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Abstract

This work aims to study phenomenologically the influence of the medium formed
in collisions between heavy ions on the propagation of jets originating from the frag-
mentation of partons. The project implements a model of partonic propagation a non-
homogeneous and hydrodynamically expanding medium using the Monte Carlo event
generators JEWEL (Jet Evolution With Energy Loss), TrRENTo for initial medium condi-
tions, and the (2+1)D v-USPhydro for the event-by-event evolution of a realistic medium.
The group has previously combined these models, enabling the study of a new series of
observables related to jets generated by heavy quarks beyond R 44, such as di-jet (z ),
jet mass (M) and semi-inclusive hadron-jet. These observables have been the subject
of numerous experimental measurements, but there is a scarcity of models that seek to
describe their behavior.

All observables are presented for central and peripheral PbPb collisions at 2.76 TeV
and 5.02 TeV, following the experimental setups of the LHC Run-2, for anti-kz jets with
varying radius R from 0.2 to 1.0. The simulated nuclear modification factor R44 and
jet mass M, satisfactorily reproduce experimental results for both central and peripheral
collisions when using the combination of models without thermal background subtraction.
On the other hand, the semi-inclusive hadron-jet (h-jet) and the di-jet x; observables
have demonstrated their indifference to changes in the surrounding medium. The results
with respect to centrality and the value of R suggest the opportunity to gain a deeper
understanding of the medium response using JEWEL with thermal subtraction.

Keywords: High Energy Physics; Quark-Gluon-Plasma; Heavy-Ion; Hydrodynam-
ics; Quantum Chromodynamics.






Resumo

Este trabalho tem como objetivo estudar fenomenologicamente a influéncia do meio
formado em colisdes entre fons pesados na propagacdo de jatos originados a partir da
fragmentacao de partons. O projeto implementa em um modelo de propagagdo partonica
em um meio ndo homogéneo e em expansdo hidrodindmica por meio dos geradores de
eventos Monte Carlo JEWEL (Jet Evolution With Energy Loss), TrENTo para condicdes
iniciais do meio e o (2+1)D v-USPhydro para a evolu¢iao do meio realista evento a evento.
O grupo jé realizou anteriormente uma combinacdo desses modelos, o que permitird o
estudo de uma nova série de observaveis correspondentes a jatos gerados por quarks pe-
sados além do R 44, como o di-jet (x ), o jet mass (M) e o0 semi-inclusivo hadron-jato
(h-jet). Esses observaveis t€ém sido objeto de inimeras medidas experimentais, porém, ha
escassez de modelos que busquem descrever o comportamento desses observaveis. Todos
observaveis sdo apresentados para colisdes centrais e periféricas de PbPb a 2.76 TeV e a
5.02 TeV, seguindo as configuracdes experimentais da Run-2 do LHC, para jatos anti-kp
com raios R variando de 0.2 a 1.0. Os observaveis fator de modificacdo nuclear R4 €
jet mass M., simulados reproduzem satisfatoriamente os resultados experimentais para
colisdes centrais e periféricas ao utilizar a combina¢do de modelos sem subtracdo térmica
de background. Enquanto que o semi-inclusivo hadron-jato h-jet e o observavel di-jet = ;
mostraram-se indiferente a altera¢des de meio. Os resultados com relacao a centralidade
e ao valor de R sugere a oportunidade de obter uma compreensido mais aprofundada da
resposta do meio utilizando o JEWEL com subtracdo térmica.

Palavras Chave: Fisica de Altas Energias; Plasma de Quarks e Glions; Ions Pesa-
dos; Hidrodinamica; Cromodinamica Quantica.
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Introduction

“Nothing in life is to be feared. It is only to be understood.”
(Marie Curie)

In recent decades, understanding the first microseconds of the Universe’s existence
has been a central focus of high-energy physics [1]. Experiments conducted at the Large
Hadron Collider (LHC) at CERN and the Relativistic Heavy-Ion Collider (RHIC) at the
Brookhaven National Laboratory (BNL) have played a crucial role in pushing the bound-
aries of our understanding. These experiments aim to generate and study the Quark-Gluon
Plasma (QGP), an extraordinary state of matter formed in relativistic heavy-ion collisions
[2, 3]. The QGP, a liquid-like phase of strongly interacting matter, is characterized by its
extremely high energy density and temperature, which cause the confinement of quarks
and gluons within hadronic structures to break down [4]. Through the use of several mod-
els, scientists have made significant progress in unraveling the expansion, cooling, and
particle production processes within the QGP, providing insights into the fundamental
nature of the strong force [4].

In addition to the formation of the QGP, heavy-ion collisions involve high-momentum
interactions known as hard scatterings, where partons in the early stages of the collision
exchange energy and momentum. These interactions are described by perturbative Quan-
tum Chromodynamics (pQCD), which is based on the concept of asymptotic freedom [5].
As partons pass through the medium, they undergo a cascade-like process called parton
shower, which can go through modifications due to the presence of the QGP. The study
of resulting objects called jets, which are collimated sprays of particles, offers valuable
insights into the properties of the deconfined matter [6]. However, the sensitivity of jets
to the finer details of the QGP and its evolution remains uncertain, as high-energy par-
tons can escape the medium with minimal interaction. Thus, analyzing jet distributions in
heavy-ion collisions, particularly in comparison to proton-proton collisions, is crucial for
understanding these complex interactions [6].

The main objective of this study is to explore the interplay between jets and the
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medium by comparing experimental data with advanced Monte Carlo event generators.
Two models, JEWEL (Jet Evolution With Energy Loss) [7] and PYTHIA [8], serve as
frameworks for simulating the entire evolution of partons in heavy-ion collisions, en-
compassing the initial hard scattering, in-medium shower evolution, gluon emission, and
hadronization. Although JEWEL assumes a simplified smooth medium with longitudinal-
only expansion, it succeeds in explaining several observables under this idealized assump-
tion [7, 9, 10]. However, there is a need for more realistic medium simulations, which is
fulfilled by the state-of-the-art v-USPhydro code [ 11, 12]. This code utilizes the Smooth
Particle Hydrodynamics (SPH) Lagrangian method [13, 14] to solve the viscous hydro-
dynamic equations of the QGP in the transverse plane on an event-by-event basis, con-
sidering different initial conditions and incorporating transverse and viscosity expansion,
which are absent in the original model.

The chosen observables for this study include the nuclear modification factor 1 4 4, the
dijet asymmetry z;, the jet mass M., and the semi-inclusive hadron-jet correlation A ;.
By varying parameters such as the impact parameter and the collision centrality in the
simulations, we aim to assess the sensitivity of each observable to medium modifications.

Chapter 1 will explore important theories, including Quantum Chromodynamics, Quark-
Gluon Plasma, Hydrodynamics, Jet Quenching, and Hadronization. To provide the nec-
essary theoretical background for the simulated collisions in this work. In Chapter 2, we
will describe the hydrodynamic models and the jet reconstruction techniques employed in
relativistic heavy-ion collisions and provide insights into the simulation and analysis pro-
cedures. Subsequent chapters will present the definitions and results obtained from vary-
ing several parameters for the observables mentioned above. Finally, we will conclude
with a comprehensive discussion of the findings regarding the influence of the medium

on jets in relativistic heavy-ion collisions.



Chapter 1

Theory

1.1  Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a quantum field theory that describes the strong
interaction between particles. It is formulated in the non-Abelian gauge symmetry group
SU(3), where gluons mediate the interaction between quarks, the elementary constituents
of hadrons. The QCD Lagrangian, which governs the system, can be written as [15, 16]:

1 .
Locp = = Fu P + > @ (iv' Dy = my)qy, (1.1)
f

where FJ;, is the field strength tensor for gluons, gyis the Dirac field for quark flavor
f.my is the quark mass, and D, = 0, + igAZé—“ is the covariant derivative and \* are

matrices that satisfy:

AT )P pe A

Z | = g fabe 1.2
{ T3 } i (1.2)
with the normalization condition tr(\*\?) = 2§%. The field strength tensor Fj, is

defined as:

Fi, = 0,A5 — 0,A% + gf*" AL AS (1.3)

where A, represents the gluon field, g; is the strong coupling constant, and fabe are
the structure constants of the SU(3) group and a is a combination of colour and anticolour.
Quantum Chromodynamics describes strong interactions involving 8 gluons, corre-

sponding to the eight generators in the SU(3) group. The non-commutativity of the theory
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successfully captures essential aspects of the strong force. One notable feature is that glu-
ons carry both color and anticolor charge, allowing them to interact with each other. This

self-interaction of gluons gives rise to the phenomenon known as asymptotic freedom.

In field strength tensor and D, the constant g represents the gauge coupling, which
is related to the coupling constant of the strong force, denoted as s (g2 = 4may,). The

coupling constant is a parameter that determines the strength of the strong interaction.

The strength of the interaction between quarks, and therefore the degree of confine-
ment, is determined by the coupling constant, ;. In perturbative Quantum Chromody-
namics (pQCD), the coupling constant « is found to be given by Equation 1.4, which is
valid for high values of (2.

127

(@)= G o)) In(Q2/A2cp)

(1.4)

where n; is the number of quark flavors active at the scale Q% [17].

The parameter A is referred to as the QCD scale constant. When Q% > A2, the
coupling constant becomes small, leading to deconfinement and a perturbative treatment
of QCD. However, when Q> = A2, the coupling constant diverges. It should be noted that
the expression for « is derived from the one-loop approximation. Hence the divergence
of the coupling constant in non-perturbative regimes is expected. Furthermore, o, (u%)
is defined by A for a specific n-loop approximation, and the value of A depends on the

method used to solve the renormalization group equation.

Quantitative lattice QCD (I-QCD) calculations, which involve discretizing space-time
and solving QCD equations on a grid, support the predictions of asymptotic freedom.
These calculations demonstrate that matter undergoes a phase transition from a hadronic
gas to a Quark-Gluon Plasma (QGP). The transition typically occurs at a temperature (T)
between 150 MeV and 190 MeV, corresponding to an energy density (¢) of approximately
1 GeV/fm3 [18].
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Figure 1.1: Phase diagram of the QCD depicting the expected QGP phase transition. Fig.
from [19].

Figure 1.1 presents the theoretical phase diagram of Quantum Chromodynamics (QCD),
providing a visual representation of the temperature and baryonic chemical potential
ranges where the Quark-Gluon Plasma (QGP) exists, as well as the transitional region
corresponding to the hadronic phase.

1.2 Quark-Gluon Plasma

Given the considerations above, investigating the quark-gluon plasma (QGP) state
holds significant importance in comprehending the QCD phase diagram and the transition
from the hadronic phase to strongly interacting matter. Consequently, there is a strong
demand for experimental methods to explore and evaluate the properties of the QGP.

Figure 1.1 highlights the remarkable nature of the conditions required for forming
the quark-gluon plasma (QGP) and the transition to the hadronic phase. Replicating this
state in a controlled manner is only possible through specific and stringent experimen-
tal conditions that can achieve an equivalent energy density. The elevated temperatures
attained in heavy-ion collisions make them well-suited for QGP studies and represent
the only means by which humans have been able to reproduce, under controlled circum-
stances, the conditions resembling the early stages of the universe. Figure 1.2 provides a
schematic depiction of a heavy-ion collision.

Figure 1.3 provides a schematic illustration of the evolutionary stages of a heavy-
ion collision. The vertical axis, represented by the coordinate ¢, denotes time, while

the horizontal axis represents the beam direction. The various stages of evolution are
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Figure 1.2: The diagram presented offers a visual representation of a heavy-ion collision,
displaying essential elements such as the impact parameter b, as well as the presence of
spectator nucleons and participant nucleons. [20].

described as follows:

1. In the pre-equilibrium stage of a heavy-ion collision, immediately following the
collision itself, a significant number of quarks and gluons are generated through
inelastic collisions. During this phase, the matter exists in a state of pre-equilibrium,
where the newly created partons interact. As the density increases, the production

of quark-antiquark (gq) pairs intensifies.

2. The formation of the QGP occurs when the partonic matter reaches a state of equi-
librium. At this stage, the matter transitions into the unique state of matter com-

posed of deconfined quarks and gluons.

3. In the quark-gluon plasma (QGP), the pressure is exceptionally high, leading to the
expansion of the medium driven by pressure gradients. As the QGP expands, the
density progressively decreases, initiating the process of hadronization, the forma-

tion of particles composed of quarks and anti-quarks.

4. During the system’s evolution, the expansion continues until it reaches a point
where elastic collisions between particles cease to occur due to the decrease in
temperature. At this stage, known as the phase of free hadrons, the momenta of the

hadrons become fixed and no longer change significantly.
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Figure 1.3: Heavy-ion collisions undergo an evolution comprising a pre-equilibrium
phase, QGP formation, expansion, cooling, and hadron formation. Detectors measure
free hadrons produced in this process to study their properties [21].

Considerable dedication has been invested in investigating the properties of the quark-
gluon plasma (QGP) through heavy-ion collisions, utilizing the Large Hadron Collider
(LHC) as the latest and most extensive experimental apparatus. Heavy-ion collision stud-
ies are integral to the LHC’s physics program, with the first lead-lead (Pb-Pb) collision
in late 2010. Four detectors, namely ALICE (A Large Ion Collider Experiment), ATLAS
(A Toroidal LHC ApparatuS), CMS (Compact Muon Spectrometer), and LHCb (Large
Hadron Collider beauty), actively contribute to the LHC’s heavy-ion program. ALICE is
the only experiment mainly dedicated to QGP studies.

The LHC is the most powerful particle accelerator ever constructed, surpassing the
collision energies of the Relativistic Heavy Ion Collider (RHIC) by more than an order
of magnitude. The LHC has initially delivered Pb-Pb collisions at \/syy = 2.76 TeV,
reaching even higher energy levels in 2015 and 2018 (run-2), with Pb-Pb collisions at
V/sny = 5.02 TeV and pp collisions at Vs = 13 TeV, and in 2022, with the commence-
ment of run-3, the energy level was elevated for Pb-Pb collisions at /syy = 5.5 TeV,
setting new records in energy exploration.

