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ABSTRACT

The study of ultra-relativistic heavy-ion collisions has emerged as a powerful

approach to explore the fundamental properties of nuclear matter under extreme

conditions of temperature and energy density. One of the primary goals of such

studies is to create and understand the characteristics of a deconfined state of

matter known as the quark-gluon plasma (QGP), where quarks and gluons are

no longer confined within hadrons. This state is believed to have existed in the

early Universe, microseconds after the Big Bang. The ALICE experiment at the

CERN Large Hadron Collider (LHC) provides a unique opportunity to investigate

this QCD matter through collisions of protons and heavy ions at unprecedented

energies.

This thesis is focused on probing the QGP through two major studies: (i) ex-

perimental analysis on a multiplicity dependent charmonia production with AL-

ICE and (ii) a phenomenological investigation of collective dynamics in oxygen-

oxygen (O–O) collisions at LHC energies using a multi-phase transport model

(AMPT). The first part addresses the emergence of heavy-ion-like signatures in

small collision systems, while the second part systematically characterizes light-

flavor particle production, flow coefficients, and nuclear modification effects in

O–O collisions.

Traditionally, pp collisions have been regarded as a reference or baseline for

heavy-ion studies due to their expected lack of QGP formation. However, recent

results at the LHC have challenged this view, showing that high-multiplicity pp

events exhibit phenomena similar to those seen in heavy-ion collisions, such as

strangeness enhancement and long-range correlations. This raises the intriguing

possibility of medium effects even in small systems. Among the most sensitive

probes of QGP are heavy quarkonia bound states of heavy quark-antiquark pairs,

particularly charmonium states such as J/ψ and its excited state Ψ(2S).

In this thesis, we investigate the multiplicity dependence study of J/ψ and
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ψ(2S)-over-J/ψ ratio in pp collisions at
√
s = 13.6 TeV using the ALICE detec-

tor. The analysis involves careful event and track selection, muon identification,

background suppression, and signal extraction from invariant mass distributions.

Monte Carlo simulations are used to correct for detector efficiencies and accep-

tance effects. Multiplicity is estimated using tracks from the central barrel de-

tectors.

To complement the experimental analysis, we conduct a detailed phenomeno-

logical study of collective behavior in O–O collisions at
√
sNN = 7 TeV, focus-

ing on light-flavor observables. Small collision systems like O–O serve as an

intermediate bridge between pp and Pb–Pb collisions and are ideal for disentan-

gling initial-state geometry from final-state interactions. For this purpose, we

employ the AMPT model, which incorporates fluctuating initial conditions, par-

tonic scattering, hadronization via quark coalescence, and subsequent hadronic

rescattering.

Three distinct nuclear density profiles are considered for the initial geometry:

Woods-Saxon, harmonic oscillator, and α-clustered configurations. These profiles

influence key observables such as eccentricity, triangularity, and impact param-

eter distributions. The analysis covers global observables like charged-particle

multiplicity, transverse energy, Bjorken energy density, pseudorapidity distribu-

tions, and speed of sound. The kinetic freeze-out temperature and radial flow

velocity are extracted using Boltzmann-Gibbs blast-wave fits to the pT spectra of

π, K, and p.

The anisotropic flow is investigated using the two-particle correlation method,

focusing on flow harmonics v2 (elliptic) and v3 (triangular). The effects of ini-

tial geometry on final-state momentum anisotropies are quantified via normalized

symmetric cumulants and the number-of-constituent-quark (NCQ) scaling of v2

for identified particles. Our findings show that α-clustered geometries produce

stronger elliptic flow, consistent with the idea that initial-state fluctuations sig-

nificantly impact collective dynamics.
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In addition, the nuclear modification factor RAA is computed by comparing

O–O spectra with a pp reference, adjusted for the number of binary nucleon-

nucleon collisions. We find notable suppression of high-pT hadrons in central

O–O collisions, suggesting that medium-induced energy loss effects, typically as-

sociated with QGP, are present even in these lighter systems. In Run 3 of the

LHC, ALICE has collected O-O collisions data. Our studies involving various

density profiles of Oxygen nuclei, when confronted with the experimental data,

will pave the way forward to understand the nuclear density profiles and their

impact on the final state observables in TeV collisions.
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Chapter 1

Introduction

The aim of high-energy nuclear physics is to create and study the primordial mat-

ter composed of quarks and gluons in the laboratory. This is achieved through

ultra-relativistic collisions of heavy ions using facilities like the Large Hadron

Collider (LHC) at CERN and the Relativistic Heavy Ion Collider (RHIC) at

Brookhaven National Laboratory. A plasma of quarks and gluons called QGP

is believed to be formed in the collisions where a condition of very high temper-

ature and energy density is achieved. In this Chapter, we briefly introduce the

Standard Model of particle physics, where we explain the classification of elemen-

tary particles; after that, there are brief discussions on quantum chromodynamics

(QCD). Quark Gluon Plasma (QGP) and ultra-relativistic heavy-ion collisions,

along with their thermodynamics and QCD phase transition, will be discussed

in the third section. Another section explores the ”Little Bang” phenomenon at

the LHC, while a separate section focuses on the experimental signatures of the

quark-gluon plasma (QGP).

1.1 The Standard Model

The Standard Model (SM) of particle physics is one of the crowning achievements

in modern physics. It was developed mainly by Glashow, Salam, and Weinberg in
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the 1970s [1–3]. It provides a theoretical framework for describing fundamental

particles and their interactions, excluding gravity. It includes three fundamen-

tal interactions, i.e., strong, weak, and electromagnetic. The Standard Model

relies on quantum field theory and gauge symmetry SU(3)C × SU(2)L × U(1)Y .

The unified weak and electromagnetic force is governed by Electroweak (EW)

theory, while the electromagnetic interaction is governed by quantum field the-

ory (QFT), also referred to as quantum electrodynamics (QED). The SM model

categorizes elementary particles into two groups based on their spin. Fermions

are half-integer spin particles, whereas bosons are integer spin particles. Fig-

ure 1.1 depicts the twelve fundamental fermions, which are composed of three

generations of six leptons and six quarks. Leptons interact via electromagnetic

and weak interactions and carry negative integer electric charges. The negative

charged leptons are electron (e−), muon (µ−) and tauon (τ−) and their antipar-

ticles are positively charged leptons e+, µ+, τ+. The charge neutral leptons are

neutrinos. These neutrinos are left-handed ((νLe , ν
L
µ , ν

L
τ )) and their anti-particle

((ν̄Re , ν̄
R
µ , ν̄

R
τ )) are right-handed.

Quarks are classified into six flavors: up (u), down (d), charm (c), strange (s),

top (t), and bottom (b), each with its own anti-quark (q̄). These have fractional

electrical charges. The u, c, and t quarks have +2e/3 electrical charge, while the

d, s, and b quarks have −1e/3 charge. Since quarks are fermions, they follow

Pauli’s exclusion principle. In the case of a baryon, all three quarks can not be

placed in a single state, so they have an additional quantum number known as

the color charge. They contain three types of color charge, i.e., red (r = +1),

blue (b = +1), and green (g = +1), and an anti-quark carries a negative color

charge (r = -1, g = -1, or b = -1). In nature, hadrons are all color-neutral. Since

quarks carry both a color charge and an electrical charge, they interact through

all three interactions: strong, electromagnetic, and weak.
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Figure 1.1: Schematic representation of the elementary particles in the Standard

Model.

There are four fundamental forces present in nature: strong, weak, electro-

magnetic, and gravitational. There is a force carrier for each fundamental force:

the gluons (g) carry the strong force, theW± and Z0 bosons carry the weak force,

and the photons (γ) carry the electromagnetic force. Photons are chargeless par-

ticles with no mass and do not interact with each other. Weak interactions are

responsible for the β decays involving neutrinos and also flavour-changing decays

of quarks. Quantum Electrodynamics (QED) is the theory of electromagnetic

interactions, which is described using Abelian gauge theory with the symmetry

group U(1). In the 1960s, Sheldon Glashow, Abdus Salam, and Steven Wein-

berg unified the electromagnetic and weak interactions with the symmetry group

SU(2) × U(1), known as the electroweak unification. The strong interaction is

the most fundamental interaction, and particles with color charges can only in-

teract through strong interactions. Gluons, which are massless and electrically
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chargeless particles but carry net color charges, mediate this. So, gluons are

self-interacting, and the theory of strong interaction, known as Quantum Chro-

modynamics, is described by a non-Abelian SU(3) symmetry group, which will

be briefly discussed in the next section.

1.2 Quantum Chromodynamics (QCD): the the-

ory of strong interaction

The theory of strong interaction is known as Quantum Chromodynamics (QCD).

It is responsible for the confinement of quarks inside hadrons inside nuclei. QCD

belongs to a special class of field theories called gauge field theories, where the

Lagrangian is invariant under local gauge transformations. This is known as gauge

invariance [4]. Gluons carry both color and anti-color charge, so there should be

32 = 9 gluons. However, one of these states corresponds to a color-neutral singlet,

given by rr̄ + gḡ + bb̄. As a result, only eight gluons exist. The gluon-quark

interaction in QCD is similar to the QED coupling of fermions and photons.

Unlike photons, gluons can interact with one another, enabling more complex

QCD processes. The two defining characteristics of QCD, i.e, confinement and

asymptotic freedom, are covered in the following section.

1.2.1 Confinement

The QCD potential reveals that quarks experience color confinement, meaning

they can not exist independently. This occurs due to the strong force, which is

mediated by gluons. The following represents the QCD effective potential (V(r))

between partons: [5]

V (r) = −4

3

αs
r

+ kr (1.1)
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1.2 Quantum Chromodynamics (QCD): the theory of strong
interaction

Where αs is the strong coupling constant, also known as running coupling con-

stant as it depends on the scale of momentum transfer, r is the distance between

the interacting partons, and k is the color string tension constant (k ≃ 0.85 GeV

fm−1) [5]. The first term arises due to single-gluon exchange at smaller r, similar

to the Coulomb potential. The second term, which increases with distance r, is

responsible for quark confinement. At large distances, this term becomes dom-

inant, causing the QCD potential to increase, which strengthens the attractive

force between quarks. Due to gluon self-interaction, the color field lines between

two interacting partons become compressed, forming narrow color flux tubes. In

other words, the effective color field intensifies as the separation distance (r) in-

creases. Instead of allowing two free partons to emerge, the energy used in their

separation is converted into the creation of a new quark-antiquark pair.

Now, in order to explain how the color field strength is developed at a large

distance by gluon self-interaction, one must comprehend the phenomenon of ”vac-

uum polarization.” In QED, vacuum polarization describes the process where the

background electromagnetic field generates virtual electron-positron (e+e−) pairs.

These virtual particles create a screening effect, weakening interactions between

other particles and modifying the effective charge distribution. This phenomenon

is also referred to as the self-energy of gauge bosons (photons). Similarly, the

QCD vacuum can generate virtual quark-antiquark and gluon pairs. The virtual

qq̄ pairs act to screen the color field over large distances, much like virtual e+e−

pairs do in QED. However, due to gluon self-interaction, an anti-screening effect

occurs, which overpowers the screening from virtual qq̄ pairs at large distances

[4, 5]. This explains why the interaction strength increases at greater separations,

leading to quark confinement.
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1.2.2 Asymptotic Freedom

Quark confinement indicates that the strong coupling parameter, αs, is not a

fixed constant. It means the effective strength between quarks depends upon the

distance and momentum transfer. Deep inelastic scattering experiments showed

that quarks inside hadrons behave almost like free particles when high-momentum

electrons interact with quarks inside hadrons. Since high momentum transfer cor-

responds to short distances, this revealed that the strong interaction weakens at

short distances but becomes extremely strong at larger distances. This property,

known as asymptotic freedom, is a key feature of non-Abelian gauge theories like

QCD [4]. The running coupling constant as a function of momentum transfer

(Q2) is given as:

αs(Q
2) =

12π

(11nc − 2nf ) ln
(
Q2

Λ2

) (1.2)

where nc = 3 colors, nf is the number of quark flavors and the dimensional pa-

rameter λQCD is technically identical to the energy scale Q, where αs(Q
2) diverges

to infinity i.e. αs(Q
2) → ∞ for Q2 → λ2QCD. In other words, λQCD (≈ 200 MeV)

is the non-perturbative QCD scale parameter. For λQCD < 200 MeV, the non-

perturbative QCD is in action, while above it, pQCD is applicable.

Figure 1.2 shows the coupling constant αs decreases at short distances (high

energy), allowing quarks to behave as quasi-free particles, and perturbative QCD

is used to study strong interactions. This phenomenon is called asymptotic free-

dom. On the other hand, at long distances (low energy), the strength of the

coupling increases, which leads quarks to be confined in color-neutral states.

This property is called confinement. Fig. 1.2 illustrates the QCD running cou-

pling constant variation with momentum transfer (Q) as observed in different

experiments.
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Figure 1.2: QCD coupling constant as a function of momentum transfer. The

markers represent measurements based on perturbative calculations, and the solid

line corresponds to an analytical prediction [6].

1.3 Quark-gluon Plasma (QGP)

QCD calculations and thermodynamic considerations indicate that strongly in-

teracting matter can exist in various phases depending on the temperature and

density of the system. QCD predicts that under extreme conditions of high tem-

perature (T) and baryon chemical potential (µB), quarks and gluons transition

into a deconfined state. This phase of QCD matter is thought to have existed in

the early Universe, around 10−6 seconds after the Big Bang, when the temper-

ature reached approximately 1012 K. The manifestation of their color degrees of

freedom beyond hadronic dimensions occurs in this phase as hadrons melt down

to create a hot and dense soup of quarks and gluons. The quark-gluon plasma

(QGP) is this phase of locally thermalized and deconfined quark matter.

7



Chapter: 1

1.3.1 Thermodynamics of QCD

Lattice QCD calculations reveal how the energy density (ϵ) and pressure (P ) of

the QCD medium vary with temperature. Fig. 1.3 shows the Lattice QCD pre-

dictions of pressure (curves) and energy density (points) of the QCD medium as

a function of temperature and normalized by the critical temperature (TC). A

rapid rise in ϵ/T 4 is observed in the temperature range of 150 to 200 MeV [7], fol-

lowed by a gradual saturation at higher temperatures, approaching but remaining

below the Stefan–Boltzmann limit. This temperature range suggests an abrupt

change in thermodynamic characteristics. This can be explained by relating to

a phase transition that occurs when the partonic number of degrees of freedom

increases from hadronic. This change in the number of degrees of freedom im-

plies that the QCD medium saw a phase transition from hadronic to partonic,

resulting in a modification of all of its thermodynamic properties.
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Figure 1.3: Lattice QCD predictions for the energy density (shown as points)

and pressure (shown as curves) of the QCD medium as functions of temperature,

normalized by the critical temperature (TC). The ratio ϵ/T 4 represents the ap-

proach toward the Stefan–Boltzmann limit [7].
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1.3.2 The QCD phase diagram

The QCD phase diagram illustrates the different states of QCD matter as a

function of temperature (T ) and net baryon chemical potential (µB). In gen-

eral, temperature is associated with the energy density of the system, and the

baryon chemical potential determines how much energy is required to add or

remove a baryon at a given pressure and temperature. In a high-energy, relativis-

tic system, mesons are continuously created and annihilated due to interactions,

meaning their number is not a conserved quantity. Because of this, a well-defined

meson chemical potential is generally not introduced in the QCD phase diagram.

Hence µB was introduced. Fig. 1.4 shows this hypothetical QCD phase diagram.

At low values of baryonic chemical potential (µB) and temperature (T ), QCD

matter primarily consists of confined hadrons. As µB increases while the temper-

ature remains low, the wave functions of hadrons begin to overlap. At a certain

combination of T and µB, this overlap becomes significant enough that quarks

are no longer confined within individual nucleons but can interact freely with

quarks from other nucleons in the system. This transformation leads to drastic

changes in the system’s thermodynamic properties, giving rise to a new state of

matter known as the quark-gluon plasma (QGP). The transition from a hadronic

phase to QGP at low temperatures and high µB is classified as a first-order phase

transition. However, in the regime of low µB, this transition can be driven by

increasing the temperature of the hadronic system. In this case, instead of a sud-

den shift, the thermodynamic variables evolve smoothly, resulting in a crossover

transition rather than a first-order transition. This scenario is believed to have

taken place in the early Universe. Due to the coexistence of these two types of

phase transitions, the QCD phase diagram is expected to feature a critical point,

marking the boundary between the first-order and crossover regions. This critical

point corresponds to a second-order phase transition. As illustrated in Fig. 1.4,

moving from high to low µB, the transition between hadronic matter and QGP
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remains first-order until the system reaches this critical point. Beyond this, the

transition becomes a smooth thermal crossover instead of a discontinuous phase

change.
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Figure 1.4: Sketch of QCD phase diagram [8].

1.4 The ”Little Bang” at the LHC

Figure 1.5: Depiction of heavy-ion collisions of two Lorentz contracted nuclei [9].

At the LHC, heavy nuclei are accelerated to extremely high energies, causing

them to undergo Lorentz contraction along the beam direction. This makes

them appear as flattened pancake-like shapes while moving along the beam axis

10



1.4 The ”Little Bang” at the LHC

(Fig. 1.5). Their width in the transverse direction becomes much larger than their

length along the beam. During a collision, the interaction can be understood as a

collection of individual nucleon-nucleon collisions. The nucleons that take part in

the interaction are called ”participants” (Npart), while those that do not engage in

the collision are referred to as ”spectators.” The number of spectators is given by

Nspect = 2A−Npart, where A represents the mass number of the nucleus. A more

detailed discussion of the collision geometry is provided in the next subsection.

1.4.1 Collision Geometry in Heavy-Ion Interactions at the

LHC

Figure 1.6: The transverse plane of collisions between heavy ions in ultra-

relativistic collisions [9].

A schematic image of a transverse plane colliding with two symmetric heavy

ions is displayed in Fig. 1.6. The beam axis is typically thought of as the z-axis.

The overlap region of the colliding nuclei is quantified by the impact parameter

(b), which is the distance measured perpendicularly between the centers of the

two nuclei in the transverse plane. A small impact parameter, which indicates

that the collision is nearly head-on and that the majority of the nucleons interact

with one another, is a characteristic of central collisions. As a result, the final
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state multiplicity of the central collisions would be maximum. Conversely, a few

nucleons participate in a peripheral collision, which has a large impact parameter.

The final state-charged particle multiplicity is correlated with the impact param-

eter and the number of participants, as shown in Fig. 1.7. The following methods

can be used to select centrality: 1. from the relationship between centrality and

the quantity of charged particles in the collision’s final state, and 2. from the

count of collision spectators. While the latter makes use of the measurement of

the energy of the spectator nucleons in the forward calorimeters/detectors, the

former depends on the selection of a geometrical model for the hadronic processes.

The events in small collision systems, such as pp and p-Pb collisions, are divided

using a similar technique based on final state multiplicity. The following chapters

cover the specific techniques. As shown in Fig. 1.6, the event plane angle (ψR)

and the impact parameter (b) vector define the event plane in heavy-ion colli-

sions. Therefore, the impact parameter vector is needed to identify the collision’s

event plane.

1.4.2 Space-time evolution

The space-time evolution of relativistic nucleus-nucleus collisions with and with-

out a deconfined state is schematically depicted in Fig. 1.8. There is a collision

between two heavy ions when z = 0 and t = 0. In the central heavy-ion collision,

an extremely hot and dense matter is expected to be produced.

Pre-equlibrium stage: Partons interact inelastically during this period to

generate a large number of deconfined quarks and gluons. The majority of the

particles created in this stage are produced by hard QCD processes and have high

transverse momentum because it is the first stage of the evolution of collisions.

The matter is currently in a state of non-equilibrium partons. The typical time

scale of this phase is about τ ≤ 1 GeV/fm3.

12



1.4 The ”Little Bang” at the LHC

Figure 1.7: A cartoon illustrating how the impact parameter, number of partici-

pants, and the final state charged particle multiplicity are correlated [10].

QGP evolution: The produced partons from the initial interactions un-

dergo further scattering, resulting in the local thermalization of the fireball. At

this stage, it is believed that the Quark-Gluon Plasma (QGP) has been formed.

Consequently, its evolution can be characterized by relativistic viscous hydrody-

namics incorporating dissipative effects. During this phase, partons experience

both inelastic and elastic collisions. Due to the inelastic interactions, the flavor

composition of the partons of the system changes. The system starts to expand

quickly due to the high internal temperature and pressure. As the system cools,

quark-gluon plasma transitions into a hadron gas. This is known as the mixed

phase. The QGP phase remains in existence until a few fm/c, beyond which the

hydrodynamic evolution of the fireball is subjected to higher scrutiny.
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Figure 1.8: A schematic diagram of the space-time evolution of relativistic

nucleus-nucleus collision [11].

Hadron gas phase and Freeze-out: There are two possible types of mecha-

nisms for hadronization from the quark-gluon plasma (QGP), namely fragmenta-

tion and coalescence. At high energy levels, hadronization is primarily governed

by fragmentation, which occurs when a high-transverse momentum (high-pT )

parton breaks into lower-transverse momentum (lower-pT ) hadrons. Coalescence,

on the other hand, involves the combining of lower-momentum partons to create

higher-pT hadrons. Following hadronization, hadrons continue to interact through

both elastic and inelastic processes until they achieve freeze-out. When inelastic

collisions end, the system experiences chemical freeze-out, which is referred to as

the chemical freeze-out temperature (Tch). This phase signifies that the ratios of

stable particles become fixed. However, elastic collisions still occur during this

period. When the mean free path increases sufficiently, elastic collisions among

hadrons will stop, marking the transition to kinetic or thermal freeze-out, with

the corresponding temperature termed the kinetic freeze-out temperature (Tfo).
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1.4 The ”Little Bang” at the LHC

In this stage, the transverse momentum distribution of a particle becomes frozen.

Once freeze-out occurs, all particles move towards the detector. Only a few stable

hadron species are detected and measured in the detector. The invariant mass

reconstruction technique can be used to reconstruct all other particles from their

decay daughters. Relativistic transport model descriptions based on the Boltz-

mann equation are typically used to model the evolution of particles in the hadron

gas phase.

