiplied by
2ny, where n; = 3 is the number of flavors) are shown as functions of the momentum transfer A% for
various values of z. The hard scale P? is assumed to be infinite, as discussed below Eq. . The
scattering amplitude is given by the MV model with a gluon saturation scale Q2 = 2GeV?, and a factor
S /47T3 has been omitted.

Gaussian approximation in the large-N, limit to express W, in terms of S, and then used the
MYV model. The functional similarity between W, and W, as shown in Egs. and , also
allows us to easily understand the quark DPDF based on the gluon case. The precise analytical
estimates in the aforementioned regimes are given in Eqs. (F.12), (F.16), (F.24) and (F.31).
Here we simply show the qualitative behavior, neglecting some constant factors and logarithms.
Roughly speaking, the analytical study shows that the DPDFs exhibit (logarithmic) saturation
at small momenta, while at high momenta, the characteristic Q% /A* tail is observed. A bit more
precisely, the two incoherent DPDFs can be expressed in the piecewise form

2
| . In QS(;EP) for A} < Qs(zp),
deGpe(x, xp, P1,AL) N dagp(z, xp, P1,AL) S. X A
A 2 2A 8t ) QY (ap)
24 for AL > Qs(zp).
1

(6.17)

Notice that Qs(zp) is the appropriate saturation scale when we study the A, -dependence. The
numerical results shown in Figs. and confirm all the previously discussed features con-
cerning the dependence of the DPDFs on both A and z.

We would like to conclude this chapter by emphasizing that in the standard approach [127] the
TMDs are defined through gauge-invariant field correlators, which are generally non-perturbative
quantities. In the small-z limit, these reduce to correlators of Wilson lines, as discussed in
Chap. |2 and the two approaches are shown to be consistent with each other 26| 27, [113]. In the
saturation regime, the dynamical scale Qs > A emerges, allowing the problem to be addressed
using weak-coupling methods. Consequently, the CGC approach employed in this work offers a
means to calculate these correlators from “first principles”.
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Chapter 7

Diffractive Dijet Production With a
Minimum Rapidity Gap

Our goal here is to compare the 2 and 241 jets cross sections in the kinematics of interest.
Hence, we should first integrate the transverse momentum of the semi-hard jet in the 2+1 jets
cross sections given in Egs. and . This can be done by substituting the corresponding
DTMDs with the DPDFs as shown in Eq. . It is also important to note that the minus
longitudinal momentum splitting fraction « dependence in the 2+1 jets cross sections involves
also the kinematics of the semi-hard jet. This means that such cross sections have different phase-
space with respect to the 2 jets cross sections. We address this issue by imposing a minimum
value for the rapidity gap Yp in the diffractive process, irrespectively of the number of jets in the
final state. We will find that this involves integrating the 2+1 jets cross section over x within a
specific kinematical regime. We also remark that all the cross sections depend on the remaining
variables P, A} and the hard splitting fractions (where in fact only one of them is independent,
since their sum is equal or approximately equal to one).

7.1 Minimum rapidity gap in the EIC

We consider s and Q? to be fixed, ensuring that the total available rapidity phase space, Yg; =
In1/z,,, also remains fixed. From Eq. , it follows that imposing a minimum value for Yp (or
equivalently, a maximum for xp) corresponds to setting a maximum value for Y3 (or a minimum
for ), which defines the rapidity interval occupied by the projectile diffractive system. To be
specific, let us assume a squared center-of-mass energy of s = 8800 GeV?, a value potentially
achievable at the EIC in DIS off heavy nuclei, and a photon virtuality of Q% = 20 GeV?. These
parameters yield z,; ~ 2.3 x 1073, corresponding to Yg; ~ 6.1. We will examine two scenarios
for the minimum rapidity gap as follows

V45 & ap™ ~ 11 x 1077 | Y~ 1.6 & P =02 (7.1)
and
VPt 4 e o™ 218 x 1077 | VM 221 & Bun = 0.12. (7.2)

These values indicate that saturation effects should be relevant as the CGC correlators must be
computed at the longitudinal scale xp.
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To be specific, and without loss of generality, we will assume that 9,1 = 92 = 1/2, where
¥p1 and Ypo represent the splitting fractions of the two forward hard jets. The remaining task
is to analyze the cross sections as functions of the hard jet momentum P? and the semi-hard
momentum transfer A% . To this end, it is necessary to see the implications of the minimum gap
constraint for the 2 jets and 2+ 1 jets configurations separately.

e 2 jets: It is intuitively clear that as P? increases, the diffractive mass of the projectile
system grows, leading to a reduction in the rapidity gap. More specifically, with all other
kinematic variables already fixed, Eq. implies that imposing a minimum rapidity gap
translates into a maximum permissible value for the hard transverse momentum, i.e

1- Bmin A
PJQ_max = T QQ' (73)

With ) = 95 = 1/2 and Q? = 20 GeV?, one has

20 GeV? for PBmin =02 (Yp=4.5)
PJ2_max = (7'4)
36.7GeV?  for fBmin =012 (Yp=4).

Since we work in the regime where Aﬁ_ < P?, the preceding discussion for 2 jets and the
subsequent analysis for 2+ 1 jets are independent of the specific choice of A% .

e 241 jets: The presence of a third jet implies that for a given P? the gap is not fixed. It
is evident that for the same hard jet kinematics, the gap is smaller compared to the case
with only 2 hard jets. This becomes apparent when examining the diffractive variable [,
which can be expressed using Eq. as

Q2
T Q%+ P20 + K29

B (7.5)

where clearly k2 and o represent the transverse momentum and the splitting fraction of
the semi-hard jet. From the last relation we observe that imposing a minimum value for
establishes a condition with a clear physical interpretation: the ratio k% /9 should remain
moderate, otherwise the semi-hard jet will excessively reduce the rapidity gap. Eq.
also guarantees that ¢ remains sufficiently small, consistent with the requirements of our
approximation. This becomes evident when solving for ¢, namely

19 — ~ R
1—z Q>+ P?/0pdne Q%+ P?/9h10Un2

(7.6)

where in the second expression we have used the fact that the k; spectrum has a maximum
in the regime k) ~ @, (cf. Section , which controls the respective integration.

