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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++ 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 kinetic propertics of I/y» mesons, revealing their earlicr 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 J/3 mesons, as well as T mesons in PbPb collisions at a center-of -mass
energy of \/syn = 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 quarkenium 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.

Keywords: Quarkonium production, Quark-gluon plasma, Heavy-ion collisions, LHC, HYDJET++
model, CMS experiment, Charmonium, Bottomonium, Nuclear modification factor, Transverse mo-
mentum spectra.

Theme Actuality

The study of quarkonium production in high-energy collisions remains one of the most significant areas
in nuclear and particle physics. Heavy guarkonium, 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 carly 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 unigue 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 are 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 injtial 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 bottomanjum states under
€xtreme 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 modelin i, 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-nuclens ( 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 aimg to apply the HYDJET++ Monte Carlo maode]
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 Jhjrand 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, denge QGP

Scientific Novelty and Practical Value

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



Jih 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 J/¢) 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/1), 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
arc 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 Ion 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 J /¢ production using the HYDJET++ model for PbPb collisions at
Venn = 5.02 TeV, focusing on the transverse momentum and dN/dy spectra observables.

Investigated the nuclear modification factor for .J /i mesons in PbPb collisions at /sy = 2.76
TeV within the HYDJET++ framework, providing insights into quarkonium suppression mecha-
nisms.

Performed reference analyses for ./ /4 production in AuAu collisions at /syy = 200 GeV using
HYDJET++. enabling comparisons across different collision energies and collision systems.

]



Experimental Contributions

= Calculated acceptance values for T and prompt ./ /1) mesons in the CMS analysis of quarkonium
suppression at \/5yy = 2.76 TeV in PbPb collisions.

+ Measured the polarization of ./ /4 and T mesons in PbPb collisions at VNN = 2.76 TeV.

= Conducted a subanalysis to determine the dependence of acceptance on the polarization of .J /2
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/u mesons production in PbPb collisions at LHC energies
Vv = 2.T6 and \/5yN = 5.02 TeV, utilizing the HYDJET++ Monte Carlo model.

2. The first observation that I/ mesons experience an earlier thermal freeze-out compared to I ghter
hadrons at the energies | /Fyny = 2.76 and Vany = 5.02 TeV,

3. The first experimental evidence of non-prompt J/¢/ suppression in PbPb collisions, attributed to the
in-medium energy loss of b-hadrons. The suppression of non-prompt J/¢; mesons is comparable to
that of charged hadrons, offering new insights into heavy-flavor energy loss mechanisms,

4. New experimental results on the suppression of T mesons in PbPb collisions at VSvn = 2,76 TeV,
including the first precise measurement of the nuclear modification factors for quarkonia states.

3. 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 confercnces,
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
20157, Kobe, Japan



« 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”, 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 State University, Moscow, Russia,
+ The CMS Collaboration meetings.

Key findings from the phenomenological analysis of J/¢» meson production, as well as the experimental
results on J/y and T suppression in PbPb collisions at /Sy n = 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 experemental 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-thermal mechanisms to simulate the production of J/1) 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 center-of-mass energy of 2.76 TeV, using data collected by the CMS experiment. The
study focuses on charmonium (J/1) and bottomonium () 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

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 regardi ng the non-perturbative aspects of QCD,

Despite substantial theoretical and experimental efforts, key challenges persist in describing heayy
quarkonia production in hj gh-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/i and T mesons in the

This dissertation examines the mechanisms of quarkonium and high-energy hadron production in
proton-proton and nucleus-nucleys collisions at LHC energies. The work integrates experimental and
phenomenological analyses conducted over the period from 2011 10 2024, The first part of the disser-

presents an experimental measurement of heavy quarkonium suppression in PbPh collisions at 2.7
TeV, based on data collected by the CMS experiment. This experimental analysis provides valuable
empirical data that complements the Phenomenological findings, contributing o a more comprehensive
understanding of quarkoninm suppression and production mechanisms in heavy-ion collisions.