The spacetime evolution of a system without QGP is depicted on the left side

of Fig. 1.8. This scenario is appropriate for hadronic or low-energy heavy-ion

collisions in which the energy density requirements for the deconfinement phase

transition from the hadronic to the partonic phase are not satisfied. The partons

may be deconfined in such collisions, but the small system size prevents the

medium from being thermalized. Hydrodynamic descriptions, therefore, don’t

apply. A pre-hadronic phase with dominant hadronic productions precedes a

hadron gas phase with hadron-hadron interactions, and, in the end, a freeze-out

state is reached.

1.4.3 Kinematic variables in heavy-ion collisions

Kinematic variables are useful and invariant under the Lorentz transformation

from one frame to another point of reference. The following list of kinematic

variables, which are commonly employed in heavy-ion collisions, is briefly dis-

cussed.

Natural units: All physical quantities in high-energy physics are typically

expressed in natural units, such as ℏ = c = kB = 1. ℏc = 197.5 MeV fm is the

conversion used to convert all SI units into natural units. Thus, GeV−1 expresses

the length and time. The primary idea of using natural units in this length scale
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is supported by the proton mass being of order 1 GeV and the strong interaction

lifetime of 10−23 sec, which is of the order of 1 fermi.

Center-of-mass energy: In a two-body collision, the center-of-mass energy

is equal to the square of the sum of the four-momentum of the two incoming

particles. It is a Lorentz invariant quantity and is expressed as follows:

s = (p1 + p2)
2 = (E1 + E2)

2 − (−→p 1 +
−→p 2)

2 = (E1 + E2)
2, (1.3)

The Mandelstam variable is denoted by s. In this case, p1 and p2 represent

the colliding particles’ four-momenta, and E1, E2,
−→p 1, and

−→p 2 represent the

particles’ energy and momentum. In the center of the mass frame, if the masses

of the two colliding particles are equal, E1 = E2 and −→p 1 = −−→p 2. Consequently,

the center-of-mass energy is
√
s = E1 + E2 = 2E.

Rapidity: Rapidity is a kinematic variable with an advantage over velocity

due to its additive property under a Lorentz boost. The definition is as follows:

y =
1

2
ln

(
E + pz
E − pz

)
=

1

2
ln

(
1 + β

1− β

)
. (1.4)

Here pz is the longitudinal momentum, and β is the longitudinal velocity along

the z-axis. Rapidity is the same as velocity in the non-relativistic limit.

Pseudo-rapidity: Energy (E) and momentum (p) can not be measured si-

multaneously at experiments such as RHIC and LHC because the mass of the

particles can not be directly measured. Therefore, pseudo-rapidity is preferred

over rapidity, which is determined by the following:

η =
1

2
ln

(
p+ pz
p− pz

)
= −ln(tan(θ/2)) (1.5)
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Where, θ = tan−1 (p/pz) is the angle between emitted particle and beam

axis. The pseudo-rapidity distribution has a shape invariance under the Lorentz

transformation. Rapidity and pseudo-rapidity are equivalent under relativistic

limits.

Azimuthal angle: The coordinate system in relativistic heavy-ion collisions

is represented by (pT , η, ϕ). The azimuthal angle (ϕ) is given as:

ϕ = tan−1

(
py
px

)
(1.6)

This is the angle between the total momentum vector and one of the axes

(x-axis) in the transverse plane (x-y plane).

Invariant yield: The invariant yield is a Lorentz invariant quantity. This

could be stated as follows in terms of experimentally measurable quantities:

Ed3σ

dp3
=

1

mT

d3N

dmTdϕdy
=

1

2πmT

d2N

dmTdy
=

1

2π pT

d2N

dpTdy
. (1.7)

Where E and p are the energy and momentum of the particle, respectively.

1.5 Signatures of QGP and experimental probes

1.5.1 Strangeness Enhancement

One of the most remarkable indicators of QGP formation is the enhanced pro-

duction of strange particles. Typically, this is investigated using the yield ratio

of strange and multi-strange hadrons (e.g. K±, K0
S,Λ + Λ̄,Ξ− + Ξ̄+,Ω− + Ω̄+)

to non-strange hadrons (π+ + π−). The mechanism and rate of production of

strange particles in the QGP medium are different from those in a hadron gas.

Strange quarks are created in the QGP medium by processes such as flavor cre-

ation (gg → ss̄, qq̄ → ss̄), flavor excitation (gs → gs, qs → qs) a gluon splitting

(g → ss̄). In the QGP, the high gluon density leads to the dominance of ss̄ pair
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production through the gg → ss̄ process, compared to the qq̄ → ss̄ channel. On

the other hand, the annihilation of light quarks into strange quarks is the main

mechanism for creating strange quarks in pp collisions, where QGP formation is

typically not expected. The enhancement factor (E) is defined as,

E =
2

⟨Npart⟩

 dNAA

dy

∣∣∣
y=0

dNpp

dy

∣∣∣
y=0

 (1.8)

Figure 1.9: The yield of multi-strange hadrons in Pb-Pb collisions relative to pp

collisions in ALICE (left) and NA57, STAR (right) as a function of ⟨Npart⟩ [12].

Where dNAA

dy

∣∣∣
y=0

and dNpp

dy

∣∣∣
y=0

are the integrated yields in heavy-ion and pp

collisions, respectively, and ⟨Npart⟩ is the number of participants. The increased

production of strange particles in Pb-Pb collisions (Fig. 1.9) suggests the forma-

tion of a deconfined state of matter at LHC energies, compared to small collision

systems. Additionally, it is noted that particles with a higher number of strange

quarks have a higher enhancement factor, meaning that E(Λ) < E(Ξ) < E(Ω).

ALICE has also observed the enhanced production of strange particles in high

multiplicity pp collisions, which is shown in Fig. 1.10.
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Figure 1.10: Integrated strange hadron-to-pion ratios as a function of charged

particle multiplicities in pp, p–Pb, and Pb–Pb collisions at LHC energies [13].

1.5.2 Anisotropic flow

Elliptic flow is an important observable that helps us understand the initial condi-

tion and the overall behavior of the system. The initial spatial anisotropy created

in non-central heavy-ion collisions is reflected in the momentum anisotropy of the

final state particles, which is described as the elliptic flow (v2).

The collective expansion of matter created in peripheral ultra-relativistic col-

lisions results in spatial anisotropy of the initial density profile, resulting in final

state momentum anisotropy due to the presence of pressure gradients. This phe-

nomenon is called anisotropic flow. This can be measured with the azimuthal

momentum anisotropy, which is the Fourier expansion in the azimuthal angle ϕ

as follows:
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Figure 1.11: Elliptic flow of charged particles in Pb-Pb collisions at
√
sNN = 2.76

TeV compared with Au-Au collisions at
√
sNN = 200 GeV [10].

E
d3N

dp3
=

d2N

2πpTdpTdy

(
1 + 2

∞∑
n=1

vn cos[n(ϕ− ψR)]

)
.

(1.9)

Where ψR is the event plane angle, vn is the various order of flow harmonics,

and v1, v2, and v3 represent the directed, elliptic, and triangular flows, respec-

tively. Fig. 1.11 displays the elliptic flow of charged particles, demonstrating the

similarity between the dense media generated at RHIC and LHC. The availabil-

ity of larger phase space and larger rescattering among partons at LHC accounts

for the 30% higher value of v2. In addition, this suggests that high-pT partons

thermalized earlier than RHIC.

1.5.3 Jet quenching

In relativistic heavy-ion collisions, jets are collimated sprays of high-pT partons.

These are created back-to-back to conserve four momenta. The production of

jets in heavy-ion (A-A) collisions is different from pp collisions. If there is no

medium present, i.e., any dijet produced in pp collisions will show two back-to-
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1.5 Signatures of QGP and experimental probes

back sharp peaks in the calorimeter; however, when a dijet is generated within

QGP, the jet that travels farther through the medium loses more energy, leading

to an imbalance in the two jets’ four momenta. Therefore, the energy-losing jet

seems to be suppressed when a medium is present. This phenomenon is called

jet quenching. The hard partons interact with the thermalized partons in the

medium, resulting in energy losses through collisions. It is a final state effect.

The final-state hadron yield at high-pT is suppressed due to the quenching of

high-pT partons. This is usually expressed in terms of the nuclear modification

factor (RAA), which is the ratio between the yield in heavy-ion (A-A) collisions

to pp collisions:
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Figure 1.12: Nuclear modification factor RAA for charged hadrons (h±) and neu-

tral pions (π0) in the central heavy ion collisions at LHC, RHIC, and SPS [10].

RAA =
d2NAA/dpTdη

⟨Ncoll⟩d2Npp/dpTdη
(1.10)

where Npp and NAA are the charged-particle yields in pp and A-A collisions

respectively. The mean number of binary collisions is ⟨Ncoll⟩ = σNN
inel ⟨TAA⟩, where

σNN
inel is the total inelastic nucleon-nucleon cross section and ⟨TAA⟩ is the mean
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nuclear thickness function. RAA = 1, indicating the absence of QGP medium for-

mation. However, any deviation of RAA at high−pT from unity indicates quench-

ing/enhancement in a high-density medium. Fig. 1.12 depicts the results of RAA

for charged hadrons (h±) and neutral pions (π0) in Pb+Pb and Au+Au collisions.

RHIC and LHC energies showed the high-pT suppression of hadrons in a dense

QGP medium.

1.5.4 Quarkonia suppressions

Quarkonia is the bound state of a heavy quark and an anti-quark pair, basically

charmonia (cc̄) and bottomonia (bb̄). These are expected to be formed at the early

stages of the nuclear or hadronic collisions. Thus, quarkonia is an excellent probe

for studying the early scenario of heavy-ion collisions. Because of the presence

of deconfined partons in the QGP, the color charges screen the effective potential

between heavy quarks to form quarkonia. So, it becomes more difficult to form a

bound state of heavy quarks as the strength of the interaction between Q and Q̄

decreases. This is known as Debye screening or color screening in QCD. Further-

more, the high temperature of the medium favors the dissociation of quarkonia.

So, both these effects collectively suppress the quarkonia yield in A-A collisions.

Fig.1.13 (top) shows the RAA of J/Ψ and Ψ(2S) as a function of ⟨Npart⟩ in

Pb-Pb collisions at
√
sNN = 5.02 TeV [14]. It is observed that J/Ψ and Ψ(2S)

are clearly suppressed due to the formation of QGP at the LHC energies. The

availability of higher energy, however, also leads to a higher production of heavy

quarks at the LHC. Thus a slightly enhancement of RAA towards most central

(higher ⟨Npart⟩) for both J/Ψ and Ψ(2S). This is due to the regeneration of

charmonia caused by the increased density of charm quarks in phase space. These

regeneration effects are less at RHIC energies, which is shown in the bottom

plot of Fig. 1.13. This plot clearly shows a larger suppression of J/Ψ at RHIC.
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Figure 1.13: Nuclear modification factor (RAA) showing the suppression of J/Ψ

and Ψ(2S) at the LHC(top) [14], and the bottom plot shows the RAA of inclusive

J/Ψ at the LHC compared to RHIC [15].

Additionally, it is noticed that Ψ(2S) is more suppressed than J/Ψ as because

Ψ(2S) is the excited state of cc̄, so it is weakly bound as compared to J/Ψ. So,

less binding energy leads to greater suppression, as shown in FIg. 1.13 (top).

1.5.5 Electromagnetic Probes

Electromagnetic probes such as photons and dileptons provide additional insight

into the characteristics of the QGP [16–18]. They interact only electromagnet-

ically and thus escape the strongly interacting medium without further interac-
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tions [19]. The photons and di-leptons are in the heavy ion collisions can be pro-

duced in the initial hard scattering process like annihilation (qq̄ → γq̄, qq̄ → γγ),

fragmentation (qg → gq∗ → qγX), Bremsstrahlung (qg → gq∗ → qγg), Compton

(qg → γq) and pair production (gq̄ → ll̄). Additionally, they can be emitted by

partons and hadrons during thermal equilibrium or through hadron decay. Direct

photons (not from hadronic decays) provide a direct measurement of the initial

QGP temperature through their thermal spectrum.

1.6 Thesis Structure and Organization

The major objective of this thesis is to understand the particle production mech-

anism in small system collisions through both heavy flavor and light flavor. In

the data analysis, we studied particle production dynamics through the heavy

flavor [Multiplicity-dependent of Charmonia production in pp collisions with AL-

ICE], and in phenomenology, we studied particle production dynamics through

the light flavor sector [global properties, anisotropic flow, nuclear modification

factor in O-O Collisions at LHC energies]. The organization of the chapters in

the thesis is presented below.

• Chapter 1 introduces the Standard Model of particle physics and provides

an overview of quantum chromodynamics (QCD), the framework describing

strong interactions. It emphasizes two key properties of QCD: confinement

and asymptotic freedom. Additionally, the Chapter explores the quark-

gluon plasma (QGP), a state of primordial matter, along with its evolution

over time and experimental indicators.

• Chapter 2 covers the experimental setup, beginning with an introduction

to the Large Hadron Collider (LHC) and a detailed description of A Large

Ion Collider Experiment (ALICE). It highlights the key detector systems
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essential for quarkonium production of Ψ(2S) and J/Ψ. Additionally, the

Chapter provides insights into the ALICE data acquisition system.

• Chapter 3 presents the main experimental analysis on multiplicity depen-

dence of charmonium production with ALICE. This includes the detailed

analysis methodology of charged particle multiplicity in the mid-rapidity re-

gion and estimation of J/Ψ yield using the forward detectors. Finally, the

invariant mass distribution, signal extraction, and evaluation of systematic

uncertainty of J/ψ in different event classes have been reported.

• Chapter 4 presents the phenomenological study of global properties, anisotropic

flow, and nuclear modification factor in O-O collisions. This covers a brief

introduction to a multiphase transport model (AMPT) for the Monte Carlo

simulation in O-O collisions. The detailed analysis methodology of global

properties estimation and the two-particle correlation technique for flow

estimation is discussed.

• Finally, the conclusions drawn from the current studies are presented in

chapter 5
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Chapter 2

Experimental Setup

2.1 Introduction

In the very beginning, right after the Big Bang, the universe was extremely hot

and full of tiny particles. There were no atoms, stars, or planets just a thick soup

of energy and particles. As time passed, the universe started to cool down. These

tiny particles began to come together to form atoms, and over billions of years,

stars, galaxies, and eventually life on Earth.

Humans have always been curious about how the universe began and what

it is made of. Over many years, scientists have made great discoveries in learn-

ing about atoms and particles. But many questions still remain. What are the

smallest building blocks of everything? How did the universe really begin?

To find these answers, scientists built the Large Hadron Collider (LHC) at

CERN in Geneva. The LHC is the world’s largest and most powerful machine.

It accelerates tiny particles and causes them to collide, just like what happened

right after the Big Bang. By studying these tiny collisions, scientists hope to

learn more about how the universe works at its most basic level. The LHC is a

huge step forward in our journey to understand where we come from and what
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everything is made of. A Large Ion Collider Experiment (ALICE) is one of the

main experiments at the LHC. It has been collecting data on hadronic and nu-

clear collisions for pp, p-Pb, Xe-Xe, and Pb-Pb. The purpose of ALICE is to

study the physics of the quark-gluon plasma at extreme temperatures and energy

densities in nucleus-nucleus and high-multiplicity hadronic collisions.

This chapter provides a detailed discussion of the ALICE detector at the

LHC. It’s divided into three sections. The first section 2.2 discusses the LHC in

detail, including its various experiments. The second section 2.3 describes the

ALICE detector system, with a particular emphasis on the detectors used for

data analysis. The final section 2.4 focuses on the online-offline computing and

reconstruction system built on the O2 framework.

2.2 The Large Hadron Collider (LHC)

The Large Hadron Collider is the world’s most powerful and the largest particle

accelerator. It is installed in an underground tunnel at a depth of 45-170 m across

and 26.7 km in circumference along the France and Switzerland border [1]. It

has several accelerating structures to boost the energy of the particles along the

way. Two particle beams travel in opposite directions through two separate rings.

They are guided by superconducting dipole magnets, powered by currents of up

to 12 kA, and cooled to 1.9 K with liquid helium. They generate a magnetic

field of 8.3 Tesla. Furthermore, quadrupoles allow for the focusing of particle

beams, maximizing the probability of collision at the interaction point. Highly

energetic hadron beams are pre-accelerated by a sequence of systems (Fig. 2.1)

that increase the beam energy in a progressive way using older accelerators as

injectors. These hadrons may be heavy nuclei or protons. The LHC is designed

to accelerate proton beams up to a maximum energy for a beam of protons (lead

ions) to be 7 TeV (2.76 TeV). This gives collision energies for pp collisions up to
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√
s = 14 TeV and for Pb-Pb collisions up to

√
sNN = 5.5 TeV.

Figure 2.1 depicts a schematic representation of the CERN accelerator com-

plex. The four main experiments (ATLAS, CMS, LHCb, and ALICE) are also

displayed. The accelerators at the CERN complex work sequentially to increase

beam energy by increasing the size of the accelerator rings. To create a beam

of protons, hydrogen gas is first ionized with an electric field, accelerating the

protons to 750 keV. After that, the protons are fed into LINAC 2, accelerating

them even more to 50 MeV. The proton beams then pass through the Proton

Synchrotron Booster (PSB), Proton Synchrotron (PS), and Super Proton Syn-

chrotron (SPS) in order to reach 450 GeV. Finally, it is injected into the LHC,

where the beam energy increases from 450 GeV to 6.5 TeV. Under ideal circum-

stances, this process in the LHC only takes 20 minutes. Similarly, LINAC 3

provides Pb ions, which are then accelerated up to 72 MeV by the Low Energy

Ion Ring (LEIR). The ion beams are then injected into the LHC, where they

accelerate even more to reach the beam energy of 2.76 TeV per nucleon, after

completing the same sequential acceleration chain through PS and SPS.

After entering the accelerator, two beams of particles with high energy, achieved

by the chain of accelerators, travel nearly at the speed of light before colliding.

In two separate tubes, known as beam pipes, which are maintained at an ex-

tremely high vacuum, the beams move in opposite directions. The beams are

guided around the accelerator ring by a powerful magnetic field produced and

managed by superconducting electromagnets. The bunches are now kept focused

and accelerated to their final collision energy by the combination of electric and

magnetic fields. Besides collision energy, instantaneous luminosity L) is a key

factor in achieving a high rate of particle collisions at the interaction points. The

LHC has four primary detectors with varying objectives and dimensions based on

the four Interaction Points (IPs) [Fig. 2.1] where collisions are produced. These
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Figure 2.1: The CERN accelerator complex [2]

.

are:

• A Large Ion Collider Experiment (ALICE): It focuses on QGP studies and

heavy-ion collisions. This experiment will be further detailed in the next

section.

• A Toroidal LHC ApparatuS (ATLAS) [3]: The LHC’s largest detector.

It is a multifunctional detector that uses high luminosity pp collisions to

investigate beyond SM physics and study the Higgs boson. It supports

QGP research as well. ATLAS is shaped like a cylinder and has a toroidal

magnetic system that produces a field of 2 T. This detector’s acceptance in

pseudorapidity is |η| < 2.5.
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• Compact Muon Solenoid (CMS) [4]: CMS is a multi-purpose detector, just

like ATLAS, which enables a complementary cross-check between the two

collaborations operating separately. The detector is built around a big

solenoid magnet that produces a 4 T field. |η| < 2.5 is the pseudorapidity

region of this detector, and the minimum transverse momentum for muon

measurements is between 1.2 and 3.5 GeV/c.

• LHC beauty (LHCb) [5]: The primary objective of the LHCb collaboration

is to investigate matter-anti-matter asymmetry and the b-quark physics.

The detector is a forward spectrometer made specifically to measure b-

hadron decays. It covers an acceptance of 2 < |η| < 5 and is made up of a

dipole magnet with a bending power of 4 T m. In addition to the pp and

heavy-ion runs, LHCb can operate in fixed-target mode by injecting noble

gases (He, Ne, and Ar) into the LHC beam pipe near the interaction point.

The crossing of the colliding objects in the LHC experiments involves proba-

bilistic processes. A given interaction’s cross section σ quantifies its probability of

occurring. This quantity is a universal property of the studied physical process.

Similar to the interaction between two hard spheres, it can be classically viewed

as the transverse section of the overlap region between the two objects at low

energies. Its units are inverse-squared lengths.

Furthermore, LHC experiments focus on rare events with a small production

cross-section σ. Therefore, a significant number of events are required in order to

use statistical methods to study these processes. The collision rate is the number

of inelastic collisions per unit of time that occur at a specific interaction point at

the LHC, denoted by the symbol dR/dt. This rate increased from Run 2 to Run

3 in order to collect more events that will aid in the study of rare candidates.

For Pb–Pb collisions, it will reach up to 50 kHz. The collision rate is calculated

by multiplying the instantaneous luminosity L by the interaction cross section of
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the colliding objects:
dR

dt
= L · σ

Where σ represents the inelastic collision cross section. Thus, L has units

of cm2s−1. This luminosity is one of the key features of accelerators like the

LHC. It measures the particle accelerator’s ability to generate a large number

of interactions, or collisions. The integrated luminosity Lint, which measures the

quantity of events recorded over a specific time period, can also be defined as

follows:

Lint =

∫
L dt =

∫
1

σ
× dR

dt
dt (2.1)

During Run 3, the LHC instantaneous luminosity is expected to reach (2 ×

1034 cm−2s−1). The High Luminosity LHC upgrade (HL-LHC) aims to increase

the instantaneous luminosity at the LHC up to 5 × 1034 cm−2s−1 for the AT-

LAS and CMS experiments, while the collimation and focusing magnets are not

adapted in ALICE and LHCb due to the specific needs of these experiments [6].