It is also clear in Eq. (5.4) that with all the variables fixed, a minimum value in 8 implies
a minimum value in x, which is indeed the variable that we conveniently used to write our
cross sections. Hence, the fraction x has a minimum value that reads

24+ P2 /90
Lmin = Q T é_)é bl he 5mina (77)

64



7.2. ON THE EVOLUTION OF THE CGC CORRELATORS

while its maximum value is one. By setting &y = 1/2 we can define a “typical” hard jet
momentum, which reads

7.5 GeV? for Bmin=0.2 (Yp=4.5)
Pty = (7.8)
18.3GeV?  for Puin =012 (Yp =4).

These hard momenta are, as intended, significantly above the saturation momentum Q2
and well below the corresponding maximum values given in Eq. (7.4).

Taking all the above considerations into account, we shall present the results of our nu-
merical calculations for P} ranging from 2Q? to values approaching P? . , while noting
that accuracy may decrease near the endpoints. For the smaller values of P?, neglected
saturation corrections of the order Q%/P? or higher can become significant. Conversely,
for P? close to P? ., the phase space available for the production of the semi-hard jet
approaches to zero.

7.2 On the evolution of the CGC correlators

The CGC correlators W, and W, should be evaluated at the scale Yp, which with the help of
Egs. (3.8)) and (5.4]) reads

Q% + P? /9n19n2
Q2 ’

where for the 2 jets case, x = 1. In our observable we have fixed Q?2, Y, and the hard jet splitting
fractions ¥, and U2, however, the gap described in Eq. may still vary with the hard jet
momentum P? and/or the fraction z. A numerical evaluation that takes into account such a
variation is feasible, although highly more complicated. Here instead, we argue that it is not
necessary to do so, by showing that the dependence on Pf_ via the floating Yp is subdominant.
The QCD correlators depend on Yp via the ratio A% /Q?(Yp), thus one has
o o DVAT/QAY) (. DV(AT/Q2Y)) dInQ2()
~ P =
dYp dIn Q2(Ye)/A% dYp

Ye=Y, —In (7.9)

AYp. (7.10)

The first factor in the last expression is of O(1), as we focus on a semi-hard momentum transfer
A? ~ Q2. The second factor, which governs the growth of the saturation momentum, is propor-
tional to o and is estimated to be approximately 0.25 |7, |8]. The final factor encodes the PJ2_
dependence and can be straightforwardly determined using the explicit expression in Eq. .
By inspecting the 2 jets case, we find that such a variation at Yz"" behaves as

QQ + sz_max/ﬂhlﬁhQ
Q%+ P? /Un19n2

AW ~ a,In (7.11)

It is evident that the power-law dependence of the cross sections through the hard factors is
much stronger than the logarithmic behavior in Eq. . Clearly, the analysis is similar for
the 2+ 1 jets cross sections. Therefore, we shall neglect the P, -dependence in our subsequent
analysis, by computing the correlators at Yz»in.

Now we focus on the Y""-dependence in the QCD correlators. In general, in the standard
approach, as discussed in Chapter [2]and performed in Section[f.4] one assumes that the scattering
amplitude is initially described by the MV model at a given Yy and then evolves to the scale
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Ypun using the collinearly improved BK equation |99, 119, [120]. However, since the evolution
between the two rapidities specified in Eqs. and — which differ by only half a unit — is
not expected to produce significant changes in the amplitude, and given that the corresponding
xp values are approximately 1072, we adopt the MV model for the amplitude in both cases, but
with distinct saturation scales. By fixing Q% = 2 GeV? at ypuin = 4.5, the growth law for the
saturation momentum (see the discussion above Eq. ) suggests setting Q2 = 1.76 GeV? for
Y]Pfl’lll’l — 4

7.3 Comparison of the cross sections

We are now prepared to present the final form of the diffractive cross sections relevant to this
study. The expression for the 2-jet case is the one provided in Eq. together with Egs.
and ( - As discussed in Section the averaged cross section is dominated by the term
proportional to Q(H( 1), while the one proportional to g](;)(A 1) can be neglected since it is
both parametrically and numerically small. Hence, we rewrite here the 2 jets cross sectiorﬂ of
interest as

doraA—adX SJ_ Qem N,
dIT 473

2C ~
Z 519 F H\(91,92,P1,Q) G (AL), (7.12)

with Cr = (N2—1)/2N, and where we recall the shorthand notation dIT = (27)2P, dP; A dA | dv;dds.
We also rewrite here the transverse (T') and longitudinal (L) hard factors in the form

P2(3Q* + PY)

A2(A4 _ 902 p2 4
Hp (91,92, P1,Q) = 010, 207(Q (P;fc}l})j 5F1) (7.14)

For the 241 jets we simply integrate Eqgs. (6.13]) and (6.11]) over the semi-hard jet kinematics
to find

doiA—ad(9)X 5 (9) _ Lode dajG]iPnc(SC,I]p,Pl,Al)
T:aemas ZefaﬂH)\g (?917192;PL7Q) /:;min 2A ) (715)
and
do73A—(9)agX 9 (a) ~ . dx dl‘qmc(x, axp, P, AL)
i = 2 Ce Y B 1,02, PLQ) [ ) (716)

With @min as defined in Eq.(7.7) and where all cross sections should be considered up to a
maximum hard jet momentum satisfying Eq.. We shall work in the large- N, limit, hence
we set Cp — N./2 in Eqs. and , replace N2 —1 — N2 in Eq. for the gluon
DPDF, and use Egs. (F.2) and to determine the scattering correlators W, and W,. The
QCD running coupling is evaluated at the hard scale P?, and at one-loop accuracy, it is given
by Eq. (1.8)), which we rewrite here for convenience as

1 11N; — 2ny

as(Pl) = ——5—  with b

bln PJQ_/A2 o 127 (7.17)

LAs in Eq. , we have dropped the label D in the cross section and in the semi-hard factor as well.
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Figure 7.1: The transverse and longitudinal cross sections for the production of incoherent diffractive 2
jets and 2+ 1 jets as functions of the hard jet momentum P? for fixed momentum transfer A2 and for
Yp® = 4.5 (left panel) or Y™™ = 4 (right panel). The remaining independent kinematic variables are
fixed according to zy; = 2.3 X 1073, Q% = 20GeV? and ¥y = e = 1/2. The scattering amplitude is
given by the MV model and a factor aem(SL/47r3)519 has been omitted.