The LHC also has been investigating phenomena such as jet quenching. Jet quenching

refers to the decrease in jet energy observed in nucleus-nucleus (A A) collisions compared
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to proton-proton (pp) collisions. When partons originating from the hard scattering of
nucleons traverse a non-transparent medium, their behavior is expected to be modified,
see Fig. 1.4. The observed suppression in the transverse momentum spectra of jet con-
stituents provides evidence for the existence of this medium. These partons, produced
in the early stages of the collision, carry valuable information about the medium as they

evolve. Consequently, they serve as probes for studying the characteristics of the QGP.

Figure 1.4: Schematic view of the hadronization process [22]. At a certain point of
this parton shower, marked by the gray spots, the quarks, and gluons are converted into
hadrons, a process which, as of today, can only be described phenomenologically.

To quantify the modification experienced by the partons during their evolution through
the medium, the ratio of the jet transverse momentum spectrum in AA and pp collisions
is calculated, with appropriate adjustments as necessary. This quantity, known as the
nuclear modification factor R 44, 1s introduced in Section 3.1 and serves as an observable
that quantifies the effects of the medium on the partons. The LHC’s high-energy collisions
have provided valuable insights into the study of jet quenching and its relation to the QGP.

Furthermore, we are also interested in understanding the properties of jets generated
in heavy-ion collisions by exploring specific observables such as di-jets, jet mass, and
hadron-jet correlation. The study of these observables provides valuable information
about the interaction between jets and the medium formed during collisions. In the study
of di-jets in Section 3.2, the investigation will center on the sharing of jet energy through
an analysis of the energy fraction contained in the secondary jet relative to the energy

of the higher-energy jet. In Section 3.3, the analysis of jet mass allows us to investigate
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jets’ internal structure and the medium’s influence on their formation. In Section 3.4, the
hadron-jet correlation helps us understand how composite hadrons (particles composed
of quarks and anti-quarks) are produced about jets and how this production is affected
by the surrounding medium. Understanding these properties will contribute to a more
comprehensive understanding of jet dynamics in heavy-ion collisions and the behavior of
the QGP, frequently described and modeled using relativistic hydrodynamics to depict its

dynamic evolution.

1.3 Hydrodynamics

Hydrodynamics is an extension of fluid mechanics that deals with systems in which
the macroscopic properties of the fluid, such as pressure, density, velocity, and temper-
ature, are described in terms of continuous fields in space and time. The fundamental
principles of hydrodynamics are based on conservation laws, including the conservation
of mass, conservation of momentum, and conservation of energy. These laws describe
how physical quantities behave in a fluid system as the fluid flows and deforms [4].

In hydrodynamics, fluids are treated as continuous media, and macroscopic phenom-
ena are described by partial differential equations known as hydrodynamic equations. The
hydrodynamic equations depend on the type of fluid, its thermodynamic properties, and
the boundary conditions imposed on the system.

Realistic hydrodynamics is a fundamental tool for studying the evolution of the Quark-
Gluon Plasma (QGP) created in heavy-ion collisions. Once the QGP is formed, it rapidly
expands and cools, undergoing various distinct phases before eventually condensing back
into stable particles that can be detected in experiments. The QGP exhibits collective
behavior throughout this evolution, such as particle flow and energy dissipation. Realistic
hydrodynamics mathematically describes these collective phenomena, enabling scientists
to comprehend how the QGP behaves as an almost perfect fluid with very low viscosity.

Relativistic hydrodynamics describes the collective behavior of the Quark-Gluon Plasma
(QGP). The relativistic hydrodynamic equations include the conservation equation for

energy-momentum, given by [5]:

0,1 =0,

where 0, represents the four-dimensional covariant derivative operator, and 7" is the
energy-momentum tensor of the QGP. This tensor describes the system’s energy density,

energy flux, and pressure.
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In addition, another crucial equation is the conservation equation for baryons, which

1s written as:

where n'; is the baryonic flow, representing the baryon density.

Furthermore, to study the QGP’s behavior, the equation of state that relates the pres-
sure P with the energy density € and baryon density n g needs to be incorporated. For the
QGP, the equation of state is influenced by Quantum Chromodynamics (QCD) theories at
high temperatures and energy densities.

It is important to emphasize that the hydrodynamic equations of the QGP can be pretty
complex and require accurate initial conditions and appropriate thermodynamic data to
solve the systems of equations. The study of QGP using hydrodynamics is an active
area of research, often involving advanced computational simulations to model heavy-ion

collisions and the resulting QGP evolution.
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Figure 1.5: Heavy-ion collision scheme. Credit: Paul Sorensen and Chun Shen [23].

During heavy-ion collisions, the evolution of hydrodynamics goes through essential
stages. Initially, the medium is highly energetic and out of thermal equilibrium. Next,
rapid thermal equilibration and expansion of the medium as a fluid occur. During the

Quark-Gluon Plasma (QGP) phase, the medium behaves as an almost perfect fluid, ex-
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hibiting low viscosity and preserving initial fluctuations. As the medium cools, quarks
and gluons recombine and condense into stable particles, concluding the hydrodynamic
phase. Understanding this evolution is crucial to obtaining information about the QGP
and comprehending the extreme conditions of the primordial universe.

Over the years, various hydrodynamic models have been employed in physics to com-
prehend the behavior of Quark-Gluon Plasma (QGP) and its evolution during heavy-ion

collisions. Some historically relevant models include [24]:

* Ideal Hydrodynamics: Initially, ideal hydrodynamics was extensively utilized to
describe the QGP. In this model, the QGP is treated as a fluid with no viscosity,
implying no energy dissipation or friction between particles. Despite being a sim-
plified approximation, ideal hydrodynamics was valuable in understanding the col-

lective nature of the QGP during its early phases [25].

* Viscous Hydrodynamics: Subsequently, viscous hydrodynamic models were de-
veloped to account for the QGP’s viscosity, which plays a significant role at high
energies. Density affects the energy dissipation rate and can influence the QGP’s

collective behavior, including initial fluctuations observed in experiments [26].

* 3+1-dimensional Hydrodynamics: Initially, hydrodynamic models considered the
QGP’s evolution in two spatial dimensions plus time (2+1 dimensions). However,
subsequent studies revealed that the expansion of the QGP occurs in all three spatial
dimensions plus time (3+1 dimensions), necessitating the incorporation of 3+1-

dimensional hydrodynamic models for a more accurate description [27].

* Conformal Hydrodynamics: Considering the Quantum Chromodynamics (QCD)
high-energy limit, exhibiting conformal symmetry, conformal hydrodynamics mod-
els were developed to describe the QGP’s behavior under such conditions. These
models are beneficial in studying the QGP at high temperatures and densities, where

conformal symmetry is a good approximation [28].

* Hybrid Models: With advancements in computational technology, hybrid hydro-
dynamic models were developed, combining hydrodynamics with other theoretical
approaches such as particle thermodynamics and field theory. These models pro-
vide a more comprehensive and realistic description of the QGP’s evolution and are

often employed in simulations for comparison with experimental data [29].

These are just a few examples of historically utilized hydrodynamic models to com-

prehend the QGP. Each approach possesses its strengths and limitations, and the choice
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of model depends on the specific properties being investigated and the conditions of the
heavy-ion collision under study. These models’ continued usage and refinement have
been fundamental in advancing our understanding of the QGP and matter’s properties

under extreme temperature and density conditions.

1.3.1 Parton Shower

The parton shower process corresponds to the cascade production of scattered partons
that eventually change into hadronic jets that detectors can measure, see Fig.1.6. A dif-
ferential equation describes this process’ probability of ramification in other partons used
in this work. This is a differential cross-section for any process with an additional parton
in the final state, do,,; that can be expressed by the cross-section for the emission of an
n-parton final state. See Equation (1.5).

dt dz os(p?) -
Ao = 00— 2(7’: ) P (2) (1.5)

This equation is numerically resolved in a Monte Carlo event generator that simulates
the evolution of the hadronic jet from the initial parton to the formation of the final hadrons
[7].

Where z is the light-cone momentum fraction by the outgoing parton, and P is the
Altarelli-Parisi splitting function. The parameter ¢ has the nature of additional emission
and can also be represented by ¢t ~ p? ~ @Q?. The scale u?, related to the coupling
constant v, can be represented by p% . Upon closer analysis of the equation, it’s possible
to notice that for emissions at low scales of ¢ (of the order of a few Agcp), they typically
won’t produce any resolvable parton, leading to the termination of such scales within the
same hadron as their emitter. To address this issue in JEWEL, an infrared cutoff ¢, is
introduced, chosen in such a way that p% (t.) ~ 1 GeV. However, when implementing
this kind of cutoff, 2 is also affected, preserving the structures within the splitting nuclei.

After iterating the equation above any k of additional emissions are obtained:

k 2
dt; dz; os(p1 ;) »
d0n+k = 0y H J J L.J Pj(Zj)@(tj,1 — tj) (16)

tj 21

j=1

where O-function represents the Heaviside function, ensuring that the conditions of
discontinuity imposed by ¢;_; and ¢, result in a positive value for the equation, in com-
pliance with the existing virtuality. Specifically, if ¢;_; — ¢; < 0, ©-function equals one,

while for ¢;_; —t; > 0, © returns zero.
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The process described above can be represented probabilistically, making it suitable
for utilization in simulations involving the Sudakov form factor Eq.1.7, where is denoted
by the evolution parameter ¢, which has a linear dependence on the virtuality of the parton
and organizes the order of the calculations within the shower. The ¢, is an infrared cut-
off scale that comes from the attempt to avoid divergences in the collinear limit, that is,
t — 0, and that has a partonic moment p(t.) &~ 1 GeV?. The range of ¢ and the choice
of setting imply a limit of z, such that ¢ € [t.,to] = 2 € [Zmin, Zmaz| and t;, comes from

multiple branchings with a defined order relation t. > t; >ty > - -+ > .

Figure 1.6: Parton showers illustration. Describe the particles and radiation resulting from
high-energy particle collisions. Credit: Benjamin Nachman [30].

th Zmas P
Su(tn, te) = exp{— /tc %/me dzzb: asz(iT)Pba(z)} (1.7)

This shower will operate as though there is no medium present, what we call a vacuum.
The development of future virtuality and the medium modifications of the jet will be made
possible by the collisional process. Simple 2 — 2 matrix elements squared are used to
tackle the collisional component of the JEWEL algorithm. The gluons that represent the
scattering centers are given a thermal mass. The Debye mass is determined by pp ~ 37"

Thus, the 2 — 2 cross-section is
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n(B.1) = [alil [de 3 fite. % s ) (1.8

J€4,q,9

where fj’(x, f) represents the PDF that takes into account the potential initial-state

radiation from the energetic projectile involved.

Partons, such as quarks or gluons, as they traverse the dense medium of QGP, lose
energy due to multiple scatterings and induced gluon radiation, suppressing their energetic
particle jets. This phenomenon, known as Jet Quenching, provides valuable information
about the properties of QGP, such as its density, viscosity, and opacity, and serves as a
powerful tool to explore high-energy physics and Quantum Chromodynamics (QCD) as

we will see in the next section.

1.4 Jet Quenching

Jet quenching is a collection of phenomena observed in high-energy heavy-ion col-
lisions resulting from interactions between energetic jet partons and the Quark-Gluon
Plasma medium. Due to the substantial transverse momentum transfer in hard processes,
the cross-section for initial jet production can be computed using pQCD, which has been
demonstrated to agree with experimental data on jet production in proton-proton (pp)
collisions. These pQCD calculations for jet production rates can be extended to proton-
nucleus (pA) collisions within the collinear pQCD factorization framework, showing
agreement with experimental data after accounting for nuclear modification of parton
distribution functions. Such calculations for nucleus-nucleus collisions (AA) can be used
as baselines for the initial production of jets, against which the medium modification of
jet production due to jet quenching can be obtained and compared with experimental data.
This includes the suppression of spectra for single hadrons, dihadrons, and y-hadrons, as

well as spectra for single jets, dijets, and y-jets. [31].
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Figure 1.7: Diagram illustrating jet quenching in a head-on nucleus-nucleus collision
[32].

Several mechanisms contribute to jet quenching, including gluon radiation induced by
the medium, elastic scattering of particles in the medium, and particle absorption by the
medium. The energy loss of jets is experimentally measured through the suppression of
their energy and transverse momentum distributions compared to reference proton-proton
collisions. The study of jet quenching provides crucial insights into the properties of the
Quark-Gluon Plasma (QGP), such as its density, viscosity, and opacity. It is a powerful
tool for exploring high-energy physics and Quantum Chromodynamics (QCD).

The suppression of jet energy and transverse momentum distributions is calculated
concerning reference proton-proton collisions, and the magnitude of this suppression is
utilized to extract information about the properties of the Quark-Gluon Plasma (QGP),
such as its density and viscosity.

The cross-section is a probability measure of a scattering process occurring in a par-
ticle collision. The cross-section can be calculated using perturbative Quantum Chromo-
dynamics (pQCD), a well-established theory describing the strong interaction between
particles for initial jet production in high-energy heavy-ion collisions. These pQCD cal-
culations of the jet production rate can serve as baselines for initial jet production in
heavy-ion collisions, against which the medium modification of jet production due to jet
quenching can be obtained and compared with experimental data. The multiplicity of par-
ticles produced in heavy-ion collisions is also essential for understanding the phenomenon
of jet quenching, as the energy lost by jet partons is redistributed in the medium and can
increase particle multiplicity. Therefore, the cross-section, jet quenching, and multiplicity
are related in the sense that all of them are essential for understanding jet production in
high-energy heavy-ion collisions and the properties of the Quark-Gluon Plasma (QGP)

medium formed in these collisions.
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The tool used in this work for simulating this process is the Jet Evolution With Energy
Loss JEWEL) [7, 33, 34] generator of Monte Carlo events based on the formalization of
BDMPS-Z [35] that uses QCD (Quantum Chromodynamics) cubes to explain how partons
lose energy as they cross the medium and how this loss of energy affects jet evolution.
It simulates particulate parton flows with ordered virtuality, i.e., t = QQ?, where @ is the
virtual parton’s mass, taking into account the interaction with a medium, as previously
mentioned.