2.3 A Large Ion Collider Experiment (ALICE)

ALICE (A Large Ion Collider Experiment) is a detector at the LHC that studies

Quark-Gluon Plasma (QGP) via collisions of protons, nuclei, and heavy ions ac-

celerated in the LHC [7]. It measures 26 meters in length, 16 meters in width, and

16 meters in height, weighing approximately 10,000 tons. This experiment was

designed to investigate low-momentum particles such as heavy-flavor hadrons,

low-mass dileptons, and quarkonia in collisions. It is thought that this hot, dense

state of matter persisted for a few millionths of a second after the Big Bang. The

purpose of the ALICE detector’s design is to recreate and investigate this state of

matter. Its primary characteristics include its exceptional ability to identify par-

ticles using specific energy loss, time of flight, electromagnetic calorimetry, muon
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Figure 2.2: Schematic Layout of ALICE detector at LHC in the RUN3 setup [8].

spectrometry, etc. These capabilities, in turn, enable detailed studies of hadrons,

electrons, muons, and photons produced in the collisions, extending down to very

low transverse momenta.

ALICE is made up of various sub-detectors (Fig. 2.2) that serve different pur-

poses, which we will explain below. Particle multiplicity and collision time are

measured by global detectors, which are positioned around the interaction point.

Charged particles at midrapidity can be tracked and identified using the central

barrel detectors.

The z-axis and the beam pipe direction coincide in the Cartesian ALICE coor-

35



Chapter: 2

dinate system. The A-side, or positive z, is pointed in the direction of the ATLAS

experiment. The CMS experiment is indicated by the C-side, which is oriented

in the opposite direction. The x-axis points toward the LHC’s center and is the

horizontal plane. The y-axis is pointing up.

2.3.1 Inner Tracking System 2 (ITS2)

Figure 2.3: Structural Overview of the ITS2 System [9].

The Inner Tracking System 2 (ITS2) plays a central role in precisely determin-

ing the primary vertex of the collisions and the secondary vertices of heavy hadron

decays at mid-rapidity, as it is closest to the beam pipe [11]. It also allows for

tracking down to low pT and improves TPC momentum and angular resolution.

It consists of seven silicon layers surrounding the interaction point (Fig. 2.3), with

the pseudorapidity region |η| ≤ 1.3 and full azimuthal coverage. It is based on

the ALice PIxel DEtector (ALPIDE) chips. Its sensors provide higher pointing

resolution due to their reduced proximity to the interaction point, as well as bet-

ter spatial resolution than the original ITS utilised during LHC Runs 1 and 2.
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The ITS2 is designed to withstand the high hit densities associated with nominal

operating circumstances, resulting in robust performance in pp and Pb-Pb colli-

sions. A total of 10 m2 is the surface area of active silicon. The impact parameter

resolution it offers is ∼ 25 µm in both rφ and z dimensions [11]. The location of

ITS2 is 21 mm away from the interaction region.

2.3.2 The Time Projection Chamber (TPC)

Figure 2.4: Schematic drawing of the ALICE TPC [10].

This is a 90 m3 cylinder (Fig. 2.4) filled with Ne − CO2 − N2 gas, with the

acceptance |η| ≤ 0.9 and full azimuthal coverage [12]. The gas will become

ionized when a charged particle enters the detector. According to Gas Electron

Multipliers (GEM), an electric field will cause the secondary electrons that are

created to drift in the direction of the TPC end plates. Particle identification,

tracking, and momentum measurements of the charged particle are made possible

by the information these end-plates provide.

2.3.3 The Time Of Flight detector (TOF)

It is made up of a cylindrical array that is 3.7 meters away from the interaction

point. It is divided into 18 sectors using Multigap Resistive Plate Chambers. Its
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acceptance range is |η| ≤ 0.9, with full azimuthal coverage [13]. TOF measures

the time at which the particle passes through the detector, with a resolution of

more than 50 ps. This measurement determines particle velocity and identifies

protons (pT < 4 GeV/c), pions, and kaons (pT < 2.5 GeV/c).

2.3.4 The Transition Radiation Detector (TRD)

It consists of a cylinder around the TPC with a diameter of 7 m, covering the

pseudorapidity region of |η| ≤ 0.84 and with full azimuthal coverage. It consists of

six MWPC chambers with a drift region and an amplification. It provides tracking

information to supplement the other central barrel detectors and differentiates

between electron-pion particles with pT ≥ 1 GeV/c [14].

2.3.5 The ElectroMagnetic Calorimeter (EMCal)

It includes the azimuthal region (∆φ = 110◦) and the pseudorapidity region

(|η| ≤ 0.7). It’s a Pb-scintillator sampling calorimeter with multiple layers [15]. It

identifies particles as photons and neutral mesons via the photonic decay channel.

2.3.6 The PHOton Spectrometer (PHOS)

It covers the azimuthal range of ∆φ = 70◦ and the pseudorapidity region |η| ≤

0.12 [16]. It is made up of an electromagnetic calorimeter that measures photons

and neutral mesons through their photonic decay channels.

2.3.7 The High Momentum Particle Identification Detec-

tor (HMPID)

It lies inside the pseudorapidity region |η| ≤ 0.6, including the azimuthal range

∆φ = 58◦. It is based on the technology known as Ring Imaging CHerenkov
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(RICH). For pion, kaon, and proton separation, it offers extra identifying infor-

mation [17].

2.3.8 The Fast Interaction Trigger detector (FIT)

It is made up of three detectors (Fig. 2.7), which are positioned between −19.5

and 17 meters from the interaction point (IP) along the beam pipe [18].

2.3.8.1 The FT-zero (FT0) detector:

It is made up of two detectors, FT0A and FT0C, each of which has twelve

Cherenkov counters and is situated on either side of the interaction point. The

FT0 covers 3.5 < η < 4.9 (FT0A) and −3.3 < η < −2.1 (FT0C). This detector

establishes a start time for the TOF detector by determining the vertex position

of the collisions and providing an accurate collision time with a resolution of

25 ps.

2.3.8.2 The FV-zero (FV0) detector:

This large scintillator disk is segmented into five concentric rings with equal

coverage of pseudorapidity. The ring with the smallest inner diameter is 8 cm,

while the largest has an outer diameter of 144 cm. The information from this

segmentation and the other forward detectors is enough to produce the necessary

event plane resolution and centrality. FV0 and FT0 work together to provide the

input required to produce multiplicity and minimum bias triggers.

2.3.8.3 The Forward Diffractive Detector (FDD):

It consists of two subdetectors positioned on opposite sides of the interaction

point (IP). It covers the pseudorapidity ranges 4.7 < η < 6.3 and −6.9 < η <

−4.9. Each array contains eight rectangular scintillator pads. The FDD helps in
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selecting ultra-peripheral collisions and measuring the diffractive cross section. It

also provides a centrality measurement based on the charged-particle multiplicity.

2.3.9 The Zero Degree Calorimeter (ZDC)

It is a detector composed of two hadronic calorimeters for proton (ZP) detec-

tion, two for neutron (ZN) detection, and two electromagnetic (ZEM) calorime-

ters. Photomultipliers read the data from each of these calorimeters, which are

Cherenkov detectors made of quartz fibers. When charged particles travel faster

than the speed of light in quartz, they produce Cherenkov light, which is then

captured and intensified. The two hadronic calorimeters detect spectator nu-

cleons that emerge at 0◦ from the collisions and are located at z = ± 112.5 m

from the nominal interaction point [19]. Both electromagnetic calorimeters are

positioned seven meters from the interaction point in the experiment’s forward

region. They measure the energy that photons deposit at forward rapidity. By

measuring the energy deposited by the spectator nucleons, the ZDC is primar-

ily used to eliminate parasitic beam-gas background events and to ascertain the

centrality in pPb and Pb–Pb collisions.

2.3.10 The Muon spectrometer

The Forward Muon Spectrometer of ALICE [20] is primarily used to measure the

production of low mass mesons (ρ, ω, ϕ) and heavy quarkonia (J/ψ, ψ(2S),Υ(1S),Υ(2S)

via their dimuon (µ+µ−) decay channel. The production of single muons from

the decays of W±, Z0 bosons, and heavy-flavor hadrons (D and B mesons) is also

measured by the detector. A pseudorapidity range of −4 < η < −2.5 corresponds

to the spectrometer’s angular acceptance between 171◦ < θ < 178◦. It is made up

of an inner beam shielding, front and rear absorbers, a dipole magnet, and muon

tracking and muon identifier stations that are separated by an iron wall (Fig. 2.5).

The front absorber’s position between the spectrometer and the interaction point
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Figure 2.5: Schematic of the ALICE Muon Spectrometer [21].

causes multiple scattering in tracks extrapolated to the IP, which significantly

reduces resolution. As a result, the exploitable physics program is subject to re-

strictions, specifically the inability to distinguish between open charm and beauty

contributions.. In order to get around these restrictions for Run 3, the Muon For-

ward Tracker (MFT) was placed between the front absorber and the interaction

point in front of the muon spectrometer. The upcoming chapter will focus on

this new detector.

2.3.10.1 System absorber and shielding

The Muon Spectrometer must include absorbers and shielding due to the large

background environment in central Pb-Pb collisions. The Muon Spectrometer

consists of four distinct components: the front absorber, the beam shield, the

iron wall, and the rear absorber.

• Front absorber: The ALICE solenoid magnet L3 contains the front ab-

sorber (Fig. 2.6), which is 4.13 meters long overall. A good shielding of

hadrons from the IP and background from π,K → µ is provided by the

optimized absorber design. Additionally, it reduces muon multiple scatter-
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Figure 2.6: Schematic view of front absorber of the ALICE Forward Muon Spec-

trometer [22].

ing, which shouldn’t affect the spectrometer’s mass resolution. A layout of

the front absorber is shown in Fig 2.6. Carbon, a low-Z material, is used

near the IP to reduce the effects of multiple scattering. In order to absorb

low-energy protons and neutrons as well as secondary particles created in

the absorber, the back portion is composed of concrete and multiple layers

of lead and boronated polyethylene. The absorber’s exterior is coated with

lead and boronated polyethylene to prevent the recoil particles from reach-

ing the TPC. To absorb background particles from beam-gas interactions,

the beam is covered by an inner shield composed of tungsten.

• Beam shield: The tracking chambers are protected by the small-angle

beam shield, which lowers background particles created in the beam pipe.

It is composed of stainless steel, lead, and tungsten. Its conical geometry

extends up to a maximum radius of 30 cm along the spectrometer’s length,

following the 178◦ acceptance line.

• Iron Wall: The tracking chambers can be adequately protected by the

beam shield and front absorber, but the trigger chambers need extra de-

fense. This is why the muon filter, an iron wall that is 1.2 meters thick

(≈ 7.2 λint), is positioned in front of the first trigger chamber after the last
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Figure 2.7: Illustration of the FIT layout [23].

tracking chamber. The front absorber and muon filter prevent muons with

momenta smaller than 4 GeV/c.

• Rear absorber: This is the extra shielding at the rear of the trigger cham-

bers that protects against beam gas interactions created in the LHC tunnel’s

beam pipe.

2.3.10.2 The dipole magnet:

It is located 7 meters from the interaction point (IP) and has dimensions of 5

meters in length, 6.6 meters in width, and 8.6 meters in height. It generates a

magnetic field with a bending power of 3 T·m. In the ALICE coordinate system,

the magnetic field is oriented perpendicular to the bending plane, defined as the

(yz) plane. As charged particles traverse the field, they are deflected, allowing

for the measurement of their curvature and thus, their momentum and electric

charge.
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2.3.10.3 The Muon CHamber (MCH):

It has five stations, each with two cathode pad chambers, and is situated between

5.2 and 14.4 meters from the IP. It comprises low-Z materials like carbon fibers;

their design was optimized to reduce the scatterings that can occur during the

muons’ passage. Composed of a central anode wire positioned between two cath-

ode planes, they comprise cathode pad chambers with a high granularity (∼ 2)%

occupancy in central Pb-Pb collisions at
√
sNN = 2.76 TeV [24]. The gas mixture

that fills the chambers consists of CO2 (20%) and argon (80%). A particle moving

through will therefore ionize the volume, releasing electrons that will move to a

nearby cathode and produce a signal.

2.3.10.4 The Muon Identification (MID):

It is situated behind the iron wall filter, 16 meters from the IP. Each of its two

stations is constructed from two resistive plate planes. These plates are made up

of gas-filled electrodes spaced two millimeters apart. An avalanche of secondary

electrons is created when charged particles cross paths. When a muon travels

through these chambers, the response time is approximately 2 ns. However, this

detector’s readout frame is longer, roughly 25 ns, as will be discussed later.

2.4 ALICE online and offline system

2.4.1 Continuous readout and Online-Offline processing:

ALICE

During the Long Shutdown 2 (from 2018 to late 2021), prior to the start of Run

3, the detector electronics were improved to enable an operational mode known

as ”continuous readout” [25]. This means that the detectors are continuously

read for the entire duration of the physical fill. This is in contrast to the pre-
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Figure 2.8: A full scheme of the online-offline computing system [26].

vious mode of operation used in Runs 1 and 2, which relied on start-of-readout

signals delivered by dedicated hardware, known as triggers, when various types

of signals indicating valuable events were detected. A clock signal propagated

from the LHC radio-frequency cavities (the ”beam” clock) is sent to all detectors

operating in the continuous mode to ensure synchronization. This enables each

piece of readout data to be timestamped with the accuracy of an LHC bunch

crossing of ≈ 25 ns.

The data stream from the detector’s front-end electronics is routed to the data

acquisition system, which consists of Local Trigger Units connected to Common

Readout Units (CRUs). The raw detector data from the CRUs is then sent to

the processing farms, which are outfitted with the new Online-Offline (O2) soft-

ware environment. There, the First Level Processors (FLPs) receive it and send

it to the Event Processing Nodes (EPNs)3 following some local processing. The
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continuous data stream is handled by this processing chain by breaking it up into

time frames (TFs).

The data stream from the detector front-end electronics is distributed to the

data acquisition system, which is comprised of Local Trigger Units connected

to Common Readout Units (CRUs). It is then directed to the processing farms,

equipped with the new Online-Offline (O2 ) software environment, where the First

Level Processors (FLPs) receive the raw detector data from the CRUs and send

them after some local treatment to the Event Processing Nodes (EPNs)3. This

processing chain handles the continuous data stream by dividing it into chunks

named time frames (TFs). In order to expedite the data treatment process, this

architecture is built to run the reconstruction over one of these time chunks and

process independent ones in parallel (one TF per EPN). It also runs algorithms to

compress and skim the data. The raw data generated by the detector’s front-end

electronics is approximately ≈ 3.4 TB−1. By using FLPs, the data is compressed

to 900 GBs−1. At the end of the reconstruction’s intermediate step (i.e., the

synchronous or online part), the EPN farm’s output is 130 GBs−1 [25]. One of

the goals of Run 3 is to study rare events, like heavy flavors, and this continuous

readout and data reduction enable an effective use of the enhanced luminosity to

be delivered 2 Upgrade TDR by the OLHC in Run 3, resulting in a considerable

improvement in statistics and performance.

A Time Frame (TF) is a unit of time and is defined as a fixed number of LHC

orbits. One LHC orbit is completed in ∼89 µs or 3564 bunch crossings (BC).

In the 2021 commissioning and regular data collection period, 1 TF = 128 LHC

orbits, or 11.3825 ms. On average, there are 569 Pb-Pb collisions at a 50 kHz

interaction rate [25]. In 2023, it was reduced to 1 TF = 32 LHC orbits because

of the fluidity of the synchronous processing.
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Figure 2.9: Illustration of the different processes of synchronous reconstruction

workflow [25].

Detailed descriptions of the synchronous and asynchronous processing are

shown in Fig. 2.8 and Fig. 2.9.

• Each TF is further subdivided into sub-time frames (STFs). The data from

a sub-part of the ALICE detector during an LHC orbit is represented by an

STF. Parallelized synchronous (online) processing on the FLPs is followed

by the STFs. It should be noted that, depending on the detector, FLPs

can also carry out calibration tasks. Additionally, a specific FLP is utilized

to gather and process data from the Detector Control System (DCS). It

processes and saves conditions related to the detector, such as temperature

or voltage, in calibration objects that are kept in the Condition and Cal-

ibration Database (CCDB). Later on, such as in asynchronous phases or

physics analysis, they can be accessed.

• The FLPs send all of the compressed STFs that are part of the same TF

to a specific EPN for aggregation (TF building).

• The synchronous reconstruction will be completed on the EPN farm 4. The
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Figure 2.10: Integrated luminosity for various triggers in pp collisions at
√
s =

13 TeV during Run 2 (Left), Integrated luminosity for pp collisions at
√
s = 13

TeV taken in 2022 (right) [27].

main goal of synchronous processing is to reduce the data rate, particu-

larly from the TPC, which accounts for the majority of raw data volume.

This is accomplished by clustering, full track reconstruction, and remov-

ing background hits from the data. The compressed data is organized into

compressed time frames (CTFs) and saved to a semi-permanent disk buffer.

• Following the synchronous stage, the asynchronous stage occurs, in which

data reconstruction and final calibrations using CCDB-stored objects are

performed on EPNs and in the GRID environment. The final output is the

Analysis Object Data (AOD), which is saved on permanent disk storage.

These objects store information about the reconstructed tracks left by par-

ticles in the detectors. All of the physics analyses that follow make use of

the produced objects.

2.4.2 Data taking performances in early Run 3

The continuous readout architecture of Run 3 is designed to achieve precise mea-

surements in the open heavy-flavor or low-mass dilepton sector. Because these
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processes do not have signatures that can be easily distinguished by hardware

triggers, they can only be collected satisfactorily with a zero-bias (minimum-bias)

interaction trigger, which corresponds to an event with at least one inelastic col-

lision. At the start of Run 3, in 2022, pp data was mostly recorded at a 500

kHz interaction rate. Fig. 2.10 (right) shows the integrated luminosity during

this time period, which can be compared to the one accumulated over the entire

duration of Run 2 (left). The lower collected luminosity in comparison to the

Muon and Barrel detectors can be explained by the fact that the EMCAL detec-

tor is still using legacy triggered mode because the readout electronics were not

upgraded. Because of the old data acquisition system’s limited bandwidth, the

muon integrated luminosity sampled by the continuous mode in 2022 is already

nearly half of the dimuon triggered luminosity of Run 2 and more than six times

the low-pT muon luminosity (recorded with a specific and down-scaled trigger in

Run 2).

2.5 Summary

This chapter provides an in-depth overview of the ALICE (A Large Ion Collider

Experiment) detector at the Large Hadron Collider (LHC), designed to study the

Quark-Gluon Plasma (QGP) produced in high-energy nuclear collisions. It begins

with a brief introduction to the LHC, the world’s largest and most powerful par-

ticle accelerator, located at CERN. The LHC accelerates particles to near-light

speeds and collides them at designated interaction points monitored by major

detectors: ALICE, ATLAS, CMS, and LHCb. ALICE is uniquely optimized for

studying heavy-ion collisions and rare processes at low transverse momentum.

The chapter elaborates on the major sub-detectors in ALICE, such as the

Inner Tracking System (ITS2), Time Projection Chamber (TPC), Time of Flight

(TOF), Transition Radiation Detector (TRD), Electromagnetic Calorimeters (EM-
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Cal and PHOS), and Muon Spectrometer. Each subsystem is designed to track

and identify particles like electrons, photons, muons, and hadrons with high preci-

sion across various rapidity ranges. The Muon Spectrometer, in particular, plays

a crucial role in measuring heavy quarkonia via dimuon decays.

The chapter also discusses the upgraded continuous readout and online-offline

(O2) data processing system introduced in Run 3. This system enables real-time

data acquisition, reconstruction, and compression to handle high collision rates

efficiently. It supports detailed analysis of rare probes by dividing data into ”time

frames” and allowing parallel processing on dedicated computing farms. The

chapter concludes by highlighting the performance improvements seen in early

Run 3 operations, particularly for minimum-bias triggers and low-pT particle

measurements.
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Chapter 3

Charmonia production as a function of charged

particle multiplicity in pp collisions at
√
s = 13.6

TeV with ALICE

3.1 Introduction

Charmonia are bound states consisting of a charm and an anti-charm quark. The

production of heavy quarks and the formation of a bound state are the two stages

of their production. The first stage is described by perturbative QCD and oc-

curs during initial hard parton-parton scatterings with large momentum transfer.

The second phase is a non-perturbative process that involves soft momentum

scales and long-distance interactions. At LHC energies, multiple parton interac-

tions (MPI) can occur within a single pp collision, influencing both soft particle

production and heavy-flavour yields. Therefore, it is essential to investigate the

interaction between hard and soft processes, the function of MPI, and potential

collective phenomena in small systems by examining J/ψ production as a func-

tion of charged-particle multiplicity.

The analysis presented here is based on the data collected in 2024 by the

upgraded ALICE detector during LHC Run3, which provides higher statistics
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than previous data-taking periods. This thesis reports the self-normalized J/Ψ

yield as a function of the normalized charged-particle in pp collisions at
√
s =

13.6 TeV in the dimuon channel using INEL > 0 events is studied.

3.2 Data and Monte Carlo samples

3.2.1 Data:

The present analysis is carried out for pp collisions at
√
s = 13.6 TeV, and the

data samples are collected in 2024 for the estimation of multiplicity distribution.

The list of runs is presented in Appendix 3.8. For the estimation of the J/ψ and

ψ(2S) yields, we have used a skimmed dataset of LHC24-pass1-skimmed.

3.2.2 Monte Carlo:

The Monte Carlo sample (LHC24f4d) is used for general-purpose studies are

anchored to apass1 pp collisions at
√
s = 13.6 TeV, corresponding to the 2024

run conditions. The samples are detailed in Table 3.1.

MC Production period

MC Data Anchored to

LHC24f4d 2024 - pass1 (PYTHIA8)

Table 3.1: MC Production periods and their anchoring.

3.2.3 Event Selection

In this analysis, the event selection applied is eventStandardSel8ppQuality. This

cut will remove the ambiguous track contribution at the event selection level.

Minimum bias events are selected (sel8), events in time frames (TF) border are

removed to avoid tracks coming from the same events splitting in different TF,
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3.2 Data and Monte Carlo samples

and a selection on the primary vertex position is applied to ensure good vertex

reconstruction efficiency and compatibility with the Monte Carlo description. The

included cuts are listed below:

• isSel8 = True: Ensures that the event passes the minimum-bias trigger

(Sel8).

