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General characteristics of the dissertation

This dissertation focuses on the comprehensive study of heavy quarkonium production in proton-proton
(pp) and nucleus-nucleus (PbPb) collisions at the Large Hadron Collider (LHC) energies. The research
presented here employs a combination of phenomenological modeling and experimental analysis to in-
vestigate quarkonium production mechanisms and their suppression in a Quark-Gluon Plasma (QGP)
environment.

The dissertation is divided into two major parts: the first part involves a phenomenological analysis
using the HYDJET-h - Monte Carlo model, which incorporates both thermal and non-thermal compo-
nents of particle production. This part of the research focuses on the reproduction of experimental data
related to charmonium production in PbPb collisions, including nuclear modification factors, transverse
momentum spectra, and elliptic flow coefficients. The study provides significant insights into the thermal
and Kkinetic properties of J/t/ mesons, revealing their earlier freeze-out compared to light hadrons, and
highlights the role of both thermal and non-thermal production mechanisms in different energy regimes.

The second part of the dissertation presents an experimental analysis of heavy quarkonium production
based on data collected by the CMS detector at the LHC. This analysis focuses on the suppression
of prompt and non-prompt Jit» mesons, as well as T mesons in PbPb collisions at a center-of-mass
energy of Msva = 2.76 TeV. The experimental findings provide evidence of quarkonium suppression
as a key signature of QGP formation and offer a detailed comparison between different quarkonium
states, contributing to the understanding of in-medium quarkonium behavior in high-energy heavy-ion
collisions.

The findings of this dissertation contribute to the advancement of high-energy nuclear physics by
offering a detailed understanding of quarkonium production mechanisms and their interaction with the
QGP. The work also opens pathways for future research, aiming to refine phenomenological models and
enhance experimental measurements in heavy-ion physics.

Theme Actuality

The study of quarkonium production in high-energy collisions remains one of the most significant areas
in nuclear and particle physics. Heavy quarkonium, composed of heavy quark-antiquark pairs (such
as charmonium and bottomonium), serves as a crucial probe for understanding the properties of the
quark-gluon plasma (QGP), a state of matter that is thought to have existed in the early universe. The
unique interaction of quarkonium states with the hot and dense medium created in nucleus-nucleus (A-A)
collisions allows researchers to investigate the characteristics of the QGP and its role in color screening
and quark confinement.

The Large Hadron Collider (LHC) provides a unique environment for studying quarkonium pro-
duction and suppression mechanisms in both proton-proton (pp) and nucleus-nucleus (PbPb) collisions
at unprecedented energy scales. The accurate modeling and experimental investigation of quarkonium
production in these collisions arc essential for advancing our understanding of QGP formation and evo-
lution, as well as for improving theoretical models of quantum chromodynamics (QCD), particularly in
the non-perturbative regime.*



Despite significant progress over the past five decades, many aspects of quarkonium production re-
main unresolved. This includes the complex interplay between thermal and non-thermal production
mechanisms, the role of initial and final state effects, and the dynamics of quarkonium suppression in
heavy-ion collisions. Additionally, there is a need for further experimental verification of theoretical
predictions, especially regarding the differences between charmonium and bottomonium states under
extreme conditions.

Given the relevance of these open questions and the growing availability of high-precision experi-
mental data from the LHC, the current study of quarkonium production mechanisms and their suppres-
sion in the QGP was highly timely. This dissertation contributes to these efforts by employing both
phenomenological modeling, using the HYDJET++ Monte Carlo model, and experimental analysis with
the CMS detector, thereby providing a comprehensive approach to advancing the field of heavy-ion
physics.

The Purpose of the Work

The primary purpose of this dissertation is to investigate the mechanisms of quarkonium production
in high-energy proton-proton (pp) and nucleus-nucleus (PbPb) collisions at the Large Hadron Collider
(LHC). Specifically, the study aims to provide both, a detailed phenomenological and experimental anal-
ysis of the production and suppression of heavy quarkonia, with a focus on the dynamics of charmonium
and bottomonium states in the quark-gluon plasma (QGP). The work is divided into two main objectives:

* Phenomenological Modeling: The dissertation aims to apply the HY DJET++ Monte Carlo model
to describe both thermal and non-thermal quarkonium production mechanisms. This includes re-
producing transverse momentum spectra, nuclear modification factors, and elliptic flow of charmed
mesons in PbPb collisions at LHC energies.

« Experimental Analysis: Another key objective is to analyze the suppression of J/</ and T mesons
in PbPb collisions using data collected by the CMS detector at the LHC. The analysis focuses
on extracting key experimental observables, including production rates, suppression patterns, and
momentum spectra, to enhance the understanding of quarkonium behavior in a hot, dense QGP
environment.

Ultimately, this dissertation seeks to bridge the gap between theoretical predictions and experimental
observations by providing both a comprehensive modeling approach and precise experimental measure-
ments. The results will contribute to advancing knowledge of heavy quarkonium production mechanisms,
QGP properties, and high-energy QCD processes in high-energy collisions.

Scientific Novelty and Practical Value

Scientific Novelty: The dissertation presents several novel contributions to the study of heavy quarko-
nium production in high-energy collisions:e

« For the first time, a comprehensive phenomenological analysis of heavy quarkonia production in
PbPb collisions at the LHC was carried outusing the HYDJET++ Monte Carlo model. The analysis
incorporates both thermal and non-thermal mechanisms, allowing for the first time a description of



J'il meson production and suppression patterns across different transverse momentum ranges and
centrality classes in HYDJET++ model.