Typically, Monte Carlo (MC) implementations are used in systems referred to as
"memory-less" systems. This means that these systems adhere to the Markov property,
where the current state depends only on the current step of simulation and is unaffected by
earlier states. However, quantum interference contradicts this hypothesis, necessitating a
different approach to be taken within the model. In the JEWEL context, the overposition
of the formation time of the gluon production in the medium, denoted as 7, results in in-
terference with the subsequent spreading processes. As a result, it is necessary to classify
these interactions as coherent or incoherent [33].

An abridged representation of the method is shown in [33]. If we consider kr to be
the gluon momentum, w its energy at creation, and AL to be the MC specified distance

to the next interaction, we have that:

3

(1.9)

E 2w {AL > 75 = incoherence
Tf —
t

AL < 7y = coherence

When the gluon formation occurs in an incoherent mode and results in kp — kr + s,
the calculation is repeated. Here, sy represents the momentum transfer associated with

the subsequent scattering center occurring in coherence [36].

1.5 Hadronization

Hadronization is the process by which partons (quarks and gluons) produced in high-
energy collisions combine to form hadrons, composite particles such as protons, neutrons,
and mesons. Due to the confinement feature of Quantum Chromodynamics (QCD), par-
tons cannot exist as free particles and must, therefore, combine to form hadrons before
being observed. Hadronization is a fundamental process in particle physics as it is re-
sponsible for developing observable particles in high-energy collision experiments. The
detection of hadrons by the large detectors at the LHC occurs after the hadronization

process.
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Various theoretical models and computational techniques can be utilized to simu-
late the process of hadronization since it cannot be directly calculated using perturbative
Quantum Chromodynamics (pQCD). It is essential to note that hadronization is an active
area of research, and the utilized models are continually being refined and developed to

match experimental data better.

Figure 1.8: Schematic view of the hadronization process [37]. At a certain point of
this parton shower, marked by the gray spots, the quarks and gluons are converted into
hadrons, a process which, as of today, can only be described phenomenologically.

Each model has its own physical assumptions and limitations, and the choice of model
depends on the type of event being simulated and the objectives of the simulation. The
string fragmentation model is a hadronization model used in event generators to simulate
hadron production in high-energy collisions. The model is based on the idea that field
strings transmit the strong force that binds quarks and antiquarks, Fig.1.9. When quarks
and antiquarks move away from each other, the string stretches and breaks, producing
oppositely charged hadron pairs. The string model is implemented in event generators
like PYTHIA [8] and simulates hadron production in high-energy collisions.

PYTHIA [8] is one of the most sophisticated and well-known string models of hadroniza-
tion, widely used in particle physics to simulate hadron production in high-energy colli-
sions.

In Quantum Chromodynamics (QCD), linear confinement at large distances is ex-

pected. This provides the starting point for the string model, which is most easily illus-
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Figure 1.9: A flux tube spanned between a quark and an antiquark.
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Figure 1.10: Quark-antiquark system depicted by the yo-yo model with characteristic
times. Full line for ¢ trajectory dashed for ¢, black dots for vertices [39].

trated for producing a back-to-back ¢q pair, for example, in e*e™ annihilation events. As
the partons move apart, the physical picture is that of a color flux tube being stretched
between the ¢ and the g. The transverse dimensions of the tube have typical hadronic
sizes, around 1 fm. Assuming the tube is uniform along its length automatically leads to
a confinement image with a linearly rising potential, V' (r) = xr. The string constant x,

i.e., the amount of energy per unit length, is known from hadron mass spectroscopy [38].

Let’s consider a color-dipole consisting of a quark-antiquark (¢qg) pair with an initial
energy of /s in the center-of-mass frame. This dipole is allowed to move along the z-
axis, as illustrated in Figure 1.10. Initially, the pair are closely spaced, and all the system’s
energy is associated with their relative motion. Their momenta are transferred to the string
as they separate, converting into the field’s potential energy. This potential energy reaches

its maximum at ¢ = y/s/2x (in light-cone coordinates) when the string is fully extended
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and the quarks change their direction of motion. Beyond ¢t = 2./s/x, the system returns to
its original positions, exhibiting stable harmonic motion. This configuration is referred to
as the “hadronic yo-yo model”, and its associated mass can be determined as m? = x*A,
where A denotes the area enclosed by one oscillation [38].

In the case where m7, > 0, where m7 = m*+p.+p;, = E*—p? = £*((Az)*— (At)?)
is the mass shell for the hadron being produced. The creation of quark-antiquark (g;q7)
pairs with flavor f cannot happen at a single point vertex. This is because the energy
necessary for their generation must be sourced from the string itself. Instead, the pair
has the capability to tunnel between points associated with a string length of m7T'f /k, see
Fig.1.11.

Figure 1.11: The string breaks at vertices ¢ and 7, which have lightcone coordinates as
shown. The fraction of the remaining lightcone momentum taken away by hadron pro-
duction is denoted as z* [39].

The total probability for an event to occur can be represented as the product of n — 1
probabilities for the breakup vertices, combined with n delta functions that account for
the masses of the hadrons in the transverse direction. The solution to this can be described
using a fragmentation function f(x), where = denotes the fraction of the remaining light-
cone momentum that the newly formed hadron carries. For iterations to the left/right, the

new hadron carries a fraction of £ + p,.

f(z) x l(1 — )% exp (_bn;i) (1.10)

T

where a and b are two free parameters. Hence, after applying the WKB approximation,

the production probability for this tunneling process is proportional to

exp(—mm?3 /k) = exp(—mm?*/k) exp(—mp? /K) (1.11)
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The string fragmentation process defines the termination point of hadronization. No
more energy will be available for the production of new hadrons after many decays. It is
worth noting that Eq.1.11 demonstrates a rapid fall as the mass (m) grows, indicating a
significant reduction in the generation of heavy quarks via the hadronization process.

In the next chapter, we will continue our investigation by addressing the models for jet
reconstruction and simulation in realistic media. We will explain the Realistic Medium
Evolution (TR ENTo + vUSPhydro) used in this project and JEWEL (Jet Evolution With
Energy Loss) as a tool to simulate the process of Jet Quenching in heavy-ion collisions.
With this approach, we will be closer to elucidating the underlying mechanisms and prop-
erties of the QGP, contributing to a more comprehensive and in-depth understanding of

high-energy particle physics in the collisions of heavy ions.
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Models and Simulation Description

2.1 Models in JEWEL

Jet Evolution With Energy Loss (JEWEL) is a Monte Carlo event generator that sim-
ulates the evolution of QCD jets in heavy-ion collisions. It accounts for the interaction
of partons through QCD radiation and rescattering in a medium with fully microscopic
dynamics within a perturbative framework consistent with minimal assumptions. The
medium scattering is described by 2 — 2 pQCD matrix elements, considering possible

additional radiations from particle showers [34].

O00000000000

Figure 2.1: A diagram shows extra emissions from the parton shower accompanying a
2 — 2 matrix element representing a hard quark-gluon scattering event.

JEWEL initiates by employing PYTHIA to simulate a proton-proton collision. Sub-
sequently, the hard scattering process takes place, where high-energy collisions capable
of yielding quark-gluon particles are simulated. Following this, JEWEL simulates the
evolution of quark-gluon jets as they traverse through a hot and dense medium, such as
the QGP. JEWEL models the interactions between the quarks and gluons within the jet

and the hot medium, calculating how the energy and momentum of the partons evolve as
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they interact with the medium. This is crucial for comprehending how the jets are mod-
ified while traversing the quark-gluon plasma. After the jets interact with the medium,
JEWEL returns to PYTHIA for the hadronization step, which will be further elucidated

in the Sec.2.3 outlining the entire simulation process employed in this study.

The models utilized by JEWEL for jet evolution occur in both a vacuum and a medium.
The vacuum jet evolution model is based on a parton shower formalism, which describes
the evolution of jets in terms of partonic particles. On the other hand, the medium jet
evolution model employs a consistent perturbative approach that describes the interaction

of jets with a hot and dense medium.

JEWEL incorporates Bjorken’s plasma expansion model to describe the Plasma of
Quarks and Gluons (QGP) evolution after a heavy-ion collision. This model, known as
the Bjorken model, assumes that the plasma expands rapidly along the collision axis,

simplifying the plasma evolution in one dimension [7].

To simulate the spread of particles in the jets as they pass through the QGP’s middle,
Monte Carlo simulation techniques are used, allowing the energy loss of the jets to be

modeled as they interact with the plasma.

The ramification of the particles that compose the jets is performed by the use of a
modeling technique known as parton shower, which essentially involves the spreading of

particles as the jet evolves and loses energy as it passes through the QGP.

JEWEL employs the Glauber model to compute the spatial distribution of the medium
formed in collisions between heavy ions. This model gives information about the system’s
initial energy distribution; therefore, JEWEL uses it to recreate the system’s initial condi-

tions, as we shall see in more detail in the next part.

2.1.1 Initial Conditions — Glauber

The Glauber model [40] is commonly employed within the context of JEWEL (Jet
Evolution With Energy Loss) to characterize the density profile of the medium in high-
energy heavy-ion collisions. The Glauber model offers insights into the spatial distri-
bution of nuclear particles within the colliding nuclei, such as protons or nucleons, in
a heavy-ion collision. It is a geometrical model based on the assumption of a constant

inelastic cross section for each consecutive collision, ¢;,.; [5].
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Figure 2.2: Scheme of a nucleus-nucleus collision in the rest frame of the target nucleus
blue. Where b is the impact parameter, and s is the distance between the center of one
nucleus and a point inside the second nucleus.

When two nuclei collide, the nucleons in the row at the transverse distance between
the center of one nucleus and a point inside the second nucleus s in nucleus A clash with
the nucleons in the row at b — 5 in nucleus B, as shown in Fig. 2.2. This interaction of
these two rows of nucleons is referred to as a row-on-row collision. When nucleus A is at
location (I; A, 24) and nucleus B is at position (l; B, 2B), we may compute the likelihood of
a nucleon-nucleon collision at impact parameter b. The probability is normalized so that
integration over the nuclear volume gives unity since we have defined [ d*rpa(r) = A
and

pA(gA, ZA)
A

The simplest inelastic nucleon-nucleon collision probability is a delta function multi-

*oadzs =1 2.1)

plied by the nucleon-nucleon inelastic cross section, c;,¢;0 (l; b 4 — EB). Since,

(EB,ZB)

b
A ZA) dszdzApB B

0Pp(b) = pal A

The total probability is the integral over the normalized volume elements of both nu-

d*bpdzpd(b—ba — bg) (2.2)

clei.

Oine - T
Pap(b) = A_Bl /dQSdZAdZBpA(Sa za)pB(|b — 5], 2B) (2.3)

The nuclear thickness function can provide essential information for determining the
density of the medium created in these collisions. This density is crucial for compre-

hending how quark-gluon jets interact with the hot medium during their passage. The
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nuclear thickness function is just the integral of the nuclear density over the longitudinal

dimension:

Tu0) = [ depats,2) (2.4)

The total probability, expressed in terms of b, corresponds to the integration across the
volume elements of both nuclei, with normalization performed relative to AB, that is
Oinel TAB

Pup(b) = AL (2.5

In the context of JEWEL, spatial overlap between colliding nuclei is calculated using
the nuclear overlap function, as expressed in Eq. 2.6. Nuclear overlap is of crucial signifi-
cance due to its direct influence on the likelihood of nuclear interactions occurring during
the collision process. Increased nuclear overlap correlates with a heightened probability

of significant nuclear interactions taking place.

Tap(b) = / d2sTu(s)T(|b — 3) (2.6)

The product 0;,,; T4 5(b) also gives the number of nucleon-nucleon collisions Ny (b) =
Tinetl'a B(l;) that depends on energy since the inelastic cross section grows with /s. To
obtain the number of participants in AB collision, we can start from the probability of

a hadron-nucleus interaction in a nucleon-nucleon collision, since B = 1 e Tap(B) —
Ta(D).

. A T.(b)1" T.b)14 ™"
Poa(n, b) = (n) [amel%} {1 —amelAT)] 2.7)

Whose sum over all probabilities and considering 0,74 (b)/A < 1

A
Z PhA(na g) =1- exp(_o-inelTA(b)) (28)

n=1

We can utilize Equation (2.8) to ascertain the count of participating nucleons in a
nucleus-nucleus collision. The quantity of participants within nucleus A is directly pro-
portional to the nuclear profile function at the transverse position s, denoted as 7'4(s).
This is further multiplied by the summation of probabilities for a nucleon-nucleus col-
lision at the transverse position \5 — 5] within nucleus B, as defined in Equation (2.8).
Similarly, the number of participants within nucleus B is determined using the same ap-

proach. Consequently, at a given impact parameter b, the count of participants ¢ can be



2.1 Models in JEWEL 37

calculated [5].

naa(b) = /d23 |:TA(3) (1 — exp [—UmezTBﬂg— 51)})
#Tp(5 = 31)(1 = expl~0inaTa(5)])

Considering a AA collision, since this work only was simulated and used data from

(2.9)

PbPb collision for nucleon-nucleon and given that the energy density in the transverse
plane, denoted as e44(b), is directly proportional to n44(b). An ideal relativistic gluon
gas represents the JEWEL medium [9], while quarks are neglected because the QGP is
initially gluon rich, and the gluons come much faster into thermal equilibrium than the
quarks. This means that the number and energy densities of gluons are related to the

temperature via:

3
n(b) = d, - 7§§3> 2.10)
2T4
e(b) = dg% (2.11)

where d, degrees of freedom. Then, n o /4. JEWEL only takes interactions into ac-
count in the deconfined phase. Hence rescattering is only feasible if the local temperature
is higher than the threshold temperature 7,.. When a re-scattering happens, a thermal par-
ton is produced with flavor and momentum determined by the thermal distribution of an
ideal gas at the time and position of the scattering, assuming vanishing chemical potential.