• VtxZ: -10 to 10: Selects events with the primary vertex within ±10 cm

along the beam axis.

• isNoTFBorder = True: Rejects events with vertices at the edges of the

Time Frame to avoid border effects.

• isNoITSROFBorder = True: Removes events close to the ITS readout-frame

border to prevent timing mismatches.

• isNoSameBunch (No collisions with same T0 BC) = True: Excludes events

from the same bunch crossing.

• isGoodZvtxFT0vsPV = True: No collisions with difference > 1 cm between

Ztracks
PV and ZFT0A−C

PV

• isVertexITSTPC = True: Requires a reconstructed vertex using both ITS

and TPC tracks.

• isVertexTOFmatched = True: Ensures the vertex has TOF-matched tracks.

• Zorro selection = True: Applies additional quality cuts from the Zorro

framework.

• Zorro trigger = fDimuon: Selects events triggered by the dimuon trigger.

• Split Collisions = true: Rejects split (duplicate) collisions.
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3.2.4 Muon track selection

Data selections are performed on single tracks and reconstructed dimuon pairs:

• Single muon track within the muon spectrometer acceptance: −4.0 < η <

−2.5.

• The MCH-MID track match requirement: track type 3

• Radial position of (Rabs) of the muon track is 17.6 < Rabs < 89.5.

• No pT cut is applied in the single muon level.

• fwdtrack-to-collision associator: time

• Remove collision splitting candidates: true

3.3 Multiplicity measurement

For the current analysis, the number of tracks reconstructed in the pseudo-

rapidity range |η| < 0.8 has been used as an event multiplicity estimator. The

z-vertex position has to be constrained to |z| < 10 cm. The multiplicity distri-

bution, i.e., the event average Primary Vertex contributors, is shown in Fig. 3.1.

The multiplicity is divided into 10 multiplicity classes (to match the RUN2 analy-

sis [1]). These are Nch = 1-8, 9-14, 15-20, 21-25, 26-33, 34-41, 42-50, 51-60, 61-80,

81-115. To check the efficiency of the detector, i.e., the presence of inactive area in

the detector, we have performed < Ntracks > vs. z-vertex distribution (Fig. 3.2).

It can be clearly seen that the < Ntracks >(zv) is flat around its maximum value,

i.e., < Ntracks > is independent of Zvtx.
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Figure 3.1: Ntracks distribution from data [5].
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Figure 3.2: < Ntracks > vs. Zvtx profile from data [5].

3.4 Monte Carlo Analysis

In order to obtain the true Nch value, we need to correct the efficiency loss. For

this, we need to know the correlation of the event-averaged number of corrected

tracks in a certain multiplicity range with the number of primary charged parti-

cles. The distribution of Ntracks from MC simulation (PYTHIA8 + GEANT4) is

shown in Fig. 3.3 (left). This correction is obtained from an MC analysis, com-

puting the correlation between N reco
ch and the generated N gen

ch , which is shown in
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Fig. 3.3 (right). For this purpose, we have used general-purpose MC production,

which uses PYTHIA8. The MC data periods are listed in Table 3.1:
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Figure 3.3: Ntracks in MC (reconstructed and generated) (left), combining all the

periods mentioned in Table 3.1, and right plot is the correlation between NGen
trk

and NReco
trk from PYTHIA8. Here, the vertical lines represent the multiplicity bins

chosen for the analysis. The fits are used to get the global correction (black line)

and the bin-by-bin ones [5].

3.5 Event level correction

When we apply selection cuts to events, we might unintentionally remove some

real physical events. To correct for this, we use Monte Carlo (MC) simulations.

We calculate how many events pass the selection cut and divide that by the total

number of events that were correctly reconstructed. This gives us efficiency. To

find how the efficiency depends on the number of tracks (Ntracks), we look at

the distribution of tracks from reconstructed events before and after applying

the cut. We only consider events where the original MC event (that created the

reconstructed event) had at least one charged particle in the region η < 0.8.

These are known as INEL > 0 events. To calculate trigger efficiency, we divide

the number of events that passed the sel8 cut by the number of events that

didn’t have this cut applied. All other efficiencies are calculated using events
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3.5 Event level correction

that already passed the INEL > 0 condition. This way, the efficiencies remain

independent of each other, and there’s no double-counting.
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Figure 3.4: Ntracks efficiency of PV contributors for different event selection cuts

and total efficiency for pp collisions at
√
s = 13.6 TeV. The efficiency was esti-

mated using PYTHIA8.3 and a detector simulation in GEANT4 [5].

The efficiency for a cut ”i” is given by:

εi(Ntrk) =
Ntrk, Cut Applied

Ntrk, Without Cut Applied

(3.1)

To get the total efficiency, we multiply all the individual efficiencies together:

ε =
∏

εi (3.2)

This total efficiency is shown in Fig. 3.4

Finally, the inverse of the total efficiency, w = 1
ε
, is used as a weight when

analyzing selected events based on their multiplicity.

After taking care of the efficiency estimation, we have obtained the corrected

multiplicity distribution. Fig. 3.5
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Figure 3.5: Ntracks distribution from data after efficiency correction [5].

3.5.1 NGen
trk and NReco

trk correlation factor calculation

The effect of efficiency variation and resolution variation along the z-vertex is

already corrected by ALICE central framework; therefore, the < Ntrk > is flat

along the z-vertex (Fig. 3.2). So, the exact Nch value can be obtained by the

correlation between reconstructed tracks ( NReco
trk ) and primary charged particles

(NGen
trk ). The correction factor for integrated multiplicity will be α = NGen

trk /N
Reco
trk

and this can be obtained by a linear fit between NGen
trk and NReco

trk . The α factor

takes care of efficiency loss at z0 and tracks particle correlation. As each track

corresponds to a charged particle, the correlation between NGen
trk and NReco

trk should

be linear. From Fig. 3.3 (right), it can be seen that the correlation is not per-

fectly linear; there is a slight deviation from linearity towards high multiplicity.

Therefore, for the current analysis, we have adopted two different methods as

follows,

Method 1: By linear fit f(x) = αx to NGen
trk and NReco

trk correlation, and

then to taking care of non-linearity, we use different polynomials such as, pol1,

pol2 and pol3 to fit the NGen
trk and NReco

trk correlation in each multiplicity intervals

separately.
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3.5 Event level correction

Method 2: Using bayesian unfolding method for the correction to Ntrk dis-

tribution.

3.5.2 Method 1:

As we are interested in the multiplicity dependence study of J/Ψ production,

the starting point of this analysis is MB NReco
trk . We have divided the MB NReco

trk

into different intervals. If the event-averaged corrected number of tracks in ith

multiplicity bin is < NReco
trk >i, then the corresponding value of the event-averaged

charged particle multiplicity density in that multiplicity bin can be computed as

follows:

〈
dNch

dη

〉
i

=

〈
NReco
trk

〉
i
× αi

∆η
(3.3)

As the tracks are selected in the interval −0.8 < η < 0.8, therefore ∆η = 1.6.

The correction factor in each multiplicity interval (αi) is obtained by fittingNGen
trk -

NReco
trk correlation plot by linear function (αx ) in each multiplicity bin. In Fig. 3.3

(right), different colors show fitting results in different multiplicity bins. The

value of αi corresponding to each multiplicity interval is tabulated in Table 3.2

and shown in Fig. 3.6. The values of αi come above unity, which is expected.

To get the relative charged particle density dNch/dη/⟨dNch/dη⟩, the bin ⟨dNch/dη⟩i
has to be divided by event-averaged charged-particle multiplicity. Therefore, the

relative multiplicity in ith bin will be:( dNch/dη

⟨dNch/dη⟩

)
i
=

⟨NReco
trk ⟩i

⟨NReco
trk ⟩

(3.4)

For the ideal case, the generated charged particle varies linearly with a recon-

structed charged particle, which implies that the efficiency and track-to-particle

effect are independent of multiplicity. But it is not the case. It can be seen from

Fig. 3.3 (right) that the red line diverges from the black line towards the higher
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Figure 3.6: α−values obtained from linear fit (Method-1) to NGen
trk and NReco

trk

correlation [5].

multiplicity. To account for this, we have used higher-order polynomials such as

pol1, pol2, and pol3 in addition to alpha-fit, which is shown in Fig. 3.7 to fit the

NGen
trk - NReco

trk correlation.

The mean value and systematic uncertainty of the signal are calculated in

each multiplicity bin as follows:

Mean: The mean < Nch > is computed by averaging the mean values ob-

tained from fits of four different polynomials: < Nch >α, < Nch >pol1, < Nch >pol2,

and < Nch >pol3.

µ =
< Nch >α + < Nch >pol1 + < Nch >pol2 + < Nch >pol3

4
(3.5)

Here, 4 is divided because we consider four different polynomial methods to

estimate the systematic uncertainty.

Standard deviation:

σ =

√√√√ 1

n

n∑
i=1

(Xi − µ)2 (3.6)

Where:
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Figure 3.7: Fitting different polynomial (αx, pol1, pol2, pol3 to the NGen
trk and

NReco
trk correlation [5].

• Xi represents the individual mean values from different polynomial meth-

ods.

• µ is the overall mean of these values.

• n is the total number of methods used (4 in this case).

The mean values and standard deviation are listed in Table 3.3.

3.5.3 Method 2: Evaluation of α using unfolded Nch

From Fig. 3.8, a clear difference in Ntrk between the Data and MC is observed.

The differences are mainly caused by an incorrect description of the underlying

Nch distribution of the MC generator. Therefore, to correct for the Nch dis-

tribution, the unfolding procedure [2] is applied. The input to the unfolding

corrections are a) the original Ntrk distribution from data and detector response

matrix obtained from MC simulations (PYTHIA8).

The measured NGen
trk and NReco

trk distribution was unfolded with the detector

response matrix to obtain the unfolded NGen
trk and unfolded NReco

trk distribution as

presented in Fig. 3.9. The detector response matrix was rescaled with the ratio
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NReco
trk to NGen

trk correction factor (α)

Multiplicity Class α - factor ⟨Ndata
track⟩ ⟨Nch⟩ = αi × ⟨Ndata

track⟩

1.0 - 8.0 1.08± 0.00 5.96± 0.00 6.41± 0.00

9.0 - 14.0 1.07± 0.00 11.97± 0.00 12.78± 0.00

15.0 - 20.0 1.06± 0.00 17.88± 0.00 18.98± 0.00

21.0 - 25.0 1.05± 0.00 23.39± 0.00 24.58± 0.00

26.0 - 33.0 1.06± 0.00 29.64± 0.00 31.46± 0.00

34.0 - 41.0 1.06± 0.00 37.55± 0.00 39.67± 0.00

42.0 - 50.0 1.06± 0.00 45.85± 0.00 48.45± 0.00

51.0 - 60.0 1.05± 0.00 55.07± 0.00 58.06± 0.00

61.0 - 80.0 1.06± 0.00 67.09± 0.01 71.36± 0.01

81.0 - 115.0 1.09± 0.02 87.45± 0.06 95.48± 0.07

Table 3.2: N corr
tr to Nch correction factor (α) for different multiplicity classes.

of the unfolded NGen
trk and the original NGen

trk distribution. The NReco
trk distributions

obtained from MC simulations after rescaling the NGen
trk distribution show better

agreement with the data. The unfolding result of both NGen
trk and NReco

trk are shown

in Fig. 3.9.

The rescaled detector response matrix is used to obtain the α−factor. The av-

erage ratio between NGen
trk and NReco

trk termed as α−factor. The values of α−factor

evaluated in multiplicity bins are tabulated in Table 3.4. Further we have esti-

mated the corrected number of charged particles in different multiplicity intervals

using this correction factor (α−values). The corrected number of charged parti-

cles in different multiplicity intervals are given in the Tab. 3.5.
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3.6 Signal Extraction

⟨Nch⟩ evaluated using polynomial functions with the systematic uncertainties

Multiplicity Class ⟨Nch⟩

1.0 - 8.0 6.57 ± 0.09

9.0 - 14.0 13.05 ± 0.16

15.0 - 20.0 19.41 ± 0.25

21.0 - 25.0 25.27 ± 0.40

26.0 - 33.0 32.04 ± 0.33

34.0 - 41.0 40.44 ± 0.45

42.0 - 50.0 49.23 ± 0.48

51.0 - 60.0 58.87 ± 0.63

61.0 - 80.0 71.44 ± 0.97

81.0 - 115.0 92.50 ± 3.24

Table 3.3: ⟨Nch⟩ values for different multiplicity classes.

3.6 Signal Extraction

In this work, we extract the inclusive J/ψ signal in the dimuon decay channel

using the invariant mass approach. In the ALICE forward muon spectrometer

(−4 < η < −2.5), muons are reconstructed by tracking their trajectories through

a system of absorbers, tracking chambers, and a dipole magnet. The bending of

tracks in the magnetic field allows determination of their momentum, and hence

the transverse momentum (pT ) is obtained from the curvature of the reconstructed

muon tracks. We calculate the invariant mass for each of the chosen opposite-sign

dimuons, which is obtained by:

Mµ+µ− =

√
(E1 + E2)2 − |p⃗1 + p⃗2|2 (3.7)

Here, the energy and momenta of the decay muons are represented by E1,

E2, and p⃗1, p⃗2. Mµ+µ− represents the dimuon’s invariant mass. This dimuon in-

variant mass should show a signal peak on the continuum surrounding the mass

of J/ψ when plotted as a histogram, which is mJ/ψ = 3096.900 ± 0.006 MeV.

Around the ψ(2S) mass pole, which is around J/ψ, another signal peak should
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Figure 3.8: Ntracks distribution from data and MC (PYTHIA8) [5].
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Figure 3.9: Ntracks distribution from data and MC and unfolding [5].

also emerge, i.e., mψ(2S) = 3686.093±0.034 MeV. Compared to ψ(2S), the signal

peak for J/ψ is substantially higher. This is because ψ(2S) is the resonance of

J/ψ and it has a larger chance than anything else of decaying into a J/ψ, i.e.,

ψ(2S) → J/ψ + anything, B.R. = (59.5± 0.8)%, which subsequently decays to a

pair of muons.

The raw yield of J/ψ can then be extracted from the invariant mass distribu-

tion. This is accomplished using a sum of the signal and background functions to
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3.6 Signal Extraction

NReco
trk to NGen

trk correction factor (α) after unfolding

Multiplicity Class α - factor ⟨Ndata
track, corr⟩ ⟨Nch⟩ = αi × ⟨Ndata

track, corr⟩

1.0 - 8.0 1.09 4.69± 0.00 5.10± 0.00

9.0 - 14.0 1.09 11.67± 0.00 12.75± 0.00

15.0 - 20.0 1.09 17.63± 0.00 19.23± 0.00

21.0 - 25.0 1.09 23.16± 0.00 25.17± 0.00

26.0 - 33.0 1.08 29.28± 0.00 31.71± 0.00

34.0 - 41.0 1.08 37.71± 0.00 40.09± 0.00

42.0 - 50.0 1.07 45.38± 0.00 48.77± 0.00

51.0 - 60.0 1.07 54.59± 0.00 58.34± 0.00

61.0 - 80.0 1.06 66.26± 0.01 70.27± 0.01

81.0 - 115.0 1.05 86.50± 0.04 90.10± 0.03

1.0 - 115.0 (Integrated) 1.04 11.86± 0.01 12.64± 0.01

Table 3.4: N corr
tr to Nch correction factor (α) for different multiplicity classes.

fit the invariant mass spectrum. These functions, which have several components

for characterizing the signal and the long continuum on either side of the signal

peak, which we refer to as the tail, were selected empirically. The double Crystal

Ball function (CB2) is applied to the signal; it is composed of a Gaussian core

with power-law tails appended on either side of the peak’s mean. Two distinct

CB2 functions, one for J/ψ and one for Ψ(2S), are employed in the fitting since

the Ψ(2S) mass peak is near J/ψ. This also addresses the possibility that the

low mass tail of ψ(2S) could influence the high mass tail of J/ψ. The fact that

both particles are suited to the same kind of signal function is crucial to this

fitting. As it happens, there is a close relationship between the parameters of the

signal functions for these two particles. The mass (mfit
ψ(2S)) and width (σfit

ψ(2S)) of

the ψ(2S) signal relate to the mass (mfit
J/ψ) and width (σfit

J/ψ) of the J/ψ signal

derived from the fitting as follows.
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Bin NPV Interval N I
ch/⟨Nch⟩

1 1–8 0.40 ± 0.00

2 9–14 1.01 ± 0.00

3 15–20 1.52 ± 0.00

4 21–25 1.99 ± 0.00

5 26–33 2.51 ± 0.00

6 34–41 3.18 ± 0.00

7 42–50 3.86 ± 0.00

8 51–60 4.62 ± 0.00

9 61–80 5.57 ± 0.00

10 81–115 7.13 ± 0.00

1-115 (Integrated) 12.64 ± 0.00

Table 3.5: Multiplicity bins and relative charged particle densities with uncer-

tainties (rounded to two decimal places).

mψ(2S) = mfit
J/ψ +∆mPDG, (3.8)

∆mPDG = mPDG
ψ(2S) −mPDG

J/ψ (3.9)

σψ(2S) = σfit
J/ψ ×

σMC
ψ(2S)

σMC
J/ψ

(3.10)

The PDG provides [3] the mass difference between the two particles, and

a CB2 function fitting to the Monte Carlo (MC) data yields the ratio of their

widths, which is σψ(2S)/σJ/ψ ∼ 1.03, in accordance with a prior analysis based on

the same data sample [1]. The background description is done using two different

ad hoc functions. These are the Double Exponential (DoubleExp) and Variable

Width Gaussian (VWG) functions. The objective is to use the fewest possible
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Bin Mult-Bin NJ/ψ

1 1–8 458973 ± 1249

2 9–14 772690 ± 1707

3 15–20 822120 ± 1872

4 21–25 594210 ± 1665

5 26–33 684201 ± 2101

6 34–41 387644 ± 1449

7 42–50 203775 ± 1065

8 51–60 84464 ± 887

9 61–80 31456 ± 439

10 81–115 2056 ± 120

1-115 (Integrated) 4039867 ± 4271

Table 3.6: Number of J/ψ values in different multiplcvity intervals.

free parameters to fit the background. Appendix 3.8 contains explicit references

to the signal and background functions.

First, the signal has been extracted for integrated multiplicity and integrated

pT . The J/ψ signal is reconstructed in the µ+µ− decay channel. With suitable

selection cuts, a resonance structure around the rest mass of the J/ψ appears,

which lies on top of a background (Fig. 3.10). The intrinsic decay width of a

J/ψ is Γ ∼ 92.9 keV/c2, while in the experiment one observes a much broader

structure. Especially toward lower masses, the J/ψ peak exhibits a long tail.

After that, we corrected the signal by taking care of the efficiency estimated from

different event selection cuts using MC data. Then, the signal is divided into 11

multiplicity bins, and in each multiplicity bin, the signal is extracted using the

same procedure. Here, we have fitted only the Double Crystal ball function (CB2)

with signal and the Variable Width Gaussian function(VWG) with background.
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Figure 3.10: Fitting of a CB2+CB2+VWG function in the integrated multiplicity

bin (1-115) range in pp collisions at
√
s = 13.6 TeV [5].

The tail parameters are kept free. The fitting ranges are kept for the fitting of

the signal+background functions in the range 2.0 < Mµ+µ− < 5.0 GeV/c2. The

fitting of all multiplicity bins is shown in Fig. 3.11. After that, we estimate the

J/ψ number in each multiplicity interval and estimate the relative J/ψ with re-

spect to the relative charged particle. Fig. 3.12 shows the self-normalised relative

J/ψ yield as a function of self-normalized multiplicity in |η| < 0.8 in pp collisions

at
√
s = 13.6 TeV. The multiplicity was estimated from Primary Vertex (PV)

contributors. The result of the pT -integrated analysis of the self-normalized J/ψ

yield in the forward region (2.5 < y < 4.0) as a function of the self-normalized

multiplicity is shown in Fig. 3.12. The obtained results are compared with the

results from the previous analysis in RUN2. The values for the self-normalized

yield versus multiplicity, estimated from SPD tracklets at
√
s = 13 TeV, are

taken from this Ref. [4]. The comparison shows a good agreement with the Run

2 result [4]. However, there are still some deviations from the RUN2 result to-

wards the high multiplicity region. There are several issues with not obtaining

the corrected number of J/ψ in the RUN3 data for the current period. More

advanced algorithms for event separation and pile-up rejection are being devel-

oped for cleaner selection of primary collisions, especially high multiplicity region.
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Figure 3.11: Example of signal extractions in different multiplicity bins using

CB2+VWG function in the range 2.0 < Mµ+/mu− < 5.0 [5].
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Figure 3.12: Self-normalize pT -integrated J/ψ yield in forward rapidity region

(2.5 < y < 4.0) as a function of self-normalized charged-particle yield in |η| < 0.8

in pp collisions at
√
s = 13.6 TeV. The multiplicity was estimated from PV

contributors [5].

Ongoing efforts are being made to improve detector reconstruction, calibration,

and alignment in order to decrease systematic biases in J/ψ yield extraction and

multiplicity and to increase tracking efficiency.

Furthermore, we have estimated the self-normalized relative ψ(2S) yield as

a function of the self-normalized charged-particle multiplicity within |η| < 0.8.

Subsequently, we evaluated the ratio of the normalized ψ(2S)-over-J/ψ yields as

a function of the normalized charged-particle multiplicity, as shown in Fig. 3.13.

The normalized ψ(2S)-over-J/ψ yield ratio shows no significant deviation from

unity across the charged-particle multiplicity range, suggesting that the excited

and ground state charmonium states follow a similar multiplicity trend. The

obtained results are consistent with the Run 2 measurements [6].
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Figure 3.13: Ratio of normalized ψ(2s)/J/ψ yield as a function of the normalized

charged-particle in pp collisions at
√
s = 13.6 TeV [5].