* The dissertation provides new insights into the early thermal freeze-out of Vv mesons, demon-
strating that these mesons freeze-out earlier than light hadrons in PbPb collisions, an observation
that holds across multiple energy scales. This result significantly advances our understanding of
the interplay between quarkonium production mechanisms and the dynamics of the quark-gluon
plasma (QGP).

« The experimental component of the dissertation is the first to systematically measure the suppres-
sion of prompt and non-prompt J/</, as well as T mesons, in PbPb collisions at a center-of-mass en-
ergy of 2.76 TeV. The analysis provides detailed measurements of the nuclear modification factors
for quarkonia states, contributing important empirical data to the ongoing study of QGP properties.

Practical Value: The practical value of this dissertation lies in its potential to improve the accuracy of
theoretical models used to describe heavy quarkonium production and suppression in high-energy nuclear
collisions. The results and methodologies presented in this work have several practical applications:

« The findings can be applied to refine Monte Carlo event generators such as HYDJET++, which
are widely used in the high-energy physics community for simulating hadron production and QGP
effects in heavy-ion collisions.

* The experimental measurements of quarkonium suppression in PbPb collisions provide valuable
reference data for future studies at the LHC, as well as for other experiments investigating quarko-
nium production in extreme conditions, such as at the Relativistic Heavy lon Collider (RHIC) and
future colliders.

* The results offer critical insights into the mechanisms underlying QGP formation and the interac-
tion of heavy quarks with the medium, which may have broader implications for understanding
fundamental QCD processes and developing new methods for probing the properties of QGP in
future experiments.

Personal Commitment

The presented dissertation is the culmination of extensive personal contributions across both phe-
nomenological and experimental domains, demonstrating a comprehensive approach to the study of
quarkonium production mechanisms.

Phenomenological Contributions

» Conducted a full analysis of ,//</ production using the HYDJET++ model for PbPb collisions at
ysjv/v = 5.02 TeV, focusing on the transverse momentum and dN/dy spectra observables.

« Investigated the nuclear modification factor for Jfy mesons in PbPb collisions at y.s*.v = 2-76
TeV within the HYDJET++ framework, providing insights into quarkonium suppression mecha-
nisms.

» Performed reference analyses for J/ ij production in AuAu collisions at y/s"N — 200 GeV using
HYDJET++, enabling comparisons across different collision energies and collision systems.



Experimental Contributions

Calculated acceptance values for T and prompt.//(/; mesons in the CMS analysis of quarkonium
suppression at Visiviv = 2-76 TeV in PbPb collisions.

Measured the polarization of .Jiy>and T mesons in PbPb collisions at = 2-76 TeV.

Conducted a subanalysis to determine the dependence of acceptance on the polarization of J/ij>
and T mesons, highlighting the impact of polarization effects on experimental observables.

These contributions reflect a significant personal effort in advancing the understanding of heavy
quarkonium production mechanisms, both through theoretical modeling and experimental analysis.

The main points for defense

The author defends the following key scientific contributions based on the findings of the dissertation:

1

A detailed phenomenological analysis of J/V’ mesons production in PbPb collisions at LHC energies
vINV.v = 2.76 and y.s.vw = 5.02 TeV, utilizing the HYDJET++ Monte Carlo model.

. The first observation that J/0 mesons experience an earlier thermal freeze-out compared to lighter

hadrons at the energies y/sss —2.76 and y/Si*\ = 5.02 TeV.

. The first experimental evidence of non-prompt Jh/; suppression in PbPb collisions, attributed to the

in-medium energy loss of b-hadrons. The suppression of non-prompt J/yj mesons is comparable to
that of charged hadrons, offering new insights into heavy-flavor energy loss mechanisms.

. New experimental results on the suppression of T mesons in PbPb collisions at y/sjyN —2.76 TeV,

including the first precise measurement of the nuclear modification factors for quarkonia states.

. The part of softwere, developed to preform this analysis. Espeacially for the phenomenological

analysis, experimental pollarization mesurement and acceptance calculation.

Approbation of the Work

The results of this dissertation have been presented and discussed at numerous international conferences,
workshops, and seminars dedicated to high-energy physics and heavy-ion collisions, including:

Lomonosov Readings 2011, M.V. Lomonosov Moscow State University, Moscow, Russia,
Quark Matter 2011, Annecy, France,
The 15h International Conference on Strangeness in Quark Matter. Dubna, Russia

The European Physical Society Conference on High Energy Physics (EPS-HEP 2015), Vienna,
Austria

The XXV International Conference on Ultrarelativistic Nucleus-Nucleus Collisions "Quark Matter
2015”7, Kobe, Japan



« Session of Nuclear Physics of the Department of Physical Sciences of the Russian Academy of
Sciences, Moscow, Russia,

» Lomonosov Readings. M.V. Lomonosov Moscow Stale University, Moscow, Russia,

¢ The CMS Collaboration meetings.

Key findings from the phenomenological analysis of JIt,) meson production, as well as the experimental
results on J/(/"and T suppression in PbPb collisions at Vsjyyv = 2.76 TeV, have been peer-reviewed and
published in 10 articles, the list of which is given at the end of the synopsis.

The cxperemental work has also been subjected to internal review processes within the CMS Collabo-
ration, where it has been validated by experts in heavy-ion physics. These presentations and publications
have allowed for valuable feedback, contributing to the robustness and scientific impact of the research
findings.