In addition to the above discussion, the Introduction chapter provides an overyi ew of the historical de-
velopment of heavy quarkonia studies, tracing discoverjes such as the J/ip and T Imesons, which marked
milestones in particle physics, It discusses foundational theoretical models for quarkonium production,
including the Color Singlet Model (CSM), Color Evaporation Mode] (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 exoric quarkonium states in advancing our understand-
ing of QCD.



1 Methods of Investigation of Heavy Quarkonium Production

Chapter 1 of this dissertation provides a comprehensive overview of the methodologies used to investigate
heavy quarkonium production in both proton-proton (pp) and nucleus-nuclens (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 are essential for simulati ng 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 are 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 -+ 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 quarkonium 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
quarkonium production in AA collisions. The model incorporates relativistic hydrodynamics to describe
the expansion and freeze-out of the QGP, where quarkonia are either produced or dissociated. This
modeling approach allows for a detailed investigation of how quarkonium states (such as J/)) 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-
versec momentum spectra, nuclear modification factors (R 44), and elliptic flow coefficients (v,). These
observables are crucial for understanding the mechanisms of quarkonium suppression, particularly in
the context of the color-screening effect in QGP, which leads to the dissociation of bound quarkonium
states. The role of recombination models in explaining the regeneration of I/ mesons at lower energies
isalso 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 Ton 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 quarkonium detection, emphasizing its
high-resolution muon system, which is critical for reconstructing quarkonium states decaying into muon
pairs.

The CMS muon system (Fig. 1) incorporates three technologies—Drift Tubes (DT), Cathode Strip
Chambers (CSC), and Gas Electron Multipliers (GEM)—all operatin £ 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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endcaps, CSCs and GEMs are arranged in concentric rings, labeled ME1/n to ME4/n, where n increases

The chapter also explaing how quarkonia, specifically the .J /1 and T families, serve ag sensitive

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 precige measurements of
both prompt and non-prompt ./ /y; production, where the nhon-prompt component arises from decays of
b-hadrons,

The Chapter | concludes by summarizing the methodological approaches used in this dissertation,
The combination of MC simulations, particularly the HYDJET 4+ model, and experimenta] data from the
CMS detector allows for adetailed investigation of quarkonium production and Suppression mechanisms,
The chapter sets the stage for the detailed phcnomenological analysis presented in Chapter 2, where the
HYDJET -+ model is applied to reproduce experimental observables in PbPb collisions, and Chapter 3,
which presents an €Xperimental investigation of heavy quarkoninm suppression at CMS €xperiment,

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

2 Charmonium Production in Heavy Ion Collisions with the HYD-
JETH-+ Model

This chapter focuses on the study of charmonium production in relativistic heavy-ion collisions, specif-
ically analyzing the production and dynamics of J/¢ mesons within the context of the HYDJE T+ 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/¢) meson formation in a Quark-Gluon Plasma (QGP) environment,

The production of quarkonia, such as i) 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 deconfined 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, allowin g the model to reproduce key observables related to
charmonium production.

A key focus of this study is the analysis of charmonia and charmed meson production in PbPb colli-
sions at energies of VENN = 2.76 TeV, VSnn = 5.02 TeV (LHC) and, as a reference, its production
in AuAu collisions at energies of /sy = 200 GeV (RHIC). The HYDJET-++ model were tuned to
reproduce the transverse momentum (pr) spectra, nuclear modification factor (f44). and elliptic flow
(v2) of I/t and D mesons (full set of the plots in the thesis).
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Figure 2: Trunsverse momentum spectrum of inclusive J/y-mesons for rapidity 2.5 < ¥ < 4 in 209 of most ventral PbPH
collisions ot JSNN = 2.6 TeV, The points denote ALICE data (reference in the thesis) histograms represent. simalated
HYDIET++ events fmagenta solid Jrecze-out parameters s for inclusive hadrons, black sofid - eurly thermal Jreeze-out,
blue dotted and red dashed suft and hard components respectely for the latter case),