3.7 Summary

We have presented a detailed analysis of the self-normalized inclusive J/ψ yield

at forward rapidity (2.5 < y < 4.0) as a function of the self-normalized charged-

particle multiplicity in |η| < 0.8 for the pp collisions at a center-of-mass energy
√
s = 13.6 TeV. Multiplicities were estimated using PV contributors. To convert

from the raw number of tracks in a collision to the true charged-particle multiplic-

ity, an iterative Bayesian unfolding algorithm was employed. The self-normalized

inclusive J/ψ yield shows a linearly increasing trend as a function of charged

particle multiplicity. Furthermore, we have evaluated the ratio of the normalized

ψ(2S)-over-J/ψ yields as a function of the normalized charged-particle multiplic-

ity. The normalized ψ(2S)-over-J/ψ ratio is compatible with unity independently

of the charged-particle multiplicity within uncertainties.
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3.8 Appendix

3.8.1 List of good run numbers

LHC24 pass1 skimmed

1. LHC24af: 550916, 550889, 550858, 550852, 550848, 550843, 550824, 550819,

550784, 550781, 550778, 550774, 550760, 550756, 550742, 550731, 550728,

550711, 550707, 550691, 550690, 550654, 550634, 550632, 550630, 550439,

550425, 550424, 550421, 550417, 550412, 550375, 550369, 550367

2. LHC24ag: 551504, 551498, 551468, 551463, 551427, 551418, 551398, 551394,

551392, 551391, 551389, 551387, 551365, 551296, 551290, 551272, 551260,

551257, 551255, 551232, 551230, 551229, 551221, 551219, 551149, 551127,

551122, 551107, 551105, 551083, 551066, 551027, 551023, 551013, 551008,

551007, 551005, 550997

3. LHC24aj: 552403, 552402, 552401, 552400, 552384, 552383, 552382, 552381,

552369, 552353, 552341, 552340, 552304, 552285, 552283, 552206, 552205,

552204, 552203, 552201, 552200, 552198, 552197, 552179, 552178, 552177,

552176, 552156, 552142, 552141, 552140, 552139, 552138, 552103, 552102,

552080, 552029, 552005, 551997, 551993, 551992, 551989, 551983, 551982,

551979, 551977, 551958, 551943, 551931, 551926, 551925, 551924, 551923,

551922, 551921, 551894, 551890, 551889, 551877, 551875, 551874, 551856,

551843, 551780, 551761, 551760, 551759

4. LHC24am: 555976, 555967, 555965, 555960, 555958, 555933, 555917,

555900, 555883, 555860, 555853, 555850, 555801, 555798, 555790, 555789,

555763, 555761, 555759, 555742, 555740, 555723, 555707, 555705, 555695,

555693, 555676, 555651, 555649, 555612, 555596, 555591, 555575, 555546,
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555543, 555540, 555504, 555482, 555478, 555476, 555451, 555443, 555435,

555411, 555408, 555401, 555374, 555370, 555345, 555344

5. LHC24al: 555308, 555270, 555267, 555259, 555254, 555232, 555226, 555208,

555202, 555187, 555172, 555166, 555160, 555156, 555152, 555150, 555124,

555122, 555121, 555073, 555071, 555047, 555023, 555022, 555020, 554998,

554973, 554970, 554968, 554920, 554898, 554880, 554873, 554837, 554835,

554808, 554791, 554774, 554772, 554768, 554752, 554736, 554732, 554728,

554714, 554703, 554633, 554615, 554613, 554603, 554588, 554569, 554564,

554558, 554538, 554526, 554524, 554507, 554504, 554495, 554494, 554471,

554462, 554427, 554413, 554408, 554404, 554394, 554354, 554323, 554322,

554316, 554295, 554293, 554261, 554247, 554223, 554208, 554207, 554203,

554201, 554198, 554194, 554098, 554095, 554094, 554092, 553903, 553880,

553862, 553844, 553825, 553824, 553821, 553819, 553816, 553807, 553785,

553756, 553739, 553702, 553700, 553663, 553660, 553655, 553633, 553610,

553590, 553588, 553555, 553536, 553530, 553512, 553486, 553305, 553299,

553297, 553294, 553274, 553255, 553253, 553250, 553225, 553219, 553193,

553189, 553188, 553187, 553185

3.8.2 Lists of bad runs

550653, 555431, 555722, 555881, 554097, 554701

3.8.3 Signal and Background fitting functions

3.8.3.1 Signal Fittng:

Double Crystal Ball function (CB2)
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f(x;N, x̄, σ, t1, t2, p1, p2) = N ·


A · (B − t)−p1 , t ≤ t1

exp
(
−1

2
t2
)
, t1 < t < t2

C · (D + t)−p2 , t ≥ t2

(3.11)

where

t =
x− x̄

σ

A =

(
p1
|t1|

)p1

· exp
(
−|t1|2

2

)

B =
p1
|t1|

− |t1|

C =

(
p2
|t2|

)p2

· exp
(
−|t2|2

2

)

D =
p2
|t2|

− |t2|

3.8.3.2 Background fitting:

Variable Width Gaussian (VWG)

f(x;N, x̄, A,B) = N · exp
(
−(x− x̄)2

2σ2
VWG

)
(3.12)

where

σVWG = A+B · x− x̄

x̄

and the combination of a fourth-degree polynomial and an exponential func-

tion (POL4EXP) is:

f(x;N, p0, p1, p2, p3, p4, p5) = N · exp(p0x) · (p1+p2x+p3x2+p4x3+p5x4) (3.13)
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Chapter 4

Collective Dynamics in Small Systems: O–O

Collisions at LHC Energies

4.1 Motivation

Ultra-relativistic hadronic and nuclear collisions at the Large Hadron Collider

(LHC) have advanced our understanding of high-energy physics significantly.

Heavy-ion collisions at the LHC have made it easier to study quark-gluon plasma,

a hot and dense QCD matter. To better understand the properties of Quark-

Gluon Plasma (QGP), several collider experiments conduct measurements in dif-

ferent collision systems at different center-of-mass energies. Traditionally, quark-

gluon plasma (QGP) studies at collider experiments such as the LHC and RHIC

have focused on heavy-ion collisions like Pb–Pb and Au–Au, while smaller sys-

tems like proton–proton (pp) collisions have primarily served as reference base-

lines. However, recent LHC experiment results reveal QGP-like characteristics

in high-multiplicity pp collisions [1–4], which makes heavy-ion physicists ques-

tion whether pp collisions can serve as a baseline and whether QGP droplets are

created in small system collisions at LHC energies. This ambiguity has serious

implications for the results of heavy-ion collisions. Thus, a closer look at the

small collision systems is a call for time. A brief run of Oxygen-oxygen (O-O)
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collisions is presently ongoing in RUN3 at the LHC [5]. This short run might

offer a useful chance to research the impacts observed in high-multiplicity p-Pb

collisions, in which a system has the same number of final state multiplicity

but a relatively bigger geometrical transverse overlap region [6] and a similarly

small number of participating nucleons. A larger overlap area, combined with a

comparable final-state multiplicity, is expected to enhance path-length-dependent

phenomena such as jet quenching. A number of theoretical studies have recently

examined different facets of particle production dynamics associated with O-O

collisions, including those in references [7–15]. Furthermore, O-O collisions offer

a great chance to investigate the fundamental processes that underlie the produc-

tion of particles, light-nuclei, and transverse collective flow effects in a multiplicity

range that spans Pb-Pb and Xe-Xe on the higher side and pp and p-Pb on the

lower side [6].

Besides these, the 16O has a rather compact structure and is resistant to decay

because of its double magic property [16]. The α−clustered structure [17–20] is

also thought to have an effect on the oxygen nuclei. α−clustering in a nucleus

refers to the phenomenon where two protons and two neutrons group together to

form a cluster. Recent simulation investigations for collisions involving oxygen

nuclei reveal a signature of α− clustering [20]. However, the exotic tetrahedral

α−clustering structure of 16O nucleus, first hypothesized by G. Gamow [21] and

later by J.A. Wheeler [22], has not yet been substantiated by good experimental

data. In particular, Broniowski et al. [23–25] is proposing and studying in great

detail the probing of the α−clustering structure in relativistic collisions of light

nuclei. Thus, it is also crucial to look at whether the initial nuclear structure

has an impact on the final-state observables, including the collective behavior of

produced particles or the net particle production yield. Hence, a comprehensive

understanding of these observables and QGP-like features is vital for the study

of systems produced in O–O collisions.
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A fundamental nuclear shell model calculation [26] incorporates a spin-orbit

interaction term after assuming the nuclear potential to be that of a simple har-

monic oscillator. The nucleus that contains these nucleon magic numbers is ex-

pected to be highly stable and tightly bound. Oxygen’s nucleus is doubly magic

and should be extremely compact because its proton and neutron counts meet

the magic number separately.

We have used a multi-phase transport model (AMPT) [27] to add a more

realistic Woods-Saxon potential and a simple harmonic oscillator potential in the

oxygen nucleus in order to gain a better understanding of the influence of nuclear

structure inside the nucleus. We also compared the results with a α-clustered

structure within the oxygen nucleus. Global observables such as charged-particle

multiplicities, transverse energy, particle spectra, and pseudorapidity distribu-

tions provide information about the potential formation of QGP in a system. It

is suggested that the correlation between mean transverse momentum and particle

multiplicity [28] can be used to investigate the equation of state of hot hadronic

matter. While the mean transverse mass and momentum provide information

about the hard processes in the collision, charged-particle multiplicity provides

information about the soft processes. Recent LHC data [1] indicate that the fi-

nal state multiplicity drives the QGP-like features observed in high-multiplicity

pp collisions. So, it is interesting to study the initial and final state effects in

O–O collisions, since their multiplicity is similar to that in high-multiplicity pp

collisions. The Bjorken hydrodynamic model [29] can be used to estimate the

initial energy density, where one uses the transverse energy or charged-particle

multiplicity density in rapidity and mean transverse mass for each collision cen-

trality. To investigate the final state effects, particle spectra, kinetic freeze-out

parameters, and particle ratios can be examined.

The structure of this chapter is as follows. Section 4.1 outlines the motivation
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behind this study. In Section 4.2, we describe the event generation process using

the AMPT model. Section 4.3 discusses various nuclear density profiles, while

Section 4.4 presents the results related to global properties. The anisotropic flow

results are presented in Section 4.5, and the nuclear modification factor results

are discussed in Section 4.6. Finally, the chapter concludes with a summary in

Section 4.7.

4.2 Event generation

4.2.1 A Multi-Phase Transport (AMPT) Model

The AMPT (A multi-phase transport) model is an event generator in heavy-ion

physics that simulates heavy-ion collisions. It helps study QGP properties and

final-state particle observables. It consists of four main stages: the initializa-

tion of the collisions, the parton cascade, the hadronization, and the hadronic

interactions. These key components are discussed below:

1. Initialization: The initial collisions of AMPT are obtained from the HI-

JING (Heavy Ion Jet Interaction Generator) model, which describes the

early stages dynamics of the collisions [30]. The early stage includes the

distributions of momentum and space of generated hadrons and partons

before evolution. An incorporated Glauber model is used to compute and

convert the cross-section of the minijets created in pp collisions to heavy-ion

collisions.

2. Parton cascade: After the initial conditions are set by HIJING, the

AMPT model handles partonic interactions before hadronization. Here, the

produced parton evolves through Zhang’s Parton Cascade (ZPC) model,

which includes partonic interactions via two-body elastic parton scatter-

ings [31]. These scatterings are modeled using the leading-order pQCD
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cross-section, given by:

σ =
9πα2

s

2µ2
(4.1)

Where αs is the strong coupling constant, and µ is the Debye screening

mass that regulates the interaction range in the medium.

3. Hadronization: After the parton transport, the next process is the hadroniza-

tion, where partons (quarks and gluons) combine to form hadrons. There

are two different models for hadronization inside the AMPT model [32–34].

(a) Default AMPT (Lund string fragmentation): In the default

AMPT model, hadrons are directly generated by HIJING and do not

undergo partonic interactions. These hadrons are then hadronized

using the Lund String Fragmentation model.

(b) String melting AMPT (Quark coalescence): In the String Melt-

ing version of AMPT, hadrons from HIJING are first converted into

partons, which interact via Zhang’s Parton Cascade (ZPC). After par-

tonic interactions, hadronization occurs through quark coalescence (re-

combination) instead of string fragmentation. When partons (quarks

and antiquarks) come close together in phase space, they recombine

into hadrons. The probability of coalescence is determined by the

overlap between parton and hadron wavefunctions.

4. Hadronic Interactions: After hadronization, the system enters the hadronic

interaction phase, where hadrons interact before kinetic freeze-out. These

interactions are handled using the ART (A Relativistic Transport) model

in AMPT [35, 36]. This ART model includes meson-meson, meson-baryon,

and baryon-baryon-level interactions.

The transverse momentum spectra and rapidity distribution of the identified

particles in heavy-ion collisions at both SPS and RHIC are well described by
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the default model. However, the elliptic flow at RHIC is greatly underestimated.

Since only the mini-jet partons from HIJING are included in the parton cascade

in the default model, the initial parton density is comparatively lower in order

to generate the required medium effects. However, in the string melting model,

before the parton cascade phase, all of the excited strings are also transformed into

partons and mixed with the minijet partons. This increases the parton density

required to sustain the medium effects, resulting in a good description of the

elliptic flow and particle pT spectra in the intermediate pT . We note that in the

HIJING model, minijet partons produced from hard scatterings can lose energy

through gluon splitting and transfer this energy to nearby soft strings. In the

AMPT model, this so-called jet quenching mechanism in HIJING is replaced by

parton scatterings in the Zhang’s Parton Cascade (ZPC). Since only two-body

elastic scatterings are included in ZPC, higher-order processes contributing to

jet energy loss, such as medium-induced gluon radiation, are not incorporated.

Consequently, the jet quenching effect in AMPT is limited to collisional energy

loss and does not include the full radiative contributions expected in perturbative

QCD-based jet quenching models. In the current work, we have used the string

melting mode of AMPT (AMPT version 2.26t9b), and the AMPT setting is

reported in Ref. [17, 37].

4.3 Nuclear density profiles

The nuclear density profile plays a crucial role in governing the final-state observ-

ables in heavy-ion collisions. In this work, we have employed three density profiles

(Woods-Saxon, Harmonic oscillator, and α-cluster) inside the oxygen nucleus to

see the effect of density profile on particle production:
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4.3.0.1 Woods-Saxon Profile

The Woods-Saxon profile is a commonly used nuclear density distribution that

characterizes the nuclear shape using a three-parameter Fermi (3pF) distribution.

It is defined as:

ρ(r) =
ρ0(1 + w( r

r0
)2)

1 + exp( r−r0
a

)
. (4.2)

Where r0 is described as an equilibrium or saturation radius up to which

nuclear matter is evenly distributed, and corresponding density distribution is

defined by ρ0 (a constant nuclear density at the core of a nucleus), r is the radial

distance from the center of the nucleus, w is the deformation parameter, and a is

the skin diffusivity/depth of the nucleus. For oxygen nucleus, a is 0.513 fm, r0 is

2.608 fm and w is -0.051 [17].

4.3.0.2 Harmonic oscillator Profile

The harmonic oscillator model provides an alternative nuclear charge density

description and is given by:

ρ(r) = ρ0

[
1 + α

(
r

a

)2]
exp

(
−r2

a2

)
. (4.3)

Here, α and a are parameters that are taken as 1.833 and 1.544 fm for oxygen,

respectively [17]. ρ0 is a constant nuclear density at the core of a nucleus.

4.3.0.3 α-clustered structure in O16

Clustering plays an essential role in the study of nuclear structure. In order to re-

duce overall energy or boost system stability, protons and neutrons in many-body

nuclear systems tend to form clusters. Two protons and two neutrons together

form an α-particle. In several light nuclei 8Be and 12C [17] α-cluster structure

had been observed. The experimental observation is predicated on the 16O having
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an α-like cluster at the corners of a tetrahedron (Fig. 4.1). The distribution of

nucleons within an α-cluster follows the Woods-Saxon distribution for 4He nuclei

with a radius of 1.676 fm. Such randomized α-clusters are placed on the vertices

of a regular tetrahedron with a side length of 3.42 fm. The rms radius of such

an arrangement gives the rms radius for 16O to be 2.699 fm. The arrangement of

nucleons is randomized event-by-event by rotating the system in the x-y-z direc-

tions for both projectile and target nuclei, following the tetrahedral structure.

Oxygen nucleusAlpha particle

Proton Neutron

Figure 4.1: Model representation of the oxygen nucleus with an α-clustered con-

figuration [17].

For Woods-Saxon, harmonic oscillator, and α-cluster density profiles, the

probability of the radial positions of the nucleons distributed inside the oxy-

gen nucleus is shown in Fig. 4.2. In contrast to the other two density profiles, the

α-cluster structure appears to have a compact radial distribution of nucleons.

Galuber model helps to estimate quantities such as the number of partici-

pants (Npart(b)), number of binary nucleon-nucleon collisions (Ncoll(b)), impact

parameter (b), etc. in heavy-ion collisions which depends on the nuclear overlap

function (TAA(b)). This overlap function is determined based on a realistic model
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Figure 4.2: Radial probability distribution of nucleons within the oxygen nu-

cleus. Circular (rectangular) markers correspond to the Woods-Saxon (harmonic

oscillator) density profile, while triangular markers represent the α-clustered con-

figuration [17].

of the collision geometry, which assumes the proton to be a point-like particle,

leading to Ncoll(b) = 1. In this work, we have modified the Glauber model in

AMPT to include a harmonic oscillator density profile and α-clustered structure

in the oxygen nucleus. The values of the number of participants (Npart(b)), im-

pact parameters (b), nucleon-nucleon collisions (Ncoll(b)) for different centrality

classes in O-O collisions for different density profiles are obtained using the pub-

licly available MC Glauber code (TGlauberMC-3.2), and these values are shown

in Table 4.1.

4.4 Global observables

4.4.1 Transverse energy and Bjorken Energy Density

One of the most important observable in the study of QGP properties in heavy-

ion collisions is the initial energy density. It can be estimated via the Bjorken

boost-invariant hydrodynamics model [17]. The Bjorken energy density (ϵBj) with
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Table 4.1: Centrality bins and corresponding impact parameters, participant

number, and number of binary collisions for different models: Woods-Saxon,

Harmonic Oscillator, and α-Cluster.

Woods-Saxon
Centrality(%) bmin (fm) bmax (fm) ⟨Npart⟩± rms ⟨Ncoll⟩± rms

0–5 0.00 1.47 28.00 ± 2.06 48.33 ± 9.43

5–10 1.47 2.08 25.22 ± 2.27 39.96 ± 7.98

10–20 2.08 2.94 21.25 ± 2.81 30.17 ± 7.34

20–30 2.94 3.59 16.46 ± 3.01 20.24 ± 5.96

30–40 3.59 4.14 12.55 ± 3.20 13.63 ± 5.07

40–50 4.14 4.63 9.39 ± 3.15 9.13 ± 4.22

50–60 4.63 5.09 7.01 ± 2.86 6.17 ± 3.40

60–70 5.09 5.54 5.32 ± 2.45 4.27 ± 2.65

70–100 5.54 13.46 3.33 ± 1.68 2.28 ± 1.68

Harmonic Oscillator
Centrality(%) bmin (fm) bmax (fm) ⟨Npart⟩± rms ⟨Ncoll⟩± rms

0–5 0.00 1.28 29.48 ± 1.61 63.83 ± 11.32

5–10 1.28 1.83 27.06 ± 2.00 52.64 ± 9.17

10–20 1.83 2.58 23.20 ± 2.68 39.31 ± 8.57

20–30 2.58 3.17 18.30 ± 2.94 26.21 ± 6.95

30–40 3.17 3.66 14.12 ± 3.17 17.55 ± 6.00

40–50 3.66 4.10 10.46 ± 3.21 11.33 ± 4.98

50–60 4.10 4.51 7.76 ± 2.99 7.43 ± 3.98

60–70 4.51 4.89 5.76 ± 2.57 4.96 ± 3.07

70–100 4.89 9.86 3.47 ± 1.76 2.47 ± 1.86

α-Cluster
Centrality(%) bmin (fm) bmax (fm) ⟨Npart⟩± rms ⟨Ncoll⟩± rms

0–5 0.00 1.30 29.43 ± 2.02 55.12 ± 8.90

5–10 1.30 1.86 26.50 ± 2.24 46.56 ± 7.53

10–20 1.86 2.63 22.25 ± 2.57 36.19 ± 7.09

20–30 2.63 3.22 17.51 ± 2.49 25.85 ± 5.74

30–40 3.22 3.72 13.71 ± 2.42 18.31 ± 5.17

40–50 3.72 4.15 10.58 ± 2.43 12.80 ± 4.69

50–60 4.15 4.56 8.05 ± 2.46 8.74 ± 4.21

60–70 4.56 4.94 6.11 ± 2.30 5.98 ± 3.51

70–100 4.94 8.79 3.74 ± 1.81 2.97 ± 2.35
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Table 4.2: Centrality dependent average charged-particle multiplicity density for

different nuclear profiles in O-O collisions at
√
sNN = 7 TeV in the range |η| < 0.5

Centrality Woods-Saxon harmonic oscillator α−cluster

⟨dNch/dη⟩ ⟨dNch/dη⟩ ⟨dNch/dη⟩

0–5 161.07 ± 0.15 192.60 ± 0.20 187.54 ± 0.14

5–10 139.38 ± 0.13 167.37 ± 0.18 163.86 ± 0.11

10–20 112.20 ± 0.13 134.72 ± 0.18 132.67 ± 0.10

20–30 82.84 ± 0.11 99.34 ± 0.12 100.21 ± 0.09

30–40 61.33 ± 0.10 73.40 ± 0.11 74.60 ± 0.08

40–50 45.10 ± 0.09 53.23 ± 0.09 54.72 ± 0.07

50–60 32.81 ± 0.07 38.31 ± 0.08 39.56 ± 0.06

60–70 23.44 ± 0.06 27.38 ± 0.07 27.65 ± 0.05

70–100 9.85 ± 0.03 10.65 ± 0.04 10.04 ± 0.03

the assumption of boost invariance is given as follows:

ϵBj =
1

τST

dET

dy
, (4.4)

Where dET/dy represents the transverse energy density at midrapidity at the

formation time τ and ST is the transverse overlap area of the two colliding nuclei.