While Glauber’s model provided us with initial condition information on the spatial
distribution of collisions in JEWEL, Bjorken’s model provides us with an essential under-
standing of the expansion and temporal dynamics of QGP. In the next subsection, we will
explore how JEWEL uses the bases provided by the Bjorken model to plot the trajectory

and interaction of particle jets.

2.1.2 Bjorken Model

The initial conditions in the Landau model are set for a given laboratory time in the
center-of-mass frame, where the matter is highly compressed and initially at rest. How-
ever, this description overlooks an important aspect of high-energy hadronic collisions:
the delayed production of fast particles at locations further away from the collision cen-
ter compared to slower particles. This phenomenon is naturally accounted for in string

models of multiparticle production. Specific initial conditions must be imposed to incor-
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porate this effect into the hydrodynamic description. Bjorken proposed and examined this
concept [4].

In the context of JEWEL, the Bjorken model describes the temporal evolution of the
Quark-Gluon medium that expands and develops as the particle jets pass through it. In
this way, it is possible to model the interaction of the jets with the dense and hot medium,
including the energy loss of the jets.

The hydrodynamic model developed by Bjorken [41] assumes that the rapidity dis-
tribution of charged particles, dN., /dy, remains constant within the midrapidity region.
This implies that the central region exhibits Lorentz boost invariance along the beam axis.
As a consequence, the longitudinal flow is characterized by v, = z /¢, with all thermody-
namic quantities describing the central region dependent solely on the longitudinal proper
time 7 = v/t2 — 22 and the transverse coordinates x and y. Disregarding transverse ex-
pansion effects eliminates the dependence on the transverse coordinates, resulting in a

simplified one-dimensional hydrodynamic model that can be analytically treated.

i
(= — —) —'
X N
\ g = —)
4_1-—)—}
— e —)

Figure 2.3: Schematic representation of a system with axial symmetry undergoing a lon-
gitudinal Bjorken scaling expansion.

Although preceding models incorporated hydrodynamics with boost invariance, Bjorken’s
approach offers an advantage. It introduces a formula that estimates the initial energy
density achievable in relativistic heavy-ion collisions. Calculations based on this for-
mula indicate that high-energy nuclear collisions generate matter with an energy density
surpassing normal nuclear matter by at least one order of magnitude. This observation
suggests the formation of quark-gluon plasma in such collisions.

In heavy-ion collisions, the four-vector velocity, normalized to unity, when the com-
ponent v, is zero and assuming that the longitudinal component is much bigger than the

radial component, is

u* = (cosh 6,0, 0, sinh 9) (2.12)
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We can write the hydrodynamic equation in cylindrical coordinates.

u'o, = coshé’2 + sinhé’2
0 0 '

B o e il

out = smh@at + coshé’az

Applying u, to the system’s equation of motion from the energy-momentum tensor

0, " = 0, we obtain

u’0,e + (e + P)o,u” =0 (2.14)

After applying the equations in Eq.(2.13), the expression becomes

0 = cosh 9% + sinh 0% +(e+P) (sinh 9@ + cosh 6@> (2.15)
et €z et €2

We can also obtain the following result.

P P
0 = sinh 98— + cosh 98— +(e+ P) (cosh 9@ + sinh 9@) (2.16)
et €2 et £z

We can simplify the expression using light-cone variables, rapidity y, and proper time

T.
1 t+4+=z

= -1 2.17

y 2nt—z ( )

T=V1t2—22 (2.18)

We can also express the coordinates ¢ and z as functions of 7 and y since, on the

light-cone axis, we have ¢t = 42 and y = 4o0.

t = T coshy (2.19)
z = 1sinhy (2.20)

In this way, rewriting Eq.(2.15) and Eq.(2.16) in terms of 7 and y, we obtain

Oe Oe o6 00
=7 he — yoo P ho -y + & 221
0 TaT—l—tan 0 yay—l—(€+ )(Ttan 0 y87+8y) (2.21)
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O:Ttanhe—yz—]j—kaa—g—l—(a—l—P) (T%—i—tanhﬁ—yg—z) (2.22)

Utilizing the conservation of the baryon number, we can start from the following

relation to obtain another equation.

O (Nparuy) =0 (2.23)

0= uuaﬂnbar + nbaralu’u,u

= cosh

anbar . anbar 89 (224)
ot 0z ot 0z

+ sinh 0 —— + Ny, (sinh 0@ + cosh —

This results in an equation very similar to Eq.(2.15) with £ and (¢ + P) replaced by

Npar-

0= Tanbar + tanh 6§ — yanbm" + Npar 7tanh 6 — y% + @ (225)
or Oy
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Figure 2.4: Comparison of selected experimental dN,,/dn distributions of measured
in AuAu and PbPb collisions with calculations performed with the PYTHIA, AMPT,
UrQMD, EPOS, and THERMINATOR models [42].

Bjorken’s initial condition assumes that 6(y, 79) = v, the initial system after the ions
interact looks the same, regardless of rapidity. The motivation for this assumption stems
from the belief that a Lorentz boost along the beam axis should not impact the rapidity

distribution of particles produced in the mid-rapidity region. Consequently, the quantity

N

iy remains constant. This results in a distinct central plateau structure, wherein all

y~0
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thermodynamic quantities depend on the proper time 7 and the transverse coordinates.
Figure 2.4 visually represents this phenomenon.

This implies that 90/0y = 1, 96/0r7 = 0 and tanh € — y = 0. Then Egs. (2.15),
(2.16) and (2.25) reduce to

0= 7'% +e+ P, (2.26)
or
oP
G 2.27
0= 7 Mo 4o (2.28)
or

The solution to the equation above is

-
nbar<7—> = nbar(TO)?O (229)

Where 7 represents the initial proper time when the system attains local equilibrium,
thus establishing the validity of the hydrodynamic solution. The hydrodynamic evolution
relies on Bjorken expansion, which simplifies by disregarding transverse expansion and

employing an ideal gas equation of state, leading as in [9].

-\ 43
e(b,T) = €(b,7;) (;) (2.30)
N\ /3
T(b,7) o< €V/4(b,73) <;) (2.31)

where €(b, 7;) is the initial energy density.
The entropy density equation, which shares the same form as the baryon density equa-
tion, consequently possesses the solution.
5(7) = () (2.32)
T

Starting from entropy, we can obtain by applying 7'0, to (su”) and utilizing the defi-
nition of the speed of sound in a fluid, VdP/dE = ¢*:

1
0,Ins = 0_28V InT (2.33)

s
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0 =u"0,s + s0,u"
= E)Hu“ + U'ua“ 111 S (234)

1
= Jut + —QU“(?H InT
c

S

Using light-cone coordinates, we can obtain the following solution:

0=y 20T (2.35)
or
T(7) = T(m) (%) (2.36)

It is noteworthy that, given the exclusively longitudinal expansion, any geometric
characteristic of the initial condition remains preserved throughout the evolution process
in the JEWEL simulation.

2.2 Realistic Medium Evolution Models

The quark and gluon plasma can be described in terms of hydrodynamics, which de-
scribes the behavior of fluids on a large scale. In addition to other physical effects, the
simulation of a hydrodynamic system like the QGP considers viscosity, energy flow, and
the system’s own expansion. More can be learned about the QGP, including information
about the quark-gluon state transition, the nature of the coupling, and other events related
to particle production, if we examine a realistic model in collisions of charged particles.

In this work, we determine the system’s initial conditions produced in collisions of
relativistic heavy-ion collision using the TRENTo model. TrENTo is a well-known
code that makes it possible to determine the spatial distribution of energy density after
a collision. Some prerequisites must be met to use the v-USPhydro method to simu-
late hydrodynamics because it can accurately depict how the hot plasma of quarks and
gluons changes over time and space while considering crucial parameters like plasma ex-
pansion and viscosity. The v-USPhydro is an ideal candidate for the system’s evolution.
TrENTo and v-USPhydro were used to define the initial conditions and medium devel-
opment, respectively, to investigate the properties of the plasma QGP and, in particular,
the interaction with the particle jets created in these collisions. As a result, theoretical
understanding of particle physics and high-energy nuclear physics has advanced.

The main difference between Glauber’s model and Tgr ENTo is that the latter considers

the distribution of nuclei thickness along the collision axis, taking into account the internal
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structure of nuclei and their nuclear interactions.

2.2.1 Initial Conditions — TzENTo

The Thickness Event-by-event Nuclear Topology (Tgr ENTo)[43] is a new parametric
initial condition model for high-energy nuclear collisions based on eikonal entropy depo-
sition via a "reduced thickness" function. It generates nucleus-nucleus eccentricity har-
monics consistent with experimental flow constraints and is compatible with ultra-central
uranium-uranium data, unlike existing models that include binary collision terms.

The model assumes that the eikonal superposition of the thickness functions 7’4 and
T produces entropy through a scalar field f(7'4, T5) where f is postulated as a general-

ized average, called reduced thickness.

das .
o X f(Ta,Tp) =Tr(p;Ta, Tn) = <

where p is the free continuous parameter that interpolates between qualitatively dif-

1
w) : (2.37)

2

ferent physical paths for entropy formation. In order to visualize this, consider a pair of

nucleon participants colliding with a non-zero impact parameter, as depicted in Fig. 2.5.
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Figure 2.5: A pair of nucleon participants’ thickness has been reduced. As depicted in
the top right, the nucleons clash with a nonzero impact parameter along the x-axis. The
grey dashed lines are one-dimensional cross sections of the participant nucleon thickness
functions T4, T's, while the colored lines (green, blue, orange) represent reduced thick-
ness Tr forp = 1, 0, —1 [43].

Consider a collision between two nuclei A and B with an impact parameter b along

the z-axis and nuclear densities ps g = pparton(z £ b/2,y, ), and suppose that the inte-
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gral f dzpparton, has a closed form or can be numerically evaluated, allowing the parton

thickness functions to be determined. The probability of collision of the parton is

Pip=1—exp [—agg/da: dy/dz pA/dz pB} (2.38)

where the integral in the exponential is the overlap integral of the parton thickness
functions and ogg is an effective parton-parton cross-section set to equal the experimental

inelastic nucleon-nucleon cross-section c N N.

Similar to Glauber’s model, the collision probability can be tackled using the fluctu-

ating thickness for each parton as:

Typ(z,y) = wap / dz pap(e,y,2) (2.39)

where w4 p are separate random weights drawn from a gamma distribution with a unit

mean,

k
Pi(w) = %wk_le_kw (2.40)

These gamma weights incorporate extra multiplicity fluctuations to recreate the huge
fluctuations found in experimental nucleus-nucleus collisions. To best suit the data, the
shape parameter k can be tuned: tiny values (0 < k& < 1) correlate to significant multi-

plicity fluctuations, whereas big values (k > 1) suppress variations.

In high-energy collisions, there exists an important parameter known as centrality,
which pertains to the measurement of how central or peripheral the collision between
atomic nuclei or subatomic particles is. This classification is utilized to elucidate how the

collision’s geometry impacts the behavior of the produced matter.

Centrality categories, such as 0 — 10%, 20 — 30%, and up to 60 — 80%, are determined
based on the percentage of overlap between the colliding nuclei. For instance, ina 0—10%
collision, the nuclei collide in a highly central manner, exhibiting substantial overlap,
whereas in a 60 — 80% collision, the overlap is significantly reduced, rendering it less

central.
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Figure 2.6: Initial temperature conditions for some centralities using the Glauber and
TrENTo models. Length scale in fm and proper time scale in fm/c.[36]

2.2.2  v-USPhydro

The v-USPhydro is a numerical code for relativistic hydrodynamics developed to
investigate viscosity’s effects on the dynamics of heavy-ion collisions. It utilizes the
Smoothed Particle Hydrodynamics (SPH) algorithm, a 2+1-dimensional fluid simulation
technique suitable for handling problems involving free surfaces, deformable boundaries,

and large deformations without a mesh structure.

This model has the capability to simulate the evolution of the quark-gluon plasma
(QGP) formed in heavy-ion collisions, taking into account the effects of viscosity. It
allows the study of the QGP dynamics and the investigation on how its viscosity can

influence plasma properties.

The Eulerian approach uses a predefined grid, and the Lagrangian method, which
discretizes the fluid into individual particles and records their location and velocity over
time, is often used for solving hydrodynamic equations. In the v-USPhydro framework,
the well-known Lagrangian approach known as SPH is applied, providing an efficient

framework for solving the Equations of Motion.
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Figure 2.7: The temperature evolution is shown in the top row for Bjorken’s expansion and
in the bottom row for v-USPhydro’s expansion, considering a random TrENTo central
(0 — 10%) initial profile at different proper time steps (columns) for PbPb collisions at
5.02 TeV. The maximum temperature in each panel is indicated in white, the length scale
is in fm, and the proper time scale is in fm/c [36].

Dissipative hydrodynamics is an extension of ideal hydrodynamics that considers the
fluid’s viscosity. The causal dissipative hydrodynamics equations include viscosity terms
that describe the dissipation of energy and momentum in the fluid. Viscosity can be di-
vided into two categories: shear viscosity, which describes the dissipation of momentum
perpendicular to the velocity gradient, and bulk viscosity, which describes energy dissipa-
tion due to volume variations. Volume viscosity is also known as mass viscosity or bulk
viscosity.

