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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 properties of lh/> 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 l h/> mesons, as well as Y mesons in PbPb collisions at a center-of-mass 

energy of ,fSNN = 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 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. 
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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 ~tates in the quark-gluon plasma (QGP). The work is divided into two main objectives: 

• Phenomenological Modeling: The dissertation aims to apply the HYDJET ++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 Jh/J and Y 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: 

• For the first time, a comprehensive phenomenological analysis of heavy quarkonia production in 

Pb Pb 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 
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Jh/1 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 JI If; 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 Jhp, as well as Y mesons, in Pb Pb 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 Ion Collider (RHTC) 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 presenteq dissertation is the culmination of extensive personal contributiops 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 / lf1 production using the HYDJET ++ model for Pb Pb collisions at 

JSNN = 5.02 TeV, focusing on the transverse momentum and dN/dr1 spectra observables. 

• Investigated the nuclear modification factor for J lt/J mesons in PbPb collisions at VSiN = 2. 76 

Te V within the HYDJET ++ framework, providing insight5 into quarkonium suppression mecha­
nisms. 

Performed reference analyse.5 for J /ij1 production in AuAu collisions at JSNN = 200 GeV using 

HYDJET ++, enabling comparisons across different collision energies and collision systems. 
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Experimental Contributions 

• Calculated acceptance values for T and prompt .I / 1/1 mesons in the CMS analysis of quarkonium 

suppression at ,,JSNN = 2.76 TeV in PbPb collisions. 

• Measured the polarization of J /1J1 and T mesons in PbPb collisions at .,jSNN = 2.76 TeV. 

• Conducted a subanalysis to determine the dependence of acceptance on the polarization of J /'I/! 
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 1h/• mesons production in Pb Pb collisions at LHC energies 

.,jSNN = 2.76 and ,,JSNN = 5.02 TeV, utilizing the HYDJET++ Monte Carlo model. 

2. The first observation that Jhj: mesons experience an earlier thermal freeze-out compared to lighter 

hadrons at the energies .,jSNN = 2.76 and .,jSNN = 5.02 TeV. 

3. The first experimental evidence of non-prompt J/-ijJ suppression in PbPb collisions, attributed to the 

in-medium energy loss of b-hadrons. The suppression of non-prompt J/ tj; 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 Pb Pb collisions at .,jSNN = 2. 76 TeV, 

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

5 . 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 20 I I, Annecy, France, 

• The l 5h 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 

(i 

• 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 11-ij! meson production, as well as the experimental 

results on Jhf; and T suppression in Pb Pb collisions at ,,JSNN = 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 11-i/! mesons. The chapter focuses on reproducing 

experimental data and analyzing production rates, transverse momentum spectra, nuclear modification 

factors, and the elliptic flow of Jfi/! 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 (Jh/1) 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. 
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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, are bound states 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 Jhf1 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 Pb Pb 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. 

Jn 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/,P 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. 
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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-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 are 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 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 111/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

verse momentum spectra, nuclear modification factors (RAA). and elliptic flow coefficients (v2). 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 lh/l 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 Ion 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 (Figure I) incorporates three technologies-Drift Tubes (DT), Cathode Strip 

Chambers (CSC), and Gas Electron Multipliers (GEM)-all operating on the principle of gaSionization. 

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 point~ along their trajectories, allowing precise measurement of their deflection in 
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Figure 1: The cross-section of the CMS detector in the R-z plane features the z-aris oriented horizontally and the R-axis 
1!FTf.imlly. Tiu~ inl.P.mdion pm'.nt i.<1 loratP.d in t.hP. lowP.r l<Ji r.on1P.r. Thi.<1 layout illu..<1l.ml.t>..<1 t.hP. po.<1it.inning of 1'r1rfrm.'I muon 

.'llal·ions and steel disks (dark gray area.s) fffe labelP.d "Steel': The four Drift. Tube stations (light omnge) are labeled MB 

("muon band") , while the Cathode Strip Chambers (qn:cn) arc denoted Ml!: {"muon cndcap") . Gas Elcctmn Mull,iplicr 

detectors (thin blue areas) are situated in both the cylindrical and endcap parts of CMS and are marked as RB and RE, 
rcspcctivclv. 

the magnetic field. Chambers are arranged in layers at different radial distances (RR) in the cylindrical 

region and along the z-axis in the endcaps. 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=O, W+l 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 MEl/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 J l i/J and 1 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 li/J production, where the non-prompt component arises from decays of 

b-hadrons. 