A finite formation time of τ = 1 fm/c is assumed in this work for the estimation

of the Bjorken energy density, as Eq. 4.4 diverges in the limit τ → 0. The total

transverse energy produced in an event is denoted by ET, and the transverse

overlap area of the colliding nuclei is given by ST = πR2. The nuclear radius

R is parameterized as R = R0A
1/3, where the mass number is approximated by

A = Npart/2.

ST = πR2
0

(
Npart

2

)2/3

(4.5)
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Since pions, kaons, and protons are so abundant that they carry the majority

of the transverse energy, the total transverse energy (ET) can be approximately

calculated as [17]:

dET

dy
≈ 3

2
×

(
⟨mT⟩

dN

dy

)
π±

+ 2×
(
⟨mT⟩

dN

dy

)
K±,p,p̄

. (4.6)

The multiplicative factor in each term takes care of the corresponding neu-

tral particles that are not detectable experimentally. mT =
√
p2T +m2 is the

transverse mass, and dN/dy is the integrated yield for π±, K±, and p+ p̄ in the

mid-rapidity region, i.e., |y| < 0.5. Eq. 4.4 can now be written as,

ϵBj ≈
1

τπR2
0

(
Npart

2

)2/3

[
3

2
×

(
⟨mT⟩

dN

dy

)
π±

+ 2×
(
⟨mT⟩

dN

dy

)
K±,p,p̄

]
(4.7)

The integrated yields and mean transverse momenta for protons, kaons, and

pions as a function of centrality classes for O-O collisions at
√
sNN = 7 TeV are

displayed in Fig. 4.3.
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Figure 4.3: Centrality dependence of the integrated yield (left) and mean trans-

verse mass (right) at mid-rapidity for pions, kaons, and protons in O-O collisions

at
√
sNN = 7 TeV [17].

As expected, pions have a higher integrated yield than kaons and protons

because they are the most abundant among the identified particles and are un-

derstood from a thermalized Boltzmannian production of secondaries in nuclear
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collisions. The harmonic oscillator density profile produces more soft particles in

central collisions than the Woods-Saxon density profile. The α-clustered struc-

ture demonstrates similar behavior to the harmonic oscillator density profile.

However, the mean transverse mass is nearly the same for all cases.

The Bjorken energy density, as expressed in Eq. 4.7, is derived using the inte-

grated yields and average transverse momenta of pions, kaons, and protons. Open

markers denote the harmonic oscillator and solid markers indicate the Woods-

Saxon density profile, and cross-referenced markers show the outcomes for the

α-clustered structure.
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Figure 4.4: Centrality dependence of Bjorken energy density for pions, kaons,

and protons in O-O collisions at
√
sNN = 7 TeV [17].

As shown in Fig. 4.4, the Bjorken energy density is found to be highest in

the most central collisions and decreases approximately linearly toward more pe-

ripheral collisions. Bjorken energy density is strongly dependent on integrated

yield, as shown in Eq. 4.7. The difference in integrated yield between different

nuclear density profiles is reflected in the Bjorken energy density. The oxygen

nucleus with harmonic oscillator density profile has approximately 15% higher en-

ergy density compared to the Woods-Saxon density profile. As observed for the
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integrated yield, the α-clustered structure exhibits a similar trend in the Bjorken

energy density as that seen with the harmonic oscillator density profile. The

nuclear density profile affects the initial energy density of a fireball, influencing

particle production and space-time evolution, ultimately affecting the equation

of state (EoS). The initial energy densities for all collision centralities are higher

than the 1 GeV/fm3 value predicted by lattice QCD for the deconfinement tran-

sition [38]. This hints that QGP signals may be detectable in oxygen-oxygen

collisions at LHC energies. In the following sections, we will strengthen these

arguments and explore additional global observables in heavy-ion collisions.

4.4.2 Pseudorapidity distributions and squared speed of

sound

Figure 4.5 illustrates the pseudorapidity distributions of charged particles in O-O

collisions at
√
sNN = 7 TeV for centrality classes of (0-5)% and (70-100)% using

Woods-Saxon, harmonic oscillator, and α-clustered density profiles. The varia-

tion in charged particles at mid-pseudorapidity is attributed to changes in nuclear

density profiles, which is prominently observed in central collisions, whereas the

variation is less pronounced in peripheral collisions. Nonetheless, at forward pseu-

dorapidity, the multiplicity of charged particles shows minimal dependence on the

density profiles.

According to the Landau hydrodynamical model [39], the rapidity distribu-

tions should be Gaussian. In this framework, the speed of sound (cs) is connected

to the rapidity distribution’s width using the following formula.

σ2
y =

8

3

c2s
1− c2s

ln

(√
sNN

2mp

)
. (4.8)

Where σy is the width of the rapidity distribution, and mp is the mass of
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Figure 4.5: Charged particle pseudorapidity distributions in O-O collisions at
√
sNN = 7 TeV for the centrality classes (0-5)% (left) and (70-100)% (right) [17].

a proton. The massless ideal gas limit for the squared speed of sound (c2s) is

0.33. However, due to the dip observed at mid-pseudorapidity in pseudorapidity

distributions, fitting them with a single Gaussian function is often inadequate.

Generally, in experiments [40, 41], the following double Gaussian distribution is

used to fit the pseudorapidity distributions and extrapolate the distributions to

unmeasured regions.

A1e
−η2

2σ2
1 − A2e

−η2

2σ2
2 . (4.9)

In this context, A1 and A2 serve as the normalization parameters, while σ1

and σ2 represent the widths of each Gaussian distribution. We have applied

Eq. 4.9 to fit the pseudorapidity distribution and determined the values of σ1

and σ2. As shown in Table 4.3, the values of σ1 and σ2 are comparable within

the margin of error. Figure 4.6 illustrates the squared speed of sound for pions,

kaons, and protons as it varies with centrality in O-O collisions at
√
sNN = 7

TeV, using Woods-Saxon, harmonic oscillator, and α-clustered density profiles,

as per Eq. 4.8. The absolute value was derived using σ1, and the maximum

deviation between σ1 and σ2 was used to estimate the uncertainties for c2s. Taking

these uncertainties into account, c2s appears to remain consistent across different

centrality levels. The weak dependence of c2s on centrality classes may indicate
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that the medium created in O–O collisions is significantly less dense compared

to that formed in Pb–Pb collisions. It should be noted here, the application of

Landau hydrodynamics at TeV energies is a crude approximation to extract the

speed of sound from the pseudorapidity distribution of the secondaries produced

in heavy-ion collisions.

Table 4.3: Double-Gaussian width parameters obtained by fitting the pseudora-

pidity distributions in the range |η| < 0.5 using Eq. 4.9.

Centrality(%) Woods-Saxon harmonic oscillator α cluster

σ1 σ2 σ1 σ2 σ1 σ2

0–5 2.35 ± 0.04 2.22 ± 0.04 2.31 ± 0.04 2.20 ± 0.04 2.33 ± 0.04 2.21 ± 0.04

5–10 2.34 ± 0.04 2.24 ± 0.04 2.31 ± 0.04 2.24 ± 0.03 2.32 ± 0.04 2.22 ± 0.04

10–20 2.34 ± 0.03 2.25 ± 0.03 2.32 ± 0.04 2.21 ± 0.03 2.33 ± 0.04 2.22 ± 0.04

20–30 2.34 ± 0.02 2.27 ± 0.03 2.32 ± 0.03 2.24 ± 0.03 2.32 ± 0.03 2.25 ± 0.03

30–40 2.35 ± 0.02 2.30 ± 0.02 2.33 ± 0.02 2.27 ± 0.02 2.33 ± 0.02 2.27 ± 0.02

40–50 2.36 ± 0.01 2.33 ± 0.01 2.33 ± 0.02 2.29 ± 0.02 2.33 ± 0.02 2.29 ± 0.02

50–60 2.37 ± 0.01 2.35 ± 0.01 2.36 ± 0.01 2.33 ± 0.01 2.36 ± 0.01 2.32 ± 0.01

60–70 2.38 ± 0.01 2.36 ± 0.01 2.38 ± 0.01 2.35 ± 0.01 2.37 ± 0.01 2.35 ± 0.01

70–100 2.48 ± 0.01 2.44 ± 0.01 2.47 ± 0.01 2.46 ± 0.01 2.45 ± 0.01 2.44 ± 0.01

4.4.3 pT -spectra and kinetic freeze-out parameters

Figure 4.7 depicts the simultaneous fitting of identified particles’ pT-spectra with

Boltzmann-Gibbs blastwave distribution in O-O collisions at
√
sNN. = 7 TeV for

(0-5)% (left) and (70-100)% (right) centrality classes of Woods-Saxon, harmonic

oscillator density profiles, and α-clustered structure in oxygen nucleus. The fit-

ting ranges for each particle are comparable to those reported by ALICE [42].

The χ2-minimization method is used to fit the data, and the values of χ2 per

degree of freedom are displayed in each case in Fig 4.7.

The formula for invariant yield in the Boltzmann-Gibbs blastwave
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Figure 4.6: Centrality dependence of the squared speed of sound for pions, kaons,

and protons in O-O collisions at
√
sNN = 7 TeV [17].

E
d3N

dp3
= C

∫
d3σµp

µ exp(−p
µuµ
Tkin

). (4.10)

Where C is the normalisation constant. The four-momentum of a particle is

given by,

pµ = (mT coshy, pT cosϕ, pT sinϕ, mT sinhy), (4.11)

and the four-velocity is given by,

uµ = cosh ρ (cosh η, tanh ρ cosϕr, tanh ρ sin

ϕr, sinh η). (4.12)

Finally, the freeze-out surface is written as,

d3σµ = (cosh η, 0, 0,− sinh η) τ r dr dη dϕr. (4.13)

here, η is the space-time rapidity. Now, Eq. 4.10 is expressed as,

d2N

dpTdy

∣∣∣∣
y=0

= CpTmT

∫ R0

0

r dr K1

(mT cosh ρ

Tkin

)
I0(pT sinh ρ

Tkin

)
. (4.14)
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Figure 4.7: Blast-wave model fits to the transverse momentum (pT) spectra of

identified particles in O–O collisions at
√
sNN = 7 TeV. Left and right panels

represent the (0–5)% and (70–100)% centrality classes, respectively [17].

K1

(mT coshρ

Tkin

)
and I0

(pT sinhρ

Tkin

)
are modified Bessel’s functions, which are

given by,

K1

(mT coshρ

Tkin

)
=

∫ ∞

0

coshy exp
(
− mT coshy coshρ

Tkin

)
dy,

I0

(pT sinhρ

Tkin

)
=

1

2π

∫ 2π

0

exp
(pT sinhρ cosϕ

Tkin

)
dϕ,
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Figure 4.8: Variation of kinetic freeze-out temperature with transverse radial

flow velocity, obtained from simultaneous Boltzmann-Gibbs blast-wave fits to the

transverse momentum spectra of identified particles in O–O collisions at
√
sNN =

7 TeV [17].

where, ρ is given by ρ = tanh−1βT and βT(= βsξ
n) is the radial flow [43–46] .

Here, βs is the maximum surface velocity, r is the radial distance, and ξ is given

as (r/R0). The source’s maximum radius at freeze-out is R0.

According to this model, the particles near the fireball’s center move more

slowly than those near its edges. The average transverse velocity is calculated as

follows: [47],

⟨βT⟩ =
∫
βsξ

nξ dξ∫
ξ dξ

=
( 2

2 + n

)
βs. (4.15)

For our calculation, we kept n as a free parameter. Figure 4.8 depicts the ki-

netic freeze-out temperature versus transverse radial flow from a simultaneous fit

of identified particles’ pT-spectra with Boltzmann-Gibbs blastwave distribution

(Eq. 4.14) in O-O collisions at
√
sNN = 7 TeV. In all cases, the average transverse

flow (⟨βT ⟩) and the kinetic freeze-out temperature (Tkin) have a similar correlation

within uncertainties. Tkin is the lowest, and the transverse flow is the highest for
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the most central collisions (0–5% class). The larger system size in these collisions

leads to a prolonged hadronic phase and reduced Tkin. Additionally, the highest

radial flow is anticipated because of the largest system size. For Pb-Pb collisions

at LHC energies, a similar pattern is observed [42].

Table 4.4: Kinetic freeze-out temperature and transverse radial flow parameter

extracted from the Boltzmann-Gibbs blast-wave fit using Eq. 4.14.

Centrality(%) Woods-Saxon harmonic oscillator α-cluster

Tkin (GeV) ⟨βT ⟩ Tkin (GeV) ⟨βT ⟩ Tkin (GeV) ⟨βT ⟩

0–5 0.143 ± 0.013 0.65 ± 0.01 0.141 ± 0.016 0.67 ± 0.01 0.139 ± 0.012 0.66 ± 0.01

5–10 0.146 ± 0.015 0.64 ± 0.01 0.145 ± 0.007 0.66 ± 0.00 0.145 ± 0.015 0.65 ± 0.01

10–20 0.153 ± 0.019 0.63 ± 0.01 0.150 ± 0.231 0.65 ± 0.01 0.151 ± 0.021 0.64 ± 0.01

20–30 0.163 ± 0.014 0.61 ± 0.01 0.159 ± 0.015 0.63 ± 0.01 0.162 ± 0.012 0.63 ± 0.01

30–40 0.172 ± 0.018 0.59 ± 0.01 0.167 ± 0.016 0.61 ± 0.01 0.173 ± 0.014 0.61 ± 0.01

40–50 0.182 ± 0.017 0.57 ± 0.01 0.177 ± 0.022 0.58 ± 0.02 0.182 ± 0.016 0.58 ± 0.01

50–60 0.194 ± 0.013 0.54 ± 0.01 0.188 ± 0.013 0.56 ± 0.01 0.192 ± 0.014 0.56 ± 0.01

60–70 0.203 ± 0.015 0.52 ± 0.02 0.197 ± 0.014 0.53 ± 0.01 0.201 ± 0.016 0.53 ± 0.02

70–100 0.210 ± 0.015 0.50 ± 0.02 0.206 ± 0.008 0.50 ± 0.01 0.206 ± 0.016 0.50 ± 0.02

4.4.4 Particle ratios

Figure 4.9 depicts the pT-differential proton-to-pion and kaon-to-pion ratios in

O-O collisions at
√
sNN = 7 TeV for (0-5)% and (70-100)% centrality classes.

The ratios of both kaons to pions and protons to pions increase with pT. Since

the kaon-to-pion ratio reflects strangeness production, this indicates an enhance-

ment in strangeness as pT rises. This enhancement appears to be similar for

both centrality classes at low-pT. However, at intermediate-pT, the enhancement

is more pronounced for the (0-5)% centrality class. The proton-to-pion ratio,

which compares the lightest baryon to the lightest meson, serves as a proxy for

the baryon-to-meson ratio. For (70-100)%, the particle ratios do not exhibit any
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Figure 4.9: pT-dependent K/π (top) and p/π (bottom) ratios in O–O collisions

at
√
sNN = 7 TeV for central (0–5)% and peripheral (70–100)% events (left and

right panels, respectively [17].

dependence on the density profiles. The kaon-to-pion and proton-to-pion ratios,

however, increase for the (0-5)% centrality class at intermediate-pT for the har-

monic oscillator density profile in comparison to the Woods-Saxon density profile,

becoming noticeable at higher pT. The results for the harmonic oscillator density

profile are comparable to those for the α-clustered structure.

4.5 Anisotropic flow

Research on QGP focuses on examining all indirect indicators because QGP is a

very short-lived state due to the nature of strongly interacting matter. It under-

goes rapid expansion, and its evolution is effectively described through relativistic

viscous hydrodynamics and dissipative effects. This collective expansion of the

QGP embeds the initial-state collision geometry, as well as fluctuations in energy
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and entropy density, in the final-state multi-particle correlations [48–50]. The

Fourier coefficients (v2 and v3) of the azimuthal momentum distribution of the

final-state hadrons [51] are often quantified in order to study this as the medium

response to the initial eccentricity (ϵ2) and triangularity (ϵ3). Hydrodynamic

equations predict that QGP behaves as a perfect fluid, which is supported by

experimental observations of flow coefficients [52]. Thus, the presence of finite

flow coefficients is regarded as an indicator of the QGP’s hydrodynamic behavior

and, thus, thermalization in the early stages of the collision. Recent observa-

tions of similar signatures have been observed in small collision systems, such

as high-multiplicity pp collisions, where collectivity or hydrodynamic expansion

is typically not seen [53]. Hydrodynamics’ suitability for small collision systems

created in ultrarelativistic nuclear collisions is also called into question by these

findings. Because the system size of 16O–16O overlaps peripheral Pb–Pb collisions

and high-multiplicity pp collisions, it offers an opportunity to investigate the ori-

gin of flow-like signatures in small collision systems.

In this section, we investigate the eccentricity (ϵ2), triangularity (ϵ3), normal-

ized symmetric cumulants [NSC(2,3)], elliptic flow (v2), triangular flow (v3) in

16O-16O collisions at
√
sNN = 7 TeV. The constituent quark number scaling of

the elliptic flow is also reported.

4.5.1 Methodology for estimation of anisotropic flow (Two-

particle correlation method)

In non-central heavy-ion collisions, the collision overlap region is anisotropic in

space. In these collisions, the initial spatial anisotropies can be changed into mo-

mentum space azimuthal anisotropies by the pressure gradient of the thermalized

partonic medium. These azimuthal anisotropies of various orders can be mea-

sured using the coefficients of the Fourier series decomposition of the final-state
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particle momentum distribution, which are as follows:

E
d3N

dp3
=

d2N

2πpTdpTdy

(
1 + 2

∞∑
n=1

vn cos[n(ϕ− ψn)]

)
.

(4.16)

Here, ψn denotes the nth harmonic event plane angle, and ϕ denotes the

azimuthal angle of the final-state particles in the transverse plane [54]. n = 1

denoting directed flow, n = 2 denoting elliptic flow, and n = 3 denoting triangular

flow, vn is the nth-order anisotropic flow coefficient. The following method can

be used to estimate anisotropic flow coefficients of various orders:

vn = ⟨cos[n(ϕ− ψn)]⟩ (4.17)

It is difficult to determine the event plane angle in experiments, and Eq. 4.17

accounts for non-flow effects like resonance decay and jet contributions. How-

ever, by using a proper pseudorapidity gap, a two-particle correlation method to

estimate the flow coefficients can effectively reduce the non-flow contribution and

does not require the event-plane angle. The pseudorapidity dependence of ψn,

which is seen in the experiments, has been ignored in this study.

The following procedures can be used to determine the two-particle correlation

function, which is necessary in order to estimate the anisotropic flow coefficients

using the two-particle correlation method [55]:

1. The transverse momenta of each event are used to create two sets of par-

ticles, ”a” and ”b”. The trigger particles are indicated by ”a” and the

associated particle set by ”b”.

2. The relative pseudorapidities (∆η = ηa − ηb) and relative azimuthal angles

(∆ϕ = ϕa−ϕb) are calculated for each particle from the trigger group (”a”)

that pairs with each particle from the associate group (”b”).
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3. We determine the same event pairs (S(∆η,∆ϕ)) and mixed event pairs

(B(∆η,∆ϕ)). In the mixed event pair, ”a” and ”b” are from different

events, where ”a” pairs with ”b” from five randomly chosen events to elimi-

nate physical correlations. In the same event pair, both ”a” and ”b” belong

to the same event.

4. The correlation function for two particles (C(∆η,∆ϕ)) is calculated by di-

viding S(∆η,∆ϕ) by B(∆η,∆ϕ).

We employ final-state charged hadrons in this analysis to cover a wider range

of particles, with kinematic cuts as |η| < 2.5 and pT > 0.4 GeV/c. Carefully

chosen is the ∆η interval to exclude the jet peak region observed in the C(∆η,∆ϕ)

distribution. The 1D correlation C(∆ϕ) is obtained by implementing the interval

1.0 < |∆η| < 4.8 in our case.

C(∆ϕ) =
dNpairs

d∆ϕ
= A×

∫
S(∆η,∆ϕ)d∆η∫
B(∆η,∆ϕ)d∆η

. (4.18)

The normalization constant A in this case ensures that the number of pairs

in the same events and mixed events is equal at a given ∆η interval.

The pair distribution (Npairs) or 1D correlation function can be expanded into

a Fourier transform in ∆ϕ as follows:

C(∆ϕ) =
dNpairs

d∆ϕ
∝

[
1 + 2

∞∑
n=1

vn,n(p
a
T, p

b
T) cos(n∆ϕ)

]
. (4.19)

vn,n represents the two-particle flow coefficient. In this definition, the con-

volution of the particle pair removes the event plane angle. Now, vn,n can be

obtained as follows:

vn,n(p
a
T, p

b
T) = ⟨cos(n∆ϕ)⟩ (4.20)
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In terms of paT and pbT, vn,n are symmetric functions. The definition of har-

monics in Eq. 4.16 enters to Eq. 4.19, which can be written as:

dNpairs

d∆ϕ
∝

[
1 + 2

∞∑
n=1

vn(p
a
T)vn(p

b
T) cos(n∆ϕ)

]
. (4.21)

If collective expansion is what causes azimuthal anisotropy, then vn,n can be

factorized into the product of two single-particle harmonic coefficients.

vn,n(p
a
T, p

b
T) = vn(p

a
T)vn(p

b
T). (4.22)

From Eq. 4.22, vn can be estimated as:

vn(p
a
T) = vn,n(p

a
T, p

b
T)/

√
vn,n(pbT, p

b
T) (4.23)

Following the above steps, the nth-order coefficients of the azimuthal anisotropy

of all-charged particles can be obtained using AMPT model at the LHC energies,

along with identified particles like π±, K±, and p+ p̄ for the O-O collision system.