It is equally probable to produce either a soft quark or a soft antiquark, thus the total 2+ 1 jets
cross section is given by

doA—=e39X a7 A—ed(9)X doA—(@)qgX

i = i +2 qm . (7.18)

The study of the parametric behavior of the cross sections is easily done by seeing the explicit

exact expressions for the hard factors in Eqgs. (7.13)), (7.14)), (5.2), (5.9), (5.10) and (5.15)), the
, @9

estimates for G(t)(A}) in the cases shown in Eqgs. (4.53 and ( , as well as the
incoherent DPDFs in Eq. (6.17). Assuming that Q,Q ~ P, and by neglecting some constant
factors and logarithms we find for 2 jets

2
) i In-= for A €Q,
dorad—aaX N S| Oem Zez 5 Qig % A? (7.19)
dil TSN, &1 Pb 2 .
AQS for A} > Qs,
1
and for 241 jets
2
=5 f A
dO"Y;A_)qqu SJ_Oéem Z 2 S Olch 1 % ! A2 . L Qs’ (7 20)
dIl 43N, KA P} Q! f .
N or Al > Q,
A

where the soft gluon and soft quark sectors are of the same order. This means that the cross
sections saturate logarithmically for A} < @, as well. One observes that the 241 jets cross
section is parametrically larger in the regime A, < Qs by a factor ast_ /Q?% and also when
Q? < A? <« P? by a factor asP? /A% . Another important remark is that such a dominant
contribution exhibits a natural 1/A* = 1/|¢|? tail at large |¢].
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Figure 7.2: The transversely and longitudinally polarized cross sections for incoherent diffractive pro-
duction of 2 jets and 2+ 1 jets as functions of the momentum transfer A% for fixed hard jet momentum
P?. The rest is as in Fig.

Finally, we have numerically computed the cross sections presented in Eqs. and ,
and shown them in Fig as functions of P?. Again, the momentum transfer A% is fixed and
assumed to be of the order of Q2. The selected kinematic variables are realistic as presented in
Section[7.1] though we are not strictly within the regime where the parametric estimates outlined
earlier are fully applicable. As a consequence, the 2+ 1 jet contributions do not dominate the
cross section. However, we observe that their contribution remains larger than that of the two-jet
process up to a certain value of the hard jet momentum, which is approximately the typical value
estimated in Eq.. Overall, the two contributions are of comparable magnitude across the
entire range displayed in Fig[71]

It is also visible that, as discussed at the end of Section when PJQ_ approaches its maximum
value dictated in Eq.7 the 2+ 1 jets cross section vanishes since there is no phase-space for
the emission of the third jet. This is explicitly seen in the interval of the integration in Eqgs.
and , and it is the reason that one must not naively expect a favorable situation for 2 + 1
jets at high P?.

In a similar way, in Fig[7.2] we present the numerical results for the cross sections as functions
of A2 . The hard jet momentum P? is fixed and taken to be of the order of its typical value, which
depends on Yg"" | as indicated in Eq.. Once again, we observe that the two contributions are
approximately of the same order across a broad range of momenta. With the chosen kinematics,
the 241 jet cross section remains larger than the two-jet cross section for momentum transfers
up to the saturation scale.
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Conclusions

We have studied the incoherent diffractive production of 2 and 241 jets in eA collisions. In both
cases we work in the correlation limit, i.e. a specific kinematic regime in which there are two
hard jets in the final state which are almost back-to-back in transverse space, having approximate
transverse momenta P and —P. Such a momentum P is hard when it is much larger than both
the saturation scale and the momentum transfer, i.e. when P, > )4, A . No assumption has
been made regarding the magnitude of A when compared to @5, hence inverse powers of A%
are resummed to all orders.

For the case of dijet production, at leading twist, we have separated the hard dynamics,
i.e., the dependence on the relative momentum P, and @, from the semi-hard dynamics, which
are governed by the imbalance A ;. We then computed the first higher-order kinematic twist,
corresponding to the correction of relative order A% /P?. This approach allowed us to provide
a reliable analytical description of the cross sections and azimuthal anisotropies, even in the
regime where A — which represents both the dijet imbalance and the transverse momentum
transferred from the nucleus — starts to become comparable to P, .

We also found that, at leading twist, the dijet cross section exhibits a rapid decay with
increasing hard jet momentum, specifically following a 1/P¢ dependence. This behavior arises
from the fact that the scattering process involves dipoles of small size. Furthermore, when
analyzing the dependence on the momentum transfer, we obtained a rather unusual 1/A2 = 1/|¢|
fall-off for large values of |¢|.

Following the approach used in the analogous problem of coherent diffraction [52} |55, |56, [60],
we demonstrated that the leading contribution in power counting is given when the hard dijet
is accompanied by a third, semi-hard jet. We expressed this 2+ 1 cross section in a factorized
form, as the product of a hard factor and either an incoherent quark or gluon DTMD (when
the semi-hard jet is explicit), or the corresponding DPDF (when the semi-hard jet is integrated
over). While this process is proportional to the running coupling ,(P?), which is small, the
scattering is sensitive only to large-size configurations in the projectile wave function, leading to
a hard factor in the 2+ 1 jets cross section that falls off as 1/P}.

Additionally, we found that the quark and gluon DPDFs saturate logarithmically when [¢| <
Q? and show a natural 1/A% = 1/|t|? tail in the regime Q? < |t| < P?. Finally, in contrast to
the two-jet case [34) 63|, we did not observe any dependence of the 2 + 1 jets cross section on the
angle between the hard jet momentum and the momentum transfer.

In order to compare the 2 jets and 2-+1 jets cross sections we proceeded to impose a minimum
value for the rapidity gap of the diffractive process by considering kinematics hopefully achievable
at the future Electron-Ion Collider (EIC). We find that at sufficiently high energy collisions the
2+1 jets cross section dominates, while for the typical values expected at the EIC the two cross
sections are of the same order. Hence, for practical purposes, it is important to consider both
contributions.

