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Abstract

In this work we aim to investigate electron-ion collisions, a highly important type of
process with huge potential to deeply study the structure of matter. In particular, three
processes that involve eA collisions are analyzed: diffractive gluon jet production, timelike
Compton scattering (TCS) and exclusive Z° production. All of them and their correspond-
ing observables are calculated at the center-of-mass energies of upcoming and planned
future electron-ion machines, namely the EIC (Electron-Ion Collider), the LHeC (Large
Hadron electron Collider) and the FCC (Future Circular Collider). The measurement
of diffractive gluon jets opens the possibility of extracting the saturation scale from the
experiments, which would be quite relevant for the phenomenology associated with the
field of high energy physics. Regarding the TCS, it is performed in eA collisions using
the kp-factorization formalism for the first time. The computed predictions will be highly
useful for future comparisons against measured data at these machines, leveraging the
study and investigation of the structure of matter through electron-ion collisions. Finally,
the Z° production is a traditional baseline SM signal and investigating this process within
electron-ion collisions may be quite advantageous since it has a clear experimental signature
if compared to the Z° signal coming from hadroproduction and is also perturbatively
calculable with not so large uncertainties due to the high mass of the boson.

Keywords: Quantum chromodynamics, electron-ion collisions, diffractive gluon jet pro-
duction, timelike Compton scattering, exclusive Z° production.



Resumo

Neste trabalho buscamos estudar as colisoes elétron-ion, um processo altamente importante
e que tem grande potencial de realizar uma investigacao profunda da estrutura da matéria.
Em particular, trés processos que envolvem colisdes eA sao analisados: producao difrativa
de jatos de glions, espalhamento do tipo-tempo (em inglés, timelike Compton scattering -
TCS) e produgao exclusiva de Z°. Todos esses processos e observaveis correspondentes
sao calculados nas energias de centro de massa de futuras maquinas elétron-ion, como
por exemplo o Colisor Elétron fon (em inglés, Electron-Ton Collider - EIC), o Grande
Colisor elétron Hadron (em inglés, Large Hadron electron Collider - LHeC) e o Futuro
Colisor Circular (em inglés, Future Circular Collider - FCC). Medidas de jatos difrativos
de glions possibilitam que se extraia a escala de saturacao dos experimentos, o que seria
extremamente relevante para a fenomenologia associada a fisica de altas energias. Em
relagdo ao TCS, esse é realizado em colisoes eA utilizando-se o formalismo de fatorizagao
kr pela primeira vez. As predigoes calculadas nesses processos serao muito uteis para
futuras comparagoes com dados medidos nessas maquinas citadas acima, potencializando o
estudo da estrutura da matéria através de colisoes elétron-ion. Por fim, a producao de Z° é
um tradicional parametro de sinal do Modelo Padrao (em inglés, Standard Model - SM) e
investigar esse processo no contexto de colisoes elétron - ion pode ser bem vantajoso uma vez
que possui um sinal claro de assinatura em comparacao ao proveniente de hadroproducao
e também ¢ calculavel perturbativamente com incertezas nao muito grandes devido a alta
massa do boéson.

Palavras-chave: Cromodinamica quantica, colisoes elétron-ion, producao de jatos difrati-
vos de glions, espalhamento do tipo-tempo, producio exclusiva de Z°.
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1 Introduction

The field of nuclear science is concerned to explore and investigate the nuclear
content of the atoms. The nucleus is composed by protons and neutrons, being these latter
referred as nucleons. About one hundred years ago scientists were studying the atom’s
structure, which led to the development of chemistry, electronic devices and basically all
the technologies that we have nowadays. Now, the scales are much smaller since we are
looking into the objects that compose those protons and neutrons.

Investigations along the 60’s and 70’s (see a review about that in Ref. [1]) revealed
that nucleons are composed by fundamental particles called quarks that interact via the
exchange of gluons. Such investigations gave rise to the fundamental theory of strong
interactions, the Quantum Chomodynamics (QCD) [2], which is one of the cornerstones of
the Standard Model (SM) of particle physics. The latter is the theory that describes matter
and its interaction (except the gravitation) in nature and encompasses QCD along with
the other two theories that address the electromagnetic and weak forces, i.e., Quantum
Electrodynamics (QED) and Electroweak Theory, respectively. Unlike the QED in which
the photons have no electric charge, in QCD gluons carry color charge and such fact
enables them to interact with themselves. This mechanism of self-interaction among gluons
assigns to QCD a high complexity whether compared to QED. Thanks to new experimental
facilities and their increasing collision energies throughout the last decades, several QCD
phenomena not directly evident in the Lagrangian density have been enlightened. Such
phenomena include color confinement! and chiral symmetry breaking?, for instance.

Albeit its remarkable success, the SM has major problems, what can be outlined

through the following questions [3]:

¢ Elementary particles: The SM is composed by 61 particles: 36 quarks and anti-
quarks, 12 leptons, 12 interaction mediators and 1 Higgs boson. Are there more
particles to be discovered? Do right-handed neutrinos exist? What makes quarks

and leptons different? Do leptonquarks exist?

Color confinement is a phenomenon that color charged particles (quarks and gluons) are not able to
exist as isolated objects. However, if a temperature of about 2 TK is achieved (known as Hagedorn
temperature), such objects deconfine and originate the Quark-gluon Plasma (QGP).

Chiral symmetry breaking is a spontaneous symmetry breaking of a chiral symmetry related to a
gauge theory such as QCD, for example. It is observed at experiments where masses of the octet of
pseudoscalar mesons(the pion, for instance) are much lighter than the next heavier states of the octet
of vector mesons (as is the case of the rho meson, for example).
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e Strong interactions: How to explain color confinement and how partons hadronize?
What is the real parton dynamics in the proton, in other hadrons and inside nuclei?
How can QCD elementary fields describe the many bodies of QGP (Quark-gluon
plasma)?3?

e Dark matter: Is dark matter composed of elementary particles or does it have a
different origin? What about hidden and dark sectors? Do they exist? If yes, how
would they be detected at experiments?

e GUT": Is there a unification of the interactions at high scales? Would it include
gravitation? What is the correct value of the strong coupling constant? Is Lattice
QCD? correct about that? Is the proton a stable object?

e Neutrinos: What about sterile and Majorana neutrinos? Do they exist? Is there

CP violation® in the neutrino sector?

The questions above, among others, are still open in particle physics and therefore demand

further investigation.

Despite the phenomenological success of the SM, the research in particle physics is

far from its end. As pointed out above, many questions remain open and their answers

elusive. Furthermore, countless periods of revolution in science throughout the history led

us to realize that declaring a theory as finished is in contradiction with past experience.

Theoretical hypothesis such as SUSY particles”, extra dimensions, unparticles, embedding

on higher gauge groups (like E8®) are strong reasons to keep evolving the efforts towards

high energy physics. In this context, it is needed a substantial increase of energy, precision

3

The Quark-gluon plasma is a state of the matter in which quarks and gluons are freed of their strong
attraction for each other. Such state is only achievable at extremely high energy densities, the same
conditions present in the early Universe.

GUT is the acronym for Grand Unified Theory, which is a model in particle physics that predicts
that, at very high energies, the three gauge interactions (strong, electromagnetic and weak) would
merge into a single one.

Lattice QCD is a method for solving the QCD Lagrangian by means of discretizing space-time. After
the numerical solution evaluation, the continuum QCD is recovered.

CP violation is the breaking of C-P (charge-parity) symmetry and it states that physics laws should
remain unalterable when a particle is interchanged with its antiparticle (C-symmetry) while its spacial
coordinates are reversed (P-symmetry).

In few words, SUSY (acronym for Supersymmetry) is an extension of the SM that is intended to fill
some of its gaps. It predicts that every particle in the SM has a partner particle. These new particles
would fix the mass of the Higgs boson and resolve a major issue in the SM.

An Exceptionally Simple Theory of Everything, commonly denoted as E8, aims to describe all the
fundamental interactions in the SM plus the gravitation in terms of quantum excitations of a single
Lie group geometry, the E8 group.
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and kinematic coverage at upcoming and future machines in order to enable deeper analyses
on the issues cited above [3].

Lattice QCD shows that the complex structures of the QCD vacuum are due to
gluon dynamics, which are the objects responsible for intermediating the strong inter-
actions, as are the photons in the case of QED. The self-interactions between gluons
determine all the essential properties of QCD and leads to the fact that gluons domi-
nate the structure of matter. For example, 98% of the nuclear matter is due to gluon
interactions. Nevertheless, most part of gluon properties in matter remains unexplored.
It is necessary to perform high energy probes to execute a profound investigation and
explore gluon dynamics experimentally. The accelerators DESY-HERA®, BNL-RHIC!,
Fermilab-Tevatron!! and CERN-LHC 2 have highly increased both the theoretical and the
experimental understandings concerning the behavior of gluons. In general, lepton beams
are ideal probes of gluons through DIS (Deep Inelastic Scattering) processes. The gluonic
part embedded in the wave function modifies the well known electromagnetic interaction,
which allows one to infer the gluon properties. In order to obtain a precise inference,
DIS should be performed within a large range of energies and scattering angles (also,
using different kinds of targets). Experimental results of DIS at HERA of electron-proton
collisions constrained further the structure function of the proton in the longitudinal and
transverse directions, especially at small momentum fraction of the partons with respect to
the hadron. This was a completely new domain of measurement reached until then. Data
showed evidence that gluons were by far the most dominant parton, by over an order of
magnitude [4]. In particular, the results revealed that the increase of gluons in the region
of small momentum fractions, x, presented unlimited behavior, as predicted by linear QCD
equations. However, there is an upper limit on the total cross section, where the hadron
behaves as a “Black-disk”, given by oy < 2mR?, being R the target radius. The way
the system reaches this bound is through saturation. Gluons are no longer independent

from each other and recombination effects start to set in. This phenomenon prevents

9  DESY (Deutsches Elektronen-Synchrotron) is a German national research center and HERA (Hadron-

Elektron-Ringanlage) was an accelerator which collided electron and positrons with protons.

BNL (Brookhaven National Laboratory) is a national laboratory that belongs to the U.S. Department
of Energy and RHIC (Relativistic Heavy Ion Collider) is a collider of protons and heavy ions.

The Tevatron, located at Fermilab in U.S., collided protons and anti-protons with a center-of-mass
energy of 1.96 TeV.

CERN (Conseil Européen pour la Recherche Nucléaire) is an European organization for nuclear
research and LHC (Large Hadron Collider) is an accelerator that collides protons and heavy ions and
is the most energetic in the world so far.

10
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the unlimited growth of the total cross section, what would violate the fundamental
principle of unitarity. As the gluons are self-interacting, linear QCD equations, such as
DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) [5-7] and BFKL (Balitsky-Fadin-
Kuraev-Lipatov) [8,9], can describe the high-gluon contribution at small-z via the splitting
of high-x gluons into smaller-x gluons. To achieve the saturation required to limit the
growth of the cross section, small-z gluons start to recombine into higher-x gluons. This
process is described by non-linear QCD equations, such as BK (Balitsky-Kovchegov) [10,11]
and JIMWLK (Jalilian-Marian-Iancu-McLerran-Weigert-Leonidov-Kovner) [12,13]. The
scale at which this phenomenon sets in is called saturation scale, Q?, typically a few GeV?
for + < 10~%. Consequently, the phase-space covered at HERA is at the interface between
the saturation and the non-perturbative domains of QCD and does not lead to a clear
conclusion about the former [14].

The origin of the saturation regime, successfully described by the “Colour Glass
Condensate” (CGC) [15-20] effective field theory, states that it should also occur in
nuclei [13]. Strong gluon fields resulting from the large number of nucleons in a heavy
nuclei lead to gluon saturation. Within this regime, the gluon density can become so large
that the dense object can behave like a coherent one, as a glass. This is why such object
is termed a color glass condensate. Using a classical image, it is not possible to fill in
protons with as many gluons as one would like to, since the available space is limited. This
new regime of QCD, dominated by high gluon density and where usual equations are no
longer valid, has not been clearly observed yet. An electron ion collider would enable the
clarification of this new domain. It is easily understandable that, in order to see these new
phenomena, one needs heavy objects where the number of gluons is large. Additionally, as
the nucleus is a more dense object, saturation should happen at a higher scale than at
HERA, which means that it is contained in the domain of perturbative QCD. Most of
the existing experiments on nuclear DIS probe the high-x range of the nuclei structure,
far away from the saturation regime. On the other hand, it is hoped that experiments at
a new electron-ion collider will be able to study this regime, as such machine allows the
measurement of inclusive and exclusive observables that are affected by the enhancement
of non-linear effects in terms of the nuclear mass number [2,21]. Increasing the nuclear
mass number allows amplifying saturation effects through the nuclear saturation scale,

i 4 Particularly, within the parton saturation framework the nuclear saturation scale,

Qs.4 , is enhanced with respect to the nucleon one by a factor A% | with A ~ 4/9. For
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instance, for lead targets this increases the nuclear saturation momentum, )5 4 , by a
factor 3 in contrast to the proton one, where Q;,(z = 107°) ~ 1 GeV [22].

HERA set electron-proton processes as a fundamental part of modern high energy
particle physics. It evidenced the richness of DIS physics and the feasibility of building and
operating high energies at ep colliders. Amid striking learning and progress accomplished
with HERA, the reasons for constructing future ep and eA colliders are several, including

the need of [3]

e Higher energies, what is motivated by three things: 1) to make charged currents
a real, accurate part of ep physics, and this is important in order to completely
unfold the flavor composition of the sea and valence quarks, for example. 2) to
produce particles with greater masses (Higgs, top, exotics, etc) 3) to study the gluon
saturation region for which one needs to perform measurements at smaller-z, i.e.,
higher energies that had been available at HERA;

e Much higher luminosity: since HERA provided just a hundred pb~!, it could not
accurately achieve the high-z region. In addition, the machine was limited regarding
the statistics in solving puzzling event fluctuations;

e Dealing with the complexity involved in the interaction region when a bent electron
beam caused synchrotron radiation while the opposite proton beam generated great
halo background through beam-gas and beam-wall proton-ion interactions;

e Using nuclei as targets: as discussed previously, increasing the atomic mass number
of the targets enhances the saturation scale, and this is necessary to study the

non-linear regime of QCD, one of the main goals of an electron - ion collider.

Here is how this work is organized. In the next chapter, we introduce the main
concepts of DIS in electron-proton processes and expose the modifications that take place
when we consider a nucleus as the target instead of a proton. The phenomenon of nuclear
shadowing is examined alongside other phenomena such as anti-shadowing, EMC effect
and the Fermi motion region. Chapter II mostly aims to present and contextualize the
reader towards an historical and theoretical analysis concerning nuclear DIS from which
the physics of electron-ion collisions is based on.

Chapter III concerns to the theoretical framework of small-x QCD. In particular,
we introduce the kp-factorization formalism and the QCD color dipole picture. In addition,

the phenomenon of parton saturation is also discussed.
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Following to Chapter IV, we discuss about the upcoming and possible future
electron-ion machines, such as the Electron-Ion Collider (EIC), the Large Hadron electron
Collider (LHeC) and the Future Circular Collider (FCC). The design projects associated
to these facilities are briefly exposed and we also point out the main gains that these
colliders are able to bring to the particle physics community.

Chapter V addresses the studied processes involving electron-ion collisions. We
have investigated the diffractive gluon jet production, timelike Compton scattering and
exclusive Z° production. Adopting the dipole picture, the first delivers the possibility of
extracting the saturation scale from the experiments, which would be timely at electron-ion
collision experiments. For the timelike Compton scattering, we apply the kp-factorization
approach for the first time in such process with nuclear targets, and this could be useful
for several reasons that we outline in that chapter. Regarding the exclusive Z° production,
we also look into this process within the kpr-factorization framework and discuss on the
advantages of studying it in the context of electron - ion collisions.

Finally, in the last chapter we expose the main conclusions extracted from the
studied processes. We perform a thorough analysis on the applicability of the referred

processes for the future electron-ion facilities.
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2 Hadronic and nuclear structures

In general, lepton beams (like electrons and muons, for example) are the best
microscope of partons because they act as a probe of the target's structure. Electrons and
positrons couple directly to the quarks. By applying high energies to the collision, one
can deeply investigate quarks and gluons with small momentum fraction x, studying their
behavior over a wide range of @Q* (the so called photon virtuality).

Deep Inelastic Scatteing is the standard process to probe the hadronic structure
and is one of the simplest scattering process that occur at short distances. In this process,
the electron emits a virtual photon that interacts with the target (a nucleon or a nucleus).
Throughout the subsections below, we start discussing DIS in proton targets and then
introduce the main aspects concerning DIS in nuclei targets, exposing the modifications

that take place when the electron interacts with a nucleus instead of a proton.

2.1 Deep inelastic electron-proton scattering

In the case of DIS in electron-proton processes, the electron emitts a virtual photon
with virtuality Q? (where the virtuality is equal to minus the four momentum squared of
the photon, i.e., @Q* = —¢?) which then interacts with the proton. As a result, the hadron
breaks up and allows one to investigate its partonic content. The quantity Q2 sets the

hard scale of the problem, and the reaction is the following [23]:

e+P—e+X, (2.1)

where e and €’ represent the incoming and outgoing electrons, respectively. The variable
P denotes the proton target and X stands for a set of unknown produced particles since
this is an inclusive process. The scattering diagram can be seen in Fig. 2.1. Usually, the
following Lorentz invariants are defined to describe DIS:

Pq Q?
= — €T = .
Pp’ B~ aopg

Q=-¢, vy (2:2)

In the expressions above, xg is the so-called Bjorken variable and y is the inelasticy, also
written as y = (F — E')/E, where E (E') is the energy of the incoming (outgoing) electron.

Combining the previous three equations, the following relation is obtained:
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Q* = 4FEE'sen(0/2) , (2.3)

where 6 is the angle between the momenta of e and €', that is, p'and V. Alongside the

definitions above, there are also the following quantities that are important in the context

of DIS:

s=(P+p)?*, s*=(P+q?=m’—Q*+2Pq, v=24_p_ g (2.4)

myp
In the previous relations, s is the center-of-mass energy squared of the electron-proton
system, s* is the center-of-mass energy squared of the photon-proton system and v is the
energy difference between the incoming and scattered electrons in laboratory system. Eqs.
(2.2) and (2.4) can be gathered together to get what follows:
Q? Q’

T = = : (2.5)
Q*+s*—m2  2myv

Q> = zy(s —m) —m?) = ays (2.6)

where it was considered that s*> >> m? >> m?, being these inequalities valid in the
high energy regime. Taking the scattering amplitude concerning the diagram in Fig. 2.1,
after several steps one obtains the DIS inclusive cross section (see Ref. [24] for a detailed

analysis):

gep_/ 27T2EE’16ZZ| €,8,5 271')454(P+q pX)- (2.7)

ESS

In Eq. (2.7), s and s’ stand for the spin of the incoming and scattered electrons, respectively,
while € is the spin of the proton target. P is the proton momentum and px is the net
momenta of all produced particles. It is convenient to express the differential cross section
in terms of x and Q?, parameterizing it in terms of adimensional structure functions in

the form [25]

2

2 2 2 9
d:ccleQQ - 4253’” Kl Y %) Fy(x, Q%) — ‘%FL(% Q°) F (y — ‘%) Fy(x, Q2)>} . (2.8)

Above, a., is the QED coupling (taken as 1/137 for most processes). Fy is named inclusive

structure function of the proton, F, is its longitudinal part and Fj is related to parity
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Figure 2.1 — Deep Inelastic electron-proton Scattering.

violating effects depending on what particle projectile is chosen (for values of Q? lower
than Z° mass, F3 is often neglected). The longitudinal structure function, Fy(z, Q?%), is
related to Iy by Fy = Fr + Fp, (Fr is the transverse structure function of the proton) and
is mainly driven by the gluon content of the target.