4.5.2 Eccentricity and triangularity

Eccentricity represents the elliptic shape of the overlap region of the colliding nu-

cleons, which is purely geometric; however, triangularity represents the triangular

shape of the region, which results from the event-by-event density fluctuations

in the collision overlap region. The initial geometrical anisotropies contribute

significantly to the anisotropic flow coefficients of the final-state hadrons. Eccen-

tricity has a significant impact on elliptic flow, while triangularity has a limited

influence on triangular flow (65-70%) for a minimally viscous fluid [56].

The eccentricity and triangularity are difficult to determine in experiments,

but they can be estimated in the AMPT model using the following expression

[57, 58]:
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ϵn =

√
⟨rn cos(nϕpart)⟩2 + ⟨rn sin(nϕpart)⟩2

⟨rn⟩
(4.24)

where r and ϕpart are the polar co-ordinates of the participants. In ϵn, n =

2 corresponds to eccentricity (ϵ2) and n = 3 corresponds to triangularity (ϵ3).

Fig. 4.10 shows the event averaged eccentricity (⟨ϵ2⟩) (left), triangularity (⟨ϵ3⟩)

(middle), and their ratios (right) for the Woods-Saxon density profile and α-

clustered structure in O-O collisions at
√
sNN = 7 TeV using AMPT model. As

the impact parameter of the collisions increases, the overlap region becomes sub-

stantially elliptic, and the value of ⟨ϵ2⟩ is shown to be increasing towards the

peripheral collisions. With the exception of mid-central situations, when the val-

ues of ⟨ϵ2⟩ are identical for both profiles, ⟨ϵ2⟩ is lower for the α-cluster case than

for the Woods-Saxon nuclear density profile for a given centrality class. This

suggests that the distribution of nucleons inside the nucleus plays a significant

role in the eccentricity, which is expected to be reflected in the anisotropic flow

coefficients, given the hydrodynamical behavior of the formed medium, even if

the number of participants in a collision is similar.
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Figure 4.10: Average eccentricity (⟨ϵ2⟩), triangularity (⟨ϵ3⟩), and ⟨ϵ3⟩/⟨ϵ2⟩ as a

function of centrality for Woods-Saxon and α-cluster nuclear density profiles in

O-O collisions at
√
sNN = 7 TeV, as obtained using the AMPT string melting

model [15].

Both the Woods-Saxon and α-cluster density profiles show a similar pattern

104



4.5 Anisotropic flow

of ⟨ϵ3⟩ as a function of centrality, with the mean triangularity increasing towards

the periphery of collisions due to the appearance of a more triangular shape. The

trend of ⟨ϵ3⟩ as a function of centrality shows a peculiar behaviour for the α-cluster

case, where the value decreases from central to mid-central collisions, reaches a

minimum, and then starts to increase again towards the peripheral collisions.

However, throughout the centrality selection, the Woods-Saxon nuclear density

profile value consistently surpasses the α-cluster structure, except for the most

central cases, which are (0–5)% and (5–10)%. Because of its greater triangularity

in the most centre collisions, the α-cluster structure may exhibit more notable

event-by-event changes in the participant distribution. A comparable analysis

employing AMPT for the most central (b = 0) O-O collisions at
√
sNN = 6.37

TeV is reported in Ref. [20]. When considering a particular nuclear profile option,

the reported values for ⟨ϵ2⟩ and ⟨ϵ3⟩ exhibit a similar pattern. While the ⟨ϵ3⟩

values are nearly equal to those in the current study, the ⟨ϵ2⟩ values in Ref. [20]

are larger. In contrast to the current study, which uses the initial participant

nucleons, this might be because the initial partons were used to estimate ⟨ϵ2⟩ and

⟨ϵ3⟩.

The right-most panel of Fig. 4.10 presents the ratio ⟨ϵ3⟩/⟨ϵ2⟩ as a function of

centrality for O-O collisions at
√
sNN = 7 TeV using AMPT, comparing Woods-

Saxon and α-clustered nuclear profiles. The ratio is significantly higher for the

α-clustered case in the most central collisions, while it fluctuates around unity

and aligns with the Woods-Saxon results in mid-central to peripheral collisions.

This indicates a strong interplay between collision geometry and nucleon distribu-

tion fluctuations. Only the α-clustered structure exhibits the exceptionally high

value of ⟨ϵ3⟩/⟨ϵ2⟩ in the most central collisions.

Figure 4.11 shows the distributions of eccentricity (ϵ2) and triangularity (ϵ3)

for the most central (0–5)% O–O collisions at
√
sNN = 7 TeV, calculated using

the AMPT model for both Woods-Saxon (left) and α-clustered (right) density
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Figure 4.11: Distributions of eccentricity (⟨ϵ2⟩) and triangularity (⟨ϵ3⟩) for the

most central O–O collisions at
√
sNN = 7 TeV, shown for Woods-Saxon (left) and

α-cluster (right) nuclear density profiles [15].

profiles. The ϵ2 distribution for the α-clustered structure exhibits a lower mean

and standard deviation compared to the Woods-Saxon case, suggesting a more

isotropic distribution of participating nucleons. In contrast, the ϵ3 distribution

is broader for the α-clustered configuration, indicating enhanced event-by-event

fluctuations in the initial geometry. Its standard deviation and mean value are

significantly higher. This suggests that the α-clustered structure has more in-

herent fluctuations even though the participant distribution is more isotropic in

shape. These aspects of the interaction between eccentricity and triangularity in

relation to different nucleon distribution profiles could be investigated using var-

ious correlation functions, such as the normalized symmetric cumulants, which

are discussed in the following subsection.

4.5.3 Normalized symmetric cumulants NSC(n,m)

We define the normalised symmetric cumulant coefficient NSC(n,m) to quantify

the positive or negative correlations between eccentricity and triangularity for

different nuclear density profiles with regard to collision centrality, which is given

by [59]:
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Figure 4.12: Centrality dependence of the normalized symmetric cumulant

NSC(2, 3) in O–O collisions at
√
sNN = 7 TeV, using Woods-Saxon and α-cluster

nuclear density profiles within the AMPT string melting model [15].

NSC(n,m) =
⟨εn2εm2⟩ − ⟨εn2⟩⟨εm2⟩

⟨ε2n⟩⟨ε2m⟩
. (4.25)

Figure 4.12 illustrates the normalized symmetric cumulant coefficient as a

function of centrality for both Woods-Saxon and α-clustered configurations in

O–O collisions at
√
sNN = 7 TeV, obtained using the AMPT string melting

model. An anti-correlation between the two variables is indicated by the negative

coefficient values. For the α-clustered example, we find a negative correlation up

to mid-central (20–30%). Accordingly, ⟨ϵ2⟩ and ⟨ϵ3⟩ only show anti-correlation

when the density profile is α-clustering. On the other hand, in the instance of the

Woods-Saxon density profile, we obtained positive correlations for all centralities.

4.5.4 Elliptic flow and triangular flow

Figure 4.13 illustrates the pT-integrated elliptic flow (left), triangular flow (mid-

dle), and their ratio (right) as functions of collision centrality in O-O collisions

at
√
sNN = 7 TeV, obtained using the AMPT model. Results are shown for both

Woods-Saxon and α-clustered nuclear density profiles. The α-clustered structure

shows a large centrality dependency, whereas the elliptic flow does not show a
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Figure 4.13: Integrated elliptic flow (⟨v2⟩) (left), triangular flow (⟨v3⟩) (middle),

and the ratio (⟨v3⟩/⟨v2⟩) (right) as a function of centrality in O-O collisions at
√
sNN = 7 TeV for both Woods-Saxon and α-cluster type nuclear density profiles

from AMPT model [15].

strong centrality dependence for the Woods-Saxon density profile. In contrast to

the Woods-Saxon profile, where the elliptic flow is finite but nearly constant with

centrality, the α-clustered structure’s elliptic flow value increases as one moves

from central to mid-central collisions, reaches a maximum around (20-30)% cen-

trality class, and then decreases towards peripheral collisions.

On the other hand, triangular flow for the α-clustered structure and the

Woods-Saxon density profile show similar patterns, with a peak at the central

collisions and a decline as one moves towards the peripheral collisions. The α-

clustered structure shows a more considerable triangular flow than the Woods-

Saxon density profile across all centrality classes. The right plot of Fig. 4.13

displays ⟨v3⟩/⟨v2⟩ as a function of centrality, and it appears to decrease for both

nuclear profiles as one moves towards the peripheral collisions. In the most cen-

tral and peripheral collisions for α-clustered structures, the value of ⟨v3⟩/⟨v2⟩ is

larger than the Woods-Saxon density profile. Interestingly, a sharp increase in the

⟨v3⟩/⟨v2⟩ ratio is observed in the most central collisions, as indicated by the right

panel of Fig. 4.10, which shows ⟨ϵ3⟩/⟨ϵ2⟩ as a function of centrality. This behavior

may suggest the presence of α-clustered structures in oxygen nuclei during O–O

collisions, which can be confirmed through further experiments.
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Figure 4.14: The ratio ⟨v2⟩/⟨ϵ2⟩ (left) and ⟨v3⟩/⟨ϵ3⟩ (right) for both Woods-Saxon

and α-cluster type nuclear density profiles for O-O collisions at
√
sNN = 7 TeV

from AMPT [15].

Fig. 4.14 depicts ⟨v2⟩/⟨ϵ2⟩ (left) and ⟨v3⟩/⟨ϵ3⟩ (right) as a function of centrality

for α-clustered structure and Woods-Saxon density profile for O-O collisions at
√
sNN = 7 TeV. Both nuclear profiles show a decrease towards the peripheral

collisions; however, for the α-clustered structure, both of these ratios are greater

than the Woods-Saxon density profile. ⟨v2⟩/⟨ϵ2⟩ and ⟨v3⟩/⟨ϵ3⟩ both characterise

how the medium affects the evolution of the flow coefficients, i.e., ⟨v2⟩ and ⟨v3⟩,

from initial eccentricities, i.e., ⟨ϵ2⟩ and ⟨ϵ3⟩, respectively. It is well established

that anisotropic flow coefficients of different orders are influenced differently by

the medium created in the collision. As the order of the flow harmonics increases,

their sensitivity to the medium’s viscosity also becomes more pronounced [60].

The observed enhanced values of ⟨v2⟩/⟨ϵ2⟩ and ⟨v3⟩/⟨ϵ3⟩ for α-clustered structure

may therefore be explained by a longer duration of the partonic or hadronic phase

of the collision system in comparison to the Woods-Saxon density profile.

4.5.5 Elliptic flow of light-flavor hadrons and NCQ scaling

Figure 4.15 displays the two-particle azimuthal correlation function C(∆ϕ) for

π±, K±, and p+ p̄ in the most central O-O collisions at
√
sNN = 7 TeV, plotted

over the relative azimuthal angle range ∆ϕ ∈ [−π/2, 3π/2]. The correlation is
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evaluated within a pseudorapidity gap of 1.0 < |∆η| < 4.8 and for transverse mo-

mentum 0.5 < paT, p
b
T < 5.0 GeV/c, effectively suppressing short-range non-flow

effects such as those from resonance decays and mini-jets. The prominence of the

peaks in the correlation function reflects the strength of the anisotropic flow.
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Figure 4.15: Two-particle azimuthal correlations of π±, K±, and p + p̄ in most

central O–O collisions at
√
sNN = 7 TeV, for Woods-Saxon and α-cluster nuclear

density profiles [15].

The magnitudes of the near-side peaks in both density profiles (∆ϕ ≃ 0) are

similar. For the α-cluster scenario, the two-particle azimuthal correlation function

shows an away-side (∆ϕ ≃ π) broadening and suppression. This effect becomes

more apparent when one moves from pion to kaon and ultimately to proton. The

more compact and dense fireball produced in nuclear collisions with α-clusters

may generate more violent interactions among partons, leading to this away-side

valley. This may also result in higher multiplicity than the Woods-Saxon scenario

in similar centrality bins [17]. The contribution to the triangle flow is increased

when there are two peaks on the away side. [57, 61].

In conclusion, comparing the C(∆ϕ) distributions of the Woods-Saxon nu-

cleus with the α-clustered nucleus reveals that the azimuthal correlation function

is dependent on the initial density profile of the nucleus. These findings are con-
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sistent with those found in Ref. [62]. It should be mentioned that away-side signal

suppression could be caused by residual jet-like correlations. Compared to pion

and kaon, the proton exhibits comparatively greater suppression in the medium

due to its mass.

Figure 4.16 illustrates the centrality dependence of the elliptic flow coefficients

(v2) for π
±, K±, and p+ p̄ in O-O collisions at

√
sNN = 7 TeV, for both Woods-

Saxon and α-clustered density profiles.
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Figure 4.16: pT dependence of elliptic flow (v2(pT)) for π
±, K±, and p+p̄ in O–O

collisions at
√
sNN = 7 TeV, obtained using both Woods-Saxon and α-cluster

charge density profiles for the oxygen nucleus [15].

For this study, three centrality bins, the most central (0-5)%, the intermediate

(20-30)%, and the noncentral (40-50)%, were chosen. In the Woods-Saxon sce-

nario, v2(pT) has a relatively weak dependence on centrality for the three types

of particles. In contrast to the other centrality bins, the α-clustered case exhibits

a greater v2(pT) in (20–30)% centrality. We argue that in the Woods-Saxon case,

the smaller system size does not permit much variation in v2 as a function of cen-
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trality, regardless of an increasing ϵ2. On the other hand, the α-cluster situation,

where the more compact geometry tends to produce a relatively denser medium,

introduces a variation of v2 with respect to centrality.

Moving on to the particle types, the elliptic flow of π±, K±, and p+ p̄ exhibits

a clear mass ordering at low pT. This is interpreted as arising from the interplay

between radial (symmetric) flow and anisotropic flow effects. The baryon-meson

flow separation occurs in the intermediate pT region, where baryons exhibit a

larger v2 compared to mesons. This is made possible by the hadronization quark

coalescence mechanism that is incorporated into the AMPT string melting model.

0 0.5 1 1.5 2
[GeV/c]

q
)/n0-ma

T
(m

0

0.1

0.2

q
/n 2v

-π++π
-

+K+K
pp+

WS
 < 5.0 GeV/cb

T
0.5 < p

| < 4.8η∆1.0 < |

 = 7 TeV (0-5)%NNsO-O, 

0 0.5 1 1.5 2
[GeV/c]

q
)/n0-ma

T
(m

0

0.1

0.2

q
/n 2v

WS

(20-30)%

0 0.5 1 1.5 2
[GeV/c]

q
)/n0-ma

T
(m

0

0.1

0.2

q
/n 2v

WS

(40-50)%

0 0.5 1 1.5 2
[GeV/c]

q
)/n0-ma

T
(m

0

0.1

0.2

q
/n 2v

-π++π
-

+K+K
pp+

-clusterα
 < 5.0 GeV/cb

T
0.5 < p

| < 4.8η∆1.0 < |

 = 7 TeV (0-5)%NNsO-O, 

0 0.5 1 1.5 2
[GeV/c]

q
)/n0-ma

T
(m

0

0.1

0.2

q
/n 2v

-clusterα

(20-30)%

0 0.5 1 1.5 2
[GeV/c]

q
)/n0-ma

T
(m

0

0.1

0.2

q
/n 2v

-clusterα

(40-50)%

Figure 4.17: The transverse kinetic energy dependence of the constituent-quark

number scaling of elliptic flow (v2) for π±, K±, and p + p̄ in O–O collisions at
√
sNN = 7 TeV is investigated using the AMPT model [15].

Figure 4.17 depicts the centrality dependence of v2(p
a
T)/nq scaling as a func-

tion of (mT −m0)/nq for π
±, K± and p + p̄ in O-O collisions at

√
sNN = 7 TeV

for both Woods-Saxon and α-cluster type nuclear density profiles. Here, KET =
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4.6 Nuclear modification factor

(mT −m0), where mT is the transverse mass and m0 is the particle’s rest mass,

and nq = 2 for mesons and nq = 3 for baryons. The elliptic flow of the con-

stituent quarks as a function of their transverse kinetic energy is quantitatively

displayed in these plots. As discussed earlier, the NCQ scaling is broken in Pb-

Pb collisions at the LHC energies within the AMPT framework. However, the

NCQ scaling is found to be valid in the Si-Si collision system at the same energy.

The scaling holds true for all centrality classes in O-O collisions, which is a much

smaller system, regardless of whether the nucleus is of the α-clustered type or

the Woods-Saxon type. Therefore, the NCQ-scaling behavior does not appear to

be affected by the existence of α-cluster geometry.

To better understand QGP-like effects, it is crucial to explore observable be-

haviour in various collision systems at the LHC with the same multiplicity en-

vironment. This strategy would significantly improve experimental efforts. This

idea can be investigated by comparing observables that are sensitive to medium

qualities in various system sizes. In summary, the new concept of final state multi-

plicity would drive system properties and bridge the gap across relevant colliding

species and centralities, making the study of ultra-relativistic O-O Collisions at

the LHC energy an important part of high-energy physics. In the following sec-

tion, we have observed the behavior of the nuclear modification factor (RAA) in

the same multiplicity environment between O-O ccollsiions at
√
sNN = 7 TeV and

Pb-Pb collsions at
√
sNN = 5.02 TeV. Additionally, we investigate the variation

of RAA across different rapidity intervals.

4.6 Nuclear modification factor

In this section, we examine the nuclear modification factor (RAA) for all-charged

hadrons and identified particles in O-O collisions at
√
sNN = 7 TeV. Table 4.5

shows the number of binary collisions (⟨Ncoll⟩) from the Glauber model, the num-
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ber of participating nucleons (⟨Npart⟩) from both AMPT and Glauber models,

and the average charged-particle multiplicity (⟨dNch/dη⟩) from AMPT and AL-

ICE [63] for O-O [17] and Pb-Pb collisions at
√
sNN = 7 TeV and 5.02 TeV

respectively, at mid-rapidity. Table 4.5 presents the results, which show that

the ⟨dNch/dη⟩ for the α-clustered density profile for (0-5)% of O-O collisions is

approximately equal to the ALICE [63] Pb-Pb collisions for (50-60)% centrality.

This is a remarkable finding regarding the role of multiplicities in relation to ther-

malization in small systems, as investigated by Landau in 1953 [64]. Van Hove

expanded on this finding later in 1982 when he used multiplicity as a probe to in-

vestigate the possibility of a quark-hadron phase transition in small systems [28].

This demonstrates how crucial multiplicities are to the investigation of under-

standing the effects of the generated QCD medium. In this sec. 4.4.1, we show

that the initial energy density generated in all O-O collision centralities are greater

than the threshold for a deconfinement transition predicted by lattice QCD. This

suggests the possibility of creating a QGP-like state in the oxygen nucleus col-

lisions. Thus, it is interesting to investigate the effects of the medium formed

in two distinct colliding systems (O-O and Pb-Pb), which have relatively similar

numbers of final state charged particle multiplicity at particular centralities but

differ in geometric overlap sizes [14]. Table 4.5 shows a discrepancy between the

expected ⟨dNch/dη⟩ for Pb-Pb collisions based on AMPT simulation and ALICE

experimental results. The discrepancy could be due to the AMPT model’s in-

ability to explain certain experimental results, as discussed in references. [65, 66].

Therefore, since multiplicities in these centralities are comparable, we continue to

examine the behaviors of RAA derived from ALICE results of (50-60)% centrality

in Pb-Pb collisions and AMPT simulation of O-O collisions at (0-5)% centrality.

We take into account both Woods-Saxon and α-clustered nuclear density profiles

for oxygen nuclei in order to present a thorough and comparable conclusion.

The well-known expression for RAA is as follows:
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Table 4.5: Average charged-particle multiplicity density (⟨dNch/dη⟩) [from AL-

ICE [63] and AMPT], number of participating nucleons (⟨Npart⟩) [from AMPT

and Glauber model], and number of binary collisions (⟨Ncoll⟩) [from Glauber

model] for O–O collisions [17] at
√
sNN = 7 TeV and for Pb–Pb collisions at

√
sNN = 5.02 TeV in the pseudorapidity range |η| < 0.5.

System
√
sNN [TeV] Centrality (%) ⟨Npart⟩[Glauber] ⟨Npart⟩ [AMPT] ⟨Ncoll⟩ [Glauber] ⟨dNch/dη⟩

O-O, α−cluster 7 0–5 29.43 ± 2.02 30.73 ± 2.06 55.12 ± 8.90 187.54 ± 0.14

O-O, Woods-Saxon 7 0–5 28.00 ± 2.06 29.26 ± 1.99 48.33 ± 9.43 161.07 ± 0.15

Pb-Pb 5.02 50–60 53.6 ± 1.2 50.20 ± 7.04 90.88 ± 33.00 183.00 ± 8.00 [ALICE]

235.25 ± 0.56 [AMPT]

RAA =
d2NAA/dpTdη

⟨Ncoll⟩d2Npp/dpTdη
(4.26)

where Npp and NAA represent the charged-particle yields in pp and A-A

collisions, respectively. The average number of binary collisions is ⟨Ncoll⟩ =

σNN
inel ⟨TAA⟩, where σNN

inel is the total inelastic nucleon-nucleon cross section and

⟨TAA⟩ is the mean nuclear thickness function. For O-O collisions, the ⟨Ncoll⟩ val-

ues are derived from Ref. [17], while for Pb-Pb collisions, they are obtained using

the Glauber model’s impact parameter determination [67–69].

We begin by comparing the transverse momentum (pT) spectra from pp and

Pb–Pb collisions with corresponding ALICE experimental data to evaluate the

accuracy of the AMPT simulations. After that, we calculated the nuclear modifi-

cation factor for charged hadrons in O-O collisions at
√
sNN = 7 TeV. To investi-

gate the impact of scaling on the estimation of the nuclear modification factor, we

utilize both ALICE experimental data and AMPT simulations for particle yields

in pp collisions. For scaling using ALICE experimental (AMPT simulated) data,

we define RExp
AA (RAMPT

AA ). However, the AMPT simulation is the only source of

the corresponding yields from O-O and Pb-Pb collisions. The effect of Woods-
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Saxon and α-clustered nuclear density profiles on the nuclear modification factor,

including contributions from identified particles, is also examined. The choice of

phase space is likely to have an impact on this observable, which depends on basic

quantities like rapidity (y). To account for this fact, we have also examined how

the nuclear modification factor depends on the collisions’ centrality and rapidity

(y).