This study assumes a partonic content in the outgoing state, therefore further work is required
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in order to compute the cross sections for producing real jets or hadrons.
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Appendix A

Useful integrals

Here we provide some integrals useful to calculate the high-momentum behavior of the transverse
momentum dependent quantities studied in this work. For instance, we consider the integral

S mltay g By 4%+7F(1+7)
/0 AB B (B) = (A1)

which in general is valid for —1 < v < —1/2. To calculate integrals involving a power of In B2
we differentiate with v and by analytic continuation we shall take Eq. (A.1) to be true for values
of ~ outside the aforementioned interval. One useful example for our purposes is

SO, d 43977 (1 +7)
dBB>*InB? Jy(B) = lim — ————~~ Y —g. A2
/() n 0( ) V1~>Inl d’)’ 1—\(_7) ( )

Similar integrations can be considered involving other Bessel functions, in particular we list
the following

/ dB Bln B% Jy(B) = -2, (A.3)
0
/ dB BIn? B2 .Jy(B) = 8(yg — In2), (A.4)
0
/ dB B Jy(B) = 2, (A5)
0
/ dBBInB? Jo(B) = 2(2In2 — 2vg + 1), (A.6)
0
and
/ dB B J4(B) = 4, (A7)
0



APPENDIX A. USEFUL INTEGRALS

where vg ~ 0.5772 is the Euler’s constant. For completeness, we would like to remind also here
that

2B A
/ e AB — 5@ (A) (A.8)
and so
d’B _, 2B .
J e ) e At GO (4.9)
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Appendix B

Tensor decompositions and
contractions in the ¢g contribution

Starting from Eq. (4.35) (together with Eq. (4.37)), we find that the semihard factor admits a
tensor decomposition, in which the coefficients are given by five different scalar quantities which
depend only on the magnitude A |, namely

i 51] 5kl 1 _ 51‘/@ 6ﬂ 6zl (5]/@
o3 (a) =2 O ol ) - 2g13><m>}+(+ ) 595 @0

2 2 2 2 2 2
5 ij 5kl L
< ARl 4 A”) [gg)(A ) — g(l )( )}
51 Adl 4 51 A ik 5” A ik 5k Ail) 1 -1
1649 5k 1 5%k st 1 6% 57k
7 Akl -y v ik AL =2 Y il Agk =2 Y (2)
+<AA 222+AA 222+AA 222)g()
(B.1)
The traceless tensor A% is defined as
<. AITAT 5
AY = - —, (B.2)
AZ 2
while the functions involved in the coefficients read
d’B _.
0571 = [ G e AP aBrB), (B.3)
_ d’B _.
6580 = [ SR e AT am)E (B, (B.4)
d’B _.
65(80) = [ G2 e AP UB)FB)F-(B) cos2a, (B.5)
d’B _.
65" (81) = [ G2 ¢ AP B(B) P (B) cos20as, (B.6)
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CONTRIBUTION

and

d’B _,
GI(AL) = / 5 ¢ AP O(B)F-(B)] cos s, (B.7)
with ¢, the angle between the vectors A and B.

When calculating the cross section only the coefficients Qg)(Al), gf;)(AL), gg)(Al) and
g§ )(A 1) survive as mentioned in Sect.

The hard factors can be written in a similar form by using the traceless tensor

PP Y

pii = o
P2 2

(B.8)

Contracting the transverse hard factor H}ksH%ls* in Eq. (4.33)), we get after some algebra the
convenient expression

iks A jls* A 16P23_4+2_2P2—P4 (5““ (5jl
i (P, Q) 1™ (P, Q) = P BQ 2@ PL =) 07

(PJ2_+Q2)6 2 2
16P?(Q* — Q*P? + P}) inm_y_ﬁl&
(P2 +Q2)° 2 2 2 2
16PE(@" — PL) (6% oy | 0 iy
(Pr+@ys \ 2 2
8P2(Q* — P2)2 (89 ., Kot R
R R AR S R
Sopa ijogkl i gk
~prro (PR T T P T ) @)
€1

The longitudinal hard factor can be obtained in the same way with the simplification that there
are no indices to contract in Eq. (4.47)), so we find

16Q%(Q* — 2Q°P} +3P}) §*F &7

HFP,Q) H](P,Q) =

(PT+ Q) 22
_ 32Q2PE(Q3 - P?) ﬁ[}jl n iﬂpik
(P +Q?)° 2 2
472P4 o 162k 5jl
L I (B.10)
(P 4 Q%)5 2 2 2
Using the formulae
NV | e 1 .
§YPY =0,  PYPY = 5 and PUpik — Zalk (B.11)
(and similarly for A% and
2P AT = 2cos? g — 1 = cos 2¢ (B.12)
8P AR PFAL — 8 cos? ¢ — 8cos? ¢+ 1 = cos 4o (B.13)

where ¢ is the angle between P and A, we can contract GiJ *in Eq. (B-1) with either H%’“H%ls*
as expressed in Eq. or HiFH il as expressed in Eq. (B.10) to get Eqgs. (4.45) and (4.48).
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Appendix C

Inclusive dijet production

We review here the cross section for inclusive dijet production [27, 113]. In analogy to the
expression is Eq. (4.17), the diffractive correlator Wp is replaced with the inclusive one,

Winal(r, 7, B) = = (e[V(@)VI )V @)Vi@)] - t[V(@)V(y)] - te[V(g)Vi@)] +1).

N,
(C.1)

We assume the Gaussian approximation, and in the correlation limit we single out the semihard
dynamics into the gluon TMD which in the present notation is defined as

1) — 2 g9 97 - (%]
G (A) Tra. /Tﬂ' e Ws,B) 0'0’ InSy(B) 5 G(AL) + AY zh(AL).
(C.2)
The unpolarized and polarized unintegrated gluon distribution of the nucleus are given by
_ Cr [ 1 - 84(B)
x2G(A)) = I, /0 dBB Jy(ALB) 3, (B) F(B) (C.3)
and
__ Cp [T 1 —S4(B)
xh(A)) = Ira, /0 dBB J2(A B) .3, (B) F_(B), (C.4)

where the functions F (B) and F_(B) are defined in Eq. (4.37))). The inclusive cross sections
can then be written by contracting with the corresponding hard factors, i.e.

do7;"A—>qt?X , 2 2
WA, BPEA o0 (Z €f> 5(1 — 91 — ) (93 + 03)
P4 —+ Q4 2Q2P2
{M asaG(AL) — m asth(A 1) cos 2¢ (C.5)
and
4o A 2
dY,d,d2 PA2A =51 0em (Z ef) 5(1 — 91 — 9)(49,9)
2Q°P?
X (ZETDL [ wG(AL) + agwh(AL) cos 2] . (C.6)
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Appendix D