In particular, the results for /vy = 2.76 TeV shows (Fig. 2) that J/y mesons exhibit carly thermal
freeze-out compared to lighter hadrons. This finding aligns with previous studies for RHIC energies (see



Thus Figure 2 shows the comparison of HYDJ ET++ simulations with the ALICE data for the py-
Spectrum of inclusive I/ mesons in the 20% most central PbPb collisions at VSN = 2.76 TeV. Two
Sets of input parameters were used:

* As for inclusive hadrong (T" = 165 MeV, Tth — 105 MeV, Y= 4.5, Y = 1.2685, pmin =
8.2 GeVie)

« For early thermal freeze-out (74 — pen _ 165 MeV, ymx 2.3, ¥ = ., P = 30
GeV/e).

The fugacity valye Ye = 11.5 was fixed from absolute J/z)) yields.

Jips! PhPb@5.02 TeV, 0-10%,

== FO{J/psi mesons)
10°2 ] "= FOfinclusive hadrans)
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Figure 3: Transverse momentum spectrum of inclusive J/-mesons Jor rapidity lul < 0.9 n 10% of most centrui Py
tollisions at (5NN = 5.02 Tev. The points denote ALICE data (see reference in the thesis) | histograms TEPTESENL,
simulated HYDJET 44 events (ved dasheg Jreeze-oul parameters as for inclusive hadrons, blue solig - early therinal
Jreeze-out),

The simulation results for PhPh collisions at VSNN = 5.02 TeV, indicate (Figure 3) that the e
Spectra of J/» mesons in the central rapidity region (|y| < 0.9) match experimental observations, with
a significant portion of I/ mesons showing an earlier freeze-out temperature (7" j,';;k,, = T = 165
MeV, blue solid line) than that of inclusive hadrons {7}f,’,‘n,nm = 105 MeV, red dashed line). Thig early
freeze-out behavior is similar to one observed at VBNN = 2.76 TeV, and crucial for understanding the
interactions of charmonium stateg with the QGP and their dissociation and recombination processes,
The comparizon for other observables, like el iptic flow and nuclear modification factor is also presented
in the dissertation.

Additionally, the study explores the production of D mesons in PbPp collisions. The therma) freeze-
out temperature for 17 mesong at VENN = 2.76 TeV is observed to align with that of light hadrons
(Figure 4). This result implies that 1) mesons, unlike ./ /¢ mesons, achieve kinetic equilibrium wih the
12



QGP at this cnergy. This observation contrasts with findings from VNN = 200 GeV AnAn collisions
(Figure 5), where 1 mesons exhibited behavior similar to that of J /1 mesons, Thig observation further
underscores the importance of thermal and non-thermal components in the charmonjum production
mechanism,
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Figure 4: Transverse Momentum spectra of H* (left panel), b+ (middle panel) and ¢ (right pancl) for rapidity ly| <
0.5 20% of most central POPh collisions af VINN = 2.76 TeV, The points denote ALICE duta (sce reference in Hhe
thesis) | histoyrans Tepresent simulated HY D T4+ cvents (blue dotted soft component, red dashed - hard eomponent,
black solid - byt compunents).
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and “early” thermal freez-oui (solid blye line).



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 /1 mesons in PBPb collisions at the LHC.

* Thermal F; reeze-Out of D-mesong at the LHC energies: It is assumeq that the thermal freeze-
out of D-mesons oceurs simultaneously with that of light hadrons. This Suggests that a significant
part of D-mesons, particularly those Up 10 a transverse momentum (pr) of approximately 4 GeV/c,

Thermal Freeze-Out of J/i) Mesons at the LHC energies: In contrast, the thermal freeze-out
of J/1 mesons is assumed to oceur appreciably earlier, presumably at the phase of chemical freeze-
out, with reduced radja] and longitudinal collective velocities. This earlier frecze-out suggests that
I/t mesons do not reach kinetic equilibrium with the surrounding medium, and thejr interaction
CIoss section remains significantly smaller than that of ligh hadrons.