The Chapter l 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 Pb Pb 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, offering new insights into the behavior 

of these states in the presence of a quark-gluon plasma . 

2 Charmonium Production in Heavy Ion Collisions with the HYD­

JET ++Model 

This chapter focuses on the study of charmonium production in relativistic heavy-ion collisions, specif­

ically analyzing the production and dynamics of JI i/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 Jli/J meson formation in a Quark-Gluon Plasma (QGP) environment. 

The production of quarkonia, such as J/1/J 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, allowing 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 v'siiN = 2.76 TeV, v'siiN = 5.02 TeV (LHC) and, as a reference, its production 

in AuAu collisions at energies of v'SNN = 200 GeV (RHTC). The HYDJET ++model were tuned to 

reproduce the transverse momentum (PT) spectra, nuclear modification factor (RAA), and elliptic flow 

(1·2) of Jh/1 and D mesons (full set of the plots in the thesis) . 

In particular, the results for v'SNN = 2. 76 TeV shows (Figure 2) that Jhj1 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/·ij; 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/·i/J mesons in the 20% most central Pb Pb collisions at v'SNN = 2. 76 TeV. Two 

sets of input parameters were used: 

• As for inclusive hadrons (Te" = 165 MeV, T'h = 105 MeV, Yt'" = 4.5, Y.P"" = 1.265, Pr;" = 

8.2 GeV/c) 

• For early thermal freeze-out (T'h 
GeV/c). 

T ch 165 MeV, l,£'"' 

The fugacity value 'Ye = 11.5 was fixed from absolute J/1/J yields. 

2.3, Y7-'"" o.6, JJTin 3.0 

The simulation results for PbPb collisions at v'siiN = 5.02 TeV, indicate (Figure 3) that the PT 

spectra of Jhj1 mesons in the central rapidity region CIYI < 0.9) match experimental observations, with 

a significant portion of JN mesons showing an earlier freeze-out temperature (Tj~,p = Td' = 165 

MeV, blue solid line) than that of inclusive hadrons (T1'.::.irnn.< = 105 MeV, red dashed line). This early 
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freeze-out behavior is similar to one observed at .jSNN = 2.76 TeV, and crucial for understanding the 

interactions of charmonium 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 
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Additionally, the study explores the production of D mesons in PbPb collisions. The thermal freeze­

out temperature for [) mesons at ,,fRNN = 2.76 TeV is observed to align with that of light hadrons 

(Figure 4). This result implies that D mesons, unlike J /If; mesons, achieve kinetic equilibrium with the 

QGP at this energy. This observation contrasts with findings from .jSNN = 200 GeV AuAu collisions 

(Figure 5), where D mesons exhibited behavior similar to that of J /If; mesons.This observation further 

underscores the importance of thermal and non-thermal 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 JN' mesons in Pb Pb collisions at the LHC. 

Within the framework of HYDJET ++, the momentum spectra and elliptic flow (presented in the thesis) 

of D and J /If; 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 (pr) of approximately 4 Ge Vic, 

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 Jltj; Mesons at the LHC energies: In contrast, the thermal freeze-out 

of Jh/J 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 
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Jhf• 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 .jSNN = 2.76 

TeV 

This chapter explores the suppression of heavy quarkonia in PbPb collisions, focusing on both char­

monium (J /1/J) and bottomonium ('I) 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 a 

center-of-mass energy of 2.76 TeV per nucleon pair. 

The investigation into quarkonium suppression reveals a number of key observations. For ./ /tfl, 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 / 1/J 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 /-I.AA (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 J / If;, 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~ 
.0 .s 
>-

"O 

:g 
0 
>-
J2 
z 
"O 

:l 
t:: 
.-i 

4•··-

CMS pp & PbPb \SNN = 2.76 TeV 
• Inclusive J/tji (PbPb) • (pp) 

+ (pp) • Prompt J/tji (PbPb) 

+ 
+ t 

+· ..... 
+ 

--• ·i ~ --· • • Cent. 0·100% 6.5 < P. < 30 GeV/c 

oJ ci
1i ·0'.; o'6 oa 

IYI 

:1 i:m-r'T""'1.,..,...,'.' I·' , •.• , •. • , ... , . •. , ... ".'i 

a: l.4t CMS PbPb \ SNN = 2.76 TeV -i 

1.2[ 

oaf 

06~ 

oJ 

• Prompt JI~ 
-i 

-·-···-···-·------! 