4.6.1 Simulation validation using pT-spectra

Particle production yield and transverse momentum (pT) spectra are crucial for

understanding particle production in ultra-relativistic collisions. The dynamics

of QCD matter can be better understood by examining high-pT particle pro-

duction and parton energy loss. Partons lose energy while moving through a

medium, which results in parton splitting and gluon emission. The main objec-

tive of heavy-ion collisions is, therefore, to comprehend the mechanism of parton

energy loss. The energy loss can be calculated by comparing the pT-spectra of

proton-proton (pp) collisions with heavy-ion collisions at the same energy. To

comprehend the mechanism through which hard particles lose energy as they

move through the medium, a detailed examination of RAA is necessary. However,

as indicated in Eq. 4.26, estimation of this observable requires input from both

pp and heavy-ion collisions. For this reason, the tuning of the simulation is first

validated by comparing the pT spectra of all charged particles from AMPT with

the corresponding ALICE experimental data. The setting for pp simulations in

AMPT is reported in Ref. [37].

Figure 4.18 illustrates this comparison in Pb-Pb collisions at
√
sNN = 5.02

TeV for (50-60)% centrality, and Fig. 4.19 illustrates the comparison of charged

particle pT-spectra in pp collisions at
√
s = 5.02 TeV (left) and 7 TeV (right) for

minimum bias respectively. This comparison shows the experimental data and

the AMPT spectral shape agree well toward the high-pT (> 4 GeV), but there is
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Figure 4.18: Comparison between the transverse momentum (pT) spectra of

charged particles from AMPT simulations and ALICE experimental data [70]

for Pb–Pb collisions at
√
sNN = 5.02 TeV. The statistical uncertainties lie within

the marker size [37].

a reasonable degree of deviation from the experimental results toward the low-pT

region. However, this also indicates, within uncertainties, that the experimental

results within the acceptable range are quantitatively matched by the tuning of

the AMPT simulation used in this work.

Figure 4.20 compares the pT-spectra of identified particles from the AMPT

simulated data at
√
s = 5.02 and 7 TeV with the ALICE experimental [72, 73]

results respectively. These comparisons show that pions from AMPT show com-

paratively good agreement with the experimental data when uncertainties are

taken into account, especially in the high-pT region. However, there are notable

differences between protons and kaons. It is clear that kaons and protons match

the experimental data more closely as we move towards low-pT ranges (< 1 GeV),
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Figure 4.19: Comparison between the transverse momentum (pT) spectra of

charged particles from AMPT simulations and ALICE experimental data for pp

collisions at
√
s = 5.02 TeV (left) [70] and

√
s = 7 TeV (right) [71]. The statisti-

cal uncertainties are within the marker size [37].

but there is still a discernible difference for pions. It is worth noting that, the

scaling of RAA throughout in the remainder of the article takes into account pT-

spectra in pp collisions from both AMPT and ALICE [70–73].

We proceed to obtain RAA in ultra-relativistic O-O collisions after the compar-

ison and simulation validation mentioned above. This system lies between Pb-Pb

and pp collisions in terms of final-state multiplicity [74]. Though, the mean num-

ber of participants (⟨Npart⟩) in the most central (0-5)% O-O collisions is said to

be comparable to the ⟨Npart⟩ in peripheral (60-70)% Pb-Pb collisions [17, 75] in

the MC-Glauber model computation. However, it has been observed that the

charged particle multiplicity from AMPT simulations of O–O collisions in the

(0–5)% centrality class is comparable to that of the (50–60)% centrality class in

Pb–Pb collisions [17]. This fact is expected to be reflected in the pT-spectra. In

Fig. 4.21, we have shown charged particle pT-spectra for the most central O-O col-

lisions , taking into account both α−clustered and Woods-Saxon density profiles.
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These results are compared with ALICE data corresponding to the (50–60)% and

(60–70)% centrality classes in Pb–Pb collisions at
√
sNN = 5.02 TeV.
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Figure 4.20: Comparison between the transverse momentum (pT) spectra of iden-

tified particles from AMPT simulations and ALICE experimental data for pp col-

lisions at
√
s = 5.02 TeV (left) [72] and

√
s = 7 TeV (right) [73]. The statistical

uncertainties are within the marker size [37].

It can be seen that in the lower panel of Fig. 4.21, the results for O–O collisions

at
√
sNN = 7 TeV for (0-5)% centrality for both density profiles shows good

agreement with the results for Pb-Pb collisions at
√
sNN = 5.02 TeV for (50-60)%

centrality classes within uncertainties. Based on this observation, a comparative

study is carried out in this work between the most central O–O collisions ((0–5)%)

and mid-central Pb–Pb collisions ((50–60)%).

4.6.2 Nuclear modification factor (RAA) vs. transverse

momentum spectra (pT)

To ensure the reliability of RAA predictions for the oxygen system, we first vali-

dated the AMPT model by evaluating its performance in describing this observ-

able in Pb–Pb collisions. Fig. 4.22 illustrates the model-based investigation and
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Figure 4.21: Comparison of the transverse momentum (pT) spectra of charged

particles from AMPT simulations for central (0–5)% O–O collisions at
√
sNN =

7 TeV with the peripheral (50–60)% and (60–70)% ALICE results [70] for Pb–Pb

collisions at
√
sNN = 5.02 TeV. The statistical uncertainties are within the marker

size [37].

comparison of ALICE results for all charged hadrons. These figures illustrate the

pT dependence of RAA for both charged hadrons and identified particles in the

(50–60)% centrality class of Pb–Pb collisions at
√
sNN = 5.02 TeV.

The estimation of RAA using collision results from pp collisions from ALICE

(AMPT) data is shown in Figure 4.22 left (right). The AMPT simulation pro-

vides the Pb-Pb yields for both figures. The comparison shows that the simulated

and experimental data for pT < 4 GeV differ significantly. As seen in Fig. 4.18,

this discrepancy might be the consequence of a deviation in the particle’s pT-

spectra towards the low-pT range. At pT > 3 GeV, protons are also observed to

be less suppressed than other hadrons. The difference in species-specific suppres-

sion implicates radial flow to a mass ordering toward pT < 1.5 GeV [42]. For
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Figure 4.22: Nuclear modification factor of charged hadrons and identified par-

ticles in Pb–Pb collisions at
√
sNN = 5.02 TeV for the (50–60)% centrality class.

The top-left plot shows the results obtained using the pp yield from ALICE ex-

perimental data and the Pb–Pb yield from AMPT simulations. The top-right

plot displays the nuclear modification factor computed using both pp and Pb–Pb

yields from AMPT simulations [37, 70].

pT > 4 GeV, a good agreement between the experimental results and the AMPT

model is found.
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Figure 4.23: Nuclear modification factor (RAA) for all charged hadrons (h±) and

identified particles (π±, K±, and p + p̄) in O–O collisions at
√
sNN = 7 TeV is

shown for three centrality classes: (0–5)% [Left], (30–40)% [Middle], and (60–

70)% [Right]. The calculations are based on AMPT simulations with an α-

clustered nuclear structure, using the pT spectra from ALICE pp data to estimate

RAA [37].
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Figure 4.24: Nuclear modification factor (RAA) for all charged hadrons (h±) and

identified particles (π±, K±, and p + p̄) in O–O collisions at
√
sNN = 7 TeV is

shown for three centrality classes: (0–5)% [Left], (30–40)% [Middle], and (60–

70)% [Right]. The results are obtained using AMPT simulations with an α-

clustered nuclear structure, where the pT spectra from AMPT pp collisions are

used as the baseline to calculate RAA [37].
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Figure 4.25: Nuclear modification factor (RAA) for all charged hadrons (h±) and

identified particles (π±, K±, and p + p̄) in O–O collisions at
√
sNN = 7 TeV is

presented for three centrality classes: (0–5)% [Left], (30–40)% [Middle], and (60–

70)% [Right]. The results are obtained using the AMPT model with a Woods-

Saxon nuclear density profile, employing pT spectra from ALICE pp data to

calculate RAA [37].

Now we are proceeding with estimating RAA in O−O collisions at
√
sNN = 7

TeV. However, we took into consideration both α−clustered (Fig. 4.23 and 4.24)

and the Woods-Saxon (Fig. 4.25 and 4.26) density profiles in order to investigate

the impact of the nuclear density profile on the production of charged particles.

Additionally, Figures 4.23 and 4.24 present the results obtained by applying scal-

122



4.6 Nuclear modification factor

0 1 2 3 4 5 6 7 8 9 10

 [GeV/c]
T

p

0

0.5

1

1.5

2

2.5

3
A

A
A

M
P

T
R

| < 0.8η = 7 TeV, |NNsO-O, 

WS, (0-5)%
 ±h

±π
±K

pp + 

0 1 2 3 4 5 6 7 8 9 10

 [GeV/c]
T

p

0

0.5

1

1.5

2

2.5

3

A
A

A
M

P
T

R (30-40)%

0 1 2 3 4 5 6 7 8 9 10

 [GeV/c]
T

p

0

0.5

1

1.5

2

2.5

3

A
A

A
M

P
T

R (60-70)%

Figure 4.26: Nuclear modification factor (RAA) for all charged hadrons (h±) and

identified particles (π±, K±, and p + p̄) in O–O collisions at
√
sNN = 7 TeV is

shown for three centrality intervals: (0–5)% [Left], (30–40)% [Middle], and (60–

70)% [Right]. The results are based on AMPT simulations using a Woods-Saxon

nuclear density profile, with pT spectra from AMPT pp collisions used as the

baseline to estimate RAA [37].

ing based on ALICE experimental data and AMPT simulations, respectively, to

reflect the effect of scaling the nuclear modification factor (RAA) with the pT

spectra from pp collisions. For the most central (0–5%), mid-central (30–40%),

and peripheral (60–70%) collisions, the findings are shown. A clear mass order-

ing among π±, K±, and protons remains conserved towards pT < 2 GeV, despite

changes in density profiles and/or centralities, as can be shown from figures (4.23

- 4.26). But for both density profiles above pT > 2 GeV, this pattern appears to

break out. Using pT-spectra of pp collisions from AMPT (Fig. 4.24, 4.26) reveals

that the RAA values are greater than those obtained using ALICE (Fig. 4.23,

4.25). Furthermore, a similar pattern is seen among the particles found in the

most central collisions, which is in line with the results in Ref. [76], where mesons

like ϕ(1020) and K∗0(892) show lower RAA values than protons at high pT. This

behaviour suggests that there may be a baryon-meson ordering.

In Fig. 4.27, the effects of density profiles for O−O collisions are further ex-

amined. Here, we consider α−clustered and Woods-Saxon density profiles and

investigate the ratio of RAA of all charged hadrons using the transverse momen-

tum at different centralities. One can observe that at the most central collisions
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Figure 4.27: Ratio of the nuclear modification factor (RAA) obtained using the

α-clustered nuclear structure to that using the Woods–Saxon density profile for

all charged hadrons (h±) in O–O collisions at
√
sNN = 7 TeV. The shaded region

represents the statistical uncertainties [37].

[(0-5)%], Woods-Saxon and α−clustered density profiles have similar effects on

charged hadron yield. However, taking into account the uncertainties, it is clear

that nuclei with oxygen and α-clustered density profiles affect particle produc-

tion more than those with Woods-Saxon profiles, especially in mid-central [(30–

40)%] to peripheral [(60–70)%] collisions. This suggests that, in contrast to the

Woods-Saxon density profile, colliding nuclei with α−clustered structure produce

a compact and denser fireball, especially in relatively non-central collisions. This

finding contributes to a better understanding of the intricate physics at work

in O−O collisions by illuminating the complex relationship between the internal

structure of the nuclei, collision dynamics, and the subsequent particle production

processes.

On further investigation of Fig. 4.23, 4.24, and Fig. 4.25, 4.26 it is observed

in the intermediate pT range, (1.5 GeV < pT < 3.0 GeV) RAA is seen to peak be-

fore dropping at higher-pT. The decline can be attributed to a single energy loss

mechanism that affects all particle species at high pT [70, 77]. In low and mid-

pT regions, radial boosts and pT-broadening contribute to observed trends [78].
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Figure 4.28: Ratio of the nuclear modification factor (RAA) for charged hadrons

in Pb–Pb collisions at
√
sNN = 5.02 TeV for the (50–60)% centrality class to that

in O–O collisions at
√
sNN = 7 TeV for the (0–5)% centrality class. The statistical

uncertainties are within the marker size [37].

Radial boosts reduce RAA in the low-pT region by pushing particles with low-pT

toward higher pT regions [77]. However, a noticeable peak in the pT spectrum re-

sults from pT-broadening brought on by several parton interactions. Furthermore,

we find that most central collisions exhibit more suppression than peripheral col-

lisions. This might be explained by the comparatively higher energy densities of

the central collisions.

The (0–5)% centrality class of O–O collisions and the (50–60)% class of Pb–

Pb collisions show similar charged-particle multiplicities, as described in Sec-

tion 4.6.1. We compare the ratio of RAA in Pb–Pb (50–60%) collisions to that

in O–O (0–5%) collisions for all charged hadrons in order to investigate the ef-

fect of this similarity on the nuclear modification factor. Both α-clustered and

Woods-Saxon density profiles for the oxygen nuclei are used in the investigation.

This ratio of the RAA value in Pb-Pb collisions is lower than in O-O collisions,

as Figure 4.28 illustrates. In Pb-Pb collisions, the suppression effect is more

pronounced than in O-O collisions with similar multiplicity ranges. In compar-
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ison to O–O collisions at the same multiplicity, Pb–Pb collisions have a radius

that is almost 60% larger (Ref. [14]). This finding implies that partons travel

a longer path length when they propagate through a dense medium formed in

Pb-Pb collisions (relatively bigger nuclei). In comparison to O-O collisions, this

longer path length leads to a higher energy loss. This finding is consistent with

the study reported in Ref. [79] that looked at the RAA for Pb-Pb collisions and

Xe-Xe collisions at comparable multiplicity.

4.6.3 RAA variation with η
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Figure 4.29: Rapidity dependence of the nuclear modification factor for charged

hadrons in O–O collisions at
√
sNN = 7 TeV for the 0–5% centrality class. [37].

We know that the gluon-rich medium is the main source of particle produc-

tion at mid-rapidity. The constituent quarks control the particle production

mechanism at forward rapidity. Therefore, it is interesting to study the rapidity

dependence on the relative yield of the particles produced in ultra-relativistic

collisions. Figure 4.29 shows RAA for all charged hadrons in (0-5)% centrality

class at mid (|η| < 0.8) and forward (2 < η < 5) rapidity interval for both α-

cluster and Woods-Saxon density profiles in O-O collisions at
√
sNN = 7 TeV. It

should be noted that the selected rapidity regions were taken from Ref. [17]. The

open and closed markers represent the nuclear modification factors evaluated at
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forward and mid rapidity, respectively. Figure 4.29 shows that the AMPT model

predicts a lower yield of charged particles at forward rapidity compared to mid-

rapidity, particularly for pT ≈ 3 GeV. All charged particles are, however, equally

suppressed at mid and forward rapidity at pT > 3 GeV. It means that particles

traveling at high speeds are not affected by the distribution of the phase space.

The phenomenon indicates that the fastest-moving particles leave the system be-

fore experiencing any significant energy loss in the medium. At a given rapidity,

we have also found that the nuclear modification factor is independent of the

alpha-cluster and Wood-Saxon density profiles.

4.7 Summary

Section 4.4: In this work, we use a multi-phase transport model (AMPT) to pro-

vide the predictions for global properties in O-O collisions at
√
sNN = 7 TeV.

As a function of collision centrality, we present the kinetic freeze-out parame-

ters, pT-spectra, squared speed of sound, transverse mass, Bjorken energy den-

sity, pseudorapidity distributions, mid-rapidity charged-particle multiplicity, and

transverse mass. The findings are shown for Woods-Saxon and harmonic oscilla-

tor nuclear density profiles, as well as the α-clustered structure included for the

oxygen nucleus. Changing the density profile from Woods-Saxon to the harmonic

oscillator and implementing α-clustered in the nucleus results in a modification

in average charged-particle multiplicity, which is also reflected in the initial en-

ergy density, as one would expect. All collision centralities in O-O collisions at
√
sNN = 7 TeV yield an initial energy density that is typically larger than the

value anticipated by lattice QCD for a deconfinement transition, indicating the

possibility of QGP production. Additionally, the current research also shows a

comparable freeze-out temperature and a significant radial flow.

Section 4.5: The effects of Woods-Saxon and α-clustered nuclear geometry
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on eccentricity and triangularity, as well as their correlations, elliptic flow, trian-

gularity flow, and NCQ scaling in O-O collisions at
√
sNN = 7 TeV, have been

studied in this section. We note,

1. Eccentricity and triangularity are observed to vary with density profiles.

However, the consequences are more obvious in the most central case, where

the initial state has greater triangularity than eccentricity for a α-clustered

oxygen nucleus, compared to the standard Woods-Saxon distribution.

2. Using normalized symmetric cumulants, we found a stronger association

between eccentricity and triangularity in the Woods-Saxon density pro-

file compared to the α-clustered structure. In the central collisions, the

α−clustered nucleus shows a negative NSC (2,3) value.

3. The elliptic flow in the Woods-Saxon type nucleus is found to have a weak

dependence on collision centrality. However, in the α−clustered nucleus,

the elliptic flow increases from central to mid-central collisions, then drops

from mid to periphery collisions.

4. We found that the ⟨v3⟩/⟨v2⟩ is higher for the α−clustered nucleus compared

to the Woods-Saxon scenario.

5. The two-particle azimuthal correlation function [C(∆ϕ)] of the identified

particles is broadened away-side by the α-clustered type nucleus. This

implies a more compact system formation in the nucleus of the α-clustered

system.

6. The number-of-constituent-quark (NCQ) scaling holds across all centrality

classes, for both Woods-Saxon and α-clustered nuclear configurations. This

observation is significant as it indicates the formation of a deconfined par-

tonic medium in O-O collisions at
√
sNN = 7 TeV and the appearance of

partonic collectivity.
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Section 4.6: Here we examine the nuclear modification factor (RAA) for O-O

collisions at
√
sNN = 7 TeV at the LHC. We observe the behavior of the nu-

clear modification factor between O-O and Pb-Pb collisions at similar multiplic-

ity environments. We also investigate the dependence on density profiles, such as

α-clustered and Wood-Saxon patterns. Lastly, we examine how the nuclear mod-

ification factor for O-O collisions at
√
sNN = 7 TeV depends on rapidity. The key

conclusions regarding O–O Collisions from this section are summarized below:

1. Regardless of the density profiles utilised, it is found that the nuclear mod-

ification factor (RAA) of charged hadrons and identifiable particles for O-O

collisions is smaller for the most central (0-5)% collisions than for the pe-

ripheral collisions (60-70)%.

2. The mass-ordering of the identified particles is shown to be constant in

the low-pT region (< 2 GeV), regardless of variations in centralities and/or

density profiles. However, for pT > 2 GeV, this behavior changes, and a

distinct baryon-meson separation becomes apparent at higher pT, especially

in the most central collisions.

3. Using the pT-spectra of pp collisions from the AMPT simulation, we found

that the RAA values show higher values than those obtained using ALICE

data. This illustrates the inadequacy of the AMPT Model by proving that

pp collisions at ALICE produce more hadrons than the AMPT simulation.

4. The analysis of RAA for identified particles and charged hadrons shows that,

in contrast to the Woods-Saxon density profile, α-clustered density profiles

have a stronger effect on particle generation in mid-central and peripheral

collisions than in most central collisions. A denser fireball may be produced

by collisions between nuclei with α-clustered structure, particularly in non-

central collisions.
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5. We found that Pb-Pb collisions with a centrality of 50-60% exhibit stronger

suppression than O-O collisions with a centrality of 0-5% while having the

same final state multiplicity. This emphasizes the role of system size in

hadron production, as Pb–Pb collisions provide a significantly larger nuclear

medium compared to O–O collisions.

6. For charged hadrons in O-O collisions at
√
sNN = 7 TeV, we found a much

reduced yield at forward rapidity compared to mid-rapidity in the context

of rapidity dependency. The nuclear modification factor within a given

rapidity window is observed to be independent of the choice of nuclear

density profiles.
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Chapter 5

Summary

This thesis reports the first measurements of barrel charged-particle multiplic-

ity at midrapidity in pp collisions at
√
s = 13.6 TeV with ALICE at the LHC.

We studied how the number of generated and reconstructed charged particles

is related and found a clear linear correlation. The average number of charged

particles was calculated for different multiplicity ranges. The J/ψ particle is iden-

tified through its decay into two muons (J/ψ → µ+µ−) using the ALICE muon

spectrometer. We used tracks coming from the primary vertex within the pseudo-

rapidity range |η| < 0.8 to estimate the charged particle multiplicity. An iterative

Bayesian unfolding method was used to correct the raw track counts to get the

true number of charged particles. The muon spectrometer also allows us to detect

muons with very low transverse momentum (pT ), in the range −4.0 < η < −2.5.

Further, we have corrected the multiplicity distribution by taking care of the ef-

ficiency estimated from MC data. The J/ψ number is extracted from different

multiplicity bins with an integrated multiplicity bin by fitting invariant mass spec-

tra to the CB2+VWG function. Further, we estimate the relative self-normalized

J/ψ yields with respect to self-normalised charged particle multiplicity. At last,

we estimate the ratio of self-normalized ψ(2S)-over-J/ψ yields as a function of

self-normalised charged particle multiplicity.
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Further in this thesis, we investigate light-flavor observables in O–O collisions

at
√
sNN = 7 TeV, using the A Multi-Phase Transport (AMPT) model. The aim

is to characterize collective dynamics and probe the possibility of QGP formation

in O-O collisions. We have studied the global observables in O-O collisions with

implementing different nuclear