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Abstract

This thesis investigates the phenomenon of gluon saturation in quan-
tum chromodynamics (QCD) by analyzing di-hadron correlations in high-
energy nuclear collisions and evaluates the tracking performance of the
ePIC detector for the upcoming Electron-Ion Collider (EIC). Gluon sat-
uration, expected at high parton densities, leads to nonlinear effects that
alter particle production and correlation patterns. Using data from the
STAR experiment at RHIC, the study examines azimuthal correlations be-
tween pairs of hadrons in proton-proton and deuteron-gold collisions. The
results reveal a significant suppression and broadening of the back-to-back
(away-side) peak in central deuteron-gold collisions, providing evidence for
gluon saturation effects that cannot be explained by conventional models.

The thesis also assesses the efficiency and momentum resolution of the
ePIC detector through simulation studies focused on charged pion recon-
struction. Both idealized (truth-seeded) and realistic (real-seeded) tracking
methods are evaluated.

Overall, this work demonstrates that di-hadron correlations are a sen-
sitive probe of gluon saturation and establishes the readiness of the ePIC

detector for exploring QCD dynamics in high-density regimes.
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Chapter 1

Introduction

Nuclear Science deals with the origins and structures of atoms, nuclei,
and nucleons, accounting for the vast majority of the observed mass in
the universe. Over decades of study, it has become evident that nucleons
consist of even smaller building blocks known as quarks, bound by the
strong force mediated by gluons. This fundamental theory describes the
strong force as Quantum Chromo-Dynamics (QCD). The objective is to
comprehend the intricate interactions among quarks and gluons and how
nuclei and nucleons emerge from the properties and dynamics of these
particles. The electron-proton (e — p) scattering is a cleaner and precise
probe to study the internal structure of a nucleon.

QCD, the established theory describing strong interactions, has proven
highly effective in explaining a vast range of hadronic and nuclear phenom-
ena. One of the pivotal insights in QCD was recognizing that the strong
coupling constant varies with energy—an effect known as the running cou-
pling—leading to the concept of asymptotic freedom—the theoretical and
experimental observation that gluons and quarks behave nearly as free
particles when confined to very short distances within hadrons.

Deep inelastic scattering (DIS) experiments have played a crucial role in
advancing our understanding of QCD. In these experiments, a high-energy
lepton is scattered off a proton or nucleus, serving as a probe into its
internal structure. The interaction occurs by exchanging a virtual photon,

allowing the lepton to effectively “see” the quark distribution inside the



target. Earlier DIS experiments have been instrumental in visualizing the
partonic structure of the proton as well as that of various light and medium-
mass nuclei.

DIS experiments involving heavy nuclei at high energies offer a powerful
approach to exploring gluon dynamics. In such collisions, the presence of
many nucleons within a heavy ion enhances the likelihood of encounter-
ing the wave function of the dense gluonic fields. This can lead to parton
saturation at sufficiently high energies—a state where gluon densities be-
come so large that non-linear QCD effects suppress their growth. This
phenomenon is called the color glass condensate (CGC) [1].

The initiation of this saturation regime is characterized by a scale known
as the saturation momentum, (), which tends to be significantly higher in
heavy nuclei. Remarkably, while the dynamics in this regime are governed
by strong gluon fields and non-linear QCD interactions, the large value of
(s permits the use of perturbative techniques. This is made possible by
QCD’s property of asymptotic freedom, which ensures that the coupling
becomes weak at high momentum scales, enabling controlled theoretical
predictions.

We outline the key physics goals of small-z experiments and the mea-
surements required to address fundamental questions in this regime. Inves-
tigating the internal structure of nuclei at low Bjorken-z requires precise
measurements of the nuclear structure functions Fy and F7 across vary-
ing values of both x and the photon virtuality Q?. These measurements
enable the extraction of gluon and quark distribution functions within nu-
clei and can provide direct evidence for the emergence of non-linear QCD
phenomena.

A crucial objective is to determine the saturation scale ()5, which char-
acterizes the CGC state of the nucleus. This can be achieved through
the analysis of two-particle correlations. Furthermore, gluons’ spatial and
momentum distributions can be mapped by studying the cross-sections of

exclusive vector meson production. Diffractive (quasi-elastic) processes,



in particular, offer high sensitivity to the emergence of non-linear QCD

effects, making them a valuable probe of gluon saturation.

1.1 Motivation

The proton, at its core, consists of three valence quarks—two up quarks
and one down quark—held together by the strong force through the ex-
change of gluons. This basic model, however, fails to capture the full
complexity of proton structure revealed by high-energy experiments. Ob-
servations from the hadron-electron ring accelerator (HERA) collider at
Deutsches Elektronen-Synchrotron (DESY) in Germany, as well as results
from the Large Hadron Collider (LHC) and the Relativistic Heavy lon
Collider (RHIC), show that the proton is far more dynamic. It contains
a fluctuating sea of gluons and transient quark—antiquark pairs that con-
stantly emerge and vanish due to quantum effects.

These quantum fluctuations become more apparent in high-energy scat-
tering experiments. As a proton is accelerated to near light speeds, Lorentz
time dilation causes the lifetimes of these internal fluctuations, especially
gluon emissions, to appear longer to an external observer. The faster the
proton moves, the more time an observer has to ”see” the internal gluon
activity. This makes it possible to effectively freeze and examine these fleet-
ing processes by colliding the fast-moving proton with another high-energy
particle, providing insight into its intricate substructure.

In DIS experiments, a high-energy lepton is used to probe the internal
structure of the proton by exchanging a virtual photon. The squared mo-
mentum transferred by this photon, denoted as ()%, sets the resolution of
the probe in the plane perpendicular to the beam direction. According to
the uncertainty principle, the transverse size of the region being examined
is roughly Arr ~ 1/Q. Another key parameter in DIS is the Bjorken-z,
which represents the fraction of the proton’s momentum carried by the
quark that interacts with the photon. At high energies, this variable be-

comes small, as x ~ Q?/W?, where W? is the squared center-of-mass en-
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ergy of the proton-photon system. Thus, small values of x correspond to

scattering processes at very high energies.
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Figure 1.1: Proton parton distribution function plotted as a function of Bjorken-z [1].

The proton’s wave-function is influenced by both the Bjorken-x and
the momentum transfer Q. This dependence is illustrated in Fig. 1.1,
based on DIS data collected at HERA. The figure displays how the parton
distribution functions (PDFs)—which describe the likelihood of finding
a quark or gluon carrying a fraction x of the proton’s momentum—vary
with z. At leading order, PDFs can be interpreted as number densities of
partons inside the proton. In the plot, the distributions for valence quarks,
represented by zu, and zd,, are seen to decrease as x becomes smaller. In
contrast, the distributions for sea quarks and gluons—shown as xS and
xG, respectively—rise steeply at low z. (Note that the vertical axis uses a
logarithmic scale.) Notably, the gluon distribution surpasses that of both
valence and sea quarks for x < 0.1. Since low x corresponds to high-
energy regimes, this indicates that at very high energies, the dominant
contribution to the proton’s wave-function comes from gluons.

At small z, the proton is filled with a dense population of gluons, es-



pecially in the transverse plane. Fig. 1.2 illustrates this by comparing
the parton content of the proton at large and small x. The right panel,
corresponding to the lower x, shows a significant increase in gluon density
compared to the left panel, which represents higher x. This highly pop-
ulated gluonic state of a fast-moving proton or nucleus is known as the

CGC.

Low Energy High Energy

}(0 >>=>X
parton
many new
Proton smaller partons Proton
(%o, Q2) are produced (x, Q2)
“Color Condensate”

Figure 1.2: At small values of x (as depicted on the right), the proton’s wave-function
contains a significantly higher number of gluons compared to its wave-function at a larger
x = o (shown on the left)[1].

1.2 Structure of the Thesis

Here we will outline a brief overview of the thesis. This thesis mainly has
two parts. In the first part, from chapter 2, we have phenomenological
studies of gluon saturation, for which we have chosen the p — Pb system
which is an easier probe to study saturation because of high energy colli-

sion. In the second part, chapter 6 is dedicated to studying the resolution
and efficiency of the ePIC detector for EIC!

e Chapter 2 is a brief overview of the literature survey to establish the

problem statement of gluon saturation in the p — Pb system.