Structure of the dissertation

The dissertation is 150 pages long and include an introduction, three chapters, a conclusion, 244 ref-
erences, 85 figures, and 6 tables.The structure of the dissertation is as follows.

The Introduction provides an overview of the history and background of quarkonia studies over
the past fifty years. It examines the key challenges encountered during this period and highlights the
current state of research in the field. The final section reviews recent publications and addresses the most
pressing and challenging questions facing the field today.

Chapter 1 discusses the methods used for investigating quarkonia production, including both phe-
nomenological approaches and the experimental techniques employed at the LHC.

Chapter 2, presents a detailed phenomenological analysis of charmonium production in heavy-ion
collisions, utilizing the HYDJET++ Monte Carlo model. This model incorporates both thermal and
non-ihermal mechanisms to simulate the production of 1/ip mesons. The chapter focuses on reproducing
experimental data and analyzing production rates, transverse momentum spectra, nuclear modification
factors, and the elliptic flow of J</ mesons in PbPb collisions. Comparisons between the model's pre-
dictions and empirical data provide valuable insights into quarkonium suppression and production mech-
anisms within the quark-gluon plasma.

Chapter 3 presents an experimental investigation into the suppression of heavy quarkonia in PbPb
collisions at a centcr-of-mass energy of 2.76 TeV, using data collected by the CMS experiment. The
study focuses on charmonium (Jhj<) and bottomonium (T) states, analyzing their suppression as a key
signature of quark-gluon plasma (QGP) formation and the differences in the formation of heavy quarko-
nia in the presence of a hot colored medium. The experimental analysis includes detailed procedures
for event selection, muon reconstruction, and the use of Monte Carlo simulations to account for detector
responses.

Finally, the Conclusion summarizes the key findings, discusses their implications for the field, and
outlines prospects for future research.



Outline of the dissertation

Introduction

The study of heavy quarkonium production in high-energy hadron collisions plays a fundamental role in
advancing our understanding of Quantum Chromodynamics (QCD), particularly in its non-perturbative
regime. Heavy quarkonia, such as charmonium and bottomonium, arc bound stales of heavy quarks and
antiquarks (charm and bottom), and their production mechanisms offer unique insights into the quark-
gluon plasma (QGP) formed in nucleus-nucleus collisions. These studies are essential for probing the
properties of hot and dense color matter, believed to have existed microseconds after the Big Bang.

The Large Hadron Collider (LHC) at CERN provides a unique opportunity to explore quarkonium
production at unprecedented energies. Quarkonium states produced in proton-proton (pp) and nucleus-
nucleus (PbPb) collisions serve as a sensitive probe for studying the QGP and testing the limits of per-
turbative and non-perturbative QCD processes. While considerable progress has been made over the last
fifty years in understanding quarkonium production, several fundamental questions remain unanswered,
particularly regarding the non-perturbative aspects of QCD.

Despite substantial theoretical and experimental efforts, key challenges persist in describing heavy
quarkonia production in high-energy collisions. The complex interplay between color singlet and color
octet states, the suppression mechanisms in heavy-ion environments, and the impact of parton energy
loss in QGP are areas of active research. The production and suppression of J/ip and T mesons in the
hot QGP medium remain one of the most critical observables for understanding the behavior of strongly
interacting matter.

This dissertation examines the mechanisms of quarkonium and high-energy hadron production in
proton-proton and nucleus-nucleus collisions at LHC energies. The work integrates experimental and
phenomenological analyses conducted over the period from 2011 to 2024. The first part of the disser-
tation presents a comprehensive phenomenological analysis using the HYDJET++ Monte Carlo model,
which accounts for both thermal and non-thermal components of particle production. The findings offer
new insights into the dynamics of quarkonium production, including their interaction with the quark-
gluon plasma (QGP) and behavior across different energy scales. The second part of the dissertation
presents an experimental measurement of heavy quarkonium suppression in PbPb collisions at 2.76
TeV, based on data collected by the CMS experiment. This experimental analysis provides valuable
empirical data that complements the phenomenological findings, contributing to a more comprehensive
understanding of quarkonium suppression and production mechanisms in heavy-ion collisions.

In addition to the above discussion, the Introduction chapter provides an overview of the historical de-
velopment of heavy quarkonia studies, tracing discoveries such as the J/c» and T mesons, which marked
milestones in particle physics. It discusses foundational theoretical models for quarkonium production,
including the Color Singlet Model (CSM), Color Evaporation Model (CEM), and Non-Relativistic Quan-
tum Chromodynamics (NRQCD). The chapter also highlights unresolved challenges in the field, empha-
sizing the significance of polarization studies and exotic quarkonium states in advancing our understand-
ing of QCD.



1 Methods of Investigation of Heavy Quarkoniurn Production

Chapter | of this dissertation provides a comprehensive overview of the methodologies used to investigate
heavy quarkoniurn production in both proton-proton (pp) and nucleus-nucleus (AA) collisions at the
Large Hadron Collider (LHC). The chapter is structured around two main investigative approaches:
phenomenological approaches and the experimental techniques employed at the LHC.

The chapter begins by introducing the role of Monte Carlo (MC) simulations in High-Energy Physics
(HEP). These stochastic methods arc essential for simulating the complex processes in high-energy par-
ticle collisions, including event generation, cross-section calculations, and the propagation of particles
through detector material. Several widely-used MC event generators arc discussed, including HYD-
JET++, PYTHIA, HERWIG, and EPOS. Each of these models has distinct advantages depending on
the type of collision (pp or AA) and the physics processes under study.