In summary, the model is based on a formulation of causal dissipative relativistic
hydrodynamics in two spatial dimensions, which includes the conservation equations for
energy, momentum, and baryon number, along with evolution equations for shear and
bulk viscosities. The equations are numerically solved using a finite difference method
in a Cartesian coordinate system. The model also incorporates an equation of state that
describes the relationship between pressure, energy, and entropy density of the fluid.

The conservation equation for energy-momentum, which describes how energy and

momentum are conserved in a hydrodynamic system, is given by:
T" = eutu” — (p + II) A" (2.41)

In this equation, 7" is the energy-momentum tensor, ¢ is the energy density, u* is the
four-velocity of the fluid element, p is the thermodynamic pressure, 11 represents the bulk

viscous pressure, and A" = g — utu” is the projection and ¢g"” is the metric tensor.
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The first term on the right-hand side represents the ideal fluid part, where the energy-
momentum is determined solely by the energy density and the four-velocity. The second
term, —(p + II)A#”, accounts for the viscous effects and represents the deviation from
the ideal fluid behavior. The bulk viscous pressure II captures the dissipative effects due

to variations in the volume of the fluid element.

When combined with other equations of state and transport equations, this conserva-
tion equation forms a system of equations that governs the evolution of the hydrodynamic
system over time. Solving these equations allows one to study the flow patterns, dissipa-

tive effects, and the system’s overall behavior under different conditions.

The equation presented below is the evolution equation for viscosity, which describes
how viscosity evolves over time. This equation is one of the constitutive equations in vis-
cous hydrodynamics and is utilized to elucidate the influence of viscosity on the evolution

of a hydrodynamic system.

TII(DII+110) + 11+ ¢ =0 (2.42)

In this equation, 7 represents the relaxation time coefficient required to preserve
causality, D represents the covariant derivative, # signifies the expansion scalar and (

corresponds to the bulk viscosity coefficient.

The equation states that the change in bulk viscous pressure II is determined by the
product of the relaxation time 7 and the sum of the covariant derivative of the bulk viscous
pressure DII and the product of the bulk viscous pressure and the expansion scalar I16.
The terms [T and (6 represent the contributions of the bulk viscosity and shear viscosity,

respectively, to the system’s evolution.

By solving this evolution equation, in conjunction with other governing equations of
the hydrodynamic system, we can gain insights into how viscosity influences the system’s

behavior as it evolves over time.

In the Smoothed Particle Hydrodynamics (SPH) approach, a conserved reference den-
sity current J# = ou is introduced, where o represents the local density of a fluid el-
ement in its rest frame. As the fluid undergoes flow, the density follows the equation
Do + 06 = 0, which, in hyperbolic coordinates, can be written as GM(TJu“) = 0. The
equations of motion in the SPH model can be written in terms of this reference density,
governing the evolution of the four-velocity u* and the reference density o. In terms of
this reference density, the equations of motion employed in this paper can be expressed
as in [44].



48 Models and Simulation Description
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In the context of this study, the variables s, ¢, and o represent the densities of entropy,
energy, and local fluid, respectively. The quantities p and 7" correspond to the pressure
and temperature of the system. Additionally, the fluid expansion rate § = O, u(Tut) is

also essential for the description and analysis of the system.

SPH uses Lagrangian coordinates and a normalized distribution function to recon-
struct hydrodynamic fields at specific space-time points. The kernel function with finite
support and a cutoff parameter, h, controls the accuracy and number of particles needed.
The choice of h determines the preservation of the initial structure and is limited by com-
putational time. The kernel function in hyperbolic coordinates for boost-invariant hydro-

dynamics is normalized as:

/ Wr; hld*r = 1 (2.44)

Where r is a Lagrangian coordinate, and the / parameter is a length scale that indicates

the kernel’s width and creates a cutoff for modes with shorter wavelengths [44].

In the Smoothed Particle Hydrodynamics (SPH) method, the reference density in the

laboratory frame is represented using Lagrangian coordinates as:

Nspu
Tvo — o*(r,T) = Z VaWr —r,(7); h] (2.45)

a=1

The normalization of the kernel implies that the integral of the reference density in the

Nspu

o v,. As aresult, it is natural

transverse plane is a constant, given by [ d*ro*r(7) = >
to interpret v, as a conserved quantity associated with the Lagrangian coordinate (7,(7),
while 0 represents a summation of small piece-wise distributions v, W [r — r,(7); h],

known as "SPH particles" [44].

For an extensive quantity represented by a(r, 7), the SPH method provides the follow-

ing description:
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(r ) NiH a(l’a(T)> W[r r ( ) h] (2 46)
a(r,7) = Vo7~ — I (7); .
= or(ra(7))
In addition to the position and velocity mentioned earlier in the text, which is uti-
lized in the SPH method, various other dynamic variables can be obtained from the given

quantity, such as entropy and bulk viscosity associated with the a-th SPH particle.

These equations of motion can be solved in v-USPhydro. The advantage of the SPH
method in hydrodynamics lies in transforming the coupled, nonlinear partial differen-
tial equations in the Eulerian view into a set of nonlinear ordinary coupled differential
equations for the Lagrangian variables. Additionally, there is no need to impose extra
conditions on the dynamical fields at very low temperatures. In fact, without bulk vis-

cosity, the model demonstrates that the code precisely matches the analytical solution for
2+1.

2.3 Simulation Description

2.3.1 Overview
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Figure 2.8: Illustration of the simulation steps and the subsequent computation of observ-
ables.
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Jet simulation offers an important role in advancing our understanding of the physical
phenomena that occur during relativistic heavy-ion collisions. In this chapter, we will
examine in detail the fundamental components of the simulation used in this study. We
will start by describing how the initial conditions apply, established from the contributions
of the Glauber and Tr ENTo models, the hadronization, and parton distribution software.
In addition, it will be revealed how the reconstruction of jets occurs using algorithms in
the JEWEL framework and how the analyses were written. This reconstruction performed
by JEWEL will have default medium evolution, bjorken, and mainly in realistic medium
configurations using v-USPhydro. The sequence used in the simulations performed in this

work, as illustrated in Fig.2.8, is:

1. PYTHIA 6.4 [8] is used to generate a hard scattering between nucleons for a given

nuclear mass.

2. The event continues from an initial vertex with the parton development of the scat-
tering, as described in Section 1.3.1 with PDFs given by the LHAPDF 5 [45].

3. For proton-proton collisions, the parton shower is developed without interactions

with the medium in a vacuum.

4. The parton shower in heavy-ion collision: for JEWEL’s default medium is a simple
Glauber+Bjorken (Sections 2.1.1 and 2.1.2), and for this work, we also used the
more realistic alternatives Tg ENTo+v-USPhydro (Sections 2.2.1 and 2.2.2).

5. When the partons reach on-shell mass or depart the medium, they are returned to
PYTHIA for hadronization and decay, as described in Section 1.5. This produces

the event’s final hadronic configuration.

6. The jets are reconstructed by the Anti-ky algorithm provided by the FastJet package
[46] in a Monte Carlo event developed by the Rivet 3.1.4 framework [47], finally
obtaining the desired observables.

The initial connection between JEWEL 2.2.0 and the new medium profiles was first
explored and examined in Sec.2.1. Unlike the default configuration of JEWEL, the new
medium profiles are characterized by a discrete collection of points denoted as T'(z, y, 7).
The spatial grid employed possesses a dimension of 0.15 fm, while the temporal aspect
evolves in increments of 0.1 fm/c. An essential aspect of this framework is the interpola-
tion of the grid, which occurs bicubically in space and linearly in time, as highlighted in
[48].
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The inclusion of user-defined critical temperature (7¢) serves as a boundary that con-
strains the scope of medium interactions. In practical terms, when the local temperature
T(z,y,T) falls below T¢, it indicates the absence of a QGP within that region. Conse-
quently, no interactions are computed, and the presence of a mixed phase is not accounted
for.

In addition to the critical temperature, the user can change another free parameter.
The Debye mass discussed briefly in Chap. 1 sec.1.3.1 uses by JEWEL with a free scale

parameter s, by

up(T) =31 = pup(T) = 3s,T (2.47)

The parameter s, was determined to be 0.9 by modifying it to represent single-
inclusive hadron suppression at RHIC; this value is identical to that in the default release
of JEWEL [34]. After calculating nuclear factor modification R4 for PbPb (0-10%) at
Vsnvn = 5.02 TeV for values of s, = 0.9, 1.0, and 1.1 as well as for T = 0.15, 0.16,
and 170 MeV [34], the best values for these parameters were determined using also the
data from the ATLAS experiment [49]. The optimal tuning for the JEWEL + TRrENTo +
v-USPhydro setup was s, = 1.1 considering recoils and s, = 1.0 without recoils, and
T = 170 MeV for both.

The vUSPhydro medium profiles used are differentiated across distinct centrality classes
depending on the number of soft-charged pions and their accompanying properties [11].
In contrast, the Glauber media, which is the default in JEWEL, has its centralities spec-
ified by user-defined parameters. This distinction shows the differences in approach be-
tween the two mediums: v-USPhydro categorizes media profiles according to particular
multiplicity classes, whereas JEWEL’s default setup allows users to determine the cen-

tralities of its Glauber media profiles.

2.3.2 Refining the Simulation Model

Several modifications have been implemented in the realistic model employed within
this study in recent years. One of the key changes pertains to the inclusion of transverse
velocity. Previously, the scattering center possessed only longitudinal velocity. Con-
sequently, an addition of velocity within the transverse plane was implemented. This
enhancement enables the extraction of transverse momentum, denoted as u(z,y, 7), in
addition to local temperature, represented as 7'(z, y, 7), when utilizing the v-USPhydro.

Furthermore, adjustments were made to the effective density. Previously, it could be de-
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fined as:

n@ff(I, Y, <, T) = % (248)

where n is the density of a gluon gas and v = 1/ \/1—71)? = cosh y. As the original
JEWEL use that scattering center 4-velocity is u = (7,0, 0, u,), now we can write u =
(7, Uz, uy, u,) [50]. Therefore, as the effective density in [51]:

Neps(z,y,2,T) = LLUNN Nepf(z,y,2,T) = Pyt (2.49)
g Do

where u,, is the transverse flow velocity, p™u is the parton four-momentum, and the
Do is the initial momentum of the parton.

The initial vertex of the hard scattering was the subject of the second recent alteration.
The initial technique used in JEWEL included restrictions on the vertex selection, only
allowing it to be taken from the overlap zone of colliding nuclei. This term should not be
used in TzENTo [43]. Instead, we chose the vertex using the probability distribution with
T* proportional to the initial energy density in the transverse plane. Additionally, only
locations where the local temperature was above the freeze-out temperature are included
in the permitted zone [50].

From equations (2.10) and (2.11), it can be observed that the temperature of the
medium directly influences how the evolution of the medium occurs in the Bjorken model,
which is the hydrodynamics framework originally employed by JEWEL. The maximum
temperature (7},,x) of the medium used in JEWEL is a constant determined by selecting
the maximum temperature at a point within the medium, thereby configuring a constant
maximum effective density (n,,x) dependent on this maximum temperature value. In our
realistic medium model, this maximum temperature is not selected from a single point but
rather from the average maximum temperature across the medium.

In addition to the maximum temperature, the rapidity or average rapidity (y) used by
JEWEL was also constant and fixed. A modification was made to allow for the selection
of rapidity based on the experimental value comparison of interest.

The parameters employed in the simulation for JEWEL, the medium, and TzENTo are
detailed in Appendix A. In addition to the possible parameters described therein, the sim-
ulations allow for the selection of collision centrality. Centrality in heavy-ion collisions
indicates the degree of overlap or impact between the nuclei of the colliding ions. It is
employed to categorize heavy-ion collisions into different classes based on how central or

peripheral the collision was. These centrality classes are expressed as percentages, such
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as those utilized in this study, including 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, and
50-60%. Within these categories, the percentage signifies the fraction of the most central

collisions relative to the total number of observed collisions.

Table 2.1: Specificities of the simulations for each observable jet studied. For all models,
the default JEWEL (Glauber+Bjorken) and T ENTo+vUSPhydro for the most realistic
medium.

Observable Centrality (%) Kinematics cuts Jet radius R
R 0-10, 10-20, 20-30, pT| >| iOQGgeV 0.2,0.3,0.4,
44 30-40, 40-50, 50-60 == 0.6,0.8, 1.0
In| <32—R
. 0-10, 10-20, 20-30, pr > 20 GeV 0.2,0.3,0.4,
J 30-40, 40-50, 50-60 In| < 1.2 0.6,0.8,1.0
' pr > 20 GeV
M;e 0-10 | <09—R 0.2and 0.4
5 < pr < 100 GeV
h-jet 0-10 ly| < 2.8 0.2,0.4,0.5
In| <32—-R

The Tab.2.1 shows the observables simulated, covering aspects such as kinematic con-
straints and centrality, specifically tailored for each observable. Throughout this study, all
simulations consistently adopted a center of mass energy of 2.76 TeV and 5.02 TeV oper-
ating in JEWEL mode that incorporates recoils, as Section 2.3.3 explains.

After an overview of the simulation and its stages, in the upcoming sections, we will
delve into understanding how jet reconstruction takes place in the simulations conducted
in this study. This will be achieved through the implementation of algorithms such as
the anti-kp, along with techniques employed to replicate the system’s physical details,

including the thermal subtraction method.

2.3.3 Jet Reconstruction

As discussed previously in Chapter 1, jets are a consequence of the confinement prop-
erty of strong interactions. This phenomenon arises because the energy of partons can un-
dergo several successive transformations, including evolution, fragmentation, hadroniza-
tion, and final-state decay, ultimately resulting in a collimated collection of hadrons in an

azimuthal (pseudo)rapidity space. This collimated collection is what we define as a jet.
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Figure 2.9: Illustration of jet reconstruction at the CERN LHC using JErCrass [52]. Com-
plex particle detector systems measure these outgoing particles, and jets can be recon-
structed from measured particles [53].