Next to leading kinematic twist in
the ¢q contribution

The first kinematic corrections to the transverse and longitudinal cross sections are given in
Egs. (4.69) and ([£.70). They involve the hard tensors H¥™"s(P Q) and H¥™"(P,Q), which
can be written as

8i
(P?+@)?
+ PR(§" 8™ 4 676 4 67561) 4 PSS 4 676 4 5755 ™)
+ Pm((sikéls + 5il§ks + 51‘56kl) 4 ps (5ikélm + 6i16km + 5im6kl))
48

GEEIE
+ 6 PFPIP™ 4 M PP P® 4 55 TP P® + 6 P' P P™)
384i

i pk pl pn

H%k:mns(P7Q) — _ (Pi(ékléms + (;km(sls + 6k56lm)

(5ikPlP7nPs + 6ilPk:PmPs + 5imPkPlPs

and

, o 32Q(Q' —4Q*PE 4+ PL) (8 gk gtk sil it gk
ikmn _ L L —_— & 5 o
H™™(P,Q) = (P? +Q2)5 2 2+2 2+2 2

32QP2(P2 —3Q?) (69 .,y M .tk gt i ik
. Cpry pi oy pit Sk T pik oy T p
(P? +Q2)° 2 T T 3 T3 T
128QPi i Dkl 1 (S’L] (Sk'l ik Bl 1 67'"7 gl LAk 1 61'1 6Jk
- Y - PLJP - PLP‘]—f— PlP] oo
(PE+Q2)5( 52 2 " 53 3t 55 3
(D.2)
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APPENDIX D. NEXT TO LEADING KINEMATIC TWIST IN THE ¢g CONTRIBUTION

The tensor decomposition of the semi-hard factor given in Eq. (4.71)) can be written as

ij,klmn 84 klmn ~(ao)
gD (A) :7% gD (A)

_5kl 1ymn 5km 1jln i7lm gmn 7 17km 5lm i7kn
+ 2 J +7le + Cﬂ 5 ]liriC‘]k‘ 2 Ojk

+§ijklmng(co)(A)+ Aijgklmng(m)( ) Cflmng(bl ( )

5kl

2 2

+£ijklmng 1( )

'5kl
+ zymn + C’L]l’n
2

6ij ijklmn ~(c ijklmn
+7<§lm"g§2>m>+s;’“ G57(A) + &G (A),

kn mn
d ijlm d

9 2 2 2 2

where in order to compact the expression we have defined the following tensors

z]k:l 51] 5kl 5il~c 5jl 51’1 (Sjk

L A R N
iJ il il jk
{]kl ﬁAkl d Aij + J Agl 5i Aik i Ajk ¢ Ail7
2 2 2 2
Ca]kl Aii Ak } 57 + Atk Al 1 ﬁ (le + AU ATE _ 1 (Zl ﬁ
2 2 2 2 2 22 27
ik
(z)jkl 67 (I)clmn + 67 élmn + = d jkmn + Lcjkln + Lcﬂclm
2 2 2 ’

gijkl Azjcklmn+A1kC]lmn+Avl ]kmn+Aim<-gkln+AinC(j)'klm
+A]k<élmn+Agl<8kmn +Agm<ékln +Ajn<(i)klm+Aleéjmn
+Akm<—8jln+Akn<8jlm +Alm<—éjkn+Aln<éjkm+Amn<éjkl7

;jkl 2 éclmn_"_7 glmn_f_7 gkmn_|_7 %lfln_'_7 %klm

6]’1 ) §im §in skt

il k kil kl

+ Cz mn 5 5 mn 5 5 n o 5 % moy 5 ;jmn
5 5kn . (;lm . 5ln . gmn .

+ Ci]ln 2 ;jlm + 5 gkn + 5 ;jkm + 5 ;jk‘l,
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il jl kl 5l ij k 6l ijk ]
ijmn ijln ijlm D ijkm ijkn
C J C ! C ’ C ’ lj 1]

Ilm b
+ 7.]kl + C”km d ijkn

goo(A)

(D.5)

(D.6)

(D.8)



and finally

ijkl ijkl igkl ijk
3] = 6 1 §2j 1 51'] foj l. (D.].O)

The semi-hard coefficientes in Eq. (D.3)) are
a5 (a) - |

CB -iag(5) [F.(B)Fy(B) + (F(B) - F_(B)F(B) + LFx(B)|

2w

(D.11)
2

g (a) = % / % e A Bo(B)F_(B)Fy(B), (D.12)
2

Ggil(a) = é / (1273 e A Bo(B)F_(B)Fs(B), (D.13)

(a1) &*B A B
gn ' (A) = /?e ®(B)F_(B)F3(B)cos2¢ap, (D.14)
2B 1

go(a) = / 5 A Pa(B) [(FAB) — F(B))(Fu(B) + 3 F5(B)) | cos2¢ap,  (D-15)
2

Gl (A) :%/¥e—iA'B@(B)Fi(B)F4(B) cos 2 a5, (D.16)

2

a5t (A) =% / %e*m'%(B)F,(B)FE,(B) cos 205, (D.17)
2

g](Daz)(A) _ é / % efiA'Bq)(B)F_(B)Fh(B) cos 4pap, (D.18)
2

g)(A) :%/dTWB ¢S BY(BY(F, — F_(B))Fs(B) cos 4baz, (D.19)

2
gl (A) :%5 / ¥e—iA-Bq>(B)F,(B)F5(B) cosdpap, (D.20)
3) &*B _aB
05 (&) = [ 7 ¢ A PR(B)F- (B)F3(B) cos6an. (D.21)
(D.22)
where the functions Fy (B) and F_(B) are defined in Eq. while we define
o 0
, 0 9 0
F5(B) =16B* 0 0 9 0 InS,(B). (D.25)

0B? 9B? 9B? B2

Hence, having the tensors H¥m"s(P Q), H%ls* (P,Q) and GZ"™"(A) encoded in Egs. (D1),
and respectively, we can find the higher twist correction to the reduced cross sections.
By using the notation in Eq. , we find that the correction of the averaged over angle cross
section in the transverse sector reads

24P2 ()2
N = geE
— (P2 - Q1)Q¥ (3015 (8) + 1961 (A) + 16655 (A)) | (D.26)