In the context of this dissertation, a particular focus is placed on the HYDJET++ Monte Carlo model,
which is tailored for heavy-ion collisions. HYDJET-h - integrates two components to simulate the full
event: a thermal (soft) component that models the collective behavior of particles in a thermalized quark-
gluon plasma, and a non-thermal (hard) component that models high-momentum jets and hard scatter-
ings. This two-component model is ideal for investigating quarkoniurn production, as it accounts for
both the initial production mechanisms and the suppression phenomena in the QGP.

The core of this chapter is devoted to the application of the HYDJET++ model to simulate heavy
quarkoniurn production in AA collisions. The model incorporates relativistic hydrodynamics to describe
the expansion and freeze-out of the QGP, where quarkonia arc cither produced or dissociated. This
modeling approach allows for a detailed investigation of how quarkoniurn states (such as Jlip) interact
with the hot and dense medium created in ultrarelativistic heavy-ion collisions. The chapter explains
the two-component structure of HYDJET++, where the soft component is based on parameterization of
equations of relativistic hydrodynamics and the hard component - models parton energy loss through the
PYQUEN subroutine, which modifies parton showers generated by PYTHIA to include medium-induced
energy loss effects.

The thesis further explores how the model reproduces key experimental observables such as trans-
verse momentum spectra, nuclear modification factors (/2. ..i), and elliptic flow coefficients (W2). These
observables are crucial for understanding the mechanisms of quarkoniurn suppression, particularly in
the context of the color-screening effect in QGP, which leads to the dissociation of bound quarkoniurn
states. The role of recombination models in explaining the regeneration of Jh) mesons at lower energies
is also discussed, with a focus on the temperature and energy density dependence of the suppression.

In addition to MC simulations, the chapter reviews the experimental techniques used to study quarko-
nia at the LHC and the Relativistic Heavy lon Collider (RHIC). The CMS detector, a general-purpose
detector at the LHC, is introduced as the primary experimental tool for the data analyzed in this dis-
sertation. The discussion covers the detector's capabilities for quarkoniurn detection, emphasizing its
high-resolution muon system, which is critical for reconstructing quarkoniurn states decaying into muon
pairs.

The CMS muon system (Figure 1) incorporates three technologies— Drift Tubes (DT), Cathode Strip
Chambers (CSC), and Gas Electron Multipliers (GEM)—all operating on the principle of gas ionization.
These detectors are organized into chambers that function independently. DTs are placed in the cylin-
drical region of the detector, CSCs in the endcaps, and GEMs in both regions. Muon chambers track
particles at multiple points along their trajectories, allowing precise measurement of their deflection in
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Figure I: The cross-section of the CMS detector in the R-z plane features the z-axis oriented horizontally unit the. R-axis
vertically. The. interaction point is located in the. lower left corner. This layout illustrates the positioning of various muon
stations and Steel disks (dark gray areas) are labeled “Steel”. The four Drift Tube stations (light orange) arc labeled MB
("muon barrel"), while the Cathode Strip Chambers (green) are denoted ME ("muon endcap’). Gas Electron Multiplier
detectors (thin blue areas) are situated in both the cylindrical and endcap parts of CMS and are marked as RB and RE,
respectively.

the magnetic field. Chambers are arranged in layers at different radial distances (RR) in the cylindrical
region and along the z-axis in the cndcaps. Four muon stations, designated MB1-MB4 and ME1-ME4,
are positioned in each region. In the cylindrical part, DTs and GEMs are distributed across five wheels
along the z-axis, with WO at z=0, W+ and W+2 at positive z, and W-1 and W-2 at negative z. In the
endcaps. CSCs and GEMs are arranged in concentric rings, labeled MEI/n to ME4/n, where n increases
with radius.

The chapter highlights the advantages of the CMS detector, particularly its ability to measure quarko-
nia over a wide range of transverse momentum and rapidity, making it an ideal instrument for probing
the hot and dense medium created in AA collisions.

The chapter also explains how quarkonia, specifically the Jftp and T families, serve as sensitive
probes of QGP formation. The suppression of these states due to color screening in the QGP is one of
the most direct signatures of QGP formation, and thus their measurement is of paramount importance.
The use of dimuon decay vertex information in the CMS detector, allows for precise measurements of
both prompt and non-prompt J ftp production, where the non-prompt component arises from decays of
b-hadrons.

The Chapter 1 concludes by summarizing the methodological approaches used in this dissertation.
The combination of MC simulations, particularly the HYDJET++ model, and experimental data from the
CMS detector allows for a detailed investigation of quarkonium production and suppression mechanisms.
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The chapter sets the stage for the detailed phenomenological analysis presented in Chapter 2, where the
HYDJET++ model is applied to reproduce experimental observables in PbPb collisions, and Chapter 3,
which presents an experimental investigation of heavy quarkonium suppression at CMS experiment.

Overall, the methods described in this chapter provide a robust framework for the investigation of
heavy quarkonia in both theoretical and experimental contexts, olfering new insights into the behavior
of these states in the presence of a quark-gluon plasma.

2 Charmoniurn Production in Heavy lon Collisions with the HYD-
JET++ Model

This chapter focuses on the study of charmoniurn production in relativistic heavy-ion collisions, specif-
ically analyzing the production and dynamics of J/</ mesons within the context of the HYDJET++ Monte
Carlo model. The phenomenological approach adopted integrates both thermal and non-thermal compo-
nents of hadron production, providing a comprehensive framework to simulate the underlying processes
of J/y meson formation in a Quark-Gluon Plasma (QGP) environment.