Structure functions are a measure of the partonic structure of hadrons, and this
is relevant for any process that involves colliding hadrons. They are key ingredients for
deriving PDF's, which in turn are the non-perturbative inputs of the collinear factorization
approach!. It is worth carrying out a short discussion on PDFs since these functions will
be mentioned several times throughout the text.

In summary, the PDF's give the probability to find partons (quarks and gluons) in
a hadron in terms of the proton’s momentum fraction, x, carried by the parton and of the
momentum scale under which this proton is subject.

In the seminal work of Ref. [26] it is computed the cross section do that involves
short distances. As an example, one may take into consideration the following process:
hadron A + hadron B — jet +X, where the jet has a large transverse momentum Pr.
Intuitively, the observed jet initiates as a single quark or gluon coming out from a parton-
parton scattering event with high Pr, as seen in Fig. 2.2. With that, the large Pr parton
fragments into the observed jet of hadrons.

In Fig. 2.2, a parton a is originated from a hadron A and carries a fraction x4 of

the hadron A’s transverse momentum. One then writes the probability to find this parton

L In the collinear factorization approach, the interactions between partons are considered as occurring

collinearly, that is, without any transverse momenta contribution. This will be discussed in detail
along the next chapters.
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as fo/a(xa)dx 4. Similarly, a parton b that comes from a hadron B takes a fraction xp of
the hadron B’s transverse momentum. The probability to find the parton b is therefore
JoyB(xp)dxp. The functions fo/a(x4) and f,yp(xp) are called PDFs, acronym for Parton
Distribution Functions. By utilizing the intuitive picture described above, one may write

the cross section for jet production as follows:

do dé
T %:/dm fa/A(ﬂﬁA,M)/de fb/B(xByﬂ)E ; (2.9)

where d& is the cross section for the partons to produce the observed jet. In other words,
this is the parton level cross section and is calculated with perturbative QCD. Its expression

is a expansion in powers of ag:

d Q
é - %: (# )HN(anxBaPT;avbv () - (2.10)

In the above expression, Hy is obtained from perturbative QCD. For a careful analysis

and further details on Egs. (2.9) and (2.10), the reader may refer to Ref. [26].

__._____,_____._____.____
A -
_—-““-._H_x_‘ﬂ
x’ .-
||—‘IJ )

L

Figure 2.2 — hadron A 4+ hadron B — 2 partons.
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2.1.1 Parton model

The structure functions Fy and F} were firstly measured in 60’s at SLAC? and
afterwards at DESY using electron beams in 90’s. The subsequent years were followed
by an extensive set of measurements utilizing electrons and muons. Fig. 2.3 displays the
structure function of deuteron, F¢(x, Q?), which is equivalent to the structure function of
deuterium, FP(z, Q?). As one can see, in first approximation F does not depend on Q.
If the ratio Q?/v is kept constant for higher values of Q? and v, F, depends practically
only on z, leading to the so-called Bjorken scaling. At the time these measurements were
performed, such scaling behavior was viewed with surprise by physicists since it contrasts
with the properties of elastic form factors that quickly vanish for higher values of Q?,
instead. [27]

Scaling phenomenon evidences the fact that the virtual photon is absorbed by objects
in the nucleon. Historically, these objects were first called partons by R. Feynman [28§]
and later referred as quarks.

In the Infinitum Momentum Frame - IMF (where the Parton Model was conceived
28]), also known as Breit frame, the nucleon has very large momentum and the momentum
fraction carried by the partons relative to the nucleon is written as x = Q?/2Mv. Within
the IMF, the virtual photon has no energy and the partons reverse their longitudinal
momentum in the collision process. In this framework, the proton structure functions, F}

and F,, may be expressed as

1 2
Fy = 52%%(1’) , (2.11)

Fy = :L‘Z erqr(x) (2.12)

in which the index f stands for the quark flavor, e; is the quark charge and ¢y(x) is its
distribution function. As seen, in the Parton model ¢(z) depends only on x. With the

expressions above, one can write the well known Callan-Gross relation [30]:
Fy(z) =22 F(x) (2.13)

what connects the structure functions F, and F) in the context of the Bjorken scaling.

2 SLAC - Stanford Linear Accelerator Center is operated by the Stanford University and belongs to the

U.S. Department of Energy (DoE). This linear accelerator was built in 1966 and shut down in the
2000s. The energy of the electron beams could reach 50 GeV.
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Figure 2.3 — The structure function of deuteron (multiplied by the scale factor 2%). Taken
from the 2018 Particle Data Group (PDG) [29].

2.1.2 The breaking of Bjorken scaling

If one looks at Fig. 2.3, it is clear that F5; does not depend only on x, but rather on

both z and Q2. For z < 0.2, it rises as a function of Q?, whereas for z > 0.2 it decreases.

According to QCD, partons have color charge and thus interact between themselves

through gluon exchanges. In addition, these gluons inside the proton can auto interact

and also split into quark-antiquark pairs named as sea quarks. This implies that in QCD

protons are not composed solely by non interacting partons. The valence quarks can

radiate gluons which in turn might fluctuate into quark pairs. In that sense, the picture is

way more complex compared to that one from the naive Parton Model.
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Analogously to QED where a.,, is defined as the electromagnetic coupling, in QCD

one has the strong coupling, being in leading order computed as

127
(33— 2N))(In Q*/A?) °

where A is the QCD mass scale parameter and Ny is the number of quark flavors. Regarding

QS(QQ) =

(2.14)

A, it is found to be roughly ~ 200 MeV and sets the Q% value from which the nucleon can
be simply treated as composed of valence quarks, that is, with no QCD radiation effects.
As noticed in Eq. (2.14), when ) — oo the variable a tends to zero. This phenomenon in
QCD is called asymptotic freedom, where the partons behave as quasi-free objects. In the
Breit frame where the Parton Model is considered, such behavior is justified.

For large enough Q?, o is less than one and then QCD can be treated perturbatively.
The kinematic domain in which it can be handled via perturbation theory is called hard
region. For smaller values of ) implying that o is greater than one, one has the soft
region where perturbative calculations are no longer applicable. Within this domain, non
perturbartive approaches have to be apllied, such as the Lattice QCD and Regge theory,
for instance (for further analysis on the strong coupling and the kinematic domains of
QCD, we quote the seminal work carried out in Ref. [31]).

As mentioned, the plot of F§ in Fig. 2.3 attested that this function depends both
on z and Q?. In perturbative QCD, there is a set of coupled equations, the DGLAP
equations [5-7], that describe the evolution of PDFs in terms of * variation. The

expressions are the following:

ONT (z,Q?) oy [ldz FF(

Qza—Q? = 5 i ?qu(z)A ;,QQ), (2.15)

, 0 [S(x,Q?) a, [Vdz [ Pu(z) Pelz)) [S(z/zQ7)
a0? o T o) % o | o (216)

G(z,Q%) z Pay(2) Pea(2)) \G(z/2Q?)

where
S(2.Q) = > ¢ (2,0%) + ¢ (z,Q%)] (2.17)
f

Az,QY) = ¢ (2,Q%) = (2,Q%) . (2.18)

In Egs. (2.15) and (2.16), z = (x/2'), 2(z, Q?) and AT/ (2, Q?) are related to the quarks and

anti-quarks distribution functions (as defined in the two previous expressions), G(x, Q?) is
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the gluon distribution and P;; are called Splitting Functions. The latter quantities measure
the probability of finding a parton ¢ with momentum fraction x radiated from the parton
j with momentum fraction z’. The set of equations above are valid for the domain of large
Q?. In this region, one shall make use of the collinear factorization (a review on QCD
collinear factorization may be encountered in Ref. [32]) for which the partons momenta
have only longitudinal components. This approximation holds for high values of Q?, i.e.,
the hard region, but can not be applicable when it comes to not very hard processes. As
Q? decreases, one enters the semi-hard region in which the collinear factorization is no
longer valid and hence other approaches must be applicable, such as the dipole formalism
and the kp-factorization framework. In Section IV, we will perform a careful discussion on

these two approaches.

2.2 Nuclear DIS

The modifications on DIS when one considers nuclei as targets rather than nucleons
can be measured through the comparison among the inclusive structure function of a
bounded nucleon and that of deuterium, F¥, since the latter is assumed as the best
approximation of a free nucleon. The reason for comparing the bounded nucleon with
deuterium instead of protons is the fact that, especially at large x, protons and neutrons
have different structure functions, thus it is more reasonable to use deuterium and not the
proton to account for a free nucleon. In summary, the nuclear effects in DIS are translated
by the difference between the deuterium structure function and that of a bounded nucleon
inside the nucleus. If the latter was merely a collective amount of no interacting nucleons,
there would be no difference among these quantities. Instead, it is found that the ratio
2 F§/A FP (where A is the nuclear mass number and Fy' (FP) is the nuclear (deuterium)
structure function, respectively) is not the unity, what is a clear signal that there must be
some interaction between nucleons [33].

Generally, the nucleus was assumed as composed of feebly bounded nucleons that
are confined through a potential due to their mutual interaction. It was a striking result
when the EMC experiment revealed that the iron nuclear structure function, £/, had
a systematic nuclear dependence with respect to that of deuterium as the effect reached

20 % for = ~ 0.5 [34]. Interestingly, this is notably larger than the effect (less than 5 %)
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caused to the natural scale for nuclear effects set by the ratio between the binding energy
per nucleon and the nucleon mass.

Afterwards, a large number of fixed-target experiments corroborated the nuclear
dependence that had been evidenced earlier, although with significant modifications
compared with those results of EMC effect in the small-x regime [35-37]. In Fig. 2.4 it is
displayed the experimental data of the ratio between the nuclear structure function (per
nucleon) of some nuclei and the nuclear structure function (per nucleon) of deuterium (in
terms of x), often named in literature as nuclear modification factor. In addition, it is
also shown a schematic curve of this quantity [33] based on these measurements. We can

summarize the behavior of this factor into four different regions [38]:

Shadowing region: R4 < 1 for z < 0.1;

Antishadowing region: R4 > 1 for 0.1 <z < 0.25;
EMC region: R* < 1 for 0.25 <z < 0.8;

Fermi motion region: R4 > 1 for # > 0.8.

After giving an overview of the nuclear effects that arise in nuclear DIS, below we
will discuss separately the four regions cited above, performing a careful analysis on the
shadowing region. The reason for aiming such region is that it is contained in the domain

of small-z (high energies), being this kinematic regime the main focus of the present work.
1. The shadowing region

Strictly speaking, the definition of nuclear shadowing is that the ratio 2F3'/AFp is
less than one for the domain referred above. The shadowing effect is stronger for heavier
nuclei and lower x. For not very small z, it is found that the phenomenon weakens slowly
as Q% increases. At a fixed energy, since Q? is related to x as Q? ~ x/s, for very small
x one gets Q? < 1 GeV?, being this region not contained in the perturbative domain of
QCD. The NMC (New Muon Collaboration) [36] and the E665 [37] experiments attested
that data with good quality are only found for x > 0.004, which is a big limitation for
studying shadowing effect in the very small-x regime. If x is kept fixed at low values and
Q? is enhanced, the shadowing of F3' occurs due to shadowing of quark and antiquark
distributions [33] (see also Refs. [42,43]).

The usual understanding of nuclear shadowing is related to multiple scattering

[44-55]. Most approaches explain the depletion in the shadowing region by means of the
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Figure 2.4 — Upper: schematic curve of the nuclear ratio between the nuclear structure
function (per nucleon) and the deuterium structure function. Lower: data of
the nuclear ratio for different nuclei (Xe, Ca, C and Al) from experiments
FNAL-E665 [39], NMC-NA37 [40] and SLAC [41].

hadronic behavior of the virtual photon. At high collision energies and at moderate/low Q?,
the hadronic component of the virtual photon will interact several times with the nucleons
contained in the nucleus, giving rise to multiple scattering phenomena. Consequently, this
fact yields the decrease of the corresponding cross sections, which will be analyzed in
detail shortly [38].

Investigating the nuclear shadowing effect has great importance in the study of
QCD at high energies. Beside delivering an experimental testing ground of QCD theory at
high energies, it also permits to control the amount of multiple scattering by changing the
nuclear size for given values of  and 2, since any quantum field theory considers multiple
scattering as a consequence of the fundamental principle of unitarity. Furthermore, as the

scale Q% and x may be varied, the interplay between hard and soft regions of QCD can
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be looked into. Through nuclear collisions, the RHIC and the LHC have been studying
the content of the nuclear environment by investigating the nuclear parton distributions
in the small-x regime [38]. The upcoming EIC will be able to boost the investigation of
the nuclear content of the nuclei by constraining the nuclear PDFs, which in turn will be
achieved by colliding electron beams with the nucleus. In that sense, the EIC will strongly
leverage the study of the nucleus and the overall investigation of the fundamental structure
of matter.

Following the Glauber-Gribov theory that takes into account the multiple scattering
of the hadronic component of the virtual photon with a nucleus composed of nucleons and
neglects their mutual interaction, understanding how multiple scattering leads to shadowing
can be done through a simple example. Considering a massless scalar particle scattering
on a nucleus whose mass is A, this example consists in calculating the contributions from
one and two scatterings in order to compare them. Adopting the light-cone coordinates
(see Appendix A) and taking the optical theorem, the imaginary forward amplitudes of

the projectile-nucleon and projectile-nucleus contributions read as

where o and o’} are the total cross sections of the projectile-nucleon and projectile-nucleus
collisions, respectively. The quantity n accounts for the n-scattering contribution. For
one scattering, the amplitude is computed as (see Ref. [38] for a detailed analysis on the
calculation procedure, as well as Figure 4 therein that contains the Feynman diagrams of

1-scattering and 2-scattering contributions)

(2m)2p 1 6(p, —p1 )i My (t) = (27)2p. 8(py—p4 )i m(t = 0)A(ps+p)y) / d*zpa(ay, wr)e P

= (21)20:8(0, — pi)i mit = A [ Eop Taar)er 0 (220)
Above, zr is the impact parameter, that is, |xp| = b, and p4 is the nuclear density

(normalized to 1). The nuclear profile function, T4 (b), is simply given by

T4(b) = /+OO drypa(xy, xr) . (2.21)

—0o0

If t = 0, one obtains from Eq. (2.20) that

oy = Ao . (2.22)
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With regards to the 2-scattering contribution, it is calculated as

d*k g
(2m)2p40(p. — p4)i Mo(t) = 1A(A — 1)[i m(t = 0)]2/ (2ﬂ)4d4x1d4x2e’”1'(k*p)e‘”2'(1” —K)

y (py + k) (P + Ky)
k2 + i€

PA(l”1+7 xlT)pA(x2+7 172T) . (223)

To evaluate the integral above, it should be computed over k_ in the complex plane by

closing an integration contour with an infinite semicircle in the lower half-plane. The result

is given by
. . 2 koT 2 2 —ik2 (vor—x14)/2D
] Mg(t) = A(A — 1)[2 M(t = 0)] Wdl’1+d$2+d [L'le ToT€ T2 + +

where O(z24 — x14) is the Heaviside function. Since the coherent length is defined as . =
2p. /K%, coherence effects are embedded in the factor e~ ikt (w2 —219)/20+ - After performing
the integration in the previous equation, the variable p, will appear multiplying the
remaining of the integral result. Thereby, as for low energies p, tends to zero, the amplitude
1 M, also vanishes, that is, :My — 0 when p, — 0. Consequently, all the rescattering
contributions vanish and the cross section has to be calculated from the superposition of
single scatterings, yielding the incoherent limit where there is no shadowing effect and the
nuclear modification factor is one. On the contrary, at high energies p, — oo and thus the

exponential factor tends to one, leading to the following expression:

AA-1 — >
iMsy(t) = % [im(t = 0)}2/deTe_”T'(pT_pT)TA(b) : (2.25)
For forward scatterings, p, = pr. Using Eqgs. (2.23) and (2.24),
—A(A-1
o2 = %d%@ [Ta(0)]’0? . (2.26)

Noticeably, the cross section above (corresponding to the correction of 2-scattering) is a
negative quantity. Thus, successive summation of n-scattering contributions will lower the
total cross section and, therefore, it will be a smaller value than that from the summation
of independent collisions among projectile and nucleons. By Eq. (2.26), it is clear that for
higher cross sections, which means higher energies and lower x, the negative corrections
increase and lead to an enhancement of nuclear shadowing. Likewise, as A increases

shadowing effect gets stronger.
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Shadowing has different understandings according to the frame where the scattering
is considered. Consider the case of low energy collisions, e.g., around 2 GeV. Such value
implies a vyp cross section of about 0.1 mb, which corresponds to a mean free-path of spill
over 100 fm in nuclear matter. At high energies where the dipole picture is applicable,
as the photon fluctuates into a quark-antiquark pair one could ascribe a cross section of
~ 20 mb, commonly a cross section of strong interactions. For such process, the mean
free-path would be about 3.5 fm, considering that the coherence length of the virtual
photon fluctuation is l.,, ~ 1/2myx, where my is the nucleon mass. If the fluctuation
takes place over a larger value of the inter-nucleon distance (~ 2 fm), the absorption of
the photon shadows it. In other words, this absorption avoids the photon from reaching
the remaining nucleons [33].

In the Breit frame, shadowing can be viewed as a consequence of saturation
phenomena, characterized by a high gluon density in the transverse plane of the target.
Saturation was quickly discussed in the Introduction. In the next section we will analyze

it in detail and explain its origin.
2. Anti-shadowing region

Similarly to the case of shadowing, anti-shadowing effect can be understood by
means of Glauber multiple scattering phenomena. Consider the case of two nucleons, as
seen in Fig. 2.5. The first contribution for the amplitude comes from standard DIS (left
diagram), where only the nucleon 2 interacts with the dipole. On the other hand, in the
second contribution (right diagram) there are two amplitudes that must be taken into
account. Beside the inelastic scattering of the nucleon 2 with the dipole, there is also a
leading-twist Diffractive Deep Inelastic Scattering (DDIS) corresponding to an exchange
of two gluons between the nucleon 1 and the quark-antiquark pair. Due to the fact that
the second contribution involves two processes, their interference can lead to shadowing or
anti-shadowing, depending on the phase of the DDIS amplitude [56].