2PHG5 (A) + 5007 () + 4657 (A))
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while the contribution to the elliptic anisotropy in the same sector can be written as

6P2
(P? +Q2)*
—2P2Q* (561 (A) + 1060 (A) + 6061 (A) + 7665 (A))
+PLQP2057(A) +3(95 (A) + 705 (A) + 865 (A))]
~ 2PL(GS (A) + 3657 (A) + 465 (A))] - (D.27)

NG = QUG (A) + 765" (A) + 4565 (8) + 566" (A)

Similarly, in the longitudinal sector, using the Egs. (D.2) and (4.47) for the hard tensors
H¥Fm(P,Q) and Hil*(P, Q), we find for the averaged cross section

5N0L:u328i22©2)8 —2P% (261 (A) + 1168 (A) + 961 (A))
+2P1QA(7G5) (A) + 40657 (A) + 3365 (A))
—5PEQN(GH (A) + 7057 (A) + 665 (A))
+ QUG5 (A) + 765" (A) + 665 (A)] (D.28)
whereas for the elliptic contribution we have
2PEQ2 {
(P} + Q)8
+4P2QY[7G5 (A) + 1265 (A) + 78G5V (A) + 9665 (A)]
— QU135 (A) + 64657 (A) + 25651 (A) + 3205 ()] (D.29)
By using the MV model (cf. Eq) in Egs. (D.26)), (D.27), (D.28) and (D.29) we arrive
(

respectively at Eqgs. (4.72)), (4.73)), (4.74) and (4.75).

SNE = —PAIGE (A) + 6(4GL7 (A) + 1965 (A) + 2465 (A))]
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Appendix E

The gluon semi-hard tensor and its
index structure in the qqg
contribution

As discussed in Chapter [3| coherent and incoherent diffraction differ on how their respective
correlators are averaged, i.e. either at the amplitude or at the cross section level respectively.
This allows us to obtain the semi-hard tensor for incoherent diffraction of a gluon-gluon dipole
from its counterpart in the coherent case [55] by applying the replacement

5 (A)Ty(R)Ty(R) — / ‘;1; e "2PW,(R, R, B). (E.1)

(

Hence, we find

y | [d2B @?R ?R . r » . .
G (x,xp, k3, A) / i Re*lA'Bﬂki"'(R*R)

inc s 27 2 2w

(R RN 4 RI%RF) M2 K (MR) MKy (MR) Wy (R, R, B), (E.2)

where we have symmetrized the indices 7 and j by anticipating an eventual contraction with a
symmetric hard tensor. The momentum dependence indicates that, in general, the tensor G/
can be decomposed into a diagonal term plus three traceless terms, namely

g §i . Aikd AI kL Ak
U= Gine — + A1AY 4 A kY + A 3 2 _ 2
g g g TS AR A <AJ_k31_ M Ajksy  Arksy

inc

5”’) , (E.3)

where the coefficients Gi,., A1, Ay and Aj are scalars depending only on A, k3, and A - kg.
Reminding the “hat” notation given in Eq. (4.39) for arbitrary vectors, it is straightforward to
prove that

RI*RFV = . (E.4)

Similarly, the aforementioned symmetrization allows us to show that

=0 (E.5)

Vli‘/jj B Vi-Vy St
ViiVor  ViiVay 2

(Rikf%kj + Rjkéki) < o
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THE ¢gg CONTRIBUTION

for arbitrary vectors V7 and V;. Hence, contracting (E.3|) with each one of the traceless tensors
appearing in the decomposition in Eq. (E.3|) and using the last two identities, it is easy to show
that A1 = As = A3z = 0. The contraction of the remaining diagonal term leads to the final form

of the semi-hard gluon tensor given in Egs. (5.5) and (5.6).
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Appendix F

The incoherent gluon DPDF in
limiting cases

Here, we provide in detail the analytical calculations of the dominant term of the incoherent
gluon DPDF at low and high momenta in the limiting cases © < 1 and 1 — 2 < 1. To this end,
we consider Eq. (6.16]) and rewrite it here for convenience

dl‘G]ipnC(l‘,,T]}»,PJ_,AJ_) - SJ_(]VC2 — 1) 1 /d2k ginc(m,x]p,k,A)

dzZA o 473 o 11—z

; (F.1)

where, recalling also the discussion in Sect. the upper limit of the integration over k is
unrestricted and thus the DPDF is P, -independent. We work in the Gaussian approximation
[109, |112} [128-130] where the multipoint correlator W,, which enters the definition of G, in

Eq. (5.6), reads [131]

_ 2 _JeF—14+F e WF-H_14(F-Ff)
W R B) = 15 PSR S,(B) |+ R )
wherdl]
ool SRS, wd o lnSUBHRIS(B-R) o

2 S,(|B+R- R|)S,(B) 2 S,(|B+R- R|)S,(B)

The above expressions hold in the large-N, approximation, meaning that terms of order 1/N2
or higher are not included, and it remains valid for any values of R, R, and B. We also provide
here the corresponding expression for the correlator W, in the fundamental representation (cf.
Eq. and the discussion above for the large-N, limit) which is utilized for the numerical
evaluation of the incoherent quark DPDF, namely

1

e F—14+F
N2 '

Wq(Ra RvB) = F2

FPS(R)S(R)

(F.4)

As discussed in Section [2.2.1] in the Gaussian approximation we have the relation S(R) =
[Sy(R)]CF/Ne | which reduces to S(R) ~ /S,(R) at large-N.. We will take again S,(R) to be

given by the MV model, cf. Egs. (2.48]) and (2.49)).

!Note the analogy with the definitions given in Eq. (4.23)) for the double dipole correlator in the fundamental

representation Eq. (4.22)).
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The expressions in Egs. and have a similar functional form, where the key distinc-
tion arises from the additional term in Eq. , which renders the square bracket symmetric
under transformation F' — F' — f. This symmetry guarantees that the gluon correlator W,
remains invariant when exchanging the positions of the gluons within one of the two dipoles.