1Electron-ion collider



e Chapter 3 focuses on the basic kinematics of the p — Pb collisions,

and the event generator used to simulate the collision events.

e Chapter 4 focuses on the saturation model used to implement the

CGC effects in the collision events.

e Chapter 5 focuses on the results and analysis of gluon saturation us-
ing di-hadron correlation, two-particle azimuthal correlation at center

of mass energy 5.02 TeV.

e Chapter 6 discusses briefly the EIC experiment and studies the res-
olution and efficiency of the ePIC detector for EIC.

e Chapter 7 is the summary and outlook section of the thesis.

e Appendix contains the supplementary information for the reader’s

reference.



Chapter 2

Literature Review

Gluon saturation is a fundamental phenomenon in QCD that emerges at
high energies, where the density of gluons inside protons and nuclei be-
comes so large that nonlinear effects, like gluon recombination, become
significant. This leads to a saturated state where further increases in gluon
density are suppressed, marking a transition from a dilute to a dense par-
tonic regime. Understanding gluon saturation is crucial for decoding the
behavior of hadronic matter, especially in heavy-ion collisions and in the
early universe.

At small values of Bjorken x (representing low momentum fractions),
gluon densities inside nucleons rise rapidly with energy. Gluon recombina-
tion processes eventually tempered this growth, which becomes significant
at high densities, leading to saturation. The critical parameter here is the
saturation scale, which increases with the size of the nucleus and energy,

making heavy nuclei ideal for studying these effects.

splitting recombination

Figure 2.1: The small-x non-linear dynamics governing the evolution of hadronic or nu-
clear wave functions. Straight solid lines for simplicity denote all partons (quarks and
gluons).

The CGC framework describes this regime, predicting that gluons at the
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saturation scale behave more like classical fields than individual quantum
particles. The onset of saturation is expected to alter particle production

and correlation patterns in high-energy collisions.

2.1 Di-hadron Correlation

Di-hadron correlations are critical for probing gluon saturation in QCD
because they reveal nonlinear dynamics in dense gluon environments that
single-particle measurements cannot capture. In high-energy collisions,
gluon saturation occurs when gluon densities become so high that recom-
bination (nonlinear effects) balances splitting. Di-hadron correlations mea-
sure the angular relationship (A¢) between two emitted hadrons, which is

directly influenced by these gluon interactions [3].

jet-1

jet-2

Figure 2.2: Feynman diagram showing gluonic interaction of jet-2 with the nucleus, hence
losing its momentum|[3].

In the saturation regime, a large transverse momentum imbalance for
the hadron pair is expected (Fig. 2.2), which leads to back-to-back jet /hadron
pairs to decorrelate, which leads to a suppression in the away-side peak.
In proton-nucleus (p+A) collisions, the back-to-back (A¢ = 7) correlation
peak observed in proton-proton (p-+p) collisions is suppressed. This sup-
pression arises from multiple scatterings and gluon recombination in the
saturated nuclear medium, a hallmark of saturation physics. Saturation
effects increase the transverse momentum spread of hadrons, weakening

azimuthal correlations.



2.2 Two-particle correlations in STAR

This paper presents results from the STAR experiment at RHIC, focus-
ing on azimuthal correlations of two-particle at forward rapidity in both
deuteron-gold (d+Au) and proton-proton (p+p) collisions at a center-of-
mass energy of \/syn = 200 GeV. The study leverages the enhanced ac-
ceptance provided by the Forward Meson Spectrometer (FMS), enabling
sensitivity to gluon densities at very low Bjorken-z (z ~ 107%). The main
goal is to probe gluon saturation effects in nuclei, as predicted by the CGC

framework|[4][5].

2.2.1 Scientific Motivation and Background

Two-particle correlations are a sensitive probe for distinguishing between
dilute and saturated partonic systems. In leading-order perturbative QCD
(pQCD), high-energy hadron collisions typically produce back-to-back jets,
leading to a characteristic peak at A¢ ~ 7 in azimuthal correlations[§].
Gluon saturation is expected at high parton densities, where the stan-
dard 2 — 2 parton scattering picture breaks down. Instead, a probe parton
can interact with multiple gluons (see Fig. 2.2), leading to a broadening
or disappearance of the back-to-back correlation (the ”away-side” peak).
The CGC model describes this high-density regime, predicting that at suf-
ficiently low x, gluon recombination leads to collective recoil and modified

correlation patterns.

2.2.2 Experimental Setup

The STAR experiment’s forward rapidity measurements rely on upgrades
to its detector systems, enabling precise tracking and calorimetry in the

pseudorapidity range 2.5 < n < 4.0. Key components include:

1. Trigger and Acceptance

e Events are triggered by a forward 7V (2.5 < n < 4) detected via
its two-photon decay in the Forward Meson Spectrometer (FMS).

9



e Associated particles are measured in the Barrel/Endcap EM Calorime-
ters (|n| < 2.0) or FMS, enabling azimuthal correlation studies

across rapidity gaps.

This configuration allows the selection of events where a parton with
high-z (from the projectile) interacts with a gluon with low-z (from the

target nucleus), probing the saturation regime at x ~ 1073,

4,: p+p = A"A°+X, Ve = 200 GeV  d+Au —> #n"4X, Vo = 200 CoV, 0<T0p <500 d+du —> n'n’+X, Vs = 200 GeV, 2000< 0 <4000
S 0.0225F . >2 GeV/c, 1 CaV/c<prpu o016 Pu>2 GeV/c, 1GeV/c<ps<pr 0. pru>2 GeV/c, 1GeV/c<ps<pn
z 002 <NO>=32, <me>=3.1 <HO>=32, <ny>=32 f  <wo=dA<m>=32
0.0175 0. e CGCHoffset
0.015] + 0.02
0.0125 ..
§ 0.01 -
0.01
0,0078 0.01
N Ap
3 0.008 Peaks 5 0
[
0.0025 o Sa14001 | 0002} ﬁm? " 099006 0
oL Preliminary 7 068£001| I Prelimingry s
e 1z 3 4 - 0 2 3 4 &5 =1 o0 1 2z 3 =« 5
Ap Ay Ag

Figure 2.3: A comparison of di-hadron correlations between two forward 7 mesons is
shown for p+p collisions (left), peripheral d+Au collisions (center), and central d+Au
collisions (right)[4].

2.2.3 Key Results

1. Azimuthal Correlation Measurements: The study systematically mea-
sures the azimuthal angle difference (A¢) between a forward 7" and
an associated particle. The focus is on the comparison between p-+p

and d+Au collisions, and on the centrality dependence in d+Au[10].
2. Broadening and Suppression of the Away-side Peak:

e In p+p and peripheral d+Au collisions, the back-to-back (away-
side) peak at A¢ ~ 7 is prominent, though slightly broadened in
peripheral d+Au[5][6][7].

e In central d+Au collisions, the away-side peak is strongly sup-
pressed and significantly broadened, while the near-side peak (A¢ ~

0) remains unchanged[9].

10



3. Comparison with CGC Predictions: In central d+Au collision, a sup-
pression is observed, which is qualitatively consistent with CGC cal-
culations, which predict such effects due to gluon saturation in the

nucleus.
4. Systematic Studies:

e Simulations using PYTHIA (with various parton distribution func-
tions) and HIJING were performed to assess the impact of in-

creased multiplicity and combinatorial background in d+Au events.

e The suppression of the away-side peak is not reproduced by these
conventional models, nor is it attributable to increased event mul-
tiplicity or background effects, strengthening the case for satura-

tion physics.