-j 
i 

J 
-:.~ 

,. + -----1-.... -; 
0.2!·-· Cent. 0-100% -·; .. --: 

~ 6.5 < p < 30 GeV/c 1 

i· o'i 011·0'6 0'8'1'1121'.; i 16 i 'a· · ~ · 2'2 2\ 
IYI 

Figure 8: Left: yield of inclusive J/,P (blue cin:les) and prompt J/,P (red squares) divided by T.<. .< as a function of 
mpidity . The results are compared to the cross sections of inclusive J/v (b lack triangles) and prompt J/,P (black crosses) 
measured in pp. The inclusive Jf'iJ1 points are shift ed by ll..y = 0.05 for better visibility. The global scale uncertainties 01L 
th P. PhPli dn.ta duP. to TAA (.'i. 7%) rmd Ot P. PT' intr>;gmtP.d lumfon.'iif.y {fi.0%) nn" not . . iilwwn . Right ; nudf'fff morlifir.n.t.inn 
factor R_..t, A of prompt Jj'lf; as a fun ction of rapidity. A global un certainty of 8.3%, from TA.A and the integrated lumin osity 

of th P. 71p dn. l.n. samplP., i.'I 8hnwn a.'I n grey lm:r. n. t. RAA = I. Poinl.'I tire plntt.Pd n.t t.hP.ir mM.mrP.d m1P.m9P. Jyl. St.ati.'lliml 

(systema tic} uncertainties are shown as bars {boxes). Horizontal bars indioote the bin width. 

:a- L 
5 2.st-
~ r-

~ f. 
-o r 
0 2f 
~ ~ 
~ 1.S ~t 

:1 t ._ L 

~ 1b 

0.5!·-

CMS pp & Pb Pb \jS~N = 2. 76 TeV 

• Non-prompt J/ tji (PbPb) + (pp) 

20-100% 0·20% 

t * ~ IYI ~ 2.4 
~ 6.5 < p_ < 30 GeV/c 

0t~1~..L.L.i..w.L..1...w..L..w...1..l..w.....J..t..J....U..J..~~ 
0 50 100 150 200 250 300 350 400 

N""'' 

~ 
a: 1.4 CMS PbPb \'5,;~ = 2. 76 TeV -i 

1.2 
• Non-prompt J ltji 

0.8 
20-100% 

0.6•··· 

OA + 
0.2f- IYI < 2.4 

0-20% 

t 

-~ 

' -. 

6.5 < P. < 30 GeV/c ·! 
o~ i. . i.J..i....w..L.w...:...1..1..~.1...u.L...L.L...1.J 
0 50 100 150 200 250 300 350 400 

Npun 

Figun: !J: Le.ft: Nun-prvmpt J/¢ yidd in /.Jb /.Jb wllisiuu~ divided by TAA cumpa1W tu the pp (."f·uss-sa.liun. Right: 

N1'clear modifi cation factor RAA of non-prompt J/1/; as a fun ction of Npart· A global uncertainty of 6%, frnm the 
integrated luminosity of th e pp dala sample, is shown as a grey box at RAA = 1. 

mesons are less affected by color screening but more by the medium's energy dissipation mechanisms. 

The study extends to the bottomonium family, specifically Y(lS), where a similar suppression pattern 

is noted. The RAA for Y(lS) 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(lS), while the higher excited states such as 1(2S) experience more 
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significant suppression (Figure 11 , right), which may be connected to their lower binding energies. 
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Overall, the chapter offers a comprehensive experimental analysis of heavy quarkoniurrl"Suppression 

in Pb Pb 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 deconfined QGP phase in heavy-ion collisions. 
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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 Jh/J and D-mesons, employing both thermal and non-thermal 

mechanisms. This analysis highlights that lh/1 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

prompt 111/J and Y 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-component model for quarkonium 

production in the QGP but also provides a solid foundation for future experimental and theoretical ef­
fort5 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 JhjJ mesons. 

• It is demonst;ated 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, JhjJ mesons undergo thermal freeze-out earlier, presumably at 

the chemical freeze-out phase, suggesting significantly smaller interaction cross-sections. 

• The experemental study on CMS, presents the first measurements of suppression in prompt Jh; , 
non-prompt lh/1. and Yin PbPb collisions at y'sNN = 2.76 TeV. Notably, this includes the first 
direct observation of b-hadron suppression. 