F.1 Thecase z k<1

For x <« 1, we find that M ~ k,\/r < k,, implying that contributions from the region
where k; R 2 1/y/x > 1 are suppressed. This suppression arises due to the strong oscillations
induced by the exponential factor e "B which prevents significant contributions when the
argument of the Bessel functions Ky approaches or exceeds unity. Consequently, we can expand
the Bessel functions for small arguments, using the approximation M?Ky(MR) ~ 2/R? (and
analogously for M2K5(MR)). This simplification renders the integral over k trivial, leading to
(2m)263) (R — R). As a result, we can directly integrate over R, yielding a particularly simple
final expression

2B 2R W,(R,R= R, B)
2 —iA-B ’ )
/d kGine = 4/?6 / o g T . (F.5)

The relation R = R implies that the functions F and f in Eq. (F.3)) simplify and read

Sy(R)

1, S,(B+R)S,(B - R))
Sy(B) ! '

F=1In
2 SE(B)

and f=

Low momenta A, < Q,

In this regime, the dominant contribution originates from configurations where B > 2/Q;, R,
while no specific hierarchy is assumed between R and 2/Q,. This allows us to directly obtain
B Q3 B? 4

> 1. (F.7)

For f, the leading term cancels, and by performing a Taylor expansion for R < B, we identify
the dominant logarithmic enhanced ternﬂ

(F.8)

Substituting the last two equations into Eq. (F.2|), we observe that the correlator takes the form

1

In4/B2A2
N2 B

Wy(R,R,B) ~ 5

QAR'S;(R) (F.9)

The integration over R is controlled by dipole sizes of the order of 2/Q;. Specifically, in the MV
model, we find’]

> 1
/O dRRS}(R) ~ ok

2When R appears alongside B within a logarithm, it can be set to zero. This property, along with its
counterpart for B < R in the high-momentum region, will be frequently utilized throughout this Appendix.

3The leading result coincides with that obtained using the GBW model. By using the MV model, one can
compute corrections that are suppressed by inverse powers of In Q2/A? [132], which we neglect here.

(F.10)
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F.1. THE CASE z <« 1

where have extended the integration to infinity, as R is not constrained with respect to 2/Qs,
which allows us to account for the exact coefficient. Recall that Q% = Q% In Q?/A?, and thus we
obtain

41 PB _ A.pInd/B2A?
2K Gine ~ — / —ia-B B3/ 2R F.11
/d Gine = 33 wgz/az | or © B? (F.11)

By performing the straightforward angular integration, we notice that the integral becomes
logarithmic in the regime 2/Qs < B <« 2/A . After taking the large-N, limit of the factor
multiplying the integral in Eq. (F.1)), we finally obtain

de]ipnCNSJ_ 1 (12Q2_12A

d2A = Q W A2 A2 ) fOI‘ r K ]. and AJ_ < QS' (F.12)

High momenta A; > Q,

The dominant contribution is coming from dipoles with a small size B. More precisely, we
observe a logarithmic enhancement in the region where B < R < 2/Q;. Given that in this limit
S(R)~1and F, f,F — f < 1, it follows that the correlator simplifies to W, ~ 2f2/N? within
the 4-gluon exchange approximation. Expanding f in the regime B < R, we obtain

R T T R Gl T SR T TR T

Wy(R,R,B) ~

4 D4 4 P2 P2
QYR* , 4  QLYBR (12 4 4 4 ) (F13)

The first term in this expression is independent of B and is not relevant to our analysis, as after

the Fourier transform, cf. (F.1)), it will result in a term proportional to 5(2)(A) Substituting
the second term of Eq. (F.13) into Eq. (F.5), we observe that the integration over R becomes

logarithmic (in the regime B < R < 2/Q);) and yields

4 2 2
2 @y d&*B _AB 2,3 4 4
/d k Gipe ~ TNz /?e B <ln B +3In -2 A2 5 In? 502 ) (F.14)

The above expression is proportional to B2, hence it follows directly from Eq. (F.12)) that the
incoherent DPDF must exhibit a 1/ A scahng behavior. Nevertheless, we emphasize that the
logarithmic dependence on B in Eq. (| is essentlaﬂ to obtain a non-zero result for A # 0,
since

d’B _, 2B .
/? e"ABp2 = Vi / 5 e B — _97v3s?(A). (F.15)

Now, by performing the angular integration and making use of the integrals Eq. - and
Eq. - together with the change of variables B = B /A, we finally obtain the leading behavior

dzGi  S. Q4 (12A2_12Q

BA 4t At A2 Az) for =<1 and AL > Q.. (F.16)

4While such a term is significant for the cross section integrated over A, a proper evaluation of this contribution
requires relaxing the assumption R < 2/Qs.

5These logarithms originate from the logarithmic structure of the MV model amplitude. If the GBW model
were used instead, no power-law tail would emerge at large A | , resulting in an unphysical distribution that decays
exponentially for large A .
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F.2 Thecasel -2 <«<1

When 1—-2z <« 1, we find that M ~ k) //1 — x > k| , leading to a suppression of the contribution
from the region where k; R 2 1, due to the rapid exponential decay of the Ky Bessel functions.
As a result, we can approximate e "% (B=R) ~ 1 _allowing the integration over k to be performed
analytically, yielding

Gi d*’B _ d’R [ d°R V¥(R/R) _

2 inc iA-B _

/d ko - /— / / s 0820pr Wy(R.R.B),  (F.17)
where we have defined the dimensionless function

% (p® —8p° +8p% —1+12p*Inp?). (F.18)
As implicitly done in these expressions, we find convenient to introduce a change of variables
from the size R to the ratio p = R/R. By definition, the function in Eq. satisfies the
symmetry property U(1/p) = ¥(p), as the initial integral remains unchanged under the exchange
R « R. Exploiting this symmetry, we restrict the integration to the region R < R < p < 1
and compensate by multiplying the result by a factor of 2. Additionally, it is useful to note that
U(p) ~ 16p for p < 1, while at p = 1, the function remains finite with (1) = 32/5.

U(p) =

Low momenta A| < @,

The dominant contributions arise from configurations where the sizes satisfy B > 2/Qs, R, R,
without any additional strict hierarchy between 2/Q;, R, and R. As for F and F — f, their ex-
pressions remain as in Eq. , since only the largest scale B plays a role in their determination.
In the expansion of f for R, R < B, the leading term cancels, leading to

Q*R-R 4 Q% R? 4
f~- A4 lnB2A2:— ‘1 pcos¢R§lnm.