The production of quarkonia, such as J/ip mesons, in heavy-ion collisions serves as a critical probe
for studying the properties of the QGP. The suppression of quarkonia, due to the color screening effect
in a dcconfined medium, is one of the key signatures of QGP formation. This chapter utilizes the HY-
DJET++ model, which includes a hydrodynamic description of the thermal component, complemented
by a jet quenching model for the non-thermal component. Together, these components simulate the full
event structure of nucleus-nuclear collisions, allowing the model to reproduce key observables related to
charmoniurn production.

A key focus of this study is the analysis of charmonia and charmed meson production in PbPb colli-
sions at energies of Vsiviv = 2.76 TeV, = 5.02 TeV (LHC) and, as a reference, its production
in AuAu collisions at energies of y"sv/iv = 200 GecV (RHIC). The HYDJET++ model were tuned to
reproduce the transverse momentum (p/) spectra, nuclear modification factor (/?/u), and elliptic flow
(r2) of }fi’>and D mesons (full set of the plots in the thesis).

In particular, the resultsfor 0s.w = 2.76 TeV shows (Figure 2) that J/ /”mesons exhibit early thermal
freeze-out compared to lighter hadrons. This finding aligns with previous studies for RHIC energies (see
reference in the thesis) and suggests that J/y mesons, due to their larger mass and smaller interaction
cross-sections, decouple from the medium earlier than lighter particles.

Thus Figure 2 shows the comparison of HYDJET++ simulations with the ALICE data for the pr-
spectrum of inclusive J/y mesons in the 20% most central PbPb collisions at ,/vv/v = 2.76 TeV. Two
sets of input parameters were used:

¢ As for inclusive hadrons {Tch = 165 MeV, Tik = 105 MeV, YjT* = 4.5, YMIX= 1.265, p$m =
8.2 GeVI/r)

* For early thermal freeze-out (Tlh = Tch — 165 MeV, )E'" = 2.3, Y™M* — 0.6, p™ = 3.0
GceVir).

The fugacity value % = 11.5 was fixed from absolute Jjj/> yields.

The simulation results for PbPb collisions at 0s viv = 5.02 TeV, indicate (Figure 3) that the pr
spectra of J/O mesons in the central rapidity region (ly| < 0.9) match experimental observations, with
a significant portion of J/> mesons showing an earlier freeze-out temperature (T", = TiJ = 165
MeV, blue solid line) than that of inclusive hadrons (T~ dmnll = 105 MeV, red dashed line). This early
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Figure 2: Transverse momentum /spectrum of inclusive J/f'-mesnns for rapidity 2.5 < y < 4 in 20% of most central PbPb
collisions at ~/sTTs = 2.75 Tr.V. Tin: points denote ATICK data (inference in the thesis),histograms represent simulated
HYO.JKT++ events (magenta solid freeze-out parameters as for inclusive hadrons, black solid early thermal freeze-out,
blue slotted anil red. slashed soft and hard components respectively for the latter ease).

pr [GeV/c]

Figure !): Transverse, momentum spectrum of inclusive J/d'-mesons for rapidity |j/| < 0.9 in 1(1% of most central PbPb
collisions at *sxn — 5.02 7VV. The points denote ALICE data (see reference in tin thesis) , histograms represent
simulated 1IYD.1ET++ events (red dashed freeze-out parameters as for inclusive hadrons, blue solid early thermal
freeze-out).

freeze-out behavior is similar to one observed at yis/vv = 2-7fi TeV, and crucial for understanding the
interactions of channonium states with the QGP and their dissociation and recombination processes.
The comparizon for other observables, like elliptic flow and nuclear modification factor is also presented

12



in the dissertation.

Figure f: Transverse momentum spectra of 0 1 (le.fi panel), D'+ (middle panel) and FP (rigid panel) for rapidity |i/| <
0.5 in 20% of most <tub at FliFh collisions at \/s,\’sr = £.76' TeV. The. points denote ALICE data (see reference in the
thesis) , histograms represent simulated HYDJET++ events (blue, rlotted soft evmpone.nl, red dusked hard compound,
black solid - both components).

Additionally, the study explores the production of D mesons in PbPb collisions. The thermal freeze-
out temperature for D mesons at ~/*7 = 2-76 TeV is observed to align with that of light hadrons
(Figure 4). This result implies that I) mesons, unlike J/ij> mesons, achieve kinetic equilibrium with the
QGP at this energy. This observation contrasts with findings from MTvjv —200 GeV AuAu collisions
(Figure 5), where D mesons exhibited behavior similar to that of J/t/i mesons.This observation further
underscores the importance of thermal and non-thcrmal components in the charmonium production
mechanism.

Summarizing, the results presented in Chapter 2 of the dissertation highlight the ability of the HYD-
JET++ model to describe the production and suppression of J/v> mesons in PbPb collisions at the LHC.
Within the framework of HYDJET++, the momentum spectra and elliptic flow (presented in the thesis)
of /) and .//(/; mesons are simultaneously reproduced, based on specific assumptions about their thermal
behaviors:

« Thermal Freeze-Out of D-mesons at the LHC energies: It is assumed that the thermal freeze-
out of D-mesons occurs simultaneously with that of light hadrons. This suggests that a significant
part of D-mesons, particularly those up to a transverse momentum ipr) of approximately 4 GeV/c,
achieve kinetic equilibrium with the hot hadronic matter created in the collisions. This equilibrium
implies that the interaction cross section of D-mesons at LHC energies becomes comparable to that
of light hadrons.