• The impact of lh/J and Y(lS) polarization on detection acceptance is quantified for the most ex­
treme polarization scenarios in both the Collins-Soper and helicity 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. 

lll 

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 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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Pli11wll UfnJpliJ <l.1WIJ/iu1wlfnrlftz 

lnlmptinb)mulp 11 l!lll[ldp tbbpqJimJJl hmqpnbbbpp <tbtlmb tlb)umbpqtlblipl! 
11.11mumb-UJ11mnnbmJJlb 11 tlJl5'ml!-tlJ12mtimJJlb l!lll)umtlllbpmtl lfb() hmqpnllmJJlb 

l!nJlllJfllipJi tllbpqpmbbpmtl 

Ut11J111tJ1mqJi11 

UJU qpuhpwwgpwu !Jliplj11.1JWglmlll l 2wptlnll l1111tlp , rnpwntlnupmtlp [I zwptlwt[npt[wa 

tlhqnfJfJhpp afJfJqp hwtlwUjwpi.j1wlj !j,LlmtlLfJn1nqpwljwlJ u i.j1npowpwpwljw!J l[hp1mantpjntfl' 

tiwmw[lt[wa tlp2mlJ-tllt2mlJ pw)umtluhpp [!Upwgpmtl ..jRNN = 2. 76 li 5.02 St<l tuhpqpwfih[lp 
UJUIJUUIUUh[lnttl' pwgwhWJlllh[nt[ pt[wpljnfJpmtlfJhpp IJpUwtlpljWJP 11 TJ[lUlfJg i.j1n)uwqT)hgmpJWU 

hptluwljwfJ wuUJhljwfJhp[! tit[wpl!-qumnllwJltfl UJJWqtlwJnttl (liq_'I\): 
:bh[mtlhfJn1nqpwljwfJ t[hp1mampJU1U W[lllJntflpmtl ohnp t ph[lt[h1 D- !I J /1/J-tlhqnfJfJh[lp 

ptlUJlll[UWJpfJ uUJhl!mpfJhpp 11 t1pUJlllpljwl!wfJ hnuphpp fJljw[lwqpntpJmfJ[!' hptlfJt[wa HYDJET++ 

h[llJPwl\wll[lPz unIJh1lt t[[lw, nrl! upwt[npmu t uwuutilJuhplt aflflTJlt ph[!llplJ 11 n2 ph[lllplJ 
tlh)uwfJpqtlfJhp[!: 

SmgwIJpt[ht t , n[l D-tlhqnfJfJhp[! hwufJmtl hfJ ph[!tlpljwljwfJ hwt[wuwpwlj2nmpJWfl WJU mwn 
tlp2wt[WJ[lP hhtn, n[ll! ouwt[npt[mtl t ljwUJwp pnfJfJhpp pwpmttlflh[lp [!Upwgpmtl LHC tflh[lqpwflh[lp 
UJWJtlwfJfJhpnttl: lJpllfJmJU ctwtlwfJwlj, J /1/1-tlhqnfJfJh[ll! (![mtpwqpt[nttl hfJ wt[h1lt l[w!j phptlpljwljwfJ 

"uwnhgtlwtlp" , puzl! t[ljwJmtl t IJ[lWlig pmJ1 i.j1n)uwq11hgntpJWU tlwupu ljt[wplj-qumnfJwJpU 
Uj[Wqtlwjp hhtn: 

'..;>wi.j1t[h1 t ntljf\Wljp 11 h[lljpnp11wJpfJ J /¢-tlhqnfJfJhpp, pfl2UJhu fJwll 1-UJWJtlWfJflhpp 6fl2nttl[! 

Pb Pb pw)umtluhpp [!Upwgpmtl .jSNN = 2. 76 St<l. tflh[lqpwJnt[: fhf\f\Wljp J /1/J-tlhqnufJhpp hwtlw[l 

tllts>mlJwJpfJ i.j1ni.j1n)untpJWfl qn[lawljpg[! ljwqtlht t RAA = 0.20±0.03±0.01 wnwt[h1 ljhfltn[lnllwljwu 
pw)umtlfJhpp IJhUJpmtl !I w6h1ttlpfizll0.61±0.12 ± 0.12 OWJ[lWtlwuwJpfJ pw)umtlfJhpp ctwtlwfJwlj: 