Within the Regge theory (for a thorough review on Regge theory, we quote Ref. [57]),
diffraction takes place via the exchange of Reggeons and Pomerons. In the context of QCD,
the Reggeons are associated to quark-antiquark color singlet exchanges, while the Pomeron
is analogous to the exchange of two gluons. In few words, shadowing and anti-shadowing
are determined through the difference betweeen the phase structure of the exchanged

Reggeons and Pomeron. The 0, 1 Reggeons contributions have ag = 1/2 and phase
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Figure 2.5 — Sum of interfering one-step and two-step amplitudes in DIS on a nucleus A.
The scattering on the nucleon N; in the two-step amplitude is diffractive DIS,
leaving V7 intact. Then, the system q interacts inelastically with Ns. There is
interference between one-step and two-step amplitudes. The nucleon Ny sees
two fluxes coming from the virtual photon and the ¢g system from DDIS on
nucleus N;. In summary, what happens is that N; “shadows” N,. Extracted
from [56].

1/4/2(—i + 1), whereas the Pomeron has positive imaginary part in the phase. As a result,
the relative phase may be either constructive or destructive. If DDIS amplitude is due
to Reggeons exchange, it will be constructive and will imply in anti-shadowing. On the
contrary, if it is due to Pomeron exchange, there will be destructive interference, leading
to shadowing. Constructive interference is verified for 0.1 < x < 0.2. In the context of
Regge theory, it is well known that Reggeons dominate at low energies (large-z), whereas
the Pomeron is the dominant object at high energies (small-z). Hence, these results fit the
verified domains of shadowing and anti-shadowing effects. Lastly, an important remark
about anti-shadowing is that, since Reggeons are translated in QCD by quark-antiquark
exchanges, this effect is flavor dependent and, thereby, each quark-antiquark pair will have
different pattern of interference and then the interval of anti-shadowing effect will vary

according to the quark flavors.
3. The EMC region

A possible interpretation of the EMC effect is that interactions among nucleons at
a wide-interval distances are mediated by meson exchanges. Traditionally, it is predicted a
net enhancement of virtual pion distributions as the nuclear density increases comparing
with the free nucleon [58,59]. The reason is that meson interactions are attractive in
nuclei, with the pions carrying about 0.2-0.3 of the light-cone momentum fraction of the

nucleon. Within these models, the referred pions may carry 5 % of the total momentum



29

to suit the EMC effect at © ~ 0.3. The predicted growth of sea quarks from 10 % to 15
% for x ~ 0.1 — 0.2 and A > 40 can be understood as the result of sea anti-quarks from
these pions scattering in the hard probe. However, the usual approach of nuclear binding,
i.e., that of pions being exchanging is put in doubt due to the fact that pA collisions
at Fermilab demonstrated that anti-quark distribution from Drell-Yan production pairs
remain constant in terms of A [60]. Moreover, results from the experiment E91-003 at
Jefferson Lab showed no relevant pion excess in eA(AB) reaction [61]. Therefore, the facts
raised above indicated that EMC effect is not significantly contributed by pions [33].

As the idea pointed out in the last paragraph had presented no successful description
of the EMC effect, authors showed in Ref. [62] that the chiral quark-soliton model could
provide reasonable description of such phenomenon. Additionally, it was showed that this
model was able to explain the difference among anti-quark up and down distributions
from Drell-Yan pairs. A large number of QCD LO (leading order) analyses for Drell-Yan
and nuclear DIS data alongside the application of baryon charge and momentum sum
rules delivered additional information concerning nuclear effects within this kinematic
regime [63-66]. According to these studies, the valence quark distribution in nuclei is
increased at x ~ 0.1 — 0.2. Since the momentum fraction of gluons in nuclei is about 1
% (what is nearly the same fraction they carry in a free nucleon), considering that gluon
shadowing is similar to quark shadowing, this implies an increase of the gluon distribution

for this domain [33].
4. The Fermi motion region

The Fermi motion region may be explained by the fact that nucleons are not
stationary in the nucleus, but rather move with an average momentum kp. As discussed
in the previous section, in the Parton Model the inclusive structure function, Fj, is
proportional to the quark distribution in the nucleon. However, it holds only for free
nucleons as an hydrogen target, for instance [27].

For measuring x in nuclear targets, it is assumed that the nucleons are stationary,
which in fact is an approximation. Actually, the nuclear structure function must be
calculated by the convolution between the nucleon momentum distribution in the nucleus,
fn(z), and the bare nucleon structure function, F3'(x, z). Therefore, one can obtain the

nuclear structure function as follows:
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A
FA() = / Az fo(2) F2 (2 /2) (2.27)
In Eq. (2.27), z stands for the momentum fraction carried by the nucleon relative to the

nucleus times the nuclear mass number, A.

2.3 The interplay among space and time in QCD

Depending on the Bjorken- x variable, i.e., the target’s momentum fraction carried
by the partons in DIS, the scenario is distinct. For example, assuming that the transverse
separation of the dipole is r ~ 1/@Q, for x > 0.2 its longitudinal length is given by
leon ~ 1/2mpyx, and thus the virtual photon gets very close to the nucleons, usually
reaching the middle of the nucleus. In addition, if Q? is large enough, the produced
partonic state has a weak interaction with the medium (this is due to the asymptotic
freedom phenomenon discussed earlier). For lower z, l.,, outpaces the nuclear size even
for the heaviest nuclei and, thereupon, for very small x DIS takes place through two
separated stages, namely a QED process and a QCD one. Regarding the former, the
photon fluctuates into a Fock state of a quark-antiquark pair (leading contribution). After
that, this pair interacts with the target (QCD process) and, due to time dilatation, the
interaction among partons keeps frozen over large distances. As a result, the interaction
between partons and the nucleus is coherent and instantaneous. In the high energy regime,
one can consider the interactions as an eikonal that maintains the transverse size of the
dipole unaltered [33].

In the context of perturbative QCD, due to large value of Q2 the transverse size of
the dipole is small and this leads to the phenomenon of color transparency (see Ref. [67]),
where the quark and antiquark are so close that they behave as a whole object having no
net color. At very high energies and moderate (9%, the target is characterized by a high
gluon density in the transverse plane and the projectile is formed by medium/large dipoles.
Consequently, interaction among the projectile and the target may be strong. In literature
this phenomenon is often referred as color opacity.

Additionally to the time scale of the virtual photon fluctuating into the quark-
antiquark pair and the time of interaction between this dipole and the nucleons, another

important time scale is the formation time, commonly denoted by the variable 7;,. By
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formation time one understands the necessary time for hadronization after the dipole
interaction with the nuclear content. Since, in principle, 73, is greater than the production
time of the color dipole, before hadronizing the object suffers successive scattering, i.e.,
multiple scattering, implying the phenomenon of radiative energy loss and broadening on
the momentum distribution. For quarks, the transverse momentum broadening is given
by [68,69]

) m2Cpag

L
= — D~ — V2
<pL>E pL zg(z, Q) 0.50z5<5 ; )Ge : (2.28)

in which p is the nuclear matter density, L is the length of matter traversed and Cr is the
Casimir factor for quarks whose value is Cr = 4/3. In Ref. [70], Drell-Yan data showed
that < p?2 >~ 0.12 GeV? for heavy nuclei, what is in accordance with Eq. (2.28). Tt
also agreed with the predicted low size of this effect. Furthermore, it could be attested a
difference between the dependence on A of Drell Yan di-muons and J/1 and T decay and
production [71]. Such fact is understood in the sense that the vector mesons also interact
strongly, which does not occur for di-muons. Nevertheless, the size of this effect alongside
the similar broadening of J/1 and T needs a better explanation. Moreover, when it comes
to dijets, the p, disparity in nuclear photo-production indicates considerably higher p,
broadening effect compared to J/1 production [72]. Therefore, p, presents a non-universal
behavior, which can be also caused by the contamination of the jet from soft debris. In
the case of hadron production in hadron-nucleus collisions, this parton p, broadening
may occur due to multiple scattering and can originate the abnormal behavior observed
for this process at low energy (few GeV) and moderate p, . It turns out that in inclusive
hadron production for proton-nucleus collision the production ratio is less than one for
small pr but, interestingly, overpasses one for the interval 1 - 2 GeV, what is known as
Cronin effect [73].

Concerning the phenomenon of energy loss in nuclear collisions, it is caused by the
scattering itself and due to vacuum energy loss, being the latter the dominant effect [74].
For DIS it is observed a small energy loss effect [75-77]. For photon energies about 10 — 20
GeV, experimental data shows that leading hadron multiplicity is lowered and decreased
by 10 % in the case of Nitrogen-14 targets. At smaller-z, that is, at higher energies, these
multiplicities progressively become dependent on the nuclear mass number, A, giving rise

to absorption of partons, i.e., shadowing effect [78-81].
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Finally, it is important to mention that one should expect that the phenomenon of
energy loss in terms of modified fragmentation functions is able to agree with HERMES
data [82]. Nonetheless, these data were also successfully described in terms of multiple
scattering and absorption effects [83,84]. As the required formation time should be around
0.5 fm [74,83,85], at the EIC it is believed that the formalism of modified fragmentation
functions might be more feasible [86].

As the processes and corresponding phenomena studied in this work take place at

the small-x regime, in the next chapter we aim to approach the theoretical framework of

small-z QCD.
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3 Small-x regime

The standard approach to address the study of parton densities and hadron structure
functions is the collinear factorization, in which the cross sections are written in terms of
nonperturbative quantities (the PDFs) and perturbative functions. The former is obtained
through the DGLAP set of equations, what can only provide a qualitative comprehension
of the small-z regime (where one observes a significant rise of the gluon density) since its
applicability domain is limited by the assumptions assumed in its derivation.

The main supposition that is taken by the DGLAP equations is related to Q?,
whose value is considered large enough to enable neglecting of higher twist corrections.
Given this fact, the perturbative ressumation is organized in powers of o™ [a log(Q%)]",
where the diagrams that correspond to all n and fixed m give rise to the so-called LLA
(leading logarithm approximation). In the small-x region, since gluons are the dominant
partons, only the leading contribution to the gluon density growth should be taken. This
process is referred as DLA (double logarithm approximation)!, where contributions of the
form [ log(Q?)log(1/x)]™ are summed up.

In the case where 2 is not very large, one has to perform the ressumation of all
the (aslog(1/2z)™) contributions. Such procedure is known as “high energy factorization” or
“small-z factorization”, where the cross sections and corresponding amplitudes are de-
composed into impact factors that are then integrated alongside Green’s functions in the
transverse space. Specifically, the target impact factor that is integrated along with the
Green’s function generates the so-called unitegrated gluon distribution function (UGD) or
simply unintegrated gluon density, in the transverse space. While in the collinear factor-
ization framework it is considered the scattering process taking place entirely along the
longitudinal direction (that is, the partons interact collinearly), as Q* decreases the trans-
verse momenta of the gluons ought to be taken into consideration as well, and this is made
by nonperturbative functions (UGDs) that explicitly depend on their transverse momenta,
often denoted as kr. In this context, one terms this framework as kr-factorization. As x
and Q? are directly proportional (see the discussion in the first paragraph of this chapter),

lower Q? results in smaller z, implying that the suitable domain for the kp-factorization

L One may also find the term DLLA (double leading logarithm approximation) in literature.
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approach is that of small-z and moderate Q?, commonly referred in literature as semi-hard
region.

The evolution of the UGDs is established by the BFKL evolution equation, in
which a ressumation of higher twist contributions is executed. This equation predicts a
strong rise of the gluon density as x decreases, and such rise is greater than that showed
by HERA data. We will discuss in detail along the next sections that this phenomenon is
known as saturation regime, where equations like DGLAP and BFKL are no longer valid
since saturation is contained in the non-linear regime of QCD [87].

Another approach to describe processes at small-z is known as the color dipole
picture, where the virtual photon is decomposed into its hadronic states that then interact
with the target. The dipole approach is a very convenient way to study the small-x regime
due to its robustness and accuracy to compute DIS observables in the high energy domain.
We will discuss shortly that the kp-factorization and the color dipole approaches are in
some way connected. While the former is carried out in the kr space, the latter takes place

in the r space, where r is the dipole transverse separation.

3.1 kp-factorization approach

This section is based on the review work performed in Ref. [88], where the au-
thor exposes the main assumptions and the mathematical procedure involved in the
kp-factorization formalism. Here we will briefly discuss the most relevant points analyzed
therein. The reader may find all the details concerning the calculations in the reference
cited above.

In the Regge limit (high energies) of QCD, the leading contributions for the
amplitude are given from leading logarithms of the form a; log s ~ 1, where a; << 1.
Successively summations of (ay log s)™ is a LLA procedure?.

Consider the following processes: qqg — qq, the elastic scattering of two quarks. In

the Regge limit, gluons dominate and the imaginary part of the amplitude reads as

PR
ImA" (s, 1) = > > / AP 2 A(pr, pasn + 2) A (P, phin +2) (3.1)

2 Here we are closely following Ref. [88], where the author writes log s instead of log(1/x). This can be

done since s ~ 1/x.
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P2

Figure 3.1 — Pomeron exchange. Taken from [88].

where P is the color projector, R is the gauge group and ® stands for the phase space.
The referred process is showed in Fig. 3.1. Albeit the amplitude is composed by real
and imaginary parts, in the LLA the real part is zero and thus the amplitude is purely
imaginary. Fig. 3.1 also presents a ladder diagram of this process in the r.h.s. (right-hand
side). The two gluons that are exchanged by the quarks represent the Pomeron, the
exchanged object in diffractive processes at high energies in the context of Regge theory.

Making use of Sudakov variables (see Appendix B), one shall write

li = aip1 + Bip2 + 11 - (3:2)
Hence,

(li = 114)? = afpt + Bps + 2p1pa (3.3)
Neglecting the quarks masses, p3 = p3 = 0. Besides, s = (p1 + p2)? = p? + p3 + 2p1.p2 =
2p1.p2. In the Regge limit, one has a strong ordering in the ay’s, i.e., a; >> a;41, implying

in a strong ordering in rapidity:
Yi >> Yi+1 - (3'4>
The gluons with momenta I's are reggeized, and this is a property of the LLA. Gluon

reggeization means that the standard propagator must be replaced as below:

w(ts)
1 1 /s
N (5—) , (3.5)
ti tl So

where t; = k? ~ _Eiz and s; = (l;_1 — [;)?. The quantity w(t) is expressed as

A2k 1
t) = N.agt L . .
o) = Nt | 30
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Figure 3.2 — The amplitude A(w,t) in the high energy regime. Extracted from [88].

The integral above is divergent and must be regularized. The function w(t) sets the negative
signature of the Regge trajectory concerning the reggeized gluon a(t) = 14 w(t). According
to Eq. (3.6), w(t) = 0 for t = 0 and therefore a(t = 0) = 0, what is the expected result for
a spin-1 particle as the gluon.

From Eq. 3.1 and using the optical theorem, one can obtain the total cross section
of the elastic scattering of two quarks (the thorough analysis may be found in the original
BFKL articles, Refs. [8,9], as well as in the celebrated book of Forshaw and Ross [89]):

Otot = ImA(s,0) : (3.7)

S

The Mellin transform of the amplitude A(s,t) in Eq. (3.1) is given by

Fig. 3.2 shows the schematic of the amplitude above. After several steps, it reads as

g / d*ky d*ky
(2m)* ]{/722(;;1 — )2
Above, G = (N2 — 1)/4N? and t = —¢%. The impact factors denoted by the ®’s are

Aw, t) = D1 (ky,q) Po(ka, @) F(w, k1, ka,q) (3.9)

those of slightly off-shell quarks and regulate the infrared divergence. They are written



37

as ®; = aso\y. The function F' is driven by the BFKL equation. For ¢ = 0 (forward

direction),
.o L a A2k

WF(w, k1, k2,0) = 6%(ky — kp) + — / —

T ) (k — k)2

i’

K2 4 (ky — k)2

X | F(w, K, ka,0) — F(w, ky, 152,0)} : (3.10)

where a5 = N.as/m. The integral above contains a divergence at K = k. Howbeit, this
divergence is canceled by the second term in the square brackets of Eq. (3.10). This term
corresponds to virtual corrections yielding reggeization of the exchanged gluons, while the
first term in the square brackets is related to real gluon emission.

Applying the inverse Mellin transform to Eq. (3.7), one obtains the final expression

for the total cross section:

¢ 2k ks - . Lo
D (ky,0)Da(ks, 0 ki, k2, 0) . 3.11
27-(-)2/ k% k% 1( 1, ) 2( 2 )'F(Sa 1, 2, ) ( )

The function F is obtained through the inverse Mellin transform of F' and reads as

1 dy (k2\"7 / "dw (s \" 1
ki,k2,0) = — —| = — | — | —— 3.12
Fls b, b, 0) wk%/CZm'(k:%) c2mi\so) w—ak(y) ’ (3.12)
where IC(y) is the Lipatov kernel defined in the following way:

’C<7>:/0°°d_v[vv—1+ ! } (3.13)

v [ jv—1| 42 +1

In the high energy limit, the asymptotic behavior of the above function is obtained

Otot = (

(see Ref. [88] for a detailed and complete analysis):

“n2(k2 /K2
1 ( s )ozsIC(l/2) eﬁm
m/k3k3 \ 50 V276 K7 (1/2)In(s/s0)

where " stands for the second derivative of the Lipatov kernel. In particular, asK"(1/2) =

.F(S,k?17k72,0) = (314)

28a5((3). The exponent of (s/sp) in Eq. (3.14) may be defined as wy and its value is given
by @sK(1/2) = 4a,In2. Adopting s =~ 0.2, one gets F ~ s%° and this indicates a strong
rise of F in terms of the energy. The total cross section follows the same behavior of this
function, i.e., o0t ~ s%°, but such behavior is tamed by the saturation phenomena as
s increases, otherwise the unlimited growth of the total cross section would violate the

fundamental principle of unitarity.
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For the case of DIS at small-z, assuming that the virtual photon fluctuates into
a quark-antiquark pair, then the gluon ladder couples to this dipole and to the proton.
Hence, Eq. (3.11) is written as

o)\ =

G /d%} d2ky
2m)?2 ) k2 k3

where \ stands for the photon polarizations, being either T (transverse) or L (longitudinal).

Dy (ky1,0)D, (K2, 0)F (s, k1, ka2, 0) (3.15)

The @) ;) is the photon (proton) impact factor, respectively. The quantity s was replaced
by Q?/s. Due to gauge invariance, (ID,\(kz =0,0) = <I>p(k; = 0,0), which avoids infrared
divergence of the cross sections.

The virtual photon impact factor is the hard cross section of the subprocess
v+ g(k) = q + q, evaluated in pQCD (perturbative QCD) to the lowest order in ay
in terms of transverse momentum of the incoming off-shell gluon with k& ~ xp + k, and
k2 = —k2. For the process above, the two relevant diagrams may be seen in Fig. 3.3.

As the virtual photon impact factor is a nonperturbative quantity, the only way to
proceed is by modeling it. From Eq. (3.15), we define a function named as unintegrated

gluon distribution, which will embed the proton form factor as well as its impact factor:

. 1 Py~ - -
F(k,z) = /TQ@(@,O)/{QI@, K k3,0) . (3.16)
2m)3 )

Therefore, Eq. (3.15) is rewritten as

-

2_’ -
(@) = [ L@ R (3.17)

The factor G /27 was embedded in the definition of the photon impact factor in the previous
equation. Eq. (3.17) is termed kp-factorization formula. If its collinear limited is taken, for
very large Q? the gluon distribution function (used in DGLAP equations) is calculated
from the unintegrated gluon distribution function as below:
& Pk
role, Q) = [ @) (3.18)

0

where it was assumed a spherical symmetry for k.
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Figure 3.3 — The photon impact factor diagrams. Taken from [88].