Convergence between theory and experimental evidence is essential to establish a
solid definition of a jet, which consists of sets of guidelines that prescribe how particles
in the final state are organized to form jets. These specific sets of rules, which guide
this clustering process, are incorporated into the jetting algorithms. They must, in turn,
conform to a set of general properties [54], which are formally known as the “Snowmass
Accord of 1990

» Simple to implement in an experimental analysis;

* Simple to implement in the theoretical calculation;

* Defined at any order in perturbation theory;

* Yields finite cross sections at any order of perturbation theory;

* Yields a cross-section that is relatively insensitive to hadronization;

These properties were developed to ensure that the jet algorithms were consistent,

reliable, and applicable in experimental and theoretical analyses.
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Hard partons are expected to experience multiple collinear splittings or soft emissions
in both perturbative and non-perturbative regimes, some of which remain poorly under-
stood. Therefore, it is advisable to favor algorithms capable of yielding final results that
remain unaffected by these emissions [55].

For infrared safeness:

In any n-parton configuration, adding an infinitely soft parton does not affect

the observable at all
And for collinear safeness:

In any n-parton configuration, replacing any massless parton with an exactly

collinear pair of massless partons does not affect the observable at all.

If all requirements are met, the method is said to be infrared and collinear (IRC) safe.
Various techniques were rejected or altered to ensure IRC safety since it is a helpful tool
in theoretical pQCD calculations and offers a better framework for examining detector
physics, such as noise and granularity [55].

In the next section, we will see the main method of particle combination used in the
reconstruction of jets in high-energy physics experiments, particularly collisions at the
LHC.

Anti—kT

Inspired by the Snowmass agreement, the algorithm characterizes the momentum of
a jet in terms of the momenta of its constituent particles as shown below for transverse

energy, pseudorapidity, and azimuth, as[55]:

Brje =Y _ En,

i€jet
Njet = Y Erini/ Erjet, (2.50)
i€jet
Djet = Z Eri¢i/ Erje
i€jet
The distance between a pair (i, j) can be defined as AR?;, = (y? — y7)? + (¢7 — ¢7)?

and for every pair of particles we can define the distance:

AR},
R2

di; = min(p,, p7.) and d;p = p, 2.51)
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After calculating all possible d;; and d;p, the algorithm compares the two values; if
min{d;;} < min{d;p} recombine 7 and j into a new particle and return to the first step,
however, if min{d,;} > min{d;z} jet i is complete and remove it from the particles’ list
returning to the first step. This process is repeated until all jets are created. All opening
angles within each jet are smaller than R in this context, but all opening angles between
jets are bigger than R.

In Figure 2.10 it can be seen that the algorithm results in circular jets with well-defined

boundaries even when an overlap occurs.

The jet radius parameter, denoted as R, controls the spatial extent of the reconstructed
jets. It is anticipated that altering the value of R will influence the incorporation of
initially scattered energy stemming from parton fragmentation processes. As a result,
this alteration offers valuable insights into the mechanisms of jet quenching and poten-
tial medium modifications and provides constraints that could potentially refine models
[36]. Tab.2.1 shows which R values were used in each observation, essentially varied in
0.2,0.3,0.4,0.5,0.6,0.8,1.0.

anti-k,, R=1 |

Figure 2.10: Partonic event with random soft particles clustered with anti-k; algorithms
for R = 1. Jets are represented in various colors [56].

The anti-k algorithm plays a key role in accurately identifying jets and understanding
the strong interactions that lead to the formation of these structures. However, correcting
certain unwanted energy effects in the simulation is still necessary, particularly in situa-
tions where the hot and dense medium can influence the results. Thermal subtraction is a

technique that aims to correct these effects, as we will see in the next section.
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Thermal Subtraction

In JEWEL, as seen in Section 2.1.2, the medium details, as 4-velocity, temperature,
and density, are supplied to the code by the Bjorken hydrodynamic model that describes
the longitudinally invariant expansion of an ideal gas of quarks and gluons. The location
in the medium where the interactions between particles occur is defined as the “scattering
center”. Such centers are used to provide JEWEL with the phase density of the medium
necessary to simulate the propagation of jets in a medium such as the QGP. The density
of scattering centers at any point in space-time is calculated from the initial density de-
termined by hydrodynamics. When an interaction occurs, a scattering center is generated
with a moment given by the thermal distribution at the local temperature.

In Section 1.3.1, we saw that there is a parton shower in the collision system. As
partons evolve in the medium, they interact with the scattering centers via the 2 — 2
process, which triggers new recoiling partons generated in the simulation. These recoils
evolve freely until they are hadronized without suffering interactions in between. Thus,
the contributions of the parton shower from the medium response in the final state cannot
be distinguished. As a way to get around this problem, JEWEL allows saving the thermal
information of these scatterings in the form of “ghost” particles, soft moment carriers in
azimuth velocity space.

JEWEL’s thermal subtraction method is used to remove background from collision
events that contain jets. In experimental data, the background is subtracted from the
reconstructed jets. However, as JEWEL does not simulate the soft event, it is not possible
to follow the same prescription in the analysis of Monte Carlo events. Instead, the recoil
scattering centers are removed from the event before hadronization, and no background
subtraction is performed [57].

It is also possible to keep the thermal partons that interacted with a rigid parton (“re-
coils”) in the event, but the thermal moment these partons had before the interaction must
be subtracted from the final event. Transverse momentum and mass can be subtracted
from nearby particles to ensure that defined mass squares are positive. The algorithm

called the Constituent Subtraction method, is found below [57]:

1. The final state particles and thermal momenta are represented by the four-momenta

pL:

pr = ((ms + p1)cosh(y), prcos(@), p1sin(@), (ms + pi)sinh(y)) (2.52)
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where the mass ms; = \/m? + p% — p., y rapidity and ¢ the azimuthal angle.

2. The distance between all possible pairs of particles in final state ¢ and thermal mo-

mentum k is compiled:

ARy, =/ (yi — )2 + (61 — op)? (2.53)

3. Starting from the smallest distance, the list is traversed, each pair being subtracted

from the smallest p, and the smallest ms from their larger values:

(2) (2) (k)
. i k Py —py —D
if I?(L)ZJU(L):> { * (k)L *
p, —0
0 (2.54)
. i k Py — 0
if <=9 W
P, —p, —D,
and
(@) (2) (k)
: my’ —my —m
if m((s) 2 m((;k) = é ® ) )
ms  — 0
0 (2.55)
- (i) (k) ms~ —0
if ms’ < ms = .
J s {mgk) — m((;k) — m((;)

4. The process continues until the list ends or until the 0.5 distance cut in AR;; is

performed to avoid subtracting large distances.

5. All zero p; moments are removed after all subtractions are performed. The remain-

ing moment constitutes the subtracted ensemble.

Constituent subtraction is done on individual particles instead of four-moment subjets,
making the jet mass much more stable and in agreement with experimental observations.
Constituent subtraction can be performed on all final state particles either before or after
jet reconstruction. The constituent subtraction was used to consider the recoils in all the

simulations of this work, as we will see in the next chapter about the studied results.



Chapter 3

Results

3.1 Nuclear Modification Factor — R 44

The nuclear modification factor (12 4 4) is a fundamental parameter used to characterize
the differences in particle production observed in the presence of a Quark-Gluon Plasma
(QGP) and in collisions where this medium is absent. In particular, a QGP is expected
to be formed in heavy ion collisions, while in proton-proton collisions, such a medium is
not anticipated to occur.

This section aims to provide a comprehensive definition of R 44 and present the find-
ings of simulations employing realistic hydrodynamics and JEWEL recoil subtraction
techniques for various centralities and R = 0.2,0.3,0.4,0.6,0.8 and 1.0. Furthermore,
the results obtained from these simulations will be compared with experimental data from
high-energy experiments, such as those conducted by the ATLAS, ALICE, and CMS ex-
periments at the Large Hadron Collider (LHC).

To this end, jets were reconstructed from the simulated data using the anti-k; algo-
rithm, which were performed for PbPb and pp collisions at 2.76 and 5.02 TeV, respec-
tively, using both Glauber+Bjorken and Tg ENTo+v-USPhydro models. By performing
these simulations, we aim to understand better the properties of QGP and its effects on

particle production and explore the underlying physics of heavy ion collisions.

3.1.1 Definition

The R 44 is defined as the ratio of particle production per event in heavy-ion collisions

(AA) to particle production in proton-proton collisions, normalized by the number of
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Figure 3.1: Illustration of atomic nuclei collision, showing impact parameter b (left) and
participating nucleons and spectators (right).

nuclear collisions in the heavy ions (/V.,;). The following formula gives it:

1 dN

. 1 e'ut_‘AA
Raalpr) = 7 News dpr. (3.1)
< coll) depr

Where dN/dpr|aa is the distribution of particles produced in heavy-ion collisions as
a function of the transverse momentum pr, and dN/dpr|,, is the distribution of parti-
cles produced in pp collisions as a function of the transverse momentum p, and (N,y;)
is the average number of binary collisions expected in the nucleus-nucleus interaction,
calculated by Glauber model, Sec.2.1.1.

In the JEWEL simulation, each event only involves one hard scattering, which cor-
responds to the interaction between two partons in the colliding nuclei. As a result,
(Neoy) = 1. This simplification allows for a more efficient simulation of the partonic

interactions in heavy-ion collisions.

When R4 > 1, it indicates that the production of particles is enhanced in nucleus-
nucleus collisions compared to pp. On the other hand, when the R4 < 1, it indicates
that the production of high-energy particles is suppressed in nucleus-nucleus collisions
compared to proton-proton collisions. This suppression is mainly due to the energy loss
of partons as they transverse the hot and dense medium. This suppression has a name:
“jet quenching”. It is thought that a modification of the parton shower occurs due to
interaction with the QGP and that intensification depends on the mechanism of energy
loss, the properties of the medium, and the energy of the particles produced. The R 44 of

jets can be used to test theoretical models of jet modification in the QGP.
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3.1.2 Centrality Dependence

The impact parameter b illustrated in Fig. 3.1 is an important parameter of the collision
since it affects its entire dynamics. More central collisions (small impact parameter) tends
to produce a hotter and denser medium than peripheral ones (large impact parameter).
Therefore, studying the dependence of observables on the impact parameter b is crucial
for understanding the properties of the QGP and its formation in heavy-ion collisions.
The simulations were performed with approximately 3 million events for each centrality:
0—10%, 10 — 20%, 30 — 40%, 40 — 50%, and 50 — 60%. The result of our simulation
using Trento+vUSPhydro for the most central collisions for this observable can be seen
in Figure 3.2 compared to the data from the detectors ALICE, ATLAS, and CMS.

JEWEL2.2 + PYTHIA TR ENTo + vUSPhydro
I it e

0.9F B lyser] <28 HE ATLAS PbPb (0-10%) |
— jet| < 0.3 HH  ALICE
0.8F ploteh 5 7 Gev/e  HH  CMS ) |
| nje] <20 . |
< 07
Q? 06l Recoils Off |
0.5} |
0.4r R =04 |
03f VNN = 5.02 TeV |
" 0 T20 00 1000
pr (Ge\/)

Figure 3.2: Jet nuclear modification factor for TrENTo+v-USPhydro compared to
ALICE[58], ATLAS[59] and CMSI[60] in central collisions. The anti-kT algorithm is
used with R = 0.4 jets.

As shown, the data from ATLAS experiment [59] considers a larger region of pp. As
a result, the data from this LHC experiment were used as the base for the following repro-
ducing results. The PbPb and pp collisions were simulated using JEWEL Glauber+Bjorken
and JEWEL TzENTo + v-USPhydro using the parameters in Appendix A. In which the
value 0.4 was used for the R jet parameter radius and centrality of 0-10%, 10-20%, 30-
40%, and 50-60% at /syn = 5.02. For the simulation of ATLAS data, |yj| < 2.8 was
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used. For CMS, |n| < 2.0 was used, and for ALICE simulation || < 0.3 was used, with

values ranging from 0 — 10% to 50 — 60%.

First, the outcome of the analysis was simulated using the implementation of the mod-
els TR EN'To and v-USPhydro to JEWEL, with and without recoils, in other words, using
or not the subtraction method described in the 2.3.3 section, where the debey mass for

recoils on was 1.1 and for recoils off was 1.0. The critical temperature was 170 MeV. See

Figure 3.3.

JEWEL2.2 + PYTHIA + TgrENTo + vUSPhydro PbPb /syny = 5.02 TeV
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Figure 3.3: Color-coded jet nuclear modification factor for TRk ENTo and v-USPhydro
with ATLAS data [59] and recoils on (up) and off (down) for different centralities.

Figure 3.4, shows the results of the simulation using JEWEL’s default configuration,
Glauber for initial conditions, and Bjorken for the evolution of the hydrodynamic medium.

The parameters remain the same, except for the MDS parameter of 0.9, as opposed to the
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1.1 used by the model with v-USPhydro with recoils and 1.0 without recoils.

JEWEL2.2 + PYTHIA PbPb /syny = 5.02 TeV
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Figure 3.4: Color-coded jet nuclear modification factor for Glauber and Bjorken with
ATLAS data [59] and recoils on (up) and off (down) for different centralities.

It is noticed that, for the energy of \/syy = 5.02 TeV, with R = 0.4 and for all the
configurations used in these results above, our implementation of a more realistic medium
reproduces better the data from the ATLAS experiment. It is also possible to observe
the significant deviation of JEWEL’s default configuration concerning the data for more
peripheral collisions (50 — 60%) compared to the more realistic one. Moreover, upon
deactivating the subtraction method (recoils off), there is a slight approximation with the
experimental data, as can be seen in Figure 3.3.