Unw2pfJ wfJqwtl, UIUnt!jljWljpn[lhfJ (hpljpnpIJUIJpfJ J /¢-tlhqnfJuhpp 6fJ2tlwfJ zwi.j1tlwfJ tlpj!ngnt[), 

zwl.j1t[h1 t b-hUIIJpDfJfJhpp 6fJ2mtl[! ljq_'l}-mtl, ltfl2n hUIUlllUltnnttl t OUIU[l pt[wpljfJhpp tflh[lqpWJP 

ljD[lntUtn(! ljl[W[llj-qumnUWJpfl llllWqUWJnttl: O[lljpnpIJUIJpfJ J /1/J-tlhqnfJfJhpp llU2nLU[!, n[lnfJp OWqnttl 

hfJ b-hwIJpnfJfJhpp mpnhmtlfJhppg, pumpwqpt[h1 t R.1A = 0.37 ± 0.08 ± 0.02 qnpawljgnt[ wnwt[h1 

lj h!Jwpn!Jwljwu !!Wlumtluhpp 20 
lu1uwu1wlJL1 l , np .J / 1/• li 1(15)-tlhqnfJfJh[lp plihnwgmtln qqw1lt WqIJhgmpJmfJ t mfJhlimtl 

ql11nlil1111npj1 qlarnll1tnpj1l1 pbrimfltlw!J 2wi.j1tlw!J t[pw: Unwt[h1wqnyfJ wqT)hgmpJntU(! 'lPllltlh1 t lPPtl 

l•11l1111111111t111111 1'lil11111u11ll11l1 ql1u1pnn.1 .f /l/•-lt hwllu1p (llpllzb 40 
f'111ql1 1111q quqq I 111p1pq up !(:IS) qpqml111b ljp6u1l1llt.1111 lillpwpljt[mll h!J wt[h1p mdhri 6b2tlu1u' 

hwtllallwt111u1) hJ11lli111l1111l1 T( I"!) 11!1n111l1J1 hla1n, j1ll)p l11uu11!wi'l I. qpqnljwb ljp6wl1fJLpp mt[t..1!1 tjrnpp 

l1wu1tlw!J l l1lq1qjnn1l1 hl1111 
Umwgtjwb 11111111111liplilap11 11111li1l11111l t.11 p1l11111l1111i)l1111l!1 M11iqj1 1ll1!muu)lqtllllapp, bwup 

pt[wplj!JLpl1 111111p 1ll1 11111Ji1qpl1 1111111 1J!i1J11111q11!•~111111p11lololq1i1 lo 1111r11p j111l1l1lq1!1 r111j111111lliLpl1 

[!flpwg12mll 11Jrnnqj1111qJ11111 q11p1'11111p1uul1lq•l1 d11Hlinl11ulp11l1l1~1 p1lJ'11l11111lp 



lie.11Re6 A11opeii B11aoucJia606uit 

MexanHJMLI pOlKAenm1 KaapKonnea n BLICOKo::ineprent"lecKHX ~ponoa a 

npoTon-npoTOHHLIX H llAPO-llAepnLix CTOJIKHoaenn11x npn ::inepnlllx Eom.woro 

~ponnoro KonnallAepa 

PeJIOMe 

Llanna11 AHCcepTaUl-fll npeACTaBJilleT acecTOpOHHHH cjleHOMeHOJIOrH'leCKHH If 3KCnepHMeHTaJibHblH 

aHaJIH3 pOlKAeHHll 'lapMOHlfll, 6oTTOMOHlfll If 'lapMHpOBaHHblX Me30HOB B l!ApO-l!AepHblX 

CTOJIKHOBeH1111x np11 ::1Heprn11x ,jRNN = 2 .76 11 5.02 T::iB Ha napy HYKJIOHOB, pacKpi.rna11 KJIJO'leai.1e 

acneKTbl AHHaMHKH KBapKOHHeB If HX B3aHMOAeHCTBlfll B cpeAe KBapKO-rJIIOOHHOH TIJiaJMbl (Krn). 
B pe3y11i.TaTe cjleHOMeHonorn'lecKoro aHaJIH3a, 6i.mo AOCTHrHYTO on11caH11e cneKTpoe 11Mnyni.coa 

11 ::111n11nTH'leCKHX noTOKOB D- 11 J / 1/J-Me30HOB a TlllKeJIOHOHHbIX CTOJIKHOBeH1111x Ha ocHoae 

ABYXKOMTIOHeHTHOH MOAeJIH HYDJET ++, o6beAHHlllOJ..QeH TepMH'leCKHe If HeTepMH'lecKHe 

MeXaHH3Mbl pOlKAeHHll 'laCTHU. 