3.2 Dipole picture

The dipole picture is a suitable way to deal with scattering processes at high
energies. In this formalism applied to DIS, the virtual photon is decomposed into its Fock
states, being the leading one the quark-antiquark contribution: |[y*) = |¢g) + .... If higher
orders are neglected, we only consider the ¢g color singlet state interacting with the target,
as seen in Fig. 3.4. The variable r ~ 1/Q stands for the transverse separation between the
quarks. Q? is the photon virtuality (Q? = —¢?) and P represents the proton target with

momentum P (it could be either a nucleus).

Figure 3.4 — The dipole picture.

At high energies, one can split the diagram in Fig. 3.4 into two stages: a) the virtual
photon fluctuating into its Fock states, where the leading contribution is a quark-antiquark

pair; b) the dipole interacting with the target which can be either a proton or a nucleus. As
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the time of the photon fluctuating in the quark-antiquark pair is much larger than the time
of interaction among this pair and the proton (nucleus), such mechanism of factorization
facilitates the calculation procedure since the first subprocess is entirely described by QED
while the second one is driven by QCD.

The first stage of the process is described by the photon wave function, a well
defined quantity in QED that represents the probability of the photon decaying into the
dipole. The wave functions corresponding to the photon (with transverse and longitudinal

polarizations) are taken from light cone perturbative theory and their expressions are

_ baem
U (2,7, =2 Zef (1—2) ]€2K12(€7">+m§eK0(67") , (3.19)
N 6aem
sz, 7 Q)P = 0 S 210721 — 2 K3 (3.20)
f

where W represents the longitudinal part of the wave function, whereas W stands for its
transverse contribution. The variable z(1 — z) accounts for the longitudinal momentum
fraction of the quark (antiquark). The quantity my is the quark mass with flavor f and
Ky and K; are the Modified Bessel Functions of the second kind of order zero and one,
respectively.

The second stage is purely driven by QCD and is characterized by the dipole cross
section, regarded to the interaction among the dipole and the target. Therefore, one may

calculate the total cross section in the following way:

Grot(2, Q%) = /dz &7 (|72 + L 2]) ousp © (3.21)

where o4, is the dipole cross section which can be written in terms of the dipole amplitude,
ie.,

Odip = 2 / d*bN (z,7,b) . (3.22)

-

In the expression above, b represents the impact parameter and N(z,7,b) is the dipole-
proton scattering amplitude, commonly extracted from phenomenological models. Equiva-
lently,

d Z b — %
odip(T7) _ N (2.75)
d?b

S
~—

(3.23)
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Having the previous definition, the proton inclusive structure function is expressed as

d 7 7_’
Z/dz d7 db \\11 ? 4+ |x1f{|2) % . (3.24)

Fy(2,Q%) =

47r Olem

While F; is related to transverse and longitudinal parts of the photon wave function,

Fy is only connected to the transverse contribution:

|2 dadzp(x T)

20 F (z, Q%) = dz dF db |V, (3.25)

Recalling what was already Commented in the previous section, the relation among F»

and [ and is given by

Fr(z, Q%) = Fy(z, Q%) — 22F (z, Q%) . (3.26)

In the naive Parton Model, Fj, = 0 and it is the so-called Callan-Gross relation [30]. In
general words, one can say that while F; informs the number of partons with longitudinal
momentum fraction x in the hadron, F» informs the average of the partons longitudinal
momentum fraction multiplied by the number of partons. For a thorough study on the
dipole picture, we quote Ref. [23].

Equation (3.21) reflects the kp-factorization theorem, and this shall be interpreted
in the proton rest frame. The formation time of the ¢g pair is regarded to the uncertainty
on the energy of the pair, t,; ~ 1/AE. At high energies (small-z limit), we have that
AE ~ xMp in the proton rest frame (see Ref. [89]). Hence, the formation time t,5 is
much greater than the time of interaction between the dipole and the target, ¢, ~ 1/Mp.
Therefore, to5 > tin.

The explanation above means that in the regime of small-x the dipole is formed
much before the interaction takes place, and this is described by the photon wave function
U(z,7,Q%). Afterwards, the dipole scatters off the proton with its coordinates kept frozen
during the time of the interaction. Thereupon, one can understand og;,(x, ) as the cross
section of a qq with transverse separation r scattering off a proton.

The dipole total cross is obtained from a UGD via its inverse Fourier transform

90-92):

4 d’k g7
i, 7) = o [ SE1 = e o) (327)
1

where we denoted the UGD by ¢ (we will use this letter when referring to UGDs hereafter).



42

3.3 Parton saturation

In contrast to the photon (which does not carry electric charge), gluons carry color
charge and thus are able to undergo the process of gluon splitting. In other words, it
means that a gluon is able (with a certain probability) to radiate other gluons. Each of
these gluons has lower energy than their predecessor. This process of gluon splitting keeps
increasing the number of partons inside hadrons and nulei as x decreases. However, there
is a specific point at which gluons start to recombine. The new gluon that is produced has
higher energy than the merged gluons, resulting in a reduction of the gluons with smaller
momenta. The dynamical balance between gluon splitting and recombination is named
saturation effect [25].

Quantitatively speaking, if one takes the DLA of DGLAP to analyze the gluon

distribution function,

zg(z, Q%) ~ exp[2v/aslog(Q2/Qo)log(1/x)] . (3.28)

It can be clearly seen that it strongly increases when Q? — oo or z — 0 . The same thing is
attested in the next-to-leading order BFKL approach (see the step-by-step demonstration
of it in Ref. [88]).

In a frame where the proton momentum is very large, rg(z, Q?) informs the number
of gluons per unit of rapidity of transverse size of the order 1/Q). The transverse area that
is occupied by the gluons is given by the gluon cross section, o4y ~ as(Q?)/Q?, multiplied

by the number of gluons. In case this area is comparable to the proton transverse area [88],

O‘S(Q2)
QQ

this generates an overlap in the gluons of the proton and recombination effects start to set

rg(r, Q%) ~ 7R | (3.29)

it. Furthermore, one can assign a critical point where this effects begin, and this is referred
as the saturation scale, Qs(x). The saturation scale establishes a line that separates the
linear regime of QCD from the non-linear one. In the linear regime, DGLAP and BFKL
approaches are applicable, whereas for the non-linear domain other formalisms ought to
be used, namely the GLR-MQ [93,94] and BK equations, for example. Much beyond the
critical line defined by the saturation scale, the perturbative QCD is no longer valid and

only non-pertubative approaches are applicable in the study of this domain, such as Regge
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Figure 3.5 — The kinematic domains of QCD. Extracted from [88].

phenomenology and Lattice QCD, for instance. In Fig. 3.5 it is displayed the kinematic
domains of QCD, as well as where each equation is valid and the saturation scale (denoted
as “critical line”in the figure).

In the processes investigated in present work. the parton saturation phenomenon
will be taken into account. In particular, in the diffractive gluon jet production in ep and

eA collisions the saturation scale can be extracted from data.
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4 Electron-ion colliders

In this chapter we will expose the existing projects of electron-ion colliders. Firstly
we analyze the EIC, whose construction has been already approved by the U.S. Department
of Energy. There is no estimate for its conclusion, but the particle physics community
expectation is that it will be ready for the first run within nearly 10 years.

Secondly, we address the LHeC and the FCC, whose projects belong to CERN.
Their constructions have not been approved yet, but plenty of studies and predictions have
been already done by the particle physics community involving the design parameters that

would be available at these machines.

4.1 EIC

In Janury 2020, the U.S. Department of Energy (DoE) announced that the upcoming
Electron-Ion Collider (EIC) will take place at the Brookhaven National Laboratory (BNL),
in Upton, New York. This long-awaited machine is expected to bring the possibility of
unveiling several nuclear physics measurements in a completely new kinematical domain
that still remain unexplored and, not surprisingly, is considered as one of the next physics
frontiers.

Initially, there were two projects being considered in U.S. for the next electron -
ion collider. The first, called JLEIC, was intended to be built at the Jeferson Lab (JLAB).
This machine would employ a new electron and ion ring complex along with the upgrated
CEBAF (Continuous Electron Beam Accelerator Facility).

The second project was named eRHIC and planned to be carried out at the BNL.
The eRHIC design uses a new electron beam facility based on an Energy Recovery LINAC!
(ERL). It is aimed to be built inside the RHIC tunnel where it will collide with high energy
polarized protons and ion beams from RHIC.

Even though both projects had gained importance in the last years, the DoE
established the BNL as the site for the forthcoming electron-ion collider. After that, the
machine assumed the name of EIC (Electron - Ion Collider) rather than the previous

project name eRHIC. As pointed out above, the EIC will utilize the RHIC’s structure.

1

Linear accelerator.
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Additionally, this will be added an electron ring, injector and cooler (see the schematic of

the EIC in Fig. 4.1). This facility is proposed to achieve [2]:

1.

Y

e High collision luminosity ~ 1033734 cm=2 s~

Highly polarized (~ 70 %) electron and nucleon beams;

Changeable center of mass energies from ~ 20 to ~ 100 GeV, upgradeable to ~ 150
GeV;

Ion beams from deuteron to the heaviest nuclei (lead or uranium);

Opportunities of having several interaction regions.

Apart from the hadron storage ring from the existing RHIC (which delivers an energy
range of 40-275 GeV), the following will be new at the EIC:

e Electron storage ring: 2.5-18 GeV;
- Electron bunch: N, < 1.7 x 10'!;
- Beam current: 2.5 A;
e Electron rapid cycling synchrotron;
- Frequency: 1-2 Hz;
- Spin transparent caused by high periodicity;
e High luminosity interaction region;
- Crossing angle: 6§ = 25 mrad;
- Number of bunches: n;, = 1160;
- Superconducting magnets;
- Spin rotators (longitudinal spin);

- Forward hadron intrumentation.

Together with the fact of opening a new window in particle physics experiments,
the EIC will push the accelerator designs to the boundary of current technologies, thus
demanding great research and development. As examples of some technologies that have
been idealized in the last years one may cite the compact (fiber sampling and crystal)

calorimetry, tracking (Nal coated GEMs, GEM size and geometries), particle identification
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Figure 4.1 — The schematic of the EIC. Taken from [95].

(compact DIRC?, dual radiator RICH? and novel TPC?) and high radiation tolerance for
electronics. These will maintain U.S. at the forefront of nuclear science and strongly boost
the accelerator and detector technologies.

The nucleus can be seen as a “QCD molecule” having a complex structure of
bounded nucleons. Understanding the formation of nuclei in QCD is an ultimate long-
term goal of nuclear physics. Through its broad kinematic coverage (see Fig. 4.2), the
EIC will be the first machine able to study the three-dimensional sea quarks and gluons
structure of a fast-moving nucleus. Moreover, nuclei are ideal “QCD laboratories” to
explore the behavior of gluon dynamics at high occupation numbers, enabling one to
perform a careful analysis towards the non-linear regime of QCD. Colliding electrons with
protons and different nuclei and producing snapshots of the particle’s internal structure,
this forthcoming machine is crucial to explore the matter at its fundamental level. It will
be capable of reproducing conditions close to the Big Bang and its future results will

undoubtedly power the technologies of tomorrow.

2 DIRC (Detection of Internally Reflected Cherenkov light) is a ring imaging Cherenkov detector based
on total internal reflection and uses long, rectangular bars made from synthetic fused silica (“quartz”)
as both radiator and light guide.

3 RICH (Ring-Imaging Cherenkov) is a device for discriminating the type of an electrically charged
subatomic particle of known momentum that traverses a transparent refractive medium.

4 TPC (Time Projection Chamber) is a sort of particle detector that utilizes a combination of magnetic
and electric fields alongside a sensitive volume of gas or liquid to execute a three-dimensional
reconstruction of a particle trajectory or interaction.
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Figure 4.2 — Comparison between the phase space coverage of the EIC and the existing
experiments on nuclear DIS. We notice that the EIC will open a completely
new kinematical domain at small-z where no measurement exits in the region
where saturation is expected to occur. [2]

The EIC will be a new kind of machine compared to the past facilities, becoming not
only the world‘s first polarized electron-ion collider, but also the world first electron-nucleus
collider [96]. Physicists will be able to answer fundamental questions that still remain
unanswered, such as: where is the exact point where saturation effects set in? How does
the nuclear environment affect the distribution of quarks and gluons and how they interact
in nuclei? How are the sea quarks and gluons and their spin distributed in space and

momentum inside a nucleon? These questions are only a few examples of what will be
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Figure 4.3 — EIC capability overview. Taken from [95].
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clarified through the EIC [2]. In Fig. 4.3 it is displayed the kinematic regions where there

are specific issues to be looked into.

4.2 LHeC and FCC-eh

Alongside the U.S. project for an electron - ion collider, the CERN has also developed
an electron - ion collider programme named as Large Hadron electron Collider (LHeC), to
be built at the existing LHC. Differently from the EIC, the LHeC is proposed to be a TeV
energy scale electron-proton (ion) collider. In addition, this is designed to be compatible
with concurrent operation of the LHC.

The 2012 Conceptual Design Report (CDR) for the LHeC [97] showed that DIS
at the LHeC has a great potential and a crucial role in keeping and evolving the LHC
programme, taking into account the results from the experiments at the LHC: discovery of
Higgs boson, no observation of exotic particles beyond the SM and no detection of SUSY
particles. The LHeC is a major opportunity for leveraging the studies in particle physics
and comprises an ambitious and exciting physics programme, the development of novel
accelerator technology and the maximum exploitation of the existing and upcoming LHC

structure.
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Figure 4.4 — Schematic of the LHeC with two possible configurations: F. = 60 GeV and
E. =50 GeV. Taken from [3].



Table 4.1 — LHeC parameters in electron-ion mode. Table extracted from [3].
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Parameter LHeC FCC-eh FCC-eh
(B, = 20 TeV) | (E, = 50 TeV)
Ion energy Epy, (PeV) 0.574 1.64 4.1
Ion energy/nucleon Epp/A (TeV) 2.76 7.88 19.7
Electron beam energy E. (GeV) 50 60 60
Electron-nucleon c.m.s /sy (TeV) | 0.74 14 2.2
Bunch spacing (ns) 50 100 100
Number of bunches 1200 2072 2072
Tons per bunch (10%) 1.8 1.8 1.8
Normalized emittance €, (¢ m) 1.5 1.5 1.5
Electrons per bunch (107) 6.2 6.2 6.2
Electron current (mA) 20 20 20
IP beta function % (cm) 10 10 15
e-N luminosity (10%?cm=2s~1) 7 14 35

The CDR default configuration establishes a 60 GeV energy for the electron beam
originated from a racetrack, three-turn, high energy ERL reaching a center-of-mass energy
of 1.3 TeV. As mentioned above, the LHC has not discovered any exotic particle so far.
Such fact yields the seek for high precision measurement both in pp (A) and ep (A)
collisions in order to reach maximum kinematical coverage in the phase space to pursue
for rare channels. Furthermore, searches and possible measurements of SUSY particles,
heavy neutrinos and new physics overall are more likely to occur the higher the energy
is. Perturbative QCD (pQCD) demands Q2 > 1 GeV and the kinematic domain of DIS
requires high energies since x ~ Q?/s in case where the inelasticity is one.

The established default electron energy of 60 GeV can be reached through a
circumference of 1/3 of that of the LHC. Afterwards, in order to optimize the cost, the
electron energy was redefined as 50 GeV having the option to start with 30 GeV. This
latter configuration is planned to have a circumference of 5.4 km, which is equivalent to
1/5 of the LHC length. The schematic of the LHeC, taking into consideration the two
possible electron beam energies (50 and 60 GeV) may be seen in Fig. 4.4. The design
parameters for the LHeC in electron-ion mode operating with an electron beam energy of
60 GeV are displayed in Table 4.1.

The LHeC would provide a significant extension of the DIS kinematic range. This
is a basic requirement for physics research at the energy frontier. Concerning the LHC, the

ep(A) detector would become a new major experiment. Several topics that demand further
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Figure 4.5 — Phase spaces covered by past, current and future ep(A) machines. Extracted
from [3].

investigation would be explored with significant discovery and analysis potential. Utilizing
the hadron and ion beams of the LHC and applying a point-like probe, the LHeC would
become the world’s most powerful, cleanest and high resolution microscope for exploring
and studying the substructure of matter and its dynamics, perhaps being considered as a
“Hubble telescope” for subatomic dimensions.

Beside the LHeC, the CERN has recently published a study of a future circular
collider (named as FCC) in the hadron-hadron (hh), electron-hadron (eh) and electron-
positron(e™ e”) collider complex. The FCC-eh would be an about 3 TeV center-of-mass
energy collider and would drastically open the horizons in particle physics. Moreover, it
would be able to operate in hA, AA and eA modes, delivering an unprecedented “QCD
laboratory” to explore the structure of matter [3]. Table 4.1 shows the design parameters
for the FCC-eh with proton beam energies of 20 and 50 TeV.

Such collider would have the potential to deeply change the paradigm of particle
physics with high energy discoveries in the 10 TeV energy scale, what can only be reached
through FCC-hh(A) along with an eh(A) experiment. The FCC-hh(A)/eh(A) complex
could access physics to several hundred TeV and provide substantially new level of

information concerning QCD and DIS. One of the principal aims of the FCC would be to



o1

enlighten the Higgs vacuum potential that can not be achieved with e™ e~ processes. In
that sense, this collider has an overwhelming justification much beyond of finding new
physics, i.e., measuring “exotic” particles. It has a potential to access rare Higgs boson
decays, high scales and, whether combined with ep, it is capable of measuring the SM
Higgs couplings to below percent precision. Therefore, this programme may hugely explore
strong and electroweak interactions, as well as flavor and heavy ion physics. Due to its
great size and cost, the FCC project needs to be established as a global enterprise. In
this context, the High Luminosity LHC (HL-LHC) and the LHeC shall be seen as the
first steps towards this major new machine, considering both the physics and technology
aspects. [3]

In Fig. 4.5 one finds the phase spaces covered by each ep(A) collider. Noticeably,
the LHeC and FCC could achieve regions that by far have not been reached by any past
or current machines.

Comparing EIC with LHeC, the main difference concerns to the available center-of-
mass energy. The typical energy collision of EIC is comparable to HERA machine, whereas
LHeC involves TeV scale collisions. It is clearly expected that parton saturation effects
would be more salient in TeV scale for a fixed probe hard scale. The scanned phase space

in this case is quite amplified, as shown in Fig. 4.5.
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5 Studied processes involving electron-ion
collisions

In this chapter we present the results concerning the three processes involving
electron-ion collisions that we have studied: diffractive gluon jet production, timelike
Compton scattering and exclusive Z° production.