¢ Thermal Freeze-Out of JItJj Mesons at the LHC energies: In contrast, the thermal freeze-out
of J/f>mesons is assumed to occur appreciably earlier, presumably at the phase of chemical freeze-
out, with reduced radial and longitudinal collective velocities. This earlier freeze-out suggests that

13



Figure = Transvtrse-momc.nl.um distribution of i f mesons in 10% of the most central An Au collisions at the energy
\/snn = 200 OtV for the. mpidity range \}\ < 1. The. points are. UTAH data from (see reference, in the. thesis) and the.
lines are the results Of the. 11YD.1ET++ simulation with the. freeze-out parameters for inclusive, hadrons (red dashed line)
and "mrly" thermal freeze-out (solid bine. line).

J/0 mesons do not reach kinetic equilibrium with the surrounding medium, and their interaction
cross section remains significantly smaller than that of light hadrons.

This phenomenological study elucidates the nuanced interaction dynamics of charmed mesons and
charmonium in heavy ion collisions, providing significant insights into their production mechanism, in
such extreme environments as QGP. By delineating the conditions under which charmed mesons and
charmonium achieve or fail to achieve kinetic equilibrium, this study contributes significantly to our
knowledge of high-energy physics and the complex interplay of forces within a quark-gluon plasma.

3 Heavy Quarkonia Suppression in PbPb Collisions at ysjviv = 2-76
TeV

This chapter explores the suppression of heavy quarkonia in PbPb collisions, focusing on both char-
monium (J/0) and bottomonium (T) states. The suppression of these states serves as a significant
signature of quark-gluon plasma (QGP) formation and the interaction of quarkonia with the hot, de-
confined medium. The analysis relics on data collected by the CMS experiment during collisions at a
center-of-mass energy of 2.76 TeV per nucleon pair.

The investigation into quarkonium suppression reveals a number of key observations. For J/0, the
study identifies a marked reduction in yield, with a pronounced centrality dependence (see Figure 6,
left plot). The suppression is quantified by the nuclear modification factor, Raa, which indicates an
approximately fivefold suppression for prompt J/t/i mesons in the most central collisions compared to
proton-proton (pp) results (Figure 6. black cross on the right plot). No significant transverse momentum
(pr) dependence is observed in the R,\A (Figure 7), but suppression is found to be more pronounced
at mid-rapidity than at forward rapidity (Figure 8). This suggests complex dynamics in how quarkonia
interact with the QGP.
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Non-prompt ,//v, originating from b-hadron decays, exhibit less suppression compared to prompt

states, although the suppression factor still reaches approximately two in central collisions (Figure 9).
The non-prompt component provides important insights into b-quark energy loss in the medium, as these

15



20 TTTTT-rp-T
18- CMS pp &PbPb \s \N=2.76 TeV _

14,

CMS PbPb \ SNN= 2.76 TeV

16 « Inclusive Jt< (PbPb) a (pp) 1 a Prompt Jap
» Prompt J/tp (PbPb) + (pp) '
14
4
10- 08 ]
8- 0.6 - -
6 - RS —
04 n 1 -«e»

4- — wm TS

5 02  Cent, 0-100%

| Cent 0100% 6.3<p <30GeV/c - 6.5<pl <30 Gevic

q-

a J--o mt 40w e, 1, 00 o1,
02 04 0608 1 1214 1618 2 22 24 1

: 3 - 1
0702040608 1 N2 14 1618 2 22 24
IVl vl

Figure H Left: yield of inclusive J/ifr (blue, circles) and prompt J/4' (red syuures) divided by Taa as a function of
rapidity. The results are compared to the cross sections of inclusive ,//V (black triangles) and prompt J/ifi (black crosses)
measured in pp. The inclusive. J/i/i points are shifted by Ay = Udtlii for better risibility. The global scale uncertainties on
Ike FitFb data due. to Taa (5.7%) and the. pp mtesjmteA luminosity (6.11%) are not. shown Right: nuclear modification
factor Raa of prompt J/d as ufunction of rapidity. A global uncertainly of8.3%, from Taa and the integrated luminosity
of the pp data sample, is shown as a grey hoi at. Raa = Im Points am plotted at their measured average |t/|. Statistical
(systematic) uncertainties are shown as burs (boxes). Horizontal bars indicate the bin width.

1 ¢'TY.— rT; -t-vp-TT..m .

tivr, ——-rr-r W] el L Hom B

i
IX 1.4

5_ CMS pp &PbPb \'s NV=2.76 TeV- CMS PbPb ysNN= 2.76 TeV
y * Non-prompt J/ip (PbPb)  + (pp) 12 * Non-prompt Jit)j
2-
*1 . . . T
J
+
5 0sf -
20-100% 0-20%
5. 20-100% 0-20% _ 06l Jl
0.4
* * *
5. | r t 1
lyi <2-4 0.2 -iy|<2.4
- 6.5<p. <30GeVic 6.5 <p, <30 GeV/C
0J. cx:1A -t1,.. 0,01 J

Figure ./; Left: Non-prompt J/tj yield in FliFb collisions divided by Taa compand lo the pp crvss-stt.lion. Right.:
Nuclear modification factor Raa of nun-prompt J/slI' as a function of
integrated luminosity of the pp data sample, is shown as a grey box at Raa — |

/1 global uncertainty of ti%, from Lhe
mesons are less affected by color screening but more by the medium's energy dissipation mechanisms.
The study extends to the bottomonium family, specifically T (16'), where a similar suppression pattern
isnoted. The for T(1,S’) shows a suppression by a factor of two, largely at low pT (Figure 10, right),
with minimal variation across rapidity(Figure 10. left) and centrality (Figure 11, left). The results hint at
the survival of the ground state Y (15), while the higher excited states such as T(2S) experience more
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of $'J%, from TAA arid the integrated luminosity of the pp data sample, is shown as a grey box at Raa = |- Points arc
plotted at their measured average pr- Statistical (systematic) uncertainties arc shown as bars (boxes). Horizontal bars
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significant suppression (Figure 11, right), which may be connected to their lower binding energies.