To analyze potential differences in how the medium can interfere with jets at lower

energies in the simulation, the system was also studied with energy of /syny = 2.76 TeV
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and with |y;.;| < 2.1 for possible comparison with pre-existing data. For this purpose,
data from the ATLAS experiment were used again for the same reason as before [61].
From the results of the figures below (3.5 and 3.6), we can draw the same conclusions as

the previous paragraph for the energy of \/syn = 5.02 TeV.

JEWEL2.2 + PYTHIA TzENTo + v-USPhydro PbPb /syny = 2.76 TeV
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Figure 3.5: Color-coded jet nuclear modification factor for TRk ENTo and v-USPhydro

with ATLAS data [61] and recoils on (up) and off (donw) for different centralities.
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Figure 3.6: Color-coded jet nuclear modification factor for Glauber and Bjorken with
ATLAS data [61] and recoils on (up) and off (down) for different centralities.

3.1.3 R factor variation

The R factor is a distance parameter used in the anti-kr jet reconstruction algorithm
(described in section 2.3.3) to determine the size of the jet cone surrounding each particle.
Its value governs the collimation of the jet, influencing its resolution and susceptibility to
background contamination.

By varying the R factor in observables such as R 44, different regions of distances
between the particles that make up the jet can be explored, allowing for more precise
information about the interaction of jets with the QGP. Additionally, different R values
can be used to optimize the sensitivity of jet measurements for different ranges of py of

the particles composing the jet.
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jet cone

Figure 3.7: Illustration of particles in jet cone region.

Experiments at the LHC have employed varying R values, from R = 0.2 to R = 1.0,
to optimize the performance of jet reconstruction for diverse event types and observables.
Notably, when examining the 12 44 of jets in heavy-ion collisions, it is critical to adjust the
R parameter to investigate the dependence of the jet quenching effect on the jet size and its
sensitivity to the medium properties. Comparing 44 outcomes obtained with different
R values enables testing theoretical predictions and distinguishing competing effects of

jet fragmentation, energy loss, and flow.

From figures 3.8, 3.9, 3.10 and 3.11 similar to the indications in centrality depen-
dence, v-USPhydro demonstrates an improvement over Bjorken, particularly concerning

the recoil-off mode in results.

As R increases, Glauber+Bjorken exhibits different behaviors in the presence or ab-
sence of thermal subtraction. It is noticeable that with recoils enabled, the R 44 increases
significantly, particularly for lower pp, a trend that reverses when the subtraction method
is not applied. Such an inversion behavior also occurs in the presence of the v-USPhydro
hydrodynamic model in JEWEL, which might suggest that the employed background
thermal subtraction (constituent subtraction), Sec.2.3.3, is subtracting beyond what is the-

oretically expected.
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Figure 3.8: Jet nuclear modification factor for TRENTo and v-USPhydro model with
recoils compared to ATLAS [59] central 0 — 10% results for multiple jet radio R.
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Figure 3.9: Jet nuclear modification factor for Tg EN'To and v-USPhydro model without
recoils compared to ATLAS [59] central 0 — 10% results for multiple jet radio R.
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Figure 3.10: Jet nuclear modification factor for Glauber and Bjorken model with recoils
compared to ATLAS [59] central 0 — 10% results for multiple jet radio R.

JEWEL2.2 + PYTHIA

1.0
B R0 R - 08 PbPb /syn = 5.02 TeV
0.8k R=03 R=10 Recoils Off
[0 R=04 HH ATLAS R=0.4
71 R=06
< 0.6
<t
Q: R e
0.4+F :E:f:‘ —
::F*:':l.:\;—;z:':'
02F ;:"EE |yjﬁt| <28
0.0 , , , , , ,
0 100 200 300 400 500 600
pr (GeV)

Figure 3.11: Jet nuclear modification factor for Glauber and Bjorken model without re-
coils compared to ATLAS [59] central 0 — 10% results for multiple jet radio R.

Conducting the study at two distinct energies is paramount for comprehending how
nuclear suppression effects may vary with collision energy. Different energies can offer
insights into the medium’s interference at different energy regimes. Therefore, simula-
tions and analyses were replicated for the energy of 2.76 TeV. Figures 3.12, 3.13, 3.14,
and 3.15 depict the outcomes for R ranging from 0.2 to 1.0 for both the default JEWEL
configuration (Glauber+Bjorken) and JEWEL + TzENTo + v-USPhydro.
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Figure 3.12: Jet nuclear modification factor for TRENTo and v-USPhydro model with
recoils compared to ATLAS [59] central 0 — 10% results for multiple jet radio R.
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Figure 3.13: Jet nuclear modification factor for Ty ENTo and v-USPhydro model without
recoils compared to ATLAS [59] central 0 — 10% results for multiple jet radio R.
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Figure 3.14: Jet nuclear modification factor for Glauber and Bjorken model with recoils
compared to ATLAS [59] central 0 — 10% results for multiple jet radio R.
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Figure 3.15: Jet nuclear modification factor for Glauber and Bjorken model without re-
coils compared to ATLAS [59] central 0 — 10% results for multiple jet radio R.

Similar to the findings at 5.02 TeV, it is evident that the recoils-off mode aligns better

with the data, particularly for the JEWEL configuration with a more realistic medium.

However, there is a more pronounced suppression of the R 44 for recoils-on. Addition-

ally, at low pr, similar to the result in Figure 3.10, the nuclear modification factor notably

increases with the increment of R, suggesting a potential parton overproduction with the

thermal subtraction method. This effect is also observed in the realistic medium configu-

ration, as shown in Figure 3.12.
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3.2 Dijet—=x;

3.2.1 Definition

When two particles collide in a process called 2 — 2 scattering, they often produce
a pair of jets. These back-to-back jets, known as “dijets”, are formed through a process
called QCD evolution of the initial partons. Compared to single jets, dijets provide a
cleaner way to study jet quenching in Pb+Pb collisions, as they experience asymmetric
energy loss due to traveling different path lengths through the QGP. This is caused by the
overlapping nuclei’s geometry and the jet trajectories’ orientation. Previous research has

shown that the geometry of the nuclei affects the rates of jets detected in these collisions.

Figure 3.16: Illustration of the momentum balance of the leading and sub-leading jet
system.

Additionally, fluctuations in the energy loss process may cause each jet to experience
different amounts of energy loss. By measuring the pr balance of dijets, researchers can
better understand the relative contribution of fluctuations and geometry to jet quenching.

To evaluate and contrast the ultimate transverse momenta of the two jets defining a

dijet, the momentum balance of the leading dijet is studied through the ratio:

Ty = pT,2/pT,1 (3.2)

Where the two jets with the highest energy from the event’s set of jets are used to

construct the primary dijet, where pr; represents the transverse momentum of the leading
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AD> 7/8

Figure 3.17: Tllustration of the angle A¢ > 77 /8 between the transverse momentum of
the leading and sub-leading jet system.

jet with the highest-pr, and pr s represents the transverse momentum of the subleading

jet with the second-highest-p;.

3.2.2 Energy dependence

This study presents simulations of di-jet yield, which is the number of jet pairs in a
given interval of py; normalized by the total number of jet pairs, represented as (1/N)dN/dzx ;.
The results are shown as a function of x ;, in intervals of pr ; for collision with centrality
0 — 10%. The binning in (pr 1, pr2) distribution is chosen so that the bins correspond to
fixed ranges of x;, and the (1/N)dN/dz; results are obtained by projecting into these
2y bins. The simulations were performed with the aim of replicating existing experi-
mental data. We employed the parameter R = 0.4 for this purpose, and furthermore,
we examined potential variations in the outcomes at different energy levels, specifically
Sy = 2.76 TeV and /syy = 5.02 TeV.

Specific cuts and parameters were duplicated to enable a reliable comparison between
experimental data from the Large Hadron Collider (LHC) and simulations. To compare
with ATLAS data, a cut of |n;.;| < 2.1 — R was implemented, along with a jet transverse
momentum cut ranging from 20 to 1000 GeV and /syn = 2.76 TeV. This ensured con-
sistency in the comparison between the simulated and experimental data. The jet pairs
formed are from the two highest-pr jets in the event with pr > 20 GeV. The pair was
required to have A¢ > 77 /8, where A¢ it is defined by the angle between the transverse
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momentum leading and sub-leading jets pr; and pr .

The initial simulations were conducted using the energy of \/syy = 5.02 TeV with
a radius parameter R = 0.4 and centrality of 0 — 10%, in order to facilitate comparison
with the experimental data from the ATLAS experiment [62]. The applied cut for the

transverse momentum of the leading jet was 158 < p; < 178 GeV, as shown in Figures

3.18 below.
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Figure 3.18: The (1/N)dN/dz; distributions for jet pairs with 158 < pr; < 178 GeV
for TRENTo + v-USPhydro for R = 0.4 jets at \/syny = 5.02 TeV. The PbPb data [62]
are shown in black, while the pp distribution is shown for comparison in purple and is the

same in all plots.
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Figure 3.19: The (1/N)dN/dz; distributions for jet pairs with 158 < pr; < 178 GeV
for Glauber + Bjorken for R = 0.4 jets at \/syy = 5.02 TeV. The PbPb data [62] are
shown in black, while the pp distribution is shown for comparison in purple and is the
same in all plots.

From the results in Figures 3.18 and 3.19, it is noticeable that there is a slight im-
provement in the data description when not employing the method of thermal background
subtraction, that is, with recoils turned off. Additionally, for this energy and centrality,
that slight increase in the distribution around 0.45 < x; < 0.65 is better captured by the
default JEWEL simulation without recoils.

In an attempt to ascertain whether this trend persists for other energies, centralities,
and transverse momentum cuts, PbPb collisions were once again simulated, this time
at an energy of /syny = 2.76 TeV while keeping the jet radius R = 0.4. However,
the centrality was adjusted to 40 — 60%, and the transverse momentum cuts were set at

100 < pr1 < 126 GeV. The outcomes are presented below in Figures 3.20 and 3.21.
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Figure 3.20: The (1/N)dN/dz; distributions for jet pairs with 100 < pr; < 126 GeV
for TRENTo + v-USPhydro for R = 0.4 jets at \/syy = 2.76 TeV. The PbPb data [63]
are shown in black, while the pp distribution is shown for comparison in purple and is the
same in all plots.
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Figure 3.21: The (1/N)dN/dz; distributions for jet pairs with 100 < pr; < 126 GeV
for Glauber + Bjorken for R = 0.4 jets at /syy = 2.76 TeV. The PbPb data [63] are
shown in black, while the pp distribution is shown for comparison in purple and is the
same in all plots.
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M ijet

R

Figure 3.22: Euclidean azimuth-rapidity distance of particle 7 from the jet axis represen-
tation.

For the configuration used in these latest results depicted in Figures 3.20 and 3.21, a
notably distinct behavior is observed compared to the outcome presented in Figures 3.18
and 3.19 for the energy of 5.02 TeV. For the energy of 2.76 TeV and a more peripheral
centrality range, the combination of JEWEL, TzENTo, and vUSPhydro models signifi-
cantly provides a better description of the data, particularly when increasing the value of
2y, 1.e., when the two leading jets possess similar momenta.

Despite this slight improvement in data description utilizing the more realistic medium
model, it might be deduced that x; is not necessarily a suitable observable for studying
and comprehending the medium interference in the formation of particles in high-energy
heavy-ion collisions. This is because, for central collisions and an energy of /syny =
5.02 TeV, the data agrees with x; ~ 1, without notable differences among the employed
models. On the other hand, for more peripheral collisions at an energy of \/syn =
2.76 TeV, both models describe the data well, albeit the combined model with vUSPhydro
exhibits an improved description, particularly around z; ~ 1.

3.3 Angularity — A"

3.3.1 Definition

The study of the internal structure of jets has become an active area in particle physics
in the last few years. Jet substructure techniques are generally used in experimental analy-
ses of the LHC in search of a better understanding of the Standard Model. From the point
of view of theoretical physics, the jet substructure has been contributing to renewed cal-
culations of QCD. New ideas constantly appear, proposing better observables for a solid
description of the jet substructure [64].

Generalized Angularities are computed on the hardest jet, denoted as the jet with the

highest transverse momentum (prje). In this context, the angularities are measured using
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the formula in [64], see Figure 3.22. Where AR, ;.; represents the Euclidean azimuth-

rapidity distance of particle  from the axis of the jet.

[ Pr,i " ARi,jet “
() (4

icjet PT jet

AR jer = \/ (Wi = Yjer)® + (@i — ©jet)? (3.4)

We can define the angular fraction with respect to the jet radius R as §; = AR, j:/R
and z; = pr;/pr je as the energy fraction. Then, generalized angularity becomes [64].

A= e (3.5)

icjet

Starting from the case where x = 1 and also when o = 0, as in [64].

ea =\ = 2,08
(03 Z 7

icjet

Ny= o

icjet

(3.6)

It is easy to verify that case where x = 1 and @ = 0 result in A} = 1. Therefore, we

can expand the \§ around x = 1 as

lim Af =1+ D (k= 1zlnz (3.7)
icjet

In the collision context at LHC, the analytic investigations commence with consider-
ing the IRC (Infrared and Collinear) safe limit, characterized by x = 1 [64]. We focus
on this limit’s angularities denoted as e; = \.. These angularities are IRC safe for all
values of « greater than zero. Notably, when « equals 1, it is commonly referred to as the
width (or broadening or girth), whereas o« = 2 is associated with the observable known as
thrust, which exhibits a relationship with the squared mass at a fixed jet energy [64], see

Figure 3.23.

In this way, the generalized angularity can be rewritten as

_— (3.8)

i€jet



78 Results

2 i
1.5 ¢

girth €a

1 +========- *-----=--- - ----.
mass

0.5+

multiplicity a

0.5 1 1.5 2 2.5

Figure 3.23: The visualization of the observable space A} includes well-known jet ob-
servables used in quark/gluon discrimination. For example, the line x = 1 represents IRC
safe angularities, denoted as e,. The origin (3, x) = (0,0) corresponds to multiplicity.
The point (1,1) is associated with "girth," which also refers to broadening and width.
Similarly, point (2, 1) represents "mass," which is related to the jet-mass-squared divided
by energy (thrust).