This Phenomenological study elucidates the nuanced interaction dynamics of charmed mesons and
charmonium in heavy ion collisions, providing significant insights into thejr production mechanism, in
such extreme environments ag 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 \/syy = 2.7
TeV

This chapter explores the suppression of heavy quarkonia in PbPb collisions, focusing on both char-
monium (.J /) 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 relies on data collected by the CMS experiment during collisions at 3
center-of -magss energy of 2.76 TeV per nucleon pair.

The investigation into quarkonium suppression reveals a number of key observations, For J /1, the
study identifies 5 marked reduction in yield, with a pronounced centrality dependence (see Fig. 6, left
plot). The suppression is quantified by the nuclear modification factor, R4, which indicates an ap-
proximately fivefold suppression for prompt .J /1) mesons in the most central collisions compared to
proton-proton (pp) resuits (Fig. 6, black cross on the right plot). No significant transverse momentum
(»r) dependence is observed in the Raa (Fig. 7), but suppression is found tg be more pronounced at
mid-rapidity than at forward rapidity (Fig. 8). Thig Suggests complex dynamics in how quarkonia interact
with the QGP,

Non-prompt .7 /¢, originating from b-hadron decays, exhibit Jegg Suppression compared to prompt
states, although the suppression factor still reaches approximately two in central collisions (Fig. 9), The
Ron-prompt component provides important insights into b-quark cenergy loss in the medium, as these
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The study extends to the bottomonium family, specifically Y(1.5), where a similar suppression pattern
is noted. The Haa for T(15) shows a suppression by a factor of two, largely at low pr (Fig. 10, right),
with minimal variation across rapidity(Fig. 10, left) and centrality (Fig. 11, Ieft). The results hint at
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the survival of the ground state T(15), while the higher excited states such as T(28) experience more
significant suppression (Fig. 11, right), which may be connected to their lower binding energies.
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
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of quarkonium suppression mechanisms and contributes to ongoing efforts to disentangle the complex
interplay between quarkonium production and the deconfined QGP phase in heavy-ion collisions.



4 C‘onclusion

4.1 Discussion

This chapter emphasizes the importance of these findings for advancing the undcrstanding of quarko-
nium Suppression Mmechanisms, The study not only refines the IWo-component mode] for quarkonium
production jn the QGP but alsg provides a solid foundation for future eXperimental and theoretical ef.
forts in the fielq of highnenergy heavy-jop physics.

The results Presented in thig discussion Pave the way for fupyre Tesearch aimed at deepening our

4.2 Main Results

This dissertation Presents both g Comprehensive phenomenologica! and experement] analysis of
charmed meson, charmoniym and bottomoniym production jp lead-jead collisions at 4 center-of-magg
energy of 2.76 ang 5.02 Tev DPer nucleon pajr, elucidating several key aspects:

* The phcnomenofogicai analysis utilizes the HYDJET . model, which integrates both thermal and
non-therma] Production mechanismsg, to successfully reproduce the momentum specirg and elliptic
flow of D and J/¢ mesons,

» Itis demonstrated thay D-mesong achieve kinetje equilibrinm with the hot hadropic matter created
in PbPp collisiong at LHC, indicative of their interactiop Cross-section bccoming comparable to
that of Jight hadrons, Convcrsely, I mesong undergo thermy) freeze-out earlier, Presumably gt
the chemical freeze-out phase, suggesting signiﬁcanﬂy smaller interaction Cross-sections,

+ The EXperementa)] study on CMS, presents the firgt measurements of suppression in prompt J/,
hon-prompt Jhb, and T in PbPh collisions a¢ VSNN = 2,76 TeV, Nol'abiy, this includes the first
direct observation of b-hadron suppression.