T~i-’-fr—ﬂﬁ—H—Fr TTTTTm “vrerrrrr -rei [ rm-yTT-rr i

T CMSPbPb\ SNN=2.76 TeV CMS PbPb \isNN=2.76 TeV

-*e \/(19), slat one. - isojjb'l
¢+ Y(s) V(1S).syst. unc. M <24
10-20% T(2S), slat unc. u

CZ V(29). sysl. unc. PT>4 GeVic

- 20-100%

@ 30*40%
*10*50% 20*30%
t 0-10% ;
10-20*.
510 0S%
¢ |
+ *-
m A i;
lyl<2.4 tp it (r
0<a <20 GeVic
~a U
50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
htart

Figure It: Nuclear modification factor Raa afT(tS) (left) and both 1S+2S (right) stales as a function of Np,rt. 4
global uncertainty of (% from k- integrated luminosity of the pp data sample, is shown as a grey box at RAA = I.
Statistical (systematic.) uncertaintie s air. shown as bars (boxes).

Overall, the chapter offers a comprehensive experimental analysis of heavy quarkonium suppression
in PbPb collisions. The findings provide empirical evidence that supports theoretical models of QGP for-
mation and quarkonium behavior within such extreme conditions. This work enriches the understanding
of quarkonium suppression mechanisms and contributes to ongoing efforts to disentangle the complex
interplay between quarkonium production and the deconlincd QGP phase in heavy-ion collisions.



4 Conclusion

4.1 Discussion

The discussion chapter critically synthesizes the findings from both phenomenological and experimental
analyses regarding heavy quarkonium production in heavy-ion collisions. The phenomenological analysis
leverages the HYDJET++ model to replicate key observables such as the spectra, nuclear modification
factors and elliptic flow coefficients for J/iband D-mesons, employing both thermal and non-thermal
mechanisms. This analysis highlights that J> mesons demonstrate earlier freeze-out behavior compared
to D-mesons, contributing to a deeper understanding of their interactions with the quark-gluon plasma
(QGP).

In parallel, the experimental data obtained from the CMS detector reinforces the suppression effects
observed for quarkonium states in PbPb collisions, particularly in measurements of prompt and non-
promptJh>and T mesons. Significant suppression in central collisions is evident, as is empirical evidence
of b-hadron suppression, offering further insights into the impact of QGP on quarkonium production.

This chapter emphasizes the importance of these findings for advancing the understanding of quarko-
nium suppression mechanisms. The study not only refines the two-componcnt model for quarkonium
production in the QGP but also provides a solid foundation for future experimental and theoretical ef-
forts in the field of high-energy heavy-ion physics.

The results presented in this discussion pave the way for future research aimed at deepening our
knowledge of QGP dynamics and quarkonium behavior, underlining the value of integrated phe-
nomenological and experimental approaches in high-energy physics.

4.2 Main Results

This dissertation presents both a comprehensive phenomenological and experemental analysis of
charmed meson, charmonium and bottomonium production in lead-lead collisions at a center-of-mass
energy of 2.76 and 5.02 TeV per nucleon pair, elucidating several key aspects:

« The phenomenological analysis utilizes the HYDJET++ model, which integrates both thermal and
non-thermal production mechanisms, to successfully reproduce the momentum spectra and elliptic
flow of D and J#%>mesons.

< Itis demonstrated that D-mesons achieve Kinetic equilibrium with the hot hadronic matter created
in PbPb collisions at LHC, indicative of their interaction cross-section becoming comparable to
that of light hadrons. Conversely, Jhp mesons undergo thermal freeze-out earlier, presumably at
the chemical freeze-out phase, suggesting significantly smaller interaction cross-sections.

A

The experemental study on CMS, presents the first measurements of suppression in prompt J/p,
non-prompt J/i/', and T in PbPb collisions at ,/s-NN = 2.76 TeV. Notably, this includes the first
direct observation of b-hadron suppression.s

e The impact of J/p and T(LS’) polarization on detection acceptance is quantified for the most ex-
treme polarization scenarios in both the Collins-Soper and helieity frames, illustrating significant
effects on the measured yields in heavy-ion collisions.

These findings collectively advance our understanding of quarkonium behavior in the quark-gluon
plasma, significantly contributing to the field of heavy-ion physics at the Large Hadron Collider.
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4.3 Actuality and Future Works

Despite over fifty years of investigation into heavy quarkonia, many questions remain (see the literature
review in the thesis), particularly regarding the non-perturbative aspects of its production mechanism,
which are still under intense study. This dissertation contributes to the body of knowledge by pre-
senting a scries of studies on heavy quarkonia production mechanisms. The author has continued to
develop this topic further, focusing on disentangling the contributions from the Color Singlet and Color
Octet processes within the Non-Relativistic Quantum Chromodynamics (NRQCD) framework for heavy
quarkonia production in proton-proton (pp) collisions at LHC energies. Articles detailing these findings
are currently being prepared. Furthermore, the author plans to extend these studies to heavy ion colli-
sions. aiming to provide deeper insights into the complexities of Heavy Quarkonium production in such
environments and direct comparison with results achieved in proton-proton collisions.