We will see that diffractive jets could be highly important in the context of satura-
tion in electron-ion collisions. Such observable is directly connected with the saturation,
enabling its determination from experiments. Also, we will analyze timelike Compton
scattering applying the kp-factorization approach in electron-nucleus collisions for the first
time. Lastly, we investigate the exclusive Z° production also within the kp-factorization

framework in eA collisions.
5.1 Diffractive gluon jet production

In this study we aimed to investigate the gluon jet production in the diffractive
photon dissociation in the context of the electron-ion colliders. In particular, we analyzed
the case for future electron-proton/nucleus colliders in the GeV (EIC) and in the TeV
(LHeC and FCC-eh) regimes . We considered the high diffractive mass, Mx, kinematic
region with the final state configuration, e + p(A) — ¢ + X + jet + gap + p(A), having the
(gluon) jet near to the edge of the rapidity gap. The definition of the diffrative mass is
(see Fig. 5.1)

) _ ki,

K2, k2
M} =04 =0 2
Zq 25 2g

(5.1)

At the LHeC and FCC-eh the range of available momentum fraction of the diffrac-
tive exchange with respect to the proton can reach down to zp ~ 107° for a large
range of the momentum fraction of the parton relative to the diffractive exchange,
B=Q*(Q*+ M%) (with x = Bxp). It was proposed in Ref. [98] that the measurement
of the maximum of the differential cross section on the gluon (jet) transverse momentum
ki, ie., kid?’agiﬁ /d?k, dMx, provides a direct measurement of the saturation scale as a
function of xp = (Q* + M%)/(Q* + W?). In that sense, we explored this possibility in
what follows. Concerning the EIC, it seems to be very challenging to measure this type of

events there as the kinematic reach for jet measurements at the EIC is found to be roughly
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Figure 5.1 — Virtual photon dissociation into a quark-antiquark pair and a gluon. This is
the leading contribution to the diffractive cross section in the regime where
the diffractive mass is much greater than the photon virtuality.

0.008 < < 0.7 and Q? > 25 GeV? for /s = 89 GeV [99]. However, there is a possibility
of performing these measurements at high energy machines (LHeC and FCC-eh) or in
ultraperipheral AA collisions with a rich content of quasi-real photons at the LHC.

This study can be complementary to recent investigations of diffractive dijet
production in y*h(A) collisions. In this context, below we summarize the main studies
along this direction.

The exclusive dijet production is investigated in [100] within the CGC formalism
at LO demonstrating that the azimuthal angle correlations and momentum transferred
squared, t, distributions are sensitive to parton saturation at small-z. Important points
are the relation between the increasing of saturation scale, )5 4, and an enhancement
of away-side correlations as well as the presence of dips in t-dependence which is absent
in non-saturation models. In Ref. [101] the angular correlation between the transverse
momentum of the produced dijet and the recoiled momentum of the nucleon is investigated
in the context of the quantum phase space of Wigner distribution of small-z partons. It
was pointed out that the gluon Wigner distributions are closely related to the impact
parameter dependent dipole and quadrupole scattering amplitudes and they could be
measured in diffractive DIS in eA collisions at an electron-ion collider or in ultraperipheral

collisions at the LHC. The last case was addressed using NLO (next-to-leading order)
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pQCD in Refs. [102,103] for both diffractive and inclusive dijet production. Similarly,
in Ref. [104] the gluon in Wigner and Husimi distributions of nucleons were considered
within the CGC formalism including numerical solution of the JIMWLK equations. The
anisotropy of these distributions as a function of the angle between impact parameter and
transverse momentum has been analyzed and signatures of these angular correlations were
proposed for electron-ion colliders. Along the same lines, taking into account the multi-
gluon correlations inside nuclear targets at small-z in Ref. [105], the elliptic modulation of
diffractive dijets was investigated and it was shown that saturation effects are significant
when looking at the nuclear modification of the ratio between the differential inclusive and
diffractive dijet cross sections. Authors of [106] studied the soft gluon radiation associated
with the final state jets and an all order resummation formula has been derived. They
argued that soft gluon resummation plays an important role at electron-ion colliders and
helps to explore the nucleus tomography. The impact parameter dependence was studied
analytically (including elliptic anisotropy) for coherent diffractive dijet production in ep
and eA collisions in Ref. [107]. General relations are found connecting angular correlations
of the dipole orientation and b-vector in coordinate space with angular correlations between
mean dijet k; and hadron recoil momentum. Finally, from theoretical point of view a
complete NLO description of diffractive dijet production is carried out in Ref. [108],
where the direct coupling of the Pomeron (viewed as a color singlet QCD shock wave)
to the diffractive X state is considered. The numerical results are promising mostly at
intermediate to large [ values.

Here we aim to analyze the diffractive gluon jet production in diffractive dissociation
of photons in DIS, investigating the nuclear effects when taking into account nuclei as
targets. This is relevant for the physics to be studied at the EIC and the LHeC/FCC-eh
machines. The starting point is to write the diffractive cross section in terms of the
decomposition on the Fock states of the incident virtual photon, [v*) = |¢q) + |qqg) - . ..
The second Fock state includes the emission of a soft gluon (small longitudinal momentum
fraction, z4) off a ¢¢ dipole and its transverse momentum can be identified with the
momentum of the jet closest to the rapidity gap. We are interested in this last component,
which is dominant in the kinematic regime where the diffractive mass, My, is larger
than the photon virtuality (M% > Q?). The terms from jets initiated by quarks in
such a kinematic interval are suppressed. In the Pomeron language, this corresponds

to a momentum fraction of the parton with respect to the diffractive exchange having
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B < 1. Although many kinematical configurations can provide such regime, the leading
contribution for the cross section is given by the following configuration [98]:

2 2
Flg kg

k2
L9 > , , Q2 . (5.2)
Zg Zq Z(j

In the reference quoted above, the diffractive cross section for the production of a
gluon having transverse momentum k& and rapidity y in the collision of a ¢g of transverse
size r with the target has been derived. The relevant diagrams include the cases where
the interaction with the target takes place after and before the gluon emission (see Fig.
5.2). The corresponding differential cross section in leading In(1/3) accuracy and small
Q? is given by (the reader may find a thorough explanation concerning the procedure of

deriving the expression below in [98] as well as in [109])

-,

dodld 2My - o dog (7, b)

1 = d*7d?b o 5.3
2k, dMx Q2+M§(/ T p(r, Q%) Pk dy’ (5.3)
dogy (T, [;) asN?

d?k . dy 47205 (k1,015 An)A*(kL, xo1; An),

where p(r, Q%) = [dz(|h(r,z;Q%)* + [¥](r, z;,Q%)|?) and zo1 = b+ (r/2) (z¢ and x4
are the transverse positions of ¢ and g, respectively). The quantities |17.(r, z; @?)|* and
W] (1, z;Q%)|* are the virtual photon wave functions whose expressions are defined in Egs.
(3.19) and (3.20), respectively. The rapidity gap is written as An =log(1/zp) =Y — vy
with Y = log(1/x) being the total rapidity. The function A(ky, zo,z1; An) is written [98]
in terms of the elastic S-matrix for the collisions of the dipole on the target evolved at
the rapidity An, S(xg,z1;An), and the elastic S-matrix for the collision of two dipoles,
S (Xo, x4, z1; An), where z, is the gluon transverse coordinate. Regardless the specific
form for S-matrices, the quantity k% do/d*k; dMx rises as k2 for small gluon transverse
momenta whereas falls as 1/k% for large ones. A maximum occurs for a typical transverse
momentum where parton saturation becomes important, i.e., (k1 )mar X Qs Where Qs(zp)

is the saturation scale.
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Figure 5.2 — Diffractive gluon jet production. The two diagrams show the emission of the
gluon taking place before (Lh.s) and after (r.h.s) the interaction with the
target.

Also, in Ref. [98] a simplified model for the S-matrices has been considered. Inspired
in the GBW model [110] and neglecting correlations between the two dipoles in S ) they

read as

(Qsn)?

S(zo,x1;An) = e+ O(R—|b]) +O(]b] = R),

Q2[(zg—zg)?+((zg—2z1)?]
0 g 1 g 1 @

5(2)(-’130,-’131,3393A77) = e (R —[b])

+ O(]b| — R) , (5.4)

where R is the target radius and the saturation scale depends on the xp variable. The
theta function appearing in S-matrices will give an overall normalization factor after
b-integration in Eq. (5.3) in the form Gy = 7R?. The parameter og = 27 R? = 26 = 27.32
mb for the proton target has been fitted against DESY-HERA data of proton structure
functions at small-z [110]. In Ref. [111] a different model for the S-matrices has been
considered, where the impact parameter dependence was factorized having a profile in
the form T'(b) = e~"/(2Bp) where Bp ~ 6 GeV~2 is the diffractive slope and g = 47 Bp.
Moreover, the S is expressed in terms of the color dipole amplitude, N(r,zp), taken
from lancu-Itakura-Munier (IIM) [112] saturation model (with S =1 — N). In particular,
in the small-3 limit it was considered N®)(z, z1, x4, An) = N(|Zo — ,|Qs, An) + N (|7, —
F11Qu, An) — N[0 — 7,|Qu ], AN (7, — 1/Qu, An).

Taking into account the GBW-like parametrization, Egs. (5.4), the integration over

impact parameter in Eq. (5.3) can be done. That model contains the main features which
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are also present in more sophisticated models for the dipole amplitude. This will give a

semi-analytical expression for the differential cross section (with |k | = ):

doqigt asNZoy  Mx / 2 2
—_— = < dr*de
Pk dMx a2y MZ+q2 ] TP (r, Q)
X
2 2
R [(ng) - %] + COS2 9
X [Tl (T, R, QS) + TQ(?”, R, Qs) + T3(T7 R, QS)] )
(5.5)
where the auxiliary functions 71 2 3 are written as
1 e
T, = |cos Shr cosf | —e s/ TS : (5.6)
4,.2 1
T, = Cii; sin? (im" Cos 0> : (5.7)
2 1
T3 = ro; cos 6 sin (—m cos 0)
K 2
1
X {COS <§m“ cos 0) - 6”2/(2Q§)+Q§T2/8] : (5.8)

Before numerically computing the cross section above, it would be interesting
to investigate its qualitative behavior. It is well known that the virtual photon overlap
function times the dipole transverse size, 7p(r, Q?), presents a peak at r ~ d/Q (with d ~ 2).
Furthermore, in the region studied here, M% > @Q?, the prefactor M% /(M% + Q?) — 1. If

one considers an angle averaged cross section, Eq. (5.5) simplifies to

(Ml o) 2
d=k,dMx KQ dQz/Q? 1
@GN~ in | T2
1 _ﬁ+d2gg Q4d2
Z e 2@ 5 5.9
X {2 e +1 0% | (5.9)
that for the case of Q? > Q2 and assuming d = 2 gives the qualitative behavior
| (5 @@
L d2k, dMy 2 '

1)@ - 52 +1
which is a function dependent on the ratios k/Q, and Q/Q,. For a fixed Q? and large

k> Q,, the differential cross section falls as 1/x2.
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Figure 5.3 — Diffractive jet (gluon) production at EIC (y/s = 92 GeV) as a function of jet
transverse momentum « for the configurations (Q* = 1 GeV?, M% =5 GeV?)
and (Q? =5 GeV?, M% = 25 GeV?).

To avoid the uncertainties concerning the running coupling a; and the parameter o
(which comes from the GBW parametrization; see [113] for recent analyzes), the following

quantity is defined:

O_scaled(l{’ QZ, Qs) —

1 (M)Q( -+ Q2> M do g (5 11)

aso0 \ M2 Y Pk dMy

Let us now perform the corresponding phenomenology for diffractive gluon jet
production in the context of electron-nucleus collisions. For the saturation scale for protons
we consider the usual power-like behavior, Qs ,(rp) = (2o/xp)*? GeV. The parameters A
and z( were taken by fitting HERA data and their values are A = 0.248 and zg = 4.2x 1072,
respectively [113]. The variable xpp represents the longitudinal momentum fraction carried
by the Pomeron, what is the exchanged object in diffractive processes. In order to compute
the nuclear saturation scale Qs 4, we take the simple ansatz proposed in Ref. [114], where
the growth on atomic number A depends on the quotient of the transverse parton densities

to the power 1/0:

(5.12)

AWRZ 1/
7rR124 ’

Qi AP A) = Q2 (zp) (
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where Qs, = (zo/x)M? GeV is the saturation scale of a single proton, R, is the proton
radius and R4 is the nuclear radius. For the latter, we take the usual parametrization
Ry = (1.12A%Y3 —0.86A71/3). The quantities § and 7R were fitted [114] from A collisions
at small-x and their values are 0.79 and WR]% = 1.55 fm?, respectively. Qualitatively, the
nuclear saturation scale behaves like Qi - AAQip with A & 4/9. Quantitatively, for
gold (A = 197) and lead nucleus (A = 208) one gets Q2 4, ~ 2.8Q2 , and Qipb ~3Q7,,
respectively. This very same ansatz enables to describe the pp-integrated multiplicity in
symmetric AA collisions at mid-rapidity [114]. For processes probing perturbative typical
scales like the photon virtuality u? = Q2 or p? = Q% + m?, as in case of vector meson
production, an important part of observables are within the saturation region p? < Q2.

As above commented, we have shown that Q2 ,, ~ 2.8Q7, and Q? p, ~ 3Q3 .
Notice that the the value for the nuclear saturation scale can vary whether distinct
treatments for the nuclear collision geometry are considered. For instance, using a local
saturation scale, Q2(z,b) = Q%(z,b = 0)Ta(b) (with T4 being the nuclear thickness
function), and a Gaussian b-profile, the relation between ()5 4 and Qs p is found [107]. In the
hard sphere approximation for the nuclear density p4, we have Qg’ 4 =3A(Ry/Ra)* g’p.
This will give Qg’Au ~ 2.2Q2, and Qg’Pb ~ 2.3Q2,. Thus, typically the theoretical
uncertainty on the determination of the saturation scale compared to that of the proton is
of order of 20%. Accordingly, in nuclear case the overall normalization will be replaced as
09— 0p= 27TR?4.

A different prescription for introducing nuclear effects can be used as writing down
the S-matrices in terms of a Glauber model for the dipole-nucleus cross section, N4(z,r,b),
using the model in Ref. [115], for instance. Another possibility is to consider the recently
determined dipole amplitude depending on impact parameter determined from numerical
solution of the BK equation with the collinearly improved kernel [116]. Eventually, it
can be considered also the model of the proton as constituted by hot spots (representing
regions of high gluon density), where its structure changes from interaction to interaction.
This idea has been successfully applied for exclusive photonuclear production of vector
mesons in Refs. [117,118]. In the subsequent paragraphs we apply the geometric scaling
ansatz of Eq. (5.12) for obtaining estimates of the differential cross section as a function
of gluon transverse momentum for planned electron-ion machines bearing in mind the

theoretical uncertainties in S-matrix in the nuclear case.
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Figure 5.4 — Differential cross section £20°°*°d at the LHeC (y/s = 812 GeV) as a function
of 7 = (k/Qs). The following configurations are shown: (a) for M% = 50 GeV?
with Q2 = 1, 5, 10 GeV? and (b) for M% = 200 GeV? with Q? = 1, 10, 50
GeV? . The peak occurs around 74 ~ 1.5.

Hereafter we start to numerically evaluate the formula for the gluon jet differential
cross section, Eqs. (5.5) and (5.11), using the nuclear saturation scale based on geometric
scaling property, Eq. (5.12). We perform our analysis for diffraction in eA collisions focusing
only on coherent diffraction, e + A — ¢ + X + A, where the incident nucleus remains
intact in the final state. Incoherent diffraction, e + A — e + X + A*, which dominates for

large-|t| is out of scope of the present study. We summarize in Table 5.1 the investigated
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Table 5.1 — The design center-of-mass energy (in unities of GeV) for electron-nucleus
collisions in the machines EIC, LHeC, high energy upgrade of LHeC (HE-
LHeC) and FCC-eA, respectively.

Collider | E. | Ea4 NG
EIC 21 100 92
LHeC 60 | 2760 | 812
HE-LHeC | 60 | 4930 | 1088
FCC-eA 60 | 19700 | 2174

energy configurations (in units of GeV) of planned electron-ion colliders, where /s is the
center-of-mass collision energy per nucleon and zys = Q% (y is the inelasticity variable).
We start the analysis for the EIC presenting the scaled cross section as a function
of jet transverse momentum, . For a gold nucleus, in Fig. 5.3 the results are shown for
the scaled cross section, Eq. (5.11), in the following two kinematic configurations: Q* = 1
GeV? and M% =5 GeV? (solid line) and Q? =5 GeV? and M% = 25 GeV? (dashed line).
These values correspond to (8~ 0.17, zpp ~ 7.0 x 107*) and (8 ~ 0.17, zpp =~ 3.5 x 1073),
respectively. The rapidity gap is An ~ 3 and the more prominent feature is the plateau
for k <1 GeV. This feature is also observed in ep case [98] and explained by the fact that
the differential cross section xk2do / d?k | dMx rises as k2 for small transverse momentum as
referred already. This happens independently of the particular model for the S-matrices.
On the other hand, at relative large » the cross section falls as 1/k% and the transition
region is driven by the nuclear saturation scale, Qg’Au(xlp ~1073) ~ 1.3 GeV2. By using
o4 ~ 267 fm? and o, = 0.2 we estimate the following values for the differential cross

section at k = 10 GeV:

My——""— =~ I =1 Ve M2 = V
X 5k dM 8G6V2’Q GeV* My =5GeV~,
doqig nb 2 2 2 )
X 2 dM 7G6V27Q 5GeV=, My = 25GeV

We now turn to the LHeC in its heavy-ion mode [119], which would scatter electrons
with £, = 60 GeV on a beam of nuclei from the LHC, with E4 = 2.75 TeV per nucleon
resulting in y/s = 812 GeV per nucleon. The corresponding integrated luminosity could
reach 10 fb~!, being 10x bigger than the full integrated luminosity achieved in ep collisions
at DESY-HERA. Due to the high luminosity, the LHeC or equivalent high energy machine

opens the opportunity to directly measure the nuclear saturation scale as a function of
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Figure 5.5 — Differential cross section k2054°d at the HE-LHeC (y/s = 1.088 TeV) as a
function of k. Three configurations are shown: M2 = 50 GeV? with Q? =
1, 5, 10 GeV? and M% = 200 GeV? with Q% = 1, 10, 50 GeV? .

rp as firstly proposed in [98]. Specifically, whether the cross section k?do/d?k; dMyx can
be measured as a function of k for distinct values of zp, the positions of its maximum
is translated into the xp-dependence of saturation scale. Using the same reasoning, the
absolute value of Qs 4 could be determined by considering a wide interval of Q? in the limit
3 < 1. The property is shown in Fig. 5.4, where the cross section 2 o*°¥¢d(x, Q2 ? Pb)
is presented as a function of the jet transverse momentum scaled by the nuclear saturation

scale, k/Qs a(xp). To quantify the dependence of the position of the bump, we plot the



63

cross section for 3 distinct values of photon virtuality and it can be clearly seen that the
location of the bumps do not depend on Q? at all. It is straightforward to notice the marked
bumps that separate the saturation region from the linear one. The numerical results are
for (a) M% =50 GeV? at virtualities Q* = 1 GeV? (solid line), Q* = 5 GeV? (dashed line)
and Q% = 10 GeV? (dotted line) as well as for (b) M% = 200 GeV? at virtualities Q@ = 1
GeV? (solid line), Q% = 10 GeV? (dashed line) and Q? = 50 GeV? (dotted line). These
choices are based on the kinematic phase space for inclusive diffraction in (z = Bz p, Q?)
for the LHeC presented in Ref. [120]. The location of the bump is strongly related to the
value of the saturation scale and to the model we are using, Eq. (5.12), and the coefficient
of proportionality between (k| )maz and Qs a(zp) is equal to Kz /Qs =~ 1.5 (we checked
this is the case for any energy even at very low-zp). That means the dimensionless cross
section as a function of a scaling variable, 74 = £/Qs, 4, is universal. Just to exemplify
quantitatively the value of the nuclear saturation scale in the domain considered above,
one has Qg’Pb ~ 2.6 GeV? (for Q* =1 GeV? and M% = 50 GeV?) and Qg}Pb ~ 1.7 GeV?
(for Q% =50 GeV? and M% = 200 GeV?), which are a factor 2 higher than in EIC case.
This is translated into the jet transverse momentum at the peak, i.e., (K)mqez =~ 2.4 GeV
and (K)mar =~ 2 GeV, respectively.

Now we analyze the higher-energy upgrade of the LHeC (HE-LHeC) [119,121] .
The HE-LHC (High-Energy Large Hadron Collider) is a future energy upgrade of the
LHC and its heavy-ion mode considers a beam of nuclei with E4 ~ 4.9 TeV per nucleon
resulting in /s ~ 1.1 TeV per nucleon. The expected luminosity is £ = 18 x 1032 em 25~ 1.
In Fig. 5.5, the cross section k2054 (k, Q% Qs 4) is plotted as a function of transverse
momentum. We present the numerical results taking into account the same configuration
as in the previous figure in terms of the jet momentum. The general behavior remains
the same, however the nuclear saturation scale has increased up to Qi = 3 GeV? and
Q? p, = 2 GeV? in the bins (Q*, M%) we had discussed before for the LHeC. The shift
on the location of the peak is now seen, where the maximum occurs for larger x in (a)
compared to (b) due to the smaller xp value in that configuration. Accordingly, for the
HE-LHeC the relation (k)maez ~ 1.5 Qs 4 still remains. As an example of numerical value
of the cross section, Mydo /d?k,; dMyx ~ 7.4 mb/GeV? at the peak for Q% = 1 GeV? and
M3% =200 GeV2.

Finally, we discuss eA collisions at the FCC-eA [119,121] machine that would be

performed with a lead beam with energy per nucleon of E4 = 19.7 TeV, which would give
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Figure 5.6 — Differential cross section dogg/d*k;dMyx as a function of diffractive mass
My for fixed Q? and & at the FCC-eA (y/s = 2.174 TeV). Two configurations
are presented: (a) Q% = 10 GeV? and (b) Q* = 50 GeV?2. The jet transverse
momentum increases in the curves from top to bottom.

Vs =~ 2.2 TeV per nucleon with expected luminosity of £ = 54x1032 cm~2s~!. This is in the
context of a Future Circular Collider - hadron-hadron mode (FCC-hh) that would provide
pp collisions with /s = 100 TeV. In Fig. 5.6, the differential cross section do/d*k; dMx
is presented as a function of My for (a) Q* = 10 GeV? (for fixed kK = 1, 3, 5, 7 GeV)
and (b) Q% = 100 GeV? (for fixed k = 1, 3, 5, 7 GeV). In this figure, the jet transverse
momentum increased in the curves from top to bottom in panels (a) and (b). In Fig. 5.7,

we summarize the behavior of the scaled cross section times x? for every collider in terms
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Figure 5.7 — The universal quantity £o*°*°d as a function of jet transverse momentum for

EIC, LHeC, HE-LHeC and FCC-eA machines for the sample configuration
(Q* = 10 GeV?, M% = 50 GeV?). The displacement on the peak is proportional
to the increasing nuclear saturation scale.

of the jet momentum for the sample configuration @* = 10 GeV? and M% = 50 GeVZ.
The shift on the peak location is clearly seen, which is explained by the increasing of the
nuclear saturation scale, Qz,A ~ 3(xo/zp)"? GeV?, where xp ~ M5 /W2, in the region
B < 1. All the findings we have discussed in eA collisions should remain in ep mode,
where it is expected energies of order /s = 1 —4 TeV with luminosities £ ~ 103 cm=2s71.
Particularly, ep collisions at the LHeC can explore very low values of 5 and a new domain
of diffractive masses compared to DESY-HERA (Myx can include W/Z/beauty or any

state with 17 quantum number).

5.2 Timelike Compton scattering

Timelike Compton scattering (TCS) has been recently investigated in Ref. [122] in
the context of the kp—factorization formalism. There, dilepton production was considered
within a large range of dilepton invariant masses for the cases of electron-proton and

proton-proton collisions. The calculation was based on Refs. [123,124], where the process
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was studied for the first time. Here, the aim is to extend that analysis considering nuclei
as targets rather than protons. One interesting process is the electron-nucleus collision. As
already mentioned, it is planned to be investigated at the EIC [2] and at the LHeC [97].
Photonuclear reactions can be also studied in ultraperipheral heavy ion collisions [125,126]
and it would be timely to analyze TCS in electromagnetic processes for large impact
parameter proton-nucleus and nucleus-nucleus collisions.

Dilepton production can occur through several mechanisms, being the leading one
the ordinary Drell-Yan process. The second most important contribution comes from
photon fusion, i.e., vy — 74—, which is used for controlling the luminosity at the LHC.
In addition, single and double diffractive Drell-Yan also produce dileptons via different
interactions, such as Pomeron - Pomeron ([P/P), Pomeron - Reggeon (IPIR), Reggeon -
Reggeon (IRIR), Pomeron - proton (/Pp) and Reggeon - proton (IRp) reactions [124,127].
We can still have the reactions vIP and I[P, where the underlying process is TCS. At
last, it should be stressed out that the Bethe-Heitler (BH) mechanism contributes at the
amplitude level to the physical process of photoproduction of heavy lepton pairs, and it is
known that the BH contribution (and its interference with TCS) is large in contrast to

timelike Compton scattering itself.

JUOQO 0000

Q00000003
-
‘ > -

Figure 5.8 — Timelike Compton scattering. The red line represents a nucleus.

Studies on TCS have been often performed within the formalism of Generalized
Parton Distributions (GPDs) [128-130] (see also, for example, Refs. [131-133]). One of

the goals in the study of these distributions is to understand how quarks and gluons
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assemble themselves to hadrons [134-137]. Since the cleanest reactions to obtain the
GPDs are the DVCS (deeply virtual Compton scattering) and TCS, studying the latter
through distinct reactions could be relevant for their determination. For example, TCS
amplitudes and related observables have been recently looked into using leading-twist
approximation [138] in the GPD approach. In addition, investigations have been carried
out in order to lower the intrinsic model dependence. In Ref. [139], dilepton production
through the TCS process was addressed in the context of ultraperipheral collisions (UPCs)
at a fixed-target experiment (AFTERQLHC), which was executed utilizing the nucleon
and ion beams.

Timelike Compton scattering is the “opposite” process of deeply virtual Compton
scattering (DVCS) in the sense that in TCS one has, at the final state, a virtual photon
vp(A) = v*p(A), whereas in DVCS there is a real photon, v*p(A) — yp(A). The former
has been carefully studied in Refs. [140,141] for nuclear targets within the dipole formalism
in the case of coherent scattering. The referred works were based on a previous paper
concerning nuclear DVCS [142] and considered the spacelike approximation. Predictions
were presented for electron-ion collisions based on geometric scaling arguments. In Ref. [143]
it was verified that in order to calculate the TCS cross section, one needs to deal with
a strongly oscillatory integrand in the color dipole approach. To resolve this issue, it is
necessary to make use of an analytic continuation of the integrand on the dipole size, r,
and integrate it in the complex plane. Such procedure brought numerical difficulties for
the calculations. These shortcomings do not appear in the momentum space and this is
one of reasons to employ it here.

This study is complementary to our previous study on electron-proton and proton-
proton collisions. To adapt our treatment performed in [122] to nuclei targets, we replace
the proton UGD by the nuclear one, applying the Glauber-Mueller formalism [144, 145]
to introduce the nuclear effects. The goal here is to examine TCS in nuclear targets for
the first time in the kp-factorization approach (see Fig. 5.8). In addition, it opens the
possibility of carrying out a detailed study on the role played by the nonlinear QCD effects
as the saturation scale is enhanced in nuclei in comparison with proton targets [22].

The main goal is to investigate the nuclear effects in nuclear TCS, focusing on the
atomic mass number (A) dependence. As in Ref. [122], we compute the cross section in
terms of the dilepton invariant mass and rapidity at the center-of-mass energies of current

and future machines for different nuclei. We are aware about the limitation on the use of
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factorization in nuclear collisions. In Refs. [146-149] the validity of kp-factorization for
nuclear reactions was investigated and it was shown that linear kp-factorization is broken
in nuclear processes. In this context, it should be stressed out that this is an exploratory
study and further investigations should be carried out.

In the kp-factorization the main ingredient is the UGD. Before presenting the
TCS amplitude and cross section, in next paragraphs we briefly discuss and motivate
the phenomenological model considered in the calculations: the Moriggi-Peccini-Machado
(MPM) model [92].

As aforementioned, the TCS process for ep and pp collisions has been previously
calculated in detail in Ref. [122]. The aim here is to extend that analysis to the case of
nuclear targets. Within the kp-factorization formalism, one can compute the nuclear TCS
cross section by considering a nuclear UGD instead of the proton one. There are quite
a few phenomenological models for the nuclear UGD [115,150-153]. On the other hand,
it was also demonstrated [122] that distinct UGDs present practically the same results
in the kinematical region we are taking into consideration. Thereby, we will focus on the
MPM model, which was previously proposed by the authors in [92].

Concisely presenting this model (see Ref. [92] for details), it is based on geometric
scaling framework and defines an expression for the gluon unintegrated function that
depends on the variable 7, being 7 = k%/ Q?, where k% is the transverse momentum
squared of the gluons and Q2 is the saturation scale. Alongside the quantity 7, the MPM
contains also three other parameters. The distribution is given by

300 (1+6n) k2
47T2Q/5 Qg (1 + ﬁ)?-ﬁ-&n 7

Q3

onpm (T, k7)) = (5.13)
in which én = a7® and Q? = (1/2)%33. In the expression above, a9, g, a and b were
fitted against DIS data in the kinematic domain x < 0.01. Beside describing DIS data at
small-z, it also drives the spectra of produced hadrons in pp/pp processes. This model
was built by means of the geometric scaling approach and a Tsallis-like behavior of the
measured spectra. Additionally, the strong coupling constant does not depend on the scale
w1 and thus the value ag = 0.2 is used.

The plan here is to adapt the MPM expression of the proton target, Eq. (5.13),
to the case of nuclear targets, and this can be conveniently performed by applying the

technique utilized in [115], where the GBW UGD is extended to nuclei by using the
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Glauber-Mueller formalism. Following [115], the dipole scattering matrix in position space,

r, is determined through the cross section for dipole-proton scattering:
Saa(x,r,b) = e~ 2 Ta®)ou(zr) (5.14)

The function T4(b) is the thickness function and depends on the impact parameter, b.
Similarly to [115], we will assume a Woods—Saxon-like parametrization for the nuclear
density [154] (except for Li, for which the nuclear density will be taken as a Gaussian
distribution) whose normalization is [ d?bT'4(b) = A. Thus, the nuclear UGD is written in
the following way:

3

420

Pz, k2, b) (5.15)

1 — Sga(z,r,b)
Vi, Mo { = :

where Ho {f(r)} = [ drrJo(krr)f(r) is the order zero Hankel transform.

Regarding the proton target, a homogeneous object with radius R, is consid-
ered, which factorizes Sgp(x,r,b) into Sgy(z,7,b) = Sap(z,7)O(R, — b). For large dipoles,
Sap(z,7) — 0, and the cross section reaches a bound given by oy = 27TRI2). In the saturation
approach, the gluon distribution presents a maximum at kp ~ Q4(x). This formalism is
characterized by geometric scaling, what implies that observables become dependent on
the ratio Q?/Q?(xr) instead of Q? and x separately.

The dipole cross section in coordinate space r may be evaluated as [92]

2(% ) Ke(rr)
Udp(Tr) =0y (1 - 21—\T> s

where £ = 1+ 0n and 7. = rQs(z) is the scaling variable in the position space. Accordingly,

(5.16)

the nuclear gluon distribution is obtained from Egs. (5.14) and (5.15).

At this point, some considerations are in order. The shadowing of structure functions
observed in nuclear DIS in the region of small-z is viewed in the saturation formalism/CGC
as the multiple scattering of the photon fluctuations in the nuclear target, giving rise to
the modification of nuclear UGD compared to that of free nucleons. It is well known that
this effect is enhanced as the atomic mass number, A, increases [155]. Here, we investigate
the A-dependence of the cross section for diffractive production of dileptons at current
and future colliders (HL-LHC/LHeC, HE-LHC/HE-LHeC and FCC-eA/pA(AA)). At
high energies the small-z regime is reached, x ~ M?/W? < 1075, where it is expected a
significant suppression of this observable relative to the ep case. The nuclear structure

functions at small-z were constrained experimentally by E665 and NMC collaborations for
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the nuclei Li, C, Ca, Sn and Pb [36,37,155,156]. In our analysis, we utilize these nuclei as
representative targets and carry out predictions for nuclear TCS. Hereafter, the expression
for TCS amplitude is reviewed and the photonuclear case is also discussed.

In what follows, we will expose the main expressions in [122] about TCS in electron-
proton collisions (the reader may obtain a careful analysis in the quoted reference). Therein,

it was shown that the imaginary part of the TCS amplitude is written as
4ty e>
A = =L o - — 4m?)

> 2 2 2 2

x (PV /4 y QW2 M2, M2, ) M2,
+rReM (W2 M7, y-)) + ©(dm] — M7 )
x/ (W2, M, ME-) dMZ) (5.17)
4m?

Analogously, the real part is given by

Avem,e>
RGA}CS = Tf |:@(Mg2+g7 — 4777,?)

qq9’

x (PV /4 n(W?, Mz, M) dM2,

mj

—alm My (W?, My, )) + ©(dm} — M)

X / n(W?, Mz, M7, ) dMZ,| . (5.18)
4m?
The definitions of Q(W?2, M2, M7, ) and n(W?, Mz, M, ,_) are the following:
Im./\/lf(W2 M?2)
QW2 Mgy, M) = - Mgf , (5.19)
ReM (W2, MZ2)
(W2 M(JQ(]’MZJrE ) M2 Mg_,_g_qq : (520>

In the previous expressions, ey is the quark charge of flavor f, while m is its mass.
The quantities W, M and M? 7+, are the photon-nucleus center-of-mass energy, dipole
invariant mass squared and dilepton invariant mass squared, respectively. For further
details on the expressions, see Ref. [122].

Adopting the dipole picture, where the virtual photon fluctuates into a quark-
antiquark pair, the spectral distribution in Eq. (5.17) that is related to the diffractive
amplitude for the yA — ggA transition is given by

7TM2/
1—4
qq

x Im My(W? K% 2) (5.21)

Im M (W?, M)
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where x2,,, = (0.25M2; — m?) and

A2k
ImM (W2, k2, 2) = /O k{m(x k2 )y (12) (5.22)
x[Cos(z, k%) Dos(k* k1) + Ciy(z, %) D1y(K*, k7)) (5.23)

The functions Cof, Doy, C1f and D; are specified in [122]. Recalling the determination
of ReMy, it is computed via the dispersion relation, p = Re My/ImM;y. The p parameter
is defined as p = tan (5 Aef), in which Aeg = 9 In(ImMy)/0 In(W?).

In order to embed a t dependence in the scattering amplitude, one needs to take
into consideration the nuclear form factor. For simplicity and following Ref. [157], an
analytical expression based on homogeneous hard sphere and the Yukawa approximation

will be considered:

4
Flg) = {3 [sin(aRa) — aRacos(aRy)]
1
— .24
X[l—l—rgq?} ’ (5.24)

where ¢ = /|t|, po = A/(4/37R3) and Ra = (1.124'3 — 0.86 A~1/3). The parameter rg
is the range of a Yukawa potential and its value is rg = 0.7 fm. Therefore, the amplitude

depending on t is expressed as follows:
AFBW,t) = F(q)AFS(W,t =0) . (5.25)
The differential cross section for the yA — +*A collision is then

do B [Im(ATCS)]2 (1 + ,02)
A=A = 167

[F(a)l (5.26)

where ImATCS = 3~ ImAJ?CS, with the summation over quark flavour. The integrated cross

section is given by

do

A A
o(yA =y A) = ar,

/ " R Pt (5.27)

Having the TCS cross section, one may express the differential cross section in terms of
the dilepton invariant mass distribution:

do(yA = (Y7 A) ey
dMgM 37TMZ2+£,

oTOS(vA = 4*A) . (5.28)
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Photonuclear reactions can be also investigated in ultrarelativistic heavy ion colli-
sions in the case of large impact parameter. The protons or heavy nuclei are then sources
of quasi-real photons. For pA collisions, analogously to the pp case (see Ref. [122]), dilep-
ton production through TCS is dominated by vIP + I[P~ reactions at high energies (an
analysis on ultraperipheral TCS is performed in Ref. [158]). Within the equivalent photon
approximation (EPA), the differential cross section for the nuclear coherent scattering,
p+A—p+ LTl + A in terms of dilepton invariant mass and rapidity reads as [139]

doPA " [dN(/@)} [daw‘%*“
AM2,, dypaic T dks dMZ,,

ov.)

+ k_{d]gli’jﬁh {d‘g;;g:”(vv_)} | (5.29)

In the expression above, k stands for the photon energy, dN(k)/dk is the photon flux and
Ypair 15 the rapidity of the lepton pair. The photon flux of the proton will be given by [159]

], -l (%)

11 3 3 1
Iny—— 422 4 1 .
x(nx 5 +X 2X2+3X3) , (5.30)
in which x = 1+(Q3/Q?2,,,,) with Q2 = 0.71 GeV? and Q2 ,,, = k* /v, where v, = \/5/2m,.

min min

For nuclei, the photon flux is written as follows [160]:

[—d]gff)h ~ 2 Gem [AKO(A)Kl(A)
2
- S0 -gw)| | (531

where A = 2kR4 /vy, in AA collisions and A ~ k(R, + Ra)/~vr, for pA collisions.
The photon energy k and the center-of-mass energy W of the photon-nucleus

(nucleon) can be written in terms of the dilepton rapidity and its invariant mass:
ky = - eiypair7 W2 = Qk:i:\/g ) (532)

The expressions above relate the photon-proton center-of-mass energy to the proton-nucleus
and nucleus-nucleus ones. In case of AA collisions, the differential cross section takes the

following form:

dO_AA dN(k ) do_'yA—MJfé*A
AMZ, dypar k*{ dk+} { dM? <W+)}
¢+¢— @Ypair + 1a e

L [dN(k_)} A {davA%*ﬂ‘A

e T (W)} . (5.33)



73

Collider E, E,
LHeC/HL-LHeC (TeV) 7 | 0.06
HE-LHeC (TeV) 13.5 | 0.06
FCC-eh (TeV) 50 | 0.06
HL-LHC (TeV) 7 -
HE-LHC (TeV) 13.5 -
FCC-hh (TeV) 50 -

Table 5.2 — Configurations of the projected beam energies for future high energy machines
[121].

From now on we perform the numerical calculations for exclusive dilepton production in
eA and p(A)A collisions.

The TCS cross section will be computed in terms of dilepton invariant masses and
rapidity distributions for eA, pA and AA collisions in the kinematic domain of current and
future colliders. Their design configurations are summarized in Table 5.2. Different nuclei
are considered (light and heavy ones) in order to cover the wide range of the atomic mass
number, A. In that sense, the observables will be evaluated for Li (Z=3, A=6), C (Z=6,
A=12), Ca (Z=20, A=40), Sn (Z=50, A=118) and Pb (Z=82, A=208). The center-of-mass
energies for each nuclear collision are estimated considering the energy of the proton
beam for each machine. The energies of the proton and electron beams are based on the
prospects in Ref. [121].

First, we present the results for the electron-ion mode. Fig. 5.9 shows the differential
cross section (divided by A?) for dilepton production using Eq. (5.28) at the energies and
atomic mass numbers presented in Table 5.6. Namely, we present predictions for the future
machine LHeC, using the high luminosity (HL) and high energy (HE) baseline parameters
at the LHC. Also, the FCC in eA mode was taken into account. The typical monotonic
decrease of cross section on the dilepton invariant mass appears and the low mass region
is the dominant contribution. It is clearly seen that there is a small enhancement of
the cross section at FCC energy relative to HL/HE-LHC. One realizes that there is a
significant decrease of the cross section as A increases, which indicates the presence of
suppression due to nuclear effects. In the absence of such effects, one expects that the cross
section scales with A2 since o(yA — v*A) depends on the gluon distribution squared and
the form factor of Eq. (5.24) gives a nuclear slope which depends, roughly speaking, on
R% ~ A2/3_ The nuclear shadowing content in the UGD should produce a decreasing of the

integrated cross section in terms of A. One can parametrize the growth of the integrated
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LHeC/HL-LHeC (TeV) | HE-LHeC (TeV) | FCC-eA (TeV)
Phb 0.81 1.13 2.18
Sn 0.84 1.17 2.25
Ca 0.92 1.27 2.45
C 0.92 1.27 2.45
Li 0.92 1.27 2.45

Table 5.3 — Estimated center-of-mass energies (per nucleon) of future electron-ion machines
given a nucleus beam.

cross section as a power law A% (with o = 2 —2/3 — §), where the parameter § results
from the nuclear shadowing. In Fig. 5.10, we plotted the TCS integrated cross section
for dilepton production as a function of the atomic mass number, A. Larger cross section
occurs for the FCC - eA energy, as already expected. The lines represent a power law
fit! A% with o = 1.19 and it seems energy independent. In that sense, the value of « is
close to the expected one for weak absorption where it grows as A%3 (a ~ 1.33). Such
behavior is quite similar to the photonuclear production of heavy vector mesons as J/v
in the context of vector meson dominance (VMD) and small absorption in the Glauber
model calculation. On the other hand, for strong absorption the expected behavior would
be the black disk scaling, 0,4 ~ A2/3_ For light nuclei the cross section has magnitude of
units of nb and for heavy ions it reaches ~ 100 nb.

With regards to the predicted TCS integrated cross section for the upcoming EIC,
we only considered Au (gold) nucleus at collision energy of /s = 92 GeV. The obtained
value was 52.19 nb and the event rate per year, given the EIC luminosity (L = 103334
cm~2s71) [2], is predicted to be approximately 1.646 x 1019,

Lastly, we also accounted for the current configurations of the LHC (Run 2). The
TCS integrated cross sections for pp (/s = 13 TeV), pPb (y/s = 8.16 TeV) and PbPb
(v/s = 5.02 TeV) are 106 pb, 151 nb and 48 ub, respectively. The corresponding event
rates per year, assuming the LHC Run 2 luminosity (L = 103 cm=2 s71) [161] are the
following: 3.343 x 107, 4.762 x 10'° and 1.514 x 10'3.

The results for eA collisions can be directly compared to the predictions using
the color dipole picture. In Ref. [140] the nuclear TCS cross section has been evaluated.
In particular, it was considered a lead nucleus and two models for the dipole-nucleus

cross section: the Marquet-Peschanski-Soyez (MPS) [162] and b-SAT [163] models. It was

1

Although the proton is also displayed in Fig. 5.10, it is not being considered for the fit.
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Figure 5.9 — Differential cross section for dilepton production as a function of dilepton
invariant mass in eA collisions calculated through Eq. (5.28) for different nuclei
at the energies described in Table 5.6.

HL-LHC [TeV] | HE-LHC [TeV] | FCC-pA (AA) [TeV]
Pb | 8.79 (5.52) 16.95 (10.64) 62.79 (39.42)
Sn | 9.1 (5.93) 17.58 (11.44) 65.09 (42.37)
Ca | 9.90 (7.00) 19.09 (13.50) 70.71 (50.00)
C | 9.90 (7.00) 19.09 (13.50) 70.71 (50.00)
Li | 9.90 (7.00) 19.09 (13.50) 70.71 (50.00)

Table 5.4 — Estimated center-of-mass energies (per nucleon) of pA (AA) collisions at the
HL-LHC, HE-LHC and FCC-pA (AA) given a nucleus beam.

obtained ¢S ~ 15 nb (22 nb) at the LHeC energy (W a2 800 GeV), 0T ~ 19 nb (23
nb) at the HE-LHeC energy (W ~ 1200 GeV) and 075 ~ 22 nb (25 nb) at the FCC-eA
energy (W =~ 2200 GeV), using the MPS (b-Sat) model, respectively. These values are
consistent with ours for A = 208 (see Fig. 5.10). There, the integrated TCS cross section
considers M, g2+ o~ > 2.25 GeV?, whereas in our work the lower bound of the integral was
taken as M7 ,- = 1GeV?, thus the results in [140] should be smaller than ours. In addition,
in Ref. [140] a spacelike approximation has been considered which provides cross sections
smaller than the correct timelike kinematics (see discussion in Refs. [123,143]).

We now turn to the ultraperipheral heavy ion collisions. The collision energies

taken into consideration are outlined in Table 5.4. In Fig. 5.11, the dilepton rapidity
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Figure 5.10 — Integrated cross section in eA collisions as a function of the atomic mass
number. Each line is a power-like fit, A%, with o = 1.19.

distribution is shown for y = 0. Due to Z? ~ A2, the leading small A (equivalently, small
k) contribution in Eq. (5.31) and the fact that we obtained o(yA — ¢T¢~ A) scaling with
Aas o(yA — (70~ A) ~ A9 roughly one should have doaa/dy ~ A3, Despite the
approximations, we got doa/dy ~ A? (with § = 2.9), which is close to the theoretical
expected value. Concerning the typical order of magnitude, for lead one reaches dozens of
pb at midrapidities. This is translated into a event rate for TCS channel of ~ 10° Hz at
the HL-LHC.

The separation of different channels for the dilepton production in pp case involves
the investigation of correlations for the outgoing particles, as the transverse momenta
of final state protons or outgoing muons. Correlations in the rapidity space for outgoing
leptons can be also considered. It was shown in [124] that correlations for the (single,
double) diffractive mechanism are more intense than that for the two photon fusion, and
the exclusive dilepton (TCS) production has same order of magnitude than the central
diffractive one. The same selection can be considered in pA or AA collisions. The low-pp
region is of great interest and in Ref. [164] a careful study has been done in this kinematic
domain. It includes the initial contributions due to the incoming photons, the soft photon

radiations expressed in a Sudakov resummation, the multiple interactions between the
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Figure 5.11 — Cross section for AA collisions, do/dypair(AA), at Ypeir = 0 as a function of
the atomic mass number. Each line is a power-like fit, A%, with 5 = 2.9.

lepton pairs and the electric charges inside the QGP and the effects of an external magnetic
field.

In Fig. 5.12, the rapidity distribution is shown for pp, pPb and PbPb collisions.
The cross sections considerably increase for higher energies. As expected, the pPb case
has an asymmetric rapidity distribution, contrary to pp and PbPb collisions. In Table 5.8,
numerical estimates for the integrated TCS total cross section are presented for these three
collision modes. The values slightly differ from one machine configuration to another. The
results for pp are quite similar to those ones presented in our previous work [122], where the
theoretical uncertainty coming from the choice of the UGD has been discussed. For PbPb
collisions, the TCS channel can be compared with the exclusive production of dilepton
from two photon fusion. Recently, in Ref. [165] this channel has been analyzed for the
energy of \/syny = 5.02 TeV at the LHC and it was found do/dy(y = 0) ~ 250 — 300 mb
without any cut (the band corresponds to different treatments for the photon luminosity).
Afterwards, in Ref. [166] the background associated with the diffractive production was
investigated and it has been shown that such a channel is strongly suppressed. A new
analysis for the exclusive dilepton production in 7y reaction in UPCs has been presented

in Ref. [167], where the differential cross section is computed using the complete photon’s



HL-LHC HE-LHC FCC-hh
pp 0.110 (nb) | 0.137 (nb) | 0.206 (nb)
pPb | 0.155 (ub) | 0.228 (ub) | 0.360 (ub)
PbPb | 0.0500 (mb) | 0.0787 (mb) | 0.1335 (mb)
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Table 5.5 — Integrated cross sections for pp, pPb and PbPb collisions at different configura-
tions at the LHC (pp and heavy ion modes).

polarization density matrix resulting from the Wigner distribution framework. The authors
claim that the approach provides much better agreement with experimental data than
other approaches available in the literature. In the proton-lead collisions, the prediction
can be compared to the recent analysis in Ref. [168] where a new experimental method to
probe the photon PDF inside the proton at the LHC has been proposed. Interestingly, an
unintegrated photon distribution (photon UGD) was considered and it was shown that
due to the smearing of dilepton pr introduced by the kp-factorization formalism, the cross
section is about 1/3 higher than the expected from usual collinear factorization. It would
be timely to impose the same cuts in order to understand the background coming from

the TCS process.
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Figure 5.12 — Predictions for rapidity distributions in pp, pPb and PbPb collisions at the
energies of the considered colliders.
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Finally, concerning the predicted breaking of kp-factorization mentioned already,
some discussion is needed. The factorization theorems in perturbative QCD (pQCD) have
the fundamental point that hard scattering cross sections are linear functionals of the
suitable parton distributions in the projectile and target [148]. In [146] a remarkable
breaking of linear kp-factorization was verified in forward dijet production in DIS off
nuclei. Afterwards, this fact confirmed to be true in case of single-jet spectra in hadron-
nucleus collisions [147]. In [148], authors argued that dijet spectra and single-jet spectra
in hadron-nucleus collisions clearly proved to be highly non linear of the collective nuclear
gluon distribution. In addition, it was seen that the pattern of non linearity for single-jet
spectra depends highly on the relevant partonic subprocesses [146]. The breaking of linear
kr-factorization has been attested also in [169,170]. This means that the color coupled
channel aspect of the intranuclear color dipole evolution in general cannot be absorbed
into a single nuclear UGD. We are aware of this limitation and the calculation presented
here is based on phenomenological arguments. For instance, the nuclear structure functions

have been well described using factorization for nuclear targets in Refs. [151,171-173].

5.3 Exclusive Z° production

As discussed, the LHC has been studying physics at TeV scale allowing the access
to unexplored kinematical regimes at large luminosities. This machine is able to search and
study the physics beyond of the Standard Model (SM) with high accuracy. Traditionally,
a baseline SM signal is the Z° production [174]. In proton-proton (pp) collisions, the
hadronic Z° decays are not easy to identify due to the strong background of QCD multijet
production from hadronic event environment [175]. The high-statistics measurements
in final states with leptons are the main channel at the LHC. On the other hand, the
exclusive production of Z° at electron-ion colliders or in ultra-peripheral collisions (UPCs)
present some advantages. There is an increasing interest on exclusive processes at the
LHC. [176,177]. One of these favorable conditions is the processes to be perturbatively
calculable with not so large uncertainties due to the high mass of the boson. Another
feature is the clear experimental signature compared to the Z° signal coming from
hadroproduction. A dedicated experimental search has already been done for pp collisions

at the Tevatron [178]. No exclusive Z — £/~ candidates were observed leading to the first
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upper limit on the exclusive Z° cross section, o(pp — pZ°p) < 0.96 pb. Similar searches
have been preliminarily carried out at the LHC [179]. Therefore, it is timely to investigate
the prediction for both electron-ion colliders and ultra-peripheral collisions given their
high energies and integrated luminosities (see Ref. [180] where prospects for exclusive
processes which are complementary between the LHC and the Electron-Ion Collider - EIC
are discussed).

The exclusive Z° photoproduction in electron-proton collisions was first addressed
in the pioneering work of Ref. [181], where an analysis using non-forward QCD planar
ladder diagrams was done and applied to diffractive (inclusive and semi-inclusive) boson
production in ep colliders. The simple two-gluon exchange model of the Pomeron was used
in Ref. [182] to compute the boson photoproduction cross section. There, a finite gluon
mass has been included in the propagators to suppress the long distance contributions.
In the context of the color dipole picture, the exclusive Z° production has been analyzed
in both space-like [183] and time-like kinematics [143]. The equivalent calculation in
k| -factorization approach was presented first in Ref. [184]. In Refs. [143,184], applications
to photoproduction in pp collisions at the LHC energies were performed. The analysis for
UPCs in pp, pA and AA collisions at the LHC has been done in Ref. [185].

Here, the main goal is to compute the exclusive Z° production cross section in ep
and eA collisions by using the k| - factorization formalism. Different models for the UGDs
will be considered. We focus on the energies and phase spaces of the LHeC [186-188] and the
FCC [189,190] in eh mode, FCC-eh. Using the obtained cross section for Z° production in
photon-proton and photon-nucleus processes, the corresponding predictions for pp and AA
collisions are computed. In the last case, the cross section at the energies of the HL-LHC,
HE-LHC and FCC are calculated. The sources of theoretical uncertainties are investigated.
An important point to be highlighted is that here we extend our previous works on exclusive
dilepton production in lepton-hadron and hadron-hadron machines [122,191].

The calculation of exclusive Z° production cross section follows the same formalism
of TCS (timelike Compton scattering) [122,123,191]. In the context of the kp-factorization
approach it was first proposed in Ref. [184] using only one model for the UGD. Afterwards,
in Ref. [122] the present authors computed the TCS cross section for dilepton production
in ep collisions by using different and updated UGDs. Specifically, four UGDs containing
distinct physical information were analyzed. Moreover, in Ref. [191] we have accounted for

dilepton production via TCS in electron-nucleus collisions assuming the UGD proposed in
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Nucleus | LHeC/HL-LHeC | HE-LHeC | FCC-eA
O 0.92 1.27 2.45
Ar 0.87 1.21 2.32
Kr 0.85 1.18 2.27
Pb 0.81 1.13 2.18

Table 5.6 — Center-of-mass energies (in units of TeV) at future electron-nucleus colliders

(LHeC/HL-LHeC, HE-LHeC and FCC-eA) for different nuclei.

Ref. [192]. Here, we will apply the following models for the UGD: Moriggi-Peccini-Machado
- MPM [92], Ivanov-Nikolaev - IN [193] and Golec-Biernat-Wusthoff - GBW [113,194] (the
reader may review the previous section for further details on these models).

Comparing to TCS, one can calculate the cross section for exclusive Z° boson pro-

duction by simply replacing the electromagnetic photon-quark coupling by the electroweak
eg{,
sin20y

relevant, where g‘f/ = (I?{ — 2eysin? Oyy) / sin 20y) [143]. The weak isospin of a quark of

one, eey — where 6y is the Weinberg angle. Only the weak vector coupling is
flavour f and charge ee; is I:{ . Along with the coupling replacement, one has also to

redefine x in terms of the Z° mass:

r =&y (%) : (5.34)

where &g is inserted in order to correct the skewedness effect [123]. Following Ref. [184],
the value &) = 0.41 has been considered.

Taking the equation for the imaginary part of TCS amplitude expressed in Refs.

(122,123, 191] and performing the coupling replacement, one can obtain the forward

amplitude for exclusive Z° production in ep collisions [184]:

2W 20 mgt
MPZ [ = 0) = 30 e

™

) /1 dz/d%l (i + pr)ImMy (2, K1)
0

/ii—i—m} —2(1 = 2)M% —ie’

(5.35)

where pg is the ratio of real to imaginary part of amplitude. Moreover, m  is the quark mass
of flavor f and W? is the center-of-mass energy squared of the photon-proton system. The
quantity ImMjy is defined in Eq. (5.23). The following hard scale y? = max(k? + m?, k)
has been chosen. The corresponding amplitude for the yp — Z% process within the

diffraction cone is written as

MOPERW,[H) = MOPZZP(W, Jt] = 0)e P21, (5.36)
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Collider | Nucleus | o¢y(4) (fb) | Number of events per year
HL-LHC p 7.11 60.6
O 70.3 3.28
Pb | 1.97 x 10 7.07
HE-LHC | p 10.9 140
O 113 13.69
Pb | 3.27 x 10 30.09
FCC p 30.9 494
O 349 125.62
Pb | 1.04 x 10 287.98

Table 5.7 — Cross section in units of fb and event rates/year times branching ratio for
exclusive Z° photoproduction in ep and eA collisions. The results are presented
for the MPM UGD model as a baseline. Numerical calculation are presented
for O and Pb nuclei.

where the energy dependent diffraction slope, Bp, is parametrized as Bp = By +
20l log(W?2/W§E). Here, o/ g = 0.164 GeV ™2, By = 3.5 GeV~2 and Wy = 95 GeV [184].

The differential and the integrated production cross sections are, respectively, given

by
do MW, [t])?
E(727_>Zop) | (167J |)| 7 (537)
Im(MP=2°P)]? (1 + p2
o(yp — Z%) = (Lo 167&;1) ( R). (5.38)

The cross section in Eq. (5.38) will be evaluated for the LHeC (as well for its high luminosity
and high energy upgrades) [3,186-188] and for the FCC center-of-mass energies [189,190].
These energies are summarized in Table 5.2. Concerning the quark flavours, u, d,s,c, b
are considered.

For Z° production in nuclear collisions, we will investigate the nuclei proposed in
the LHC prospects (see Refs. [121,195,196]), namely O, Kr, Ar and Pb. The energy of
the nuclear beams are given by the energy of the proton beam multiplied by the ratio
Z/A, where Z is the atomic number while A is the atomic mass number. In Table 5.6,
we outline the beam energies along with the center-of-mass energies for electron-nucleus
collisions. The energy of the electron beam is 60 GeV.

Interestingly, since for Z% production the hard scale associated with the process
is 42 = myr, one expects that small dipoles (large k, gluons) will be the dominant

contribution to the cross section. This means that u? > Qs 4(x)? and the nuclear shadowing



83

100 -
a1l ]
A10 IN cooeeee ]
2 MPM - - - .-
~102 - GBW —: — .- -
o .- -
o - - — , -
N L - " =" N
A 107 - et T 4
Q. i - - ,/""‘
o r P - /’ 8
© 10-4 E ‘.","". == - —
RISt |
107 3’\‘/‘ -
/ 1 1 1 1 III| 1 1 1 1 1 III| 1 1 1 1 1 11
2*%102 103 104 10°
W (GeV)

Figure 5.13 — Cross section o(y*p — Z%) as a function of photon-proton center-of-mass
energy, W,,. Numerical results for IN, MPM and GBW phenomenological
models are presented.

Table 5.8 — The event rates/year for exclusive Z° photoproduction in pp and PbPb collisions
in different rapidity ranges. The results are presented for the MPM UGD model
as a baseline.

Collider pp collisions PbPb collisions
—20<y<420 420<y<+445 -20<y<+20 4+20<y<+45
HL-LHC 1.39 x 103 531 364 45.8
HE-LHC 8.15 x 103 461 1.33 x 103 183
FCC 7.54 x 103 6.60 x 104 5.92 x 104 8.31 x 103

should be quite small. A good approximation for the nuclear UGD would be F(z, k1) ~
AF,(x, k).

Moving now to the numerical results, we first present the Z° photoproduction in vp
scattering. The corresponding energies for the ep colliders are exhibited in Table 5.2. In Fig.
5.13 the predictions for the IN (dotted curve), MPM (dashed curve) and GBW (dot-dashed
curve) models are shown as a function of photon-proton center- of-mass energy, W.,. In
the TeV energy scale the cross section has the order of magnitude of o(y*p — Z%) ~ 0.1
pb and a large theoretical uncertainty. Accordingly, the GBW model gives a lower bound
for the cross section values and weaker energy behavior compared to MPM and IN. The
reason is the DGLAP-like evolution embedded in both IN and MPM models for the
UGD. The z value probed at W,, =1 TeV is ~ 10~3. The output coming from the MPM
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Figure 5.14 — Cross section o(7*p(A) — Z%p(A)) as a function of atomic number Z at the
energies of (a) HL-LHC, (b) HE-LHC and (c) FCC. The predictions from IN,
MPM and GBW models are shown for O, Ar, Kr, Pb nuclei and proton as
well. The corresponding energies are presented in Tab. 5.6.

model can be parametrized in the following way: onmpm(vp — Z%) = [180 fb] (W,,,,/Wp) 13

(with Wy = 103 GeV). Notice that the prediction from Ref. [184] is properly reproduced
here by using the Ivanov-Nikolaev UGD. A steeper growth is predicted by Motyka and
Watt (MW) in Ref. [143], where the color dipole picture is considered and by using
the impact parameter saturation model (IP-SAT) and timelike Z° boson. The IP-SAT
parametrization includes DGLAP evolution for the dipole cross section and the result
scales as onw (7p — Z%p) = [371b] (W,,/ W)+, with Wy = 1.3 x 103 GeV.

The analyses for nuclear targets are presented in Fig. 5.14. Predictions from the
three phenomenological models are shown for the nuclear species presented in Table 5.6
and for proton as a baseline. As examples of order of magnitude one has o(yPb — Z°Pb) ~
84.6 (260) pb and o(yO — Z°0) ~ 2.46 (8.3) pb at HL-LHC(FCC) energy. The dependence
on atomic mass number from MPM model (for A > 1) is given by JK/E‘)M = o4 A%, where
o4 = 50.5 tb and § = 1.39 at the HL-LHC and o4 = 216 fb and § = 1.33 at the FCC.
This result is consistent with the weak absorption limit for the nuclear dipole cross section

typical for Z° production. In the figure the predictions are shown for AT = \/SeA.
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Figure 5.15 — Rapidity distribution for exclusive Z° production in pp collisions. Predictions
are shown for the energies of (a) HL-LHC, (b) HE-LHC and (c) FCC.

In Table 5.7 the cross section times branching ratio into dileptons (in units of fb) is
presented for ep and eA collisions. Here, the interest is in very small Q? < 1 GeV? range
where the photoproduction cross section is independent of photon virtuality. Therefore,

the ep(A) — eZ%(A) cross section can be written as

do Qem |1+ (1 — y)2 ] %um: 2(1 — y) 1 zmn
[ n p— p—
dW? 27s y 2 in y max
x oA W2, (5.39)

2

2 . =m2y?/(1—y). The corresponding number of

where y is the inelasticity variable and @)
events per year is also presented. The run with Oxigen is comparable in number of events
with the proton target. The experimental feasibility is enhanced in eA case compared to
the ep machine. This is specially important when kinematic cuts are imposed in order to
remove the main dilepton QED background. The predictions considering the decay into
hadrons is larger by a factor 20 but the experimental feasibility worsens.

Let us now move to ultra-peripheral collisions. The cross section to produce a Z°
boson in a proton-proton collision within the Weiszacker-Williams approximation is given

by [125,157,197]

< dnP

0(pp—>pp—|—Z0):2/ d—cja(’y+p—>Zo+p)dw,
0
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Figure 5.16 — Rapidity distribution for Z° production in AA collisions. Predictions are
presented for Oxigen (upper plots) and Lead (lower plots) nuclei at the
energies of HL-LHC (plots on the left) and FCC (plots on the right).

where w is the photon energy and dnf /dw is the photon spectrum for protons. In the nu-
merical calculations, we have used the photon spectrum from Ref. [159]. The corresponding

rapidity distribution is obtained as follows:

olpp = pp+2%)  dnf
dy =w d(x.,]y U’erpﬁZOer(w)? (540)

in which the rapidity y of the produced Z° state with mass My is related to the photon
energy through y = In(2w/My). The rapidity distributions are shown in Fig. 5.15 and
the the calculations are for collision energies of (a) the HL-LHC, (b) HE-LHC and (c)
FCC colliders. The dotted, dashed and dot-dashed curves are the results for the IN, MPM
and GBW UGDs, respectively. Here, the predictions are presented without absorption
effects which depend on the rapidity. For instance, the absorptive correction at 14 TeV for
y =0 is (S?) ~ 0.8 whereas it is (S?) ~ 0.6 for y = 2 [184]. The theoretical uncertainty
is still sizable. At the energy of HL-LHC, our predictions are in agreement with those
in Refs. [143,184,185]. In general, the numerical results obtained using kp-factorization
approach are higher than those from color dipole framework. The rapidity distribution for
higher hadron energies (HE-LHC and FCC) can be directly compared with the results
of Ref. [185]. There, two dipole cross sections have been considered (bCGC and IP-SAT
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Figure 5.17 — Rapidity distribution for Z° production in AA collisions at mid-rapidity
y = 0 as a function of the atomic mass number A. The predictions from IN,
MPM and GBW models are shown for O, Ar, Kr, Pb nuclei and proton as
well at the energies of (a) HL-LHC, (b) HE-LHC and (c) FCC.

models) within the color dipole picture. The order of magnitude of the cross sections
are in agreement. The experimental feasibility is promising by using the dilepton decay
channel. A careful analysis by using kinematic cuts should remove the large background
coming from ~y — £t¢~ process. The search for exclusive Z° production in proton-proton
collisions can follow similar methodology employed in the corresponding search in pp
collisions at Tevatron energies [178].

Finally, the Z° exclusive production is investigated in ultra-peripheral heavy ion
collisions (UPCs). The corresponding rapidity distribution for the coherent production is

given by [160]

o(AA — AZPA dn?
( &y L duj Ort A 2044 (W), (5.41)

where dnfy1 /dw is the photon spectrum for nuclei. The analytical photon flux for b > 2R 4
has been used in [157]. In Fig. 5.16 the rapidity distribution is shown for Oxigen (O) and
Lead (Pb) nuclei: upper and lower plots, respectively. This is presented for the energies
of HL-LHC and FCC. The predictions are somewhat larger than the ones presented in
Ref. [185] where the color dipole approach is considered. There, doga(y = 0)/dy ~ 0.6
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nb in contrast with present calculation dog4(y = 0)/dy ~ 10 nb. In both approaches the
theoretical uncertainty is large, specially that one associated with the specific model for
the dipole cross section or UGD.

In Fig. 5.17 the predictions for rapidity distributions at mid-rapidity, y = 0, are
shown for the nuclear species presented in Table 5.6 as well as for protons. The cross
sections are exhibited as a function of the atomic mass number A for the energies of (a)
HL-LHC, (b) HE-LHC and (c¢) FCC. The predictions for MPM and IN models are quite
similar at this scale and a lower bound is given by the GBW model.

In order to summarize the results for pp and PbPb collisions, in Table 5.8 the
event rates/year are presented, where the production cross section has been multiplied
by branching ratio for decays into dileptons. Two rapidity ranges are considered: |y| < 2
(central rapidities) and +2.0 <y < +4.5. (forward rapidities). Results are displayed for
the MPM model as a representative example of application. The present calculation is

more comprehensive than those in Ref. [185] since light nuclei are also taken into account.
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6 Summary and Conclusions

Let us now summarize this study and discuss about the main takeaways and
conclusions obtained from that.

The diffractive gluon jet production was studied in the small-5 region, what is
dominated by large diffractive mass, M% > Q2. In the QCD color dipole picture, the
main contribution comes from the qqg Fock state and the jet is associated with the soft
gluon emitted. We studied the potential of the future EIC, LHeC and FCC-eA machines
for the measurement of gluon jet diffractive cross section. In the TeV scale machines, one
can reach zp ~ 107 for a wide range of 3, corresponding to nuclear saturation scale
of order Q5.4 ~ 2 GeV. A simplified model for the S-matrices has been used and we
would like to point out the possible theoretical sources of uncertainty. As examples of
such sources one has more realistic expressions for the dipole-nucleus amplitude (Glauber
model, Glauber-Gribov model or numerical solutions of BK equation) or different ansatz
for the nuclear saturation scale. Furthermore, we demonstrated that the nuclear saturation
scale, )5 4, could be extracted from data as a function of xp by measuring the peak in the
differential cross section, x2do/d*k,dMx, in terms of jet transverse momentum. Correlated
strategies for extracting saturation scale from data are already known in literature. For
instance, in Ref. [198] the proton saturation scale Q2 , is obtained from the multiplicities
of charged hadrons in pp collisions by using local parton-hadron duality and geometric
scaling property (similar investigations were done for pA [199] and AA collisions [200]). We
presented the probable region where the peaks occur, k =~ a X Qs a(zp) (a is a constant of
order of unity), and it was shown that the quantity x20°°*°d presents universal behavior
in terms of the scaling variable, 7 = k/Qs. Summarizing, both the LHeC and the highest
energy collider project, the FCC-eh, offer unprecedented capabilities for studying the
diffractive jet production in photon dissociation both in ep and eA collisions.

Regarding timelike Compton scattering, we have investigated it for the first time
in electron-nucleus collisions within the kp-factorization. We calculated the cross sections
for dilepton production at the center-of-mass energies of different machines. Through our
fit of TCS cross section in terms of the atomic mass number, it is possible to predict
this observable for any nucleus. Predictions are made for eA and ultraperipleral heavy

ion collisions as well. This was an exploratory study and is based on the assumption
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that kp-factorization is applicable for nuclei. In that sense, it could be quite pertinent
for performing future analyses on this topic as soon as experimental data at electron-ion
facilities are available, enabling one to quantify the breaking of linear kp-factorization.

Finally, the exclusive production of Z° boson is investigated in ep and eA collisions
within the kp-factorization formalism. The theoretical uncertainty is studied by comparing
the results for different unintegrated gluon distributions available in literature. It was
found that the corresponding variance is large when models containing parton saturation
effects are contrasted to those where they are not applied. The analysis is done in the
kinematic range of interest of EIC and the LHeC. As a by product the Z° photoproduction
is also investigated in pp and AA collisions. The application was restricted to the coherent
scattering and predictions for incoherent scattering would be valuable. A comprehensive
study is done concerning different nuclear species relevant for the LHC future runs. The
experimental measurement feasibility is briefly discussed. As already stressed out, Z°
production is a traditional baseline SM signal and looking into it in the context of electron-
ion collisions is potentially quite important for the investigation of the existing open
questions concerning the SM.

Since the first electron-ion collider is still under way (the EIC is being built and
will probably be available within 10 years), we performed several predictions related to
processes whose measurements could be highly useful towards the study of the nuclear
content through electron-ion collisions, especially if executed at high energy machines such
as the LHeC and FCC whose center-of-mass energies reach the TeV scale and therefore

are potentially ideal “QCD laboratories” as aforementioned.
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APPENDIX A — Light-cone coordinates

In the light-cone coordinate system, the collision occurs in the z-axis (longitudinal

direction). Adopting the following definitions for the velocity and position four-vectors:

ot = (0,0t 0 0?) ) at = (a0, 2t 2?23 (A.1)
these variables are defined in the light-cone frame as follows:

1 1
v = ——"+0%), =" =), v = (v},0?) . (A.2)

V2 V2

Hence, one shall define time within this frame:

l’+:

(t+2), (A.3)

Sl

and the longitudinal coordinate:

_ 1
xT = E(t —2). (A.4)

The scalar product between momentum and position four-vectors read as
pr=p aptaT —pras, (A.5)

whose result is
p atpte™ = p2® — pdad . (A.6)
The variable p~ is conjugated to ™ and therefore is termed energy in the light-cone frame,

while p* is conjugated to ™ and called longitudinal momentum. For on-shell particles,

pt = %(E +p.), (A.7)

where F is the total relativistic energy given by £ = 4/ 1;2 + m?. Consequently,

_ 1 1
pipT = §(E2 —pl) = 5( 2§t —pl). (A.8)
Thus,
T I 1,
p'p = 5(771 +p1) = 577% ) (A.9)

where m | is called transverse mass.

The variable rapidity is written in the light-cone frame as

1. (E+p, 1 + 1. [2p+?
y = —=In TP S = p_2 . (A.10)
2 E—p, 2 P 2 m4
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Utilizing the light-cone coordinates is convenient because, at high energies, = ~ 0 and
2t = 0. Besides, if there is a boost, pt — ap™ and p~ — (1/a)p~, where a is an arbitrary

constant. Hence, the rapidity is simply transformed as y — y + a.
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APPENDIX B — Sudakov parametrization

Consider the two light-like vectors a and b, called Sudakov vectors, whose definitions

are the following:

1

V2
1

b, =—(A"1,0,0,A7)
M \/5( )

in which A is an arbitrary number. These vectors satisfy

Ay

(A7 07 07 A) )

a2=0=0,ab=1,b"=a"=0.

In the light-cone coordinate system, they are written as
a' = (A,0,01) ,

b= (0,A71,0,) .

Using the Sudakov parameters, a generic vector A* is represented as

AP = aat + gt + Al

= (Ab) a' + (A.a) '+ A .

where A4 = (0,0,0).

(B.1)

(B.2)

(B.3)

(B.6)
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C.2 Press release - Resumo simplificado tipo nota de
imprensa (in Portuguese)

Ha cerca de um século atrés os cientistas estudavam o atomo e buscavam entender
como sao constituidos. Entre os objetos que o compoem, o elétron foi o primeiro a ser
descoberto, o que ocorreu em 1897 por Joseph John Thomson. Posteriormente, através do
espalhamento de Rutherford, descobriamos o préton em 1919. Por fim, em 1932 detectou-se
a existéncia do néutron.

A medida que avancdvamos no século XX, a fisica moderna foi alcancando grandes
feitos, buscando investigar a matéria em escalas cada vez menores e explorar seu nivel
subatomico. Na década de 60, temos o surgimento da Eletrodinamica Quantica, teoria que
explica uma das quatro interacoes fundamentais que temos na natureza, o eletromagnetismo.
Tal teoria se deve especialmente aos feitos do grande fisico Richard Feynman, o qual viria
a receber o Nobel de fisica em 1965. Logo apds, ja na década de 70, desenvolvemos a
Cromodinamica Quantica, teoria que descreve a interagao forte, outra das quatro forcas
presentes na natureza. Entre os fisicos que trabalharam nessa teoria, destaca-se o nome de
Murray Gell-Mann, também agraciado com um prémio Nobel de fisica em 1969.

Estudar a interacao forte nao é uma tarefa simples devido a complexidade matematica
envolvida e também a muitos fenomenos que ainda nao tém explicagao ou verificagao
experimental. O nicleo atomico, formado por prétons e néutrons, se mantém coeso devido
a interacao forte. Se essa nao existisse, podemos pensar que simplesmente os prétons
atrairiam os elétrons e assim o atomo entraria em colapso. Porém, com tal interagao ¢é
possivel manter um nicleo de prétons e néutrons.

A interacao forte leva esse nome nao por acaso, pois é a mais intensa dentre as quatro
forcas fundamentais presentes na natureza: forte, eletromagnética, fraca e gravitacional.
Além disso, tem um comportamento contrario a interacao eletromagnética, ou seja, sua
intensidade diminui a medida que os objetos se aproximam.

Este trabalho visa estudar as colisoes entre elétrons e nicleos de atomos ionizados,
tais como o chumbo, ouro, criptonio e, com isso, investigar a forga forte. O elétron é um
excelente microscépio para investigacao do nicleo atomico e, devido a isso, existe uma
grande expectativa por parte da comunidade cientifica para com a construgao de um colisor
elétron - fon. Dessa forma, o departamento de energia dos EUA (em inglés, Department of

Energy - DoE), aprovou o projeto do EIC — Electron Ion Collider (em portugués, Colisor
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Elétron - fon), localizado no Brookhaven National Laboratory - EUA, o qual comegou a ser
construido ha dois anos e provavelmente levara cerca de dez para ser finalizado. Tal feito
possibilitara que se estude o ntucleo atomico de forma detalhada e profunda e permitira
que os fisicos entendam questoes ainda em aberto na teoria da Cromodinamica Quantica.

O fato é que ainda nao podemos prever todos os avangos tecnolégicos que virao com
o estudo aprofundado do niticleo atomico. H4 cem anos atrds ninguém previa que o estudo
do atomo daria origem a tudo que possuimos hoje, desde a Quimica até os aparelhos
eletronicos que usamos no nosso cotidiano. Sendo assim, por ora é dificil prever tudo
que sera alcancado com os avangos na investigagao do ntcleo atomico. Todavia, temos
aplicagoes tecnoldgicas imediatas j&, como por exemplo a terapia por feixe de prétons (em
inglés, Proton Beam Therapy), um dos tratamentos mais modernos contra o cancer e que
¢ devido principalmente ao grande avanco tecnoldgico atingido através da construcao de
aceleradores de particulas nas ultimas décadas. Nao temos certeza sobre como sera futuro,
mas podemos ter certeza de que o progresso da ciéncia sempre sera importante para o

desenvolvimento da humanidade.

Imagem ilustrativa de uma colisao elétron - ntucleo.
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