3.3.2 Jet Mass

We begin with an important jet physics observable, the jet invariant mass, which ap-
pears when x = 1 and = 2 in Eq.(3.5). The jet mass is a direct measure of the energy
distribution of particles composing a jet. Since jets consist of several particles, measuring

their mass allows for probing the distribution of these particles within the jet.

2
A;_(TJ + O (3.9)
pbr

which results in the magnitude of the four-momentum sum of constituents inside a jet
[65][66]

Mjo = \/ E — p — p? (3.10)

where I is the jet energy, pr is the transverse momentum, and p, is the longitudinal
momentum of the jet.

Certain cuts and parameters were replicated to consistently compare simulations and
experimental data from the Large Hadron Collider (LHC). For the comparison with AL-
ICE data, a cut of |n;.;| < 0.9 — R was applied in addition to a jet transverse momentum
cut between 60 and 80 GeV, 80 and 100 and 100 and 120 GeV [65].

The parameter R = 0.4 and energy \/syy = 2.76 TeV was compared with the ALICE
data for the first result. The result can be found in Figure 3.24.
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Figure 3.24: Jet mass distribution for JEWEL+Glauber+Bjorken and

JEWEL+TRENTRo+v-USPhydro with and without recoils jets and R = 0.4 com-
pared to ALICE data [65] from central Pb—Pb collisions for three ranges of prcp, jet-
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It can be observed that across all jet transverse momentum cuts, among all four em-
ployed models, those that exhibit the closest agreement are the ones without recoils,
namely JEWEL Default and JEWEL+TzENTo + v-USPhydro. Furthermore, the model
featuring a realistic medium significantly approaches the data compared to JEWEL De-
fault. This suggests a high likelihood that the subtraction method employed by JEWEL is
removing some of the final jet energy it shouldn’t, as evidenced by the yellow and green

curves in Figure 3.24.

3.4 Hadron-jet correlation

One technique employed for studying jets in heavy-ion collisions is the semi-inclusive
measurement of jets recoiling against a high-energy charged hadron trigger. This method
involves identifying a high-energy charged hadron, acting as a trigger for jet production,
and quantifying the jet production rate as a function of various variables, such as jet
transverse energy and the energy loss experienced by the jet as it traverses the hot and
dense medium created during the collision. In essence, the semi-inclusive measurement
of jets recoiling against a high-energy charged hadron trigger serves as a potent tool for
investigating jet-medium interactions in central Pb-Pb collisions, shedding light on the
properties of the medium.

The primary objective of this study is to analyze jet quenching in lead-lead ion col-
lisions at a center-of-mass energy of 2.76 TeV per nucleon-nucleon pair, employing the
semi-inclusive jet measurement technique [67].

Jets are reconstructed using charged particle tracks with the anti-k; algorithm, impos-
ing an infrared cutoff for tracks with pr > 5.0 GeV/c in analysis. Background unrelated to
the jet signal is corrected only at the level of average distributions, without event-by-event
discrimination between the jet signal and background. This correction method leverages
the phenomenology of jet production in QCD.

In this study, we consider jet candidates valid if their pseudo-rapidity (7);..) falls within
the range |1;e:| < 0.5 for jet sizes R = 0.4. Pseudo-rapidity is a measure of the angle
at which particles are produced in the detector. Additionally, we define the azimuthal
acceptance for the recoil yield measurement as 7 — A¢ < 0.6, see Figure 3.25. Here, A¢
represents the angular difference between the azimuthal angle of the trigger hadron ¢,
(Trigger Track, or TT, class) and the central position of the jet candidate (¢;¢), with the
constraint that 0 < ¢y < 7 [67].

The semi-inclusive h+jet distribution represents the pp-differential distribution of re-
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Figure 3.25: Semi-inclusive hadron-jet correlation scheme.

coil jets, scaled by the number of trigger hadrons (/Vy,;,). This distribution, denoting the
count of jets observed within the recoil acceptance region relative to the count of trigger

hadrons, is analogous to the ratio of inclusive production cross-sections.

jet
Ntrig dT/jet de,jet

(3.11)

( 1 d2 AA—h+jet+z
- AAshiz dn.

o % Njet
PT,trig€ TT Tjet 7€ PT,RE TT

AA—h+X

Where AA represents either pp or Pb — Pb collisions, o represents the cross-

section for generating a hadron within the chosen pr range of the selected TT class.

AA—h+jet+X /p

Similarly, d2o dn stands for the differential cross-section for the co-

T,jet
incidental production of a hadron within the TT range and a recoil jet, with p$? Liet Ad et

denoting the transverse momentum and pseudo-rapidity of the charged jet [67].

As in the experimental description [67], for the analysis, trigger hadrons are confined
to the charged-track acceptance region || < 0.9 and are chosen within specific pr 4
intervals. These intervals are defined as follows: 8 < pr..y < 9 GeV/e, denoted as
TT{8,9}, and referred to as the Reference TT class; and 20 < p74,.44 < 50 GeV/c, denoted
as TT{20,50}, and referred to as the Signal TT class both at \/syx = 2.76 TeV.

The results for JEWEL + TRENTo + v-USPhydro with and without thermal subtrac-
tion (recoils On and Off) can be found in Figures 3.26 and for JEWEL Glauber + Bjorken

with and without thermal subtraction (recoils On and Off) can be found in Figures 3.27.
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Figure 3.26: Semi-inclusive h+jet distribution corresponds to the pp-differential distribu-
tion of recoil jets normalized by the number of trigger hadrons simulated using JEWEL

with TRENTo + v-USPhydro configuration. Data from [67].
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Figure 3.27: Semi-inclusive h+jet distribution corresponds to the pp-differential distribu-
tion of recoil jets normalized by the number of trigger hadrons simulated using JEWEL

default configuration. Data from [67]

From the results, we observe that there are no discernible differences between with and

without recoils for the realistic medium (T zENTo + v-USPhydro). Furthermore, we find
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that the cut TT{20,50} adequately reproduces the experimental data, while for TT{8,9},

the description is not suitable and deviates as py.;0; ' increases, as seen in Figure 3.26.

To gain further insights, the next step in this study was to analyze the hadron-jet
correlation using another observable called A,..,;. This entails the difference between
two semi-inclusive hadron-jet distributions following Equation (3.11) for the Signal and

Reference TT classes, as described in [67].

1 &NAA 1 d*Np
Arecoit = i — CRef s (3.12)
Nerig dljer AP Nerig Dljer AP je Proirig€ TTRes

PT trig€ TTSig

The value for constant cg.s utilized in [67] was determined through a linear fit near
recoch — () within a linear region present in the Ratio(TT{20,50}/TT{8,9}) plot. Since

pT,jet
our simulated results have a minimum pTTf;Z;Ch of 5.0 GeV/c, which falls outside the region

suitable for a similar fit, the same value of cg.s as in [67] was applied in this work, that is
cres = (0.96 £ 0.01). See Figures 3.28, 3.29, 3.30 and 3.31.
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Figure 3.28: Distribution of A,...,; using JEWEL TzENTo + v-USPhydro with recoils for
R = 0.4 in central Pb-Pb collisions for Signal TT class {20,50} and Reference TT class

{8,9}. Data from [67].

The results obtained in this analysis indicate that the semi-inclusive correlation be-

tween hadrons and jets is not a sensitive observable to the medium properties. This is evi-
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Figure 3.29: Distribution of A,..,; using JEWEL T zENTo + v-USPhydro without recoils
for R = 0.4 in central Pb-Pb collisions for Signal TT class {20,50} and Reference TT class

{8,9}. Data from [67].
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Figure 3.30: Distribution of A,...; using JEWEL default configuration with recoils for
R = 0.4 in central Pb-Pb collisions for Signal TT class {20,50} and Reference TT class

{8,9}. Data from [67].
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Figure 3.31: Distribution of A,..,; using JEWEL default configuration without recoils
for R = 0.4 in central Pb-Pb collisions for Signal TT class {20,50} and Reference TT

class {8,9}. Data from [67].

dent from the lack of significant changes in the distributions when comparing the JEWEL

default configuration (Glauber+Bjorken) and the JEWEL with a more realistic medium

(TRENTo + v-USPhydro).



Conclusions and future perspectives

Particularly, in this dissertation, there was a special focus on analyzing how the medium
interferes in parton and jet production in relativistic heavy-ion collisions. By incorpo-
rating a more realistic medium into JEWEL, certain discoveries enabled a comprehen-
sive explanation for certain effects observed in key observables of the analyzed system
throughout the study. This underscores the significance of a faithfully realistic event-by-
event hydrodynamic evolution of the Quark-Gluon Plasma (QGP).

In the initial segment of this dissertation, we examined the implications of imple-
menting TRENTo + v-USPhydro on the first jet observable, the nuclear modification fac-
tor. Through its findings, it was possible to ascertain that the realistic medium better
replicates the data, with a slight improvement for the model without thermal background
subtraction. This can be observed both in central to peripheral collisions and when vary-
ing the jet radius . The latter provides us with insights into how much the performed
thermal subtraction contributes to the significant increase of R 44 with R.

Utilizing the nuclear modification factor as our fundamental study makes it possible to
compare its results with those of other observables related to jets as well. This comparison
aims to determine potential sensitivities to the medium.

To explore whether jet generation can be altered by interaction with the Quark-Gluon
Plasma (QGP), similar to the case of R4 4, the di-jet observable = ; was studied across spe-
cific pr and energy cuts. The findings reveal that there is no variation in the ratio between
the transverse momenta of the two most energetic jets, irrespective of the initial condi-
tions model of hydrodynamics or the medium evolution model employed. Consequently,
this analysis indicates that the x ; observable is not sensitive to the medium.

This investigation underscores the importance of discerning which observables are in-
fluenced by the QGP’s presence. The distinct behaviors observed between x; and R4
potentially provide insight into the complex interactions and modifications of parton pro-
cesses within the evolving medium. Such insights contribute to our broader compre-

hension of the dynamics occurring in heavy-ion collisions and their implications for the
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Quark-Gluon Plasma. The distinct behaviors observed between z; and R 44 potentially
provide insight into the complex interactions and modifications of parton processes within
the evolving medium.

Regarding the study of the correlation between hadrons and jets, the simulation has
revealed something intriguing: this observable does not appear to be influenced by the
conditions of the environment to which it is subjected. This implies that its distribution
remains consistent, irrespective of the environment, in central collisions with R = 0.4
and a center-of-mass energy of \/syy = 2.76 TeV.

In concluding the study, the simulation results of the jet mass, denoted as M., were
analyzed to gain insights into how the medium can interfere with parton fragmentation
processes, given that jet mass is a condensed measure of jet mass. The analysis of the
central collision and different cuts on the jet’s transverse momentum (p) led to the repe-
tition of the behavior initially observed by the nuclear modification factor (R 44). In other
words, the optimal models were those that did not consider thermal background subtrac-
tion. Furthermore, the implementation of a realistic medium approached the experimental
data used with subtle alignment.

In conclusion, the combination of models JEWEL, PYTHIA, TrENTo, and v-USPhydro
has facilitated an enhanced description of specific observables while also furnishing di-
verse indicators of characteristics that arise during the collision process and within the
simulation methodology. This includes insights into the rationale behind the thermal sub-

traction method exceeding its intended scope.



Appendix A

Simulation Parameters

To ensure the reproducibility of our research, we have provided a comprehensive list
of the pertinent model parameters in this appendix. Specifically, with regard to JEWEL’s
configuration files, it’s important to note that we have excluded details such as file names,
random seeds, the number of events, and any centrality-specific entries. However, it’s
worth mentioning that any parameters not explicitly specified in our setup follow the
default settings of JEWEL 2.0.0, as documented in [34].

In the case of each observable, several parameters of both JEWEL and the medium
were modified. These parameters are listed in Table A.2.

In addition to the parameters governing JEWEL and the medium, it is essential to
introduce the parameters for the initial conditions required by TzrENTo. The specific

parameters utilized in this study are presented in Table A.4 below for reference.

JEWEL CONFIGURATION FILE
Recoils On | Recoils Off
PTMIN 30 (GeV)
PTMAX 1200 (GeV)
ETAMAX 33
WEIGHTED T
KEEPRECOILS T ] F
HADRO T
SHORTHEPMC T
WRITESCATCEN T F
WRITEDUMMIES T F

Table A.1: Parameters used in JEWEL configuration for all runs with and without recoils.
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JEWEL CONFIGURATION FILE
Rja X ]\/[jet h-jet
NEVENT 399600 399600 | 1998000 | 1998000
SQRTS [GeV] | 2760 | 5020 [ 2760 | 5020 | 2760 | 2760 | 5020

Table A.2: Parameters event number and energy used in JEWEL configuration for runs of
each observable.

JEWEL MEDIUM CONFIGURATION FILE

Glauber + Bjorken | TRENTo + v-USPhydro
TI [GeV] 0.59 0.59
TAUI [GeV] 0.4 0.6
TC [GeV] 0.17 0.17
MDSCALEFAC 0.9 1.1%
SIGMANN [fm?] 7.0 7.0

Table A.3: Medium parameters used in both JEWEL Glauber+Bjorken and JEWEL +
TrENTo + v-USPhydro configuration for runs of each observable. *Without recoils, the
Debey mass changes to 1.0 for realistic configuration.

TrENTo CONFIGURATION FILE
Projectile Pb
Projectile Pb

Reduced Thickness 0.0

Fluctuation 1.6
Cross Section 7.0
Grid Max 12

Grid Step 0.06

Table A.4: Parameters used in TzENTo initial conditions.
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