Complete Bibliography is presented in the thesis.
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BensieB Angpeit Bnagncnasosuy

MexaHW3Mbl POXAEHNS| KBAPKOHMEB W BbICOKOIHEPTETUYECKUX aPOHOB B
NPOTOH-NPOTOHHBIX 1 AAPO-AAEPHbIX CTONKHOBEHUSX NPU 3HEPrUsX BonbLIoro
afipOHHOr0 Konnangepa

Pestome

[laHHas auccepTauus npescTaBnseT BCECTOPOHHWUI heHOMEHONOTNYECKMIA U SKCMEPUMEHTANbHbI
aHann3 POXAEHMA 4YapMOHMSA, OOTTOMOHMA UM YapMWUPOBAHHbIX ME30HOB B AAPO-AAEPHbIX
CTONKHOBEHUAX npy aHepruax M/sNN — 2.76 n 5.02 TaB Ha napy HyKIOHOB, pacKpbiBas KnlO4eBble
acnekTbl AMHAMUKN KBapPKOHWEB U NX B3aMMOLEWCTBMUA B Cpefe KBapKO-IMOOHHON nnasmbl (KITT).

B pesynbTaTe (DEHOMEHOMOMMYECKOTO aHann3a, 6bi10 AOCTUTHYTO OMMCaHWe CMEKTPOB UMMYbCOB
W 3ANUNTUYECKUX NOTOKOB D- u .//ly-Me30HOB B TAXKENOWOHHbIX CTOMKHOBEHUAX Ha OCHOBE
[BYXKOMMOHEHTHOI wmogenm HYDJET-H-. 06befuHAIOWEA TepMuyeckme U HeTepMuyeckue
MexaHW3Mbl POXAEHMA YacTuL,

BbIN0 MOKasaHO, 4TO /2-Me30Hbl AOCTWUraloT TepMUYECKOro paBHOBECWUS C ropsueii cpegoin,
ChOpMMPOBAHHOIA B CTONIKHOBEHMAX MOHOB CBUHLA Npy aHepruax LHC. B 70 e Bpems .//</-Me30Hbl
XapakTepusytoTca 6onee paHHMM TEPMUYECKWM BbIMOPaXWBaHWEM, 4YTO yKa3blBaeT Ha ux cnaboe
B3aUMOJENCTBME C KBAPKO-T/IKOOHHON NNasmoii.

BbiNo M3MepeHo nofasneHne NPSMbIX U BTOPUYHbLIX .//-(/'-Me30HOB, a Takxe T-COCTOSHWIA B
CTONIKHOBEHUSX PbPb npu AOa-y = 2.76 TaB. dakTop sagepHoii moandukauum 1V ans npsmbix
.11 (-me30H0B cocTaBmn 0.20 £0.03 + 0.01 B Hanbonee LeHTPasbHbIX CTONKHOBEHWAX M YBENUYMUBAICS
£0 0.61 + 0.12 + 0.12 B nepuchepuitHbIX.

Bnepsble 6bl10 KOCBEHHO (4Yepe3 M3MepeHMe NOoAaBneHus BTOPUYHbLIX .//</-Me30HOB) U3MepeHO
nogasnenne 5-agpoHoB B KIT1, 4TO NoATBepXKAaeT 3HepreTMYecKMe MNOTEPU TSHKeNbIX KBApPKOB B
KBapKO-TMIOOHHOM nnasme. [lofaBneHne BTOPUYHBLIX .//-(/'-Me30HOB, MPOMCXOAALMX W3 pacnaja b-
afipoHOB, XapakTepu3osanocb paktopom WA —0.37 + 0.08 £ 0.02 B 209?- Hambonee LEHTpabHbIX
CoyAapeHuii.

Takxe 6b110 ycTaHOBAEHO, 4TOo nonspusaums // (I’ v T(16')-Me30HOB OKa3biBaeT CYLLECTBEHHOE
BMIMSAHME HAa W3MepeHWe TeOMeTPUYECKOro akcenTaHca [AeTeKTopa. MakcumansHoe BAUAHUE
Habo4anock 415 NOAHOCTLIO NPOA0NbHOV nonspusauun .//y (8o 4091) n nonepeyHoit nonspusaLmm
T(1.Y). OfHako n3MepeHHble B IKCNEPUMEHTE 3HaUYeHNUs NonsapusaLum 6ol 6AN3KN K Hynio.

Momnmo 3TOro, 66110 NPOAEMOHCTPUPOBAHO, YTO BO3OYXKAEHHbIE COCTOAHNUS T(2,S") UCMbITbIBAOT
60nee CUIbHOE NOfABNEHVE MO CPABHEHMIO C OCHOBHbIM COCTOSIHMEM T (15), 4TO CBA3aHO C MeHbLuel
3Heprueii cBA3n BO36YXXAEHHbIX COCTOSAHUIA.

MonyyeHHble pe3ynbTaTbl AOMOMHAIOT COBPEMEHHOE MOHWMaHWe MEeXaHW3MOB POXAEHUS
KBapKOHWYMa, B3aMMOAENCTBMWIA TSHXKENbIX KBApKOB C ropsuveii Cpedoit v MpoLeccoB guccoumauun B
YCNOBUAX COYAAPEHNIA TAXKEbIX NOHOB MPW BbICOKUX SHEPTUAX.
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