Ei.mo noKaJaHo, 'lTO D-Me30HbI 11ocTnra10T TepMH'lecKoro paaHoaec1111 c rop11'lei1 cpeAoi1, 

ccjlopMHpOBaHHOH B CTOJIKHOBeHHllX HOHOB CBHHUa npH 3Heprn11x LHC. B TO JKe apeMll J /1/1-MeJOHbl 

xapaKTepH3yJOTCll 6onee paHHHM TepM11'lecK11M ai.1MopaJK11BaHHeM, 'lTO yKaJi.1aaeT Ha 11x cna6oe 

B3aHMOAeHCTBHe c KBapKO-rJIIOOHHOH TIJiaJMOH . 

EbIJIO lf3MepeHO TIOAaanem1e npl!MblX If BTOpH'lHblX .! / 1/1-Me30HOB, a TaKlKe y -COCTOllHHH B 

CTOJIKHOBeH1111x Pb Pb np11 .,fSNN = 2. 7 6 T::iB. <l>aKTop HAepHoi1 MOAHcPHKa111111 R1111 llJill np11Mb1X 

J /1f1 -Me30HOB COCTaBHJI 0 .20± 0 .0 3 ± 0 .01 B Ha116o11ee ueHTPaJibHbJX CTOJIKHOBeHHllX If yeeJIH'lHBaJICll 

AO 0 .61±0.12 ± 0 . 12 B nep11cjlepHHHbIX. 

BnepBbie 6i.mo KOCBeHHO ('1epe3 H3MepeHHe TIOAaBJieHHll BTOpH'lHblX J /1/; -MeJOHOB) H3MepeHO 

TIOAaBJieHHe l.i-allpOHOB B Krn, 'lTO TIOATBCplKAaCT 3Heprern'leCKHe TIOTepH TlllKeJiblX KBapKOB B 

KBapKO-rJIIOOHHOH nna3Me. noAaBJieHHe BTOpH'lHblX J /'r/;-MeJOHOB, npOHCXOlllll..LllfX 113 pacnaAa b­
aApOHOB, xapaKTepH30BaJIOCb cjlaKTOpOM R AA = 0 .37 ± 0.08 ± 0 .02 B 20% Ha116o11ee ueHTPaJibHblX 

coyAapeHHH. 

TaKJKe 6i.rno ycTaHOBJieHO, 'lTO no1111pH3aUHll J /lf; If 1 ( 1S) -Me30HOB OKaJbIBaeT CYl..LleCTBeHHOe 

BJIHllHHe Ha H3MepeHHe reoMeTPH'lecKoro aKcenTaHca AeTeKTopa. MaKCHMaJibHoe a111111H11e 

Ha6JIJOAaJIOCb llJill noJIHOCTblO npOAOJibHOH non11p113a1..11111J11/J (AO 40% ) If nonepe'lHOH no1111pH3aUHH 

Y(lS ). 0AHaKo H3MepeHHbJe a 3Kcnep11MeHTe 3Ha'leHHll no1111p113a11111-1 6i.11111 6JIH3KH K HYJIJO. 

noMHMO 3TOTO, 6bJJIO npOAeMOHCTPHPOBaHO, 'lTO B036yJKlleHHbie COCTOllHHll 1(2S) HCTibITbIBalOT 

6011ee CHJibHOe TIOAaBJieHHe no cpaeHeHHIO c OCHOBHbJM COCTOllHHeM Y(lS), 'lTO CBll3aHO c MeHbWeH 

3Heprnei1 CBll31f B036YlKAeHHblX COCTOllHHH. 

noJIY'JeHHbie pe3yJibTaTbl llOTIOJIHlllOT COBpeMeHHOC TIOHHMaHHe MeXaHH3MOB pOlKACHHll 

KBapKOHHyMa, B3aHMOAeHCTBHH TlllKCJiblX KBapKOB c ropl!'leH cpeAOH H npoueccoa AHCCOUHaUHlf B 

ycJIOBlfllX coyAapeHHH TlllKeJiblX HOHOB npH Bb!COKHX 3Heprn11x. 
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