The impact of Jhjrand 1( L) polarization on detection acceplance is quantified for the most ex.-
treme polarizagion Scenarios in bhoth the CoHins-—Soper and helicity frames, iilus[raring significan;
effects on the measured yields jn heavy-ion collisions,

These findings collectively advance our undcrsranding of quarkonjum behavior in the quark-glyop
plasma, signiﬁcnnﬁy contributing to the field of heavy-ion physics at the Large Hadrop Collider,

1y



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 series 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 Quarkenium 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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Pesrome

H ammunTeyeckyx ToTokos D- y /9p-mesonos g TAKENOHOHHEIX CTONKHOBEHMAX Ha ocHope
ABYXKOMIIOHEHTHOj Monemd  HYDJET -+, oBbenmsIomer TepMuYeckue p HeTepMuTeckpe
MCXHHHZ’.MH Poxnennsa qacmu_

Bruto MOKazaHo, yrg D-mesong AOCTHTAIOT Tepmuveckoro PaBrOBECHS ¢ ropave;; cpeso,
chopmuposanmoii CTO/IKHOBEHUAX MOHOR CEHHUA 1Ipy sHepruax LHC. B 1o e spems ./ fth-mezonm
Xapakrepuayiores Gopee PAHEUM TepMirgeckiy BRMOpaskmBanmem, ung YKa3BBACT Ha MX cnagoe
B3aumoneiicreue ¢ KBapKO-TiTI0OHNOI mnasmors,

Brito M3MEPEHO ronasene TPAMBIX M BTOpHupmIX .f/'rﬁvMeSOHOB, 4 Takxe Y-cocrommmii g
CTONKHOBeHUsIX PhPh IpH /Sy = 2.76 TsB. DakTop ANEpHO Momupukayyy Raq nna TIPAMEIX
J /1h-mesonos cocrasnn 0,20 +0.03 0.01 B HanBoece HEHTpanmbHEIX CTONKHOBEHMAX 1 YBenuuneancy
0 0.61 £0.12 + 0.12y nepugepuiingx.

Briepseie 6uumo KOCBCHHO (vepes H3MEpCHRE NonarneHus BTOPHYHBIX ./ ih-me30H08B) H3MepeHo
Tonaenenue b-agporos 5 KT IT, uyro TORTBEpK MaeT SHEpPreTHYeckHe noTepy Takenpx KBADKOR B
KBapKO-rmoounog Mnasme. Tlogaenenye BTOpHYHRIX ] /w-Mc30HoB, Npoucxomamx 13 pacmama -
aJipoHoB, XapaxkTepuzoranocy, takropom R, A=03T+008+002p 20% wantonee LEHTPaJIbHLIX
coynapenmii,

Taxke Ghuro YCTanosneno, yro nonspusawmg J /o T(18)-mezomop OKa3bIBAET CyIlecTEeHHOE
BIHAHHE pa M3Mepente reomMeTpudeckorg aKCenTanca Aerekropa, Makeumansroe BIHAHNE
Habmonanoce IS TIONTHOC Thio NpoaonLHo nonspusamu J /y) (10 40%) u nonepeyroi nonsapu3aimy

Hommmo srorg, 9251 TIPGLEMOHCTPHPOBAtO, Yro BO3OY:KACHHBIC COCTORHUs T(2.5) HCIIBITHIBAIOT
donee cHoe TOMUBIICHHE 110 cpanHenmg ¢ OCHOBHBIM COCTOSHIEN Y(15), uro casang € MeHbLIE}
SHEPryuei ceasy BO30Y:KACHHEIX COCTOHHMIA,

Honyyennyie PE3ymLTaTh  MOnOmHMIOT COBDCMEHHOE  MoHMManue MEXaHH3IMOB  poskpemg
KBAPKOHUYMA, BIAMMOneiicTryiy TAKCIBIX KBapKoB ¢ ropsseit cpegoii u HPOLECCOB ancconmanmy &
YCNoBUAX coynapeni TARCILIX NOHOB Ty BBICOKHX SHeprsix,