(F.19)

Eq. (F.2) becomes

242
W,(R, R, B) ~ In4/B*A

QARAS, (RS, (pR) 2 cos* Lo, (F.20)

N2

allowing for a straightforward evaluation of the two angular integrations, for instance by choosing
¢rp and the angle between B and R as independent variables, leading to

ginc Qi d2B iA- In 4/B2A2 /oo
&k =Nz TP [ ¥ dR® . (F21
o] =i e P [apwio) [Tarss,ms,om). w2
The remaining integrations over R and p can be carried out directly, yielding
) 1 Lo W(p) _ 3r - 16
A “Ur QR d d = F.22
/0 RS, (RS, (0R) = oy an /0 o, —18 (F22)

so that Eq. (F.21) becomes

/d2k ginc
11—z

3 -16 1 /dzB iap Ind/B2A2
. 4N? mQA% ) om © Bz

(F.23)
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where we have once again used Q? = Q% In Q?/A?. The last integral is the same as the one found
in Eq. (F.11). Taking the large-N. limit of the prefactor in Eq. (F.1)), we obtain

dzGe  S.3r°-16 1 L2 @2 A
2A 87t 16 InQZ/A2

> for 1-z2<«1 and A, <€ Q..
(F.24)

A2 A2

We observe that the above expression, along with the corresponding one for x <« 1 in Eq. (F.12)),
share the same functional form, and the numerical values of their respective coefficients are not
very far from each other.

High momenta A, > Q,

This is the most intricate calculation of the Appendix, and we will provide a brief summary by
highlighting the key steps. The relevant configurations are those that satisfy the strong ordering
B < R, R < 2/Q,, with no additional constraint between R and R. The correlator in Eq.
simplifies to W, ~ 22 /N2, with

Q./Q‘l 2 H2 4 D\ 2 4
——4 R°1 R°In = —(R—R)*In ———x——
Jo g\ B T s - (BRI pe s
4 4 4 4
2
+B {ln A2 +In e —1In e —In (R—R)2A2} } (F.25)

We want to point out that f contains a linear term in B, but it has not been included since it
can be shown that it does not contribute. When squaring f, we notice that only the “cross term”
in the r.h.s. in Eq. is of our interest, since it is the one proportional to B2. Hence, the
correlator gives

Q4AB2R2

R. B
Wy(R,R,B) — 162

4
[Qpcos orp In TIAZ + (1 —2pcosprp + p2) ln(l —2pcosprp + pQ)}
B2 9
X lnﬁ +In(1—2pcosprp +p*)| (F.26)

where we have omitted terms involving In p? since, in the regime where p < 1, they do not
contribute to any logarithmic enhancement. Only logarithmic terms that involve two among the
rather different scales B, R, and 2/A are significant. Furthermore, when expanding the product
of the two brackets in Eq. , only the terms linear in ln(l —2pcosPprp+ ,02) remain relevant.
The term without this logarithm vanishes upon angular integration, while the quadratic term is
not logarithmically enhanced. As a result, Eq. simplifies to

B2
+ (1+p*)In =5 | In(1 — 2pcos prp + p*).

R2
(F.27)

B QiB2R2
Wy(R,R,B) — TNE

4
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Substituting the above into Eq. (F.17) and doing the angular integrations we obtain

/dzk 1ginc Q4 /dzB o—iA B2
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APPENDIX F. THE INCOHERENT GLUON DPDF IN LIMITING CASES

dIG]iPnC(CC, Tp, PJ_, A_L)/dzA

Z
Ll Al il s

Lol Lol [
1071 100 10! 102
A% GeV?

Figure F.1: The incoherent gluon DPDF as function of the momentum transfer A2 for z = 0 and
x = 1. As in Fig. a factor SL/471'3 has been omitted and the scattering amplitude is given by the
MV model with a gluon saturation scale Q2 = 2GeV?2.

In principle, the lower limit of the integration over p is B/R < 1. However, it has been safely
set to zero since, in this regime, the integrand is proportional to p. This allows for a simple
integration, which yields

g.
2 inc
/d kl—x

The logarithmic integration over R? leads to

gin Q4 d2B AL 4 2 4
2 < ~ A iA-B Rp2 2 s

It remains to follow the steps as in going from Eq. (F.14) to Eq. (F.16]), and again with the help
of Appendix [A] we arrive at

2
Q4 ’B _ia.B o /9 dR? R® 4
2241\73/ o ¢ P /Bz 7z P gy ) (F29)

z=1

(F.30)

=1

dzG¥e 51 Q4
EA T 8rt 341

Al Q3
(111nA2—31nA2> for 1—-z<1 and A > Q. (F.31)

The analytical estimates in the regimes A} <« Qs and A; > @, and near the end-points
=0 and x = 1 provided in Eqgs. (F.12)), (F.16), (F.24) and (F.31]) are confirmed by numerical
calculations presented in Fig.

To conclude this Appendix, we would like to compare the coherent and incoherent DPDF
z-dependence in the limit where x is close to one. First, to perform the integration over the gluon
transverse momentum, leading to Eq. , one can introduce a change of variable from k, to
M using the relation k2 ~ (1 —2)M?2. Since M sets the scale in the argument of the Ky Bessel
functions and the phase factor e "% (=) ~ 1 the only explicit dependence on 1 — z arises from
the change in the integration measure, i.e., dk? ~ (1 — z)dM?2. This factor of 1 — z cancels the
corresponding term in the denominator of Eq. , ultimately rendering the incoherent DPDF
independent of 1 — .

However, it is crucial to note that the integrand in Eq. contains an oscillatory factor
cos2¢rp. The reason a nonzero result is obtained upon angular integration is the additional
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dependence on cos 2¢ 5 (or equivalently cos?¢r ) introduced by the CGC scattering correlator
Wy (R, R, B), as seen in Egs. and . This behavior contrasts with the case of the
coherent DPDF, where the corresponding correlator, 74(R)7,(R), is independent of the angle.
To obtain a nonzero result, the exponential e~ (B=R) must be expanded to fourth order to
generate the required angular dependence [55]. When applying the aforementioned change of
variable to M?, the additional power of k% introduces a factor of (1 — z)2, which is transmitted
to the coherent gluon DPDF. Similarly, for the quark DPDF, the integrand involves cos ¢ g,
meaning that it suffices to expand e~ (B=R) only to second order. In this case, the extra power
of k2 results in a multiplicative factor of 1 — x [60].
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