The STAR data, especially in p+p, are sensitive to the gluon distribu-
tion at low x. The suppression and broadening of the away-side peak in
central d4+Au collisions, absent in p+p and not explained by conventional
models, are consistent with the onset of gluon saturation as described by
the CGC framework. Systematic checks confirm that the observed effects
are not artifacts of increased multiplicity or combinatorial background.
These results provide strong evidence that RHIC, with the STAR detector
and the FMS, can access the saturation regime in nuclear gluon distribu-
tions, offering valuable insights into the non-linear dynamics of QCD at

high parton densities.
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Chapter 3

Kinematic variables and simulation

methodology

In this chapter, the focus lies on explaining the kinematic variables involved
in heavy-ion collisions. We explore the kinematics variables involved in e—p
collisions, as it is easy to understand the kinematics of the DIS experiment.
Furthermore, the event generator used to simulate the p-Pb collision events

will be discussed.

3.1 Kinematics

The DIS process of an electron with a proton can be written as

e(p1) + p(p2) — €'(ps3) + X (pa)

where e, p refer to the incident electron and proton, ¢’ is the scattered elec-
tron, and X is the system of particles that are produced in this interaction,
p1, P2, p3, and py are their corresponding four momenta. The kinematic
variables x, Q?, y, and W?2 described below have intuitive physical inter-

pretations.

3.1.1 Kinematic Variables in e — p scattering

Fig. 3.1 shows a diagram of an electron-proton collision. In this diagram,
the initial four momenta of the electron and proton are labeled p; and po,

respectively, and the four momenta of the final particles are labeled p3 and

12



ps. Here, py is the collective four-momentum of all the particles broken

from the proton.

Py

Figure 3.1: Inelastic electron-proton scattering

The momentum transfer that occurs between the electron and the pro-
ton manifests as the exchange of a virtual photon with a four-momentum
of ¢ = p1 —p3. To simplify calculations across reference frames, the Lorentz
invariant quantity ¢ is used to describe the momentum transfer. Yet, ¢?
is a negative quantity, so the convention is to use a positive value labeled

as %, where
Q' =—¢ (3.1)

Q? is always positive.

The Lorentz invariant dimensionless quantity Bjorken =,

(3.2)

in the study of DIS, plays a vital role as a kinematic variable. It can
be interpreted in the quark-parton model as the fraction of the proton’s

momentum that a parton carries.

13



The invariant mass of the outgoing hadronic constituents is
W*=pi = (p2 +q)° (3.3)

W is also the CM energy of vp system, therefore  becomes,
Q2

= 3.4
’ Q%+ W? —m? (34)

m,, is the mass of the proton, W? = p? > mi and Q% > 0, we have
0<z<1 (3.5)

The value of x is the measure of "elasticity” of the scattering process.

Another dimensionless Lorentz invariant quantity is .

p2.q
P2-P1

(3.6)

In the rest frame of the proton, ps = (m,,0,0,0) and the momentum of

the virtual photon, ¢ = (E; — E3,p; — p3) and therefore,
y=1——=" (3.7)

E, and Ej are the energies of the incoming and scattered electrons, respec-

tively. It is easy to see that,

0<y<i1 (3.8)

y is the fraction of energy lost by the electron in the rest frame of the
proton.

In the lab frame, it is given by,

— 1 - B2 .
Y E, cos” 5 (3.9)

14



3.1.2 Rapidity and pseudo-rapidity variables

At relativistic energy, the rapidity variable is defined as,

1 E+p. 1 1+p./FE
— — Zn | —=2 2 3.10
’ 2 n<E_pz> 2 n<1_pz/E ( )
or,
_1 (P
— tanh 1(—) 11
y = tanh " (%2 (3.11)

It is a more appropriate quantity than the longitudinal velocity (5 = %&).
The advantage of rapidity is that it is additive under a longitudinal boost,
and the difference between the rapidities of two particles is invariant for
the boost along the z-axis.

The relationship between the rapidity y of a particle in the laboratory
frame F' and the rapidity v’ in a boosted frame F’ which moves with a
velocity (8 in the z-direction is,

;L 1 1+8
y—y—ﬁm(TjE) (3.12)

The only problem with rapidity is that we have to measure the energy
and momentum of the particle, which is not easy. This leads to the concept
of pseudo-rapidity.

For a particle emitted at an angle 6 to the beam axis, the rapidity is

given by,

1 E+p, 1 v/m? + p? 0
y:—ln( P > =—In W TP 1 peos (3.13)
2 E—p, 2 /m?2+ p? —pcosb
at very high energy, p >> m, mass can be neglected,
1 p+ pcost
y=—-In|——
2 p — pcosf
= —Intanf/2 =17

(3.14)

n is called pseudo-rapidity. For this, only # measurement is required. It is

a convenient parameter for experiments when details of the particle, e.g.,
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mass, momentum, etc., are not known, but only the angle of emission is
known, see figure 3.2. For n = 0, we have 6 with respect to beam axis is
90° and for 8 = 0 or 180°, 7 is large.

Barrel 1.5 +
W
& 2.0
o
e.&?__ 3.0 z
B 40 =0 »
_____I_h_h_.- -

Figure 3.2: Schematic representation of the values of pseudo-rapidity (7) around the
detector[18]

3.1.3 Transverse momentum

As the name suggests, transverse momentum is the transverse or perpen-
dicular component of the total momentum of a particle with respect to the

beam axis (z-axis). It is denoted by pr, and given by

pr = \/P? + P (3.15)

Transverse momentum is a key factor in understanding collisions. It
provides insights into the initial conditions of the collision and the behav-
ior of particles during and after the collision. Before a collision, there’s
no sideways momentum. But after the collision, any sideways movement
a particle has comes from the collision itself. So, by looking at how much
sideways momentum particles have, we can learn a lot about what hap-
pened during the collision. We’ll explore this idea further in the upcoming

sections.
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3.2 Monte Carlo event generators

The Monte Carlo method is a technique that is used to solve problems
using random numbers and probabilities. It’s widely used in numerical
analysis and simulating natural processes. In particle physics, Monte Carlo
generators create theoretical simulations of real events, helping scientists
understand particle interactions in experiments. Different Monte Carlo
generators often simulate different physics models, using matrix elements,
PDFs, evolution equations, parton showers, or hadronization models. The

few major general-purpose event generators are given below

e PYTHIA
e HERWIG
e SHERPA
o JETSCAPE

In the current study, JETSCAPE is used. A detailed description can be
found in.
In JETSCAPE, the collision processes (in our case, p-Pb collisions) are

modeled as a series of sub-processes|11].

I Modify, input parameters e.g., a, e

No

- ~
Nuclear Parton
Distribution ‘
Function )
/ I ~

-~ Statistical
fit test

Initial soft
density distribution
Corrected

Ve N
[ Success! |

[

JETSCAPE Event Generator L

\_—

Figure 3.3: Flowchart for the JETSCAPE framework[11]

e Initial State Configuration
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— 3D MC-Glauber Model: Represents nucleons as three hotspots
with Gaussian spatial distributions (width ~0.5 fm). Proton
and Pb nuclei positions are sampled event-by-event. Overlaps of
colliding hotspots generate initial energy density via a wounded
hotspot model. Parameters (hotspot cross-sections, fluctuation
scales) are XML-configurable. Preferred for studying centrality-
dependent observables where nucleon position fluctuations domi-
nate (e.g., high-multiplicity p-Pb).

— IP-Glasma Model: Models nuclei as color charge distributions us-
ing the IPSat parametrization. Gluon saturation scales (@) are
energy-dependent, with JIMWLK evolution for small-z dynam-
ics. Solves Yang-Mills equations post-collision to generate initial
gluon fields (flux tubes) and T". Critical for low-pr observables

sensitive to gluon saturation (e.g., ridge correlations in p-Pb).
e Pre-Equilibrium Dynamics
— MC-Glauber Path: Skips pre-equilibrium phase; energy density is
directly fed to hydrodynamics.
— IP-Glasma Path: Includes Yang-Mills evolution (up to 7 ~ 0.6
fm/c) to model Glasma field dynamics before hydrodynamics.

e Hydrodynamic Evolution

— MUSIC Hydrodynamics: Evolves the medium using (2+1)D vis-
cous hydrodynamics. Input initial conditions depend on the cho-

sen model:

x MC-Glauber: Smooths energy density via a Gaussian kernel
(width ~ 0.4 fm).

x IP-Glasma: Uses the energy momentum tensor 7" directly.
— Common Parameters:

x Shear viscosity: n/s(T) = 0.08 x (T'/T.)* (peaking near T, ~
160 MeV).
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* Freeze-out: Ty = 154 MeV.
e Jet Energy Loss

— Initial Radiation: i-MATTER handles vacuum-like radiation from
hard scatterings located at MC-Glauber hotspots or IP-Glasma

flux tubes.

— Medium Interaction: MATTER simulates in-medium splitting
with energy loss rates dependent on the local medium temper-

ature (from hydrodynamics).
e Hadronization and Final State

— Cooper-Frye: iSS converts hydrodynamic output to hadrons.

— SMASH Afterburner: Simulates hadronic rescattering, improving

agreement with py < 2 GeV spectra.
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Chapter 4

Saturation Framework

This section deals with the theoretical background of the initial state of
heavy-ion collisions and motivates the rest of the thesis. We will discuss
the IP-Sat and the IP-Glasma model, the dipole-dipole interaction theory,

and how it is related to the saturation energy[12].

4.1 IP-Glasma

[P-Glasma is designed to model the distribution of color charges in nuclei
using the IP-Sat (Impact Parameter dipole Saturation) framework[13][14][15].
It calculates the color charge configurations and then evolves the corre-
sponding gauge fields over time by solving the classical Yang-Mills (CYM)
equations. Ultimately, IP-Glasma determines the system’s stress-energy
tensor, which is then diagonalized to extract the local energy density and
flow velocity—quantities essential for initializing hydrodynamic simula-
tions. While the classical Yang-Mills dynamics have already been dis-
cussed, this section focuses on the core aspects of the IP-Sat model, the
stochastic sampling of nucleons, and the procedure used to compute the

color charge density in the incoming nuclei before collision.

4.1.1 IP-Sat Model

The Impact Parameter Saturation (IP-Sat) dipole model [13] can be nat-

urally extended to describe DIS processes involving nuclei. This approach
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allows for the investigation of nuclear effects, including comparisons with
experimental data related to nuclear shadowing. Additionally, it enables
an estimation of the saturation scale in heavy nuclear systems.

In the dipole framework, the interaction between a virtual photon (v*)
and a proton unfolds in three distinct stages. Initially, the virtual photon
splits into a quark-antiquark (¢g) pair. This pair then undergoes elastic
scattering off the proton. Finally, the quark-antiquark pair recombines to
form the outgoing virtual photon. This sequence is illustrated schemat-
ically in Fig. 4.1. The total amplitude for the process is given by the
product of the amplitudes for each step. We now examine each stage in
detail.

Figure 4.1: Feynman diagram of ¢ pair interacting with proton[13].

The amplitude describing the fluctuation of an incoming virtual photon,
characterized by polarization (A = +,—,0) into a quark-antiquark pair
of flavor f, with helicities h,h = :l:%, is represented by the light-cone
wave function of the photon, denoted as (¢, f)ﬁﬁ. The light-cone wave
function (w%f)ﬁﬁ depends on three key variables: the photon virtuality
@Q?, the longitudinal momentum fraction z carried by the quark, and the
transverse separation r between the quark and antiquark. These wave
functions are calculated using light-cone perturbation theory at leading
order in the quark’s electromagnetic coupling [10]. The amplitude for the
reverse process, where the quark-antiquark pair recombines into a virtual
photon, is given by the complex conjugate wave function (¢ f)ﬁﬁ.

The elastic scattering amplitude, Ag?(ﬂf, r,A), is well described by the
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squared momentum transfer A? = —t for the elastic scattering of the ¢
pair. Here A.; is defined such that the elastic qgq cross section is

daqq o 1

- —|A, A)J? 4.1

The S-matrix element at a particular impact parameter b is defined as
1 , _
Sb) =1+ §/d2Ae’b'AAglq(x,r, A) (4.2)

This interpretation aligns with the intuitive concept of impact parame-
ter primarily when the dipole size is much smaller than the proton’s overall
size. The total cross section for the gq pair is obtained by taking the imag-
inary part of the elastic scattering amplitude ¢A.;, or, equivalently, it can

be expressed in terms of the S-matrix element[16].
04q(x,7) = Imi A% (2, 7,0) = /d2b2(1 — Re S(b)) (4.3)
Hence, the quark-antiquark differential cross section is given by

dogg
2y = 2(1 — Re S(b)) (4.4)

4.1.2 Model Description

The total cross section for a small ¢q dipole interacting with a dilute gluon
field scales with the dipole’s transverse area, the strong coupling constant,

and the gluon density within the target.

9
T 9

0oq = 77 s (1)zg (1) (4.5)

where zg(z, u?) is the gluon density at some scale py?. Now, consider a
scenario where the gluon density within the target is significant. To an-
alyze the interaction, we divide the target into thin longitudinal slices of
thickness dz. The probability that a dipole, located at a given impact

parameter b, traverses one such slice of the target without undergoing an
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inelastic interaction is given by

2

Pb) =1 = 57wy, 1*)p(b, ) (4.6)

Here p(b, z) denotes the density of the gluons within a proton and is nor-

malized to one
/ d*bdzp(b, z) = 1 (4.7)

By exponentiating this result, we obtain the total probability that the
dipole passes through the entire proton without experiencing any inelastic
interactions. This probability is expressed as an exponential suppression
factor, accounting for the cumulative effect of multiple potential scatterings

across all the thin slices of the target.

2
™ 9

Iﬂwfzaw<—ﬁwa4ﬁﬂm%uWN®> (48)

C

Here T'(b) is the thickness function

T(b) = /_OO dzp(b, z) (4.9)

oo

To obtain the total cross section at a given impact parameter, we assume
that the S-matrix element is predominantly real. Then the cross-section

at a given impact parameter b is given by 2(1 — Re S(b)) or

2y [1 - <_2§$f20‘8(’”‘2)x9 (2 MQ)T(b)M (4.10)

This is the Glauber-Mueller dipole cross section.
The dependence on the impact parameter is incorporated via the proton
thickness function 7'(b), which is modeled as a Gaussian distribution and

normalized to have an integral of one.

1

T(b) =
(6) 2mBg

exp (—b°/2B¢) (4.11)

By examining the differential cross section as a function of the impact
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parameter for various dipole sizes, it becomes evident that the total cross
section described earlier starts to level off, or saturate. This saturation
occurs at increasingly larger impact parameter values as the dipole size
increases.

Rather than interpreting saturation as a phenomenon triggered below a
specific energy threshold, it can also be understood in terms of dipole size:
as the saturation scale grows, only smaller dipoles can effectively interact
with the nucleus. This concept is depicted schematically in Figure 4.2 and

is presented with more quantitative detail in Figure 4.3.

Figure 4.2: Schematic diagram showing that as energy increases, the gluon density inside
the nucleon increases.

The gluon distribution function, xg(x, u?), is initialized at the scale
p3 =1 GeV? via
v9(x, 1) = Aga (1 - 2)8 (1.12)

In the IP-Glasma model, the saturation radius r, is defined as the dipole
size at which the proton effectively spans one interaction length. This
condition is implemented by setting the exponent in Equation (4.10) equal
to 1/2. In other words, we define 7, such that:

2
1
(et trm )| =3 (4.13)
From there, the radius can be related to the saturation scale via
2

S

24



Plugging this into the dipole saturation cross section, we get

U 2 2 2 U
Q—NCT Oés(ﬂ )xg(a:,,u )T<b) = NCQ%J)

as(p?)eg(a, n*)T(b) =1 (4.15)

which, solving for @),

7'('2

2
2 = 20, (u? 2waw 4.16
Qrp = Frr o )eg(e, 1) T(B) ~ = (4.16)

where the thickness function is a two-dimensional Gaussian that acts as

the inverse of the spatial area of the dipole, 1/Agipoie-

Differential Dipole Cross Section Saturation
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Figure 4.3: The differential dipole cross section as a function of impact parameter for
different proton sizes [15].
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Chapter 5

Result and Analysis

In this chapter, the analysis focuses on the two-particle correlation of neu-
tral pions. The discussion begins with the basic kinematic plots depicting
the transverse momentum of the neutral pions. We then see the di-pion
correlation for the p — Pb system, for the differential multiplicity distri-
bution, and the results with the saturation model are compared with the

non-saturation one.

5.1 Transverse momentum distribution

In figure 5.1, the transverse momentum distribution of final state neutral
pions is shown for saturation model and non saturation model. The center
of mass energy of the collided particles, p— Pbis 5.02 TeV. From figure 5.1,
it is observed that the JETSCAPE prediction with and without IP-Glasma

matches well with each other.
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p* GeV/c

Figure 5.1: Normalized neutal-pion transverse momentum distribution from JETSCAPE.
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5.2 Two-particle azimuthal correlation

In the two-particle azimuthal correlation, the correlation between a trigger
neutral pion and an associated neutral pion is used. The basic idea is to
make a correlation between a pair of neutral pions with high momentum
imbalance. This study involves the measurement of relative angle Ag,
where A¢ = @rpig— Passoc 15 the difference in azimuthal angle. This function
is sensitive to the momentum imbalance between the two hadrons.

The two-particle correlation function is defined as
(5.1)

where N, is the number of correlated pions and the IVy.;, is the number
of trigger particles.
Figure 5.2, shows the A¢ correlation in the p — Pb system at /s =

5.02 TeV, within the transverse momentum cut of, péfig > 2 GeV, and

1 < p%ssoc < p?:ig

, and the pseudo-rapidity cut of 2.5 <7 < 5. A dominant
near-side peak (A¢ = 0) is observed, and a broad away-side peak (A¢ = )
is seen. The away side shows no visible suppression in the away side. A
similar study is done for differential multiplicity range, as shown in Figure
5.3, where multiplicity is divided into four different ranges. As seen in the
STAR experiment results, a significant suppression is expected on the away
side for high multiplicity events. The away-side peak for high multiplicity

events shows a slight suppression, but is not statistically promising.
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Figure 5.2: Azimuthal angle (A¢) correlation between final state neutral-pions.

0.1

Clag)

‘g‘ —— with IP-Glasma § 0.1
—— without IP-Glasma (&

100 <N, < 150

PePb = £0axOuX, %= 502 TeV 0.08—
PI 206V, 1 ¢ pi= (2 GaV
25¢ nes

50 <N, <100

0.08

0.06

0.04

0.02

0.1

C(ag)
C(ag)

0.08
0.06
0.04

0.02}

Ap (rad)

Figure 5.3: Azimuthal angle (A¢) correlation between final state neutral-pions for differ-
ent multiplicity ranges
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Chapter 6

The EIC Experiment

The Electron-Ion Collider (EIC) will be the first collider to explore the
inner workings of both protons and nuclei at high energies. It aims to an-
swer fundamental questions about our visible world, such as the origin of
nucleon spin, nucleon mass, and dense properties of the gluon systems. Us-
ing deep inelastic scattering (DIS) processes, the EIC’s electron beam will
probe protons and nuclei across a wide energy range of center of mass en-
ergy, /s = 20 to 140 GeV. This approach offers cleaner data compared to
other collision types, enabling precise studies of strong interaction physics.
The EIC White Paper outlines key aspects of its extensive physics pro-
gram. The EIC’s physics goal can be achieved by the study of three basic
types of DIS processes:

e Inclusive DIS: e+ p/A — €' + X. For this reaction, it is imperative
to measure the scattered electron, €/, with high accuracy, as it is the
primary particle used to determine the event’s kinematic variables.

Other final-state particles are not considered.

e Semi-inclusive DIS: e+ p/A — ¢/ +h*?+ X. This process involves
measuring the scattered electron along with at least one identified

hadron..

e Exclusive DIS: ¢ + p/A — € + p//A" + /T /V M. This process

requires high-precision measurement of all particles in the event.

Vector Meson
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At the EIC, all physics processes demand precise reconstruction of event
and particle kinematics — including variables such as z, Q?, y, W2, pr, 2,
¢, and 0. Key parameters like 2, Q?, v, and W? can be determined from
either the scattered electron or the hadronic final states. To cover the com-
plete z — Q? plane across various center-of-mass energies and highly asym-
metric beam energy configurations, the detector must accurately recon-
struct events over an extensive rapidity range. Achieving this necessitates
sufficient detector acceptance and resolution. Without effective coverage
beyond the rapidity region |n| > 2, a considerable portion of the z — *
phase space would be inaccessible at the EIC, highlighting the importance
of the lepton and hadron end-caps. Figure 6.1 demonstrates the relation-
ship between pseudo-rapidity, scattering angle, and the x — (? phase space

for the detector components near the interaction point. The central de-

p/A beam - electron beam

high-q2

Central
Detector

Figure 6.1: Schemaic layout of hadrons and the scattered lepton for different z — Q2
distributed over the detector rapidity coverage [17].

tector, which covers roughly the region |n| < 1, is commonly called the
barrel detector. The hadron and electron end-caps are often referred to
as the forward and backward end-caps, respectively. This configuration is

further complemented by very-small-angle detectors located farther from
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the interaction point, known as the very forward and very backward de-
tectors. However, geometrical acceptance is not the only limiting factor.
For forward-moving high-energy particles, more significant constraints arise
from the minimum detectable particle momentum, transverse momentum
acceptance, and momentum measurement resolution. These challenges can
be addressed by operating the central solenoid at different magnetic field
strengths. Additionally, the EIC setup includes auxiliary systems such as
the luminosity monitor and the lepton and hadron polarimeters, which are

essential for the physics program.

6.1 Reference EIC detector

The rich physics potential of the EIC is closely linked to the experimental
setup and the capabilities of its detectors. To realize the full scope of the
EIC’s scientific program, researchers will investigate three main types of
processes: (i) inclusive, (ii) semi-inclusive, and (iii) exclusive interactions.
These studies will involve collisions between electrons and either light or
heavy nuclei, utilizing polarized beams for both electrons and light nuclei,
and will cover a broad spectrum of center-of-mass energies.

A conceptual design for the central detector closely aligned with the
physics objectives is shown as a 3D representation in Figure 6.2 and as a
2D schematic in Figure 6.3. Figure 6.4 highlights the layout of the very
forward detectors. The design is based on the following key features.

The central detector is engineered to provide coverage across a wide
pseudo-rapidity interval —4 < n < 4, with full instrumentation within the
core region of |n| < 3.5. This extensive acceptance is specifically tailored to
meet the demands of a diverse set of physics studies, including inclusive and
semi-inclusive measurements, jet reconstruction, and hadron spectroscopy.
These processes require the ability to detect particles over a broad angular
range with high precision.

To achieve nearly complete event reconstruction, referred to as detector

hermeticity, and to enable the identification of particles scattered at small
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Hadron Calorimeter Endcap
Electromagnetic Calorimeter

Cherenkov Counter
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DIRC
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Barrel Hadron Calorimeter

Transition Radiation Detector
Preshower Calorimeter
Electromagnetic Calorimeter
Hadron Calorimeter Endcap

Figure 6.2: 3D model of EIC detector design|[18].

angles, particularly those relevant for exclusive and diffractive processes,
the central detector is augmented with specialized very forward and back-
ward detection systems. These additional components are essential for
tagging leading particles and detecting remnants of the ion or electron

beams, which are key signatures in many targeted physics channels.
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Figure 6.3: A 2D schematic of an EIC detector layout[18].

The design of the central detector is guided by the geometrical char-

acteristics of collision events and the specific scientific objectives of the
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EIC. The detector must fulfill several critical performance criteria. These

include:

1. High-resolution tracking and momentum measurement capa-

bilities to accurately reconstruct charged particle trajectories;

2. Reliable electron identification to distinguish electrons from the

abundant background of hadrons and photons;

3. Effective hadron identification over a wide momentum range to

separate different species such as pions, kaons, and protons;

4. Precise jet energy measurements to analyze the structure and

dynamics of hadronic final states;

5. Compact and optimized physical dimensions that are consis-
tent with the spatial constraints and interaction region design of the

collider.

B2pf dipole
5 @ — 20C
-

_._,_,..--"'*
Roman pots .

(inside pipe) L/. B1apf dipole
‘ B1pf dipole
Off-Momentum \
Q1bpf quadrupole

Detectors \
» \QZ;}[ quadrupole
ladron beam
coming from IP Q:pf g%zz;ugﬁgh
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Figure 6.4: A GEANT4 visualization depicts the far-forward hadron beam magnets in
green, along with a simplified illustration of the beam pipe and the four detector subsys-
tems that are currently part of the reference detector configuration[18].

Together, these features ensure that the central detector can support
the full breadth of the EIC’s physics program, providing the necessary

precision and versatility for cutting-edge measurements.
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In Figure 6.5, we have a view of the first detector of EIC, called ePIC.
It is a collection of many sub-detectors. It has a 1.7 Tesla superconduct-
ing magnet for curving the trajectories of the charged particles created in
collisions, high-precision silicon detectors for tracking particle trajectories
in the magnetic field, precise calorimeters for measuring the energy of the
particles, and excellent particle identification detectors. This experimental

facility is still in the development phase and the detector is also virtual. So

Dualk-radiator RICH

. imitysioctised

Hadron Directos
Tracking®

Figure 6.5: 3D schematic of an ePIC detector design[17]

the task that we are doing is to study the resolution and efficiency of the
detector so that we can optimize it for better performance. This kind of
study is incredibly valuable in the development phase of any experimental
facility. This allows us to explore various design parameters, optimize per-
formance, and anticipate potential challenges before committing to physical
construction. The process is as follows:

We'’ve obtained data from e — p collisions simulated using the event
generator PYTHIA. This data is then passed through our virtual detector
setup, yielding output that includes hit positions, energy, momentum, and

other relevant information. By comparing the kinematics of the particles
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generated by PYTHIA with those detected or reconstructed by the virtual
detector, we can assess the performance of our detector.

Efficiency is defined as

Reconstructed (pr, 7, ¢, ...)
Generated (pr,n, ¢, ...)

Efficiency = (6.1)

Resolution is given by,

Reconstructed (pr, 7, @, ...) — Generated (pr,n, ¢, ..
Generated (pr,n, ¢, ...)

) (6.2)

Resolution =

6.2 Track reconstruction method

Modern particle tracking systems employ two distinct reconstruction ap-
proaches to handle different experimental requirements. These methods
balance computational efficiency with physical accuracy through comple-
mentary strategies. Truth-seeded reconstruction is designed as an idealized
approach, where every final-state charged particle generated in the simu-
lation is used to create a track seed based on its true physical parameters.
Specifically, the true charge, momentum (q/p), polar and azimuthal angles
(0, ¢), and the exact generation vertex are employed directly to initialize
the seed. There is also an option to apply smearing to these initial param-
eters to mimic detector resolution effects, but fundamentally, the method
assumes perfect knowledge of the particle’s trajectory at the outset. The
workflow proceeds by passing these seeds into a combinatorial Kalman
filter (CKF) for track finding and fitting, followed by geometric match-
ing between reconstructed tracks and generated particles. This approach
provides a benchmark for the best possible tracking performance, as it is
unaffected by detector inefficiencies or ambiguities in hit association.

In contrast, real-seeded reconstruction reflects the practical realities of
experimental data analysis. Here, seeds are generated using the ACTS
orthogonal seeder, which identifies triplets of space points-clusters of hits

in the silicon detectors-that are consistent with the expected trajectory of
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a charged particle moving in a uniform magnetic field. The seed finder
and filter are highly configurable, with parameters set to define the search
region in radius and z, the allowed angular range, and minimum transverse
momentum, among others. Once a seed is formed, the seed space points
are fit to extract the initial track parameters (charge, q/p, 6, ¢, and posi-
tion), and these are then passed to the CKF for full track finding and fit-
ting. Real-seeded reconstruction must contend with the possibility of seed
duplication, as multiple combinations of space points can correspond to
the same underlying particle, especially in regions where a particle crosses
many detector layers. Ambiguity resolution is therefore an essential step,
ensuring that only the best candidate track is retained for each particle.
Both methods use the same downstream tracking algorithms, with the
main distinction lying in how the initial seeds are formed. Truth-seeded
reconstruction provides an idealized reference for algorithm development
and detector benchmarking, while real-seeded reconstruction is essential for
realistic performance estimates and ultimately for analyzing experimental
data. Ongoing developments include refining the seed finder for large-|z]|
vertices, implementing hit-level matching between tracks and generated
particles, and improving ambiguity resolution to further enhance the fi-

delity and efficiency of the reconstruction process.

6.3 Efficiency of charged pions

In Fig. 6.6, we observe the efficiency distribution represented by the ra-
tio of the reconstructed pr to the generated pr for the truth-seeded track.
The efficiency plot is prominently centered at 1. Similarly, in Fig. 6.7, we
observe the efficiency distribution represented by the ratio of the recon-
structed pr to the generated pr for the real-seeded track. The efficiency
plot is prominently mean around 1. In Fig. 6.8, we observe the efficiency
distribution represented by the ratio of the reconstructed n to the gen-
erated n for the truth-seeded track, with the efficiency plot prominently

mean around 0.85, and for the real-seeded track, with the efficiency plot
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Figure 6.6: Variation of efficiency with transverse momentum (pr) of charged pions for
truth-seeded track
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Figure 6.7: Variation of efficiency with transverse momentum (pz) of charged pions for
truth-seeded track
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Figure 6.8: Variation of efficiency with pseudo-rapidity (n) of charged pions for truth-
seeded track

prominently mean arouund 0.7.

6.4 Momentum resolution of charged pions

6.4.1 Momentum resolution for truth seeded particles

This section will show the momentum resolution of charged pions with
varying n ranges. Figure 6.9 shows the momentum resolution of charged
pion vs generated pr in the mid eta range |n| < 1. The resolution is nicely
centered around zero, showing good resolution. In fig. 6.10 and 6.11,
we have the projection of 2D-histogram onto the y-axis, for different pp
ranges as shown in the figures and these distributions are fitted with double
Gaussian® function and sigma (o) of each distribution for the particular pr
range is calculated. Sigma (o) in each pr interval shows deviation up to

0.7%, see fig. 6.12. The effective sigma of the double Gaussian function is

| Ajoi 4+ Ao
o= \/ A A, (6.3)

calculated using

2Double Gaussian function is the sum of two Gaussian function
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here o and o9 are the standard deviation of each Gaussian and A; and

recop_-genp /genp_

Charged. pions(m*, )

1< met

18 20
P, GeViec

Figure 6.9: Momentum resolution of charged pions in |n| < 1 range.

Aj is the amplitude of each Gaussian function.

Figure 6.10: Resolution across various pr ranges, fitted with double Gaussian function

Similar studies are done for other n ranges as well, as shown in Figure

6.13.
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Figure 6.12: Sigma (o) vs pr for charged pion at |n| < 1
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Figure 6.13: Sigma (o) vs pr for charged pion at different n ranges.
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6.4.2 Momentum resolution for real seeded particles

A similar study was done for the real-seeded data as well. Figure 6.14
shows the momentum resolution of charged pions vs generated pr in the
positive forward eta range 1 < n < 3 for the real-seeded branch. The
resolution is nicely centered around zero, showing good resolution. Figure
6.15 and 6.16 shows the projection of the 2D histogram onto the y-axis for
different ppr ranges as in the figure, and these distribution is again fitted
with a double Gaussian function, and the sigma (o) of each distribution
for the particular pr range is calculated. Sigma (o) in each pp interval
shows deviation up to 1.5%, see Fig. 6.17. The effective pr of the double

Gaussian is calculated using equation 6.3.

Charged pions(r*, )

© 1< 1< 3(recoSeeded)

recop -genp /genp_

~0.2
0.4
~0.6F
-0.8
0 2 4 6 8 10 12 14 16 18 _ 20
p. GeV/c

Figure 6.14: Momentum resolution of charged pions in 1 < 1 < 3 range for real-seeded
branch

We find the o vs pp for other n ranges as well, see fig. 6.18 and then
compare the results for the truth-seeded and real-seeded data, see Fig.
6.19.

42



UOI}OUN]J URISSTIRY) 9[qNOP UM Po}}Y ‘sofurd Ld SNOLIRA SSOIDR UOIIN[O0SIY :GT'Q 9INJIg

FOO £00 200 100 Q Lo~ 200~ €00~

R M L e ety

— Qs
— 0001
BLET Gpal -
LE0O0D T BLLLOTO gd || 00s
PO—S868°L T CO-B9ZZE- pd -
BBSL T [BLL ed -
LOLOD'O T SBRLOO zd -
BEE0OD'D T ZROZO0D d || 0002
B2Z3LT BWLL od -
ES/EL0F Pu L -
EVLDO regpig 4
ZOELOOOD D ueapy |I 00se
0S5y sanug 1
§ oaloid 10p . 3
02> (o/p8D) d > 09
00 £0°0 200 (Lol Q Lo- 200 £0°0—

0001

000z

2

00E

Q

0¥

]

005

2

009

0004

]

008

09 F 5095 El
SI0000F BEDIDD 5
18900000 F  BLEIO00T- vd
saIZF 01E o
VEIOOUF FRLIOD 20
0BIOTDF BELIOOT @
vezzT ezl o
5540 g
£oEL0T oS
£2600000 ueapy
BSESPL sa|g
S
w00 £00 200

1
0¥ > (o/p8D) d > 0e

0 Q

200~ £0°0~

Va2 ¥ w8ss ad
200000F 220100 5d
FHZO0000F  BSEI0000 vd
ASHTET POBVEEE od
OROO00F ZHO20D £l
GER00000F  LOSEO00D ]

od

VESET 3816
5/ 8 1puy K
Lopion w2 pi5
50-380v - uzapy
/8829 a3

0ooaL

a0osk

aooaz

0005z

00008

000SE

0000%

2 _ooloidLdp

1
0L > (o/n8) d > 90

o €00 o0

e Q 100~ 200~ £0°0-

e e e

=

as

000k

0051

0002

0052

=

008

0056

TTT 19
YEODD T 244100
$0-929E'L T 90-R08'S vd
BO0EE T BISE &d
180000 7 EALIDD zd
EGZ000°0 ¥ SBELOGO d
Lezg T Banl od
£5/ 852 Jpu ;X
ESELDD 80 IS
FLES000D ueayy
50rGS sauu3
T oeloa dn
o €00 200

L
09> (ypeD) d > 0'g

Lo o \oo- 200~ €00~

00~

ZTLLF L5H
HR000F L0000
908852 T EI-SEIEL
ZHBAVETF PO+ORET
ZLOOTOF ZLRIOD

o

000z

=

0¥

=

009

=

008

00004

000z

000F 1

00031

BI0000F BEIDOT )
TSEF T o
£¢ 16099 Jpuy ck
162100 8 s
YaVZO000 uBay
siivsz sapg

_oojoid ) dp

00 ¥0

L
o€ > (ype) d> 0g

owE R
00D0T B2I0D
SIZODO00F S9GL000T-
ASNOTYF POHSERLE
OEOOOUF $2ZZ0T
I3R00000F BIEL000D
STV F POrSTEr L

@addnidg

VLTS Jpu gt
961100 Ao ms
IE1Z000°0 ueapy
z221000 sawg

0000k

00002

00008

0000+

00005

| oafoid dp

L
90 > (7peD) d > €0

00 £00

200

0 o o=

200~

£0°0-

o

SO-e86B . T 9095958 pd -
E¥ILT ZEHE gd -
EGDO0'D ¥ &2610°0 zd -
¥BZ000°0 T TSLL000 1 -
GE9L T BLGE od |
EG/BP0L Uyt -
LZELDD ned s ]
1910000 ueapy -+ ]
EPLYE s8u3 1
9 dafoud 1 dp . .
06> (peD) d> 0
00 £0°0 200 100 0 Lo- 200~ £0°0— 10

V¥ET 9868
500000F LBENYD
SOSLETF SOOMES
HSTEF POSET
BYO00D0F LELEI00
HSTHTET EI-SEWE
(LI R
B8/ Tl

et

85110000

arisog

£ oaloud) dp

1
0z > (pen) d> 0t

Y PN P Y e e P e P P L

0587 LsEE o
SI0000T 282100 od
£090000°0F PRELOODD vd
Z0OB0EE T POVRLON ]
ES000°0F EESZ0D zd
SG0000D 7 99EZ000 1d
GPEZ T FEBL od
£5 /7001 ipu ;L
880200 w80 PIS
2GEL000 ueapy
BEBEES saunug
4 93[oid 1 dp

1
€0 > (AeD) d> 10

0001

0002

0ooaL

0005+

00002

oo0ose

ooooe

0o0ose

g

0ooakL
0002k
elaleid
0009k
[elaler: 18
0ooae
00022

43



8¢ P, (GeVic) < 9 9< P, (GeV/c) < 10

GpTproles 10
2000 1400) -
L L 1000
1800F~ [
E 1200|
1600~ L
£ [ 800
1400 1000|
12001~ r
E 800 600
1000
E 600
800f [ 400|
600 400f
400~ [ 200
£ 200
2001~ L
BT e b b L L | L S T DN E N PR T I I NI N B S|
=004 003 —002 —0.01 0 001 002 003 004 = 002 001 0 001 002 003 004 -004 003 002 001 0 001 002 003 00

10< P, (GeVic) < 12 12¢< P, (GeVic) < 16 16 < P, (GeV/c) < 20

ApThrojec T — s c— PR R Ea—
1400 B -
F ooeors t
: [ oo
ot A Er
L [ w 5w
L 2623 =501 F »1 0.003591 + 0.000576
[ oousone =0000538 [ o e
[ oozsis =0z 1000~ 5 =
10001 o3 =477 [ W omomes oo
F + 0001416 =00002065 » cotess +oors
E 001811 <0005 [ * o
a0l ssie zoms 800l
600 600
4001 400,
200 ¢ 200
L | | L | ok I L, L
Boi 002 0 002 004 006 008 2006 -0.04 -002 0 002 004 006

Figure 6.16: Resolution across various py ranges, fitted with double Gaussian function
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Chapter 7

Summary

This thesis presents a comprehensive investigation into gluon saturation
phenomena in quantum chromodynamics (QCD) through di-hadron cor-
relation studies and evaluates the efficiency and resolution of the ePIC
detector for the forthcoming Electron-lIon Collider (EIC). Gluon satura-
tion, a non-linear QCD effect, is expected to occur at high energies (small
Bjorken-x), where gluon densities in protons and nuclei become so large
that recombination processes counterbalance gluon splitting. This regime,
described by the Color Glass Condensate (CGC) framework, is of fun-
damental interest for understanding the collective behavior of partons in
dense nuclear matter.

A central focus of the thesis is the use of di-hadron (two-particle) az-
imuthal correlations as a sensitive probe of gluon saturation. In high-
energy proton-nucleus (p+A) and deuteron-gold (d4+Au) collisions, the
typical back-to-back correlation of hadron pairs-characterized by a peak
at azimuthal angle difference A¢ =~ m-becomes suppressed and broadened
in the presence of saturation. This decorrelation results from multiple
scatterings and gluon recombination in the dense nuclear medium, leading
to a significant modification of the away-side peak in azimuthal distribu-
tions. Experimental results from the STAR experiment at RHIC, utilizing
forward rapidity measurements and upgraded detector systems, provide
strong evidence for this suppression in central d4+Au collisions. These

findings are consistent with CGC predictions and are not reproduced by
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conventional models such as PYTHIA or HIJING, which do not incorporate
saturation effects. The thesis demonstrates that such di-hadron correlation
measurements are among the most direct and sensitive methods to access
the underlying gluon dynamics and to constrain saturation models.

The theoretical framework underpinning these studies is detailed through
the discussion of the IP-Sat and IP-Glasma models, which simulate the ini-
tial conditions of heavy-ion collisions by incorporating impact-parameter-
dependent gluon saturation and classical Yang-Mills dynamics. The thesis
describes how these models are used to calculate color charge configura-
tions, gauge field evolution, and the resulting energy density profiles essen-
tial for hydrodynamic simulations. The saturation scale, ()5, emerges as
a key parameter, growing with both nuclear size and collision energy, and
delineating the transition from dilute to saturated gluon regimes.

In addition to the phenomenological and experimental analysis, the the-
sis evaluates the performance of the ePIC detector, the reference detec-
tor for the EIC. The EIC is designed to deliver unprecedented access to
the small-x regime, enabling high-precision studies of nucleon and nuclear
structure via deep inelastic scattering (DIS). The thesis outlines the kine-
matic variables central to DIS-such as Bjorken-x, photon virtuality Q2
rapidity, and transverse momentum-and describes the use of Monte Carlo
event generators (notably JETSCAPE) to simulate collision events, incor-
porating both initial state models and hydrodynamic evolution.

The detector performance study centers on the reconstruction efficiency
and momentum resolution for charged pions, employing both truth-seeded
(idealized) and real-seeded (experimentally realistic) tracking algorithms.
Efficiency is quantified as the ratio of reconstructed to generated kinematic
variables, with results showing high efficiency (centered around unity for
transverse momentum, slightly lower for pseudo-rapidity). Momentum res-
olution is assessed using double Gaussian fits across various momentum and
rapidity ranges, revealing that the detector achieves good resolution, with

deviations typically below 1%. These findings indicate that the ePIC de-
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tector design is well-suited for the EIC’s ambitious physics goals, offering
the necessary precision and coverage to explore gluon saturation and other
key QCD phenomena.

In summary, this thesis provides both a theoretical and experimental
foundation for the study of gluon saturation using di-hadron correlations
and establishes the readiness of the ePIC detector for high-precision mea-
surements at the EIC. The results pave the way for future investigations
that will deepen our understanding of QCD in the high-density regime and

address fundamental questions about the structure of matter.
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Appendix A

JETSCAPE setting for saturation

effects

<?7xml version="1.0"7>
<jetscape>

<vlevel> 0 </vlevel>

<nEvents> 1000000 </nEvents>
<setReuseHydro> true </setReuseHydro>
<nReuseHydro> 10000 </nReuseHydro>

<outputFilename>music_ipglasma_bTeV_pTHat_2_Ev100k</outputFilename>
<JetScapeWriterAscii> on </JetScapeWriterAscii>
<JetScapeWriterFinalStatePartonsAscii>

off
</JetScapeWriterFinalStatePartonsAscii>
<JetScapeWriterFinalStateHadronsAscii>

on

</JetScapeWriterFinalStateHadronsAscii>

<Random>
<seed>0</seed>
</Random>
<!-- Inital State Module -—=>
<IS>
<l-- <Trento> </Tremto>-->
<IPGlasma> </IPGlasma>
</IS>
<!-- Hard Process -->

49



<Hard>
<PythiaGun>
<FSR_on>1</FSR_on>
<pTHatMin>2</pTHatMin>
<pTHatMax>1000</pTHatMax>
<eCM>5020</eCM>

<LinesToRead>
HardQCD:all = on
PDF:useHardNPDFA=o0on
PDF:useHardNPDFB=on
PDF :nPDFSetA=1
PDF :nPDFSetB=1

PDF:nPDFBeamA = 2212
PDF :nPDFBeamB = 100822080
</LinesToRead>
</PythiaGun>
</Hard>
<!--Preequilibrium Dynamics Module
<Preequilibrium>
<!--<NullPreDynamics> </NullPreDynamics>-->

<Glasma> </Glasma>

</Preequilibrium>

<!-- Hydro Module -->
<Hydro>
<MUSIC>

<Initial_time_tau_0>0.4</Initial_time_tau_0>

<freezeout_temperature>0.15</freezeout_temperature>

</MUSIC>
</Hydro>

<!--Eloss Modules -->
<Eloss>
<Matter>
<in_vac> 0 </in_vac>

</Matter>

<Lbt>
<name> Lbt </name>
<in_vac> 0 </in_vac>
</Lbt>
</Eloss>

<SoftParticlization>

<l-- iSpectraSampler -->
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<iSS>
<hydro_mode>1</hydro_mode>
<!-- hadron species 1list O0: PDG 2005; 1: UrQMD; 2: SMASH --

<afterburner_type>1</afterburner_type>
</iS8s>
</SoftParticlization>

<!-- Hadronic Afterburner -->
<Afterburner>
<output_only_final_state_hadrons>1</
output_only_final_state_hadrons>
<!-- SMASH -->
<SMASH>
<name>SMASH</name>

</SMASH>
</Afterburner>

<!-- Jet Hadronization Module -->
<JetHadronization>
<name>colorless</name>
<eCMforHadronization>2510</eCMforHadronization> <!-- Default
2510-->
<pythia_decays>off</pythia_decays>
<!-- lets the particles given to pythia decay-->

</JetHadronization>

104 </ jetscape>
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Appendix B

Azimuthal angle correlation

1 void Corre_trig_assoc_1() {

2 TH1D *h_dphi = new THI1D("h_dphi", "#Delta#phi Distribution;#Delta#
phi;Entries", 64, -TMath::Pi()/2, 3*xTMath::Pi()/2);

3 TH1D *h_trig = new THID("h_trig", "p_{T} {trig} Distributuion" , 50
, 0, 10);
TFile xfile = TFile::0pen("/home/vishnu/Documents/Pheno/
output_pPb_nonSat.root");

5 TTree *tree = (TTreex)file->Get("Kinematic Variable");

7 vector<double> *Eta_1la new vector<double>;

8 vector<double> *Phi_1b = new vector<double>;

9 vector<double> *pT_1d = new vector<double>;

10 vector<int> *multiplicity_1c = new vector<int>;

11 vector<double> *particleld_le = new vector<double>;

13 tree->SetBranchAddress ("Eta_1a", &Eta_1la);

14 tree->SetBranchAddress ("Phi_1b", &Phi_1b);

15 tree->SetBranchAddress ("pT_1d", &pT_1d);

16 tree->SetBranchAddress ("multiplicity_1c", &multiplicity_1c);
17 tree->SetBranchAddress ("particleId_1le", &particleId_le);

19 int nEntries = tree->GetEntries();
20 cout<<nEntries<<endl;

21 double trigger = 0;

22 for(int i = 0; i < nEntries; ++i) {
23 tree->GetEntry (i) ;
24 if ((*multiplicity_1c)[i] < 200) continue;// and (*

multiplicity_1c) [1]<150) continue;
25 for(int j = 0; j < pT_1d->size(); ++j) {

26 if ((xparticleId_1e) [j] == 111){

27 if ((xpT_1d) [j] > 2.0 and (*Eta_la)[j] >2.5 and (xEta_la
YI[ij1 < 5) |

28 h_trig->Fill ((xpT_14) [j1);
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trigger++;
for(int kX = 0 ; k < pT_1d->size(); ++k) {
if ((xpT_1d) [k] < 2 and (*pT_1d)[k] > 0.5 and k!=j
and (*xEta_1a)[j] >2.5 and (xEta_1la)[j] <5 ) {
double dphi = (*Phi_1b)[j] - (*Phi_1b) [k];
if ( dphi < -TMath::Pi()/2) dphi = dphi + 2*TMath
::Pi();
else if (dphi > 3*TMath::Pi()/2) dphi = dphi - 2%
TMath::Pi();
h_dphi->Fill (dphi);

h_dphi->Scale ((1.0/trigger)); //*(0.580341/0.548474));

TFile *filel = TFile::0Open("/home/vishnu/Documents/Pheno/pT_cut/
dphi_pPb_nonSat_pT_2.root", "RECREATE"); // Replace with desired
output file name

filel->cd();

h_dphi->Write () ;

h_trig->Write();

filel1->Close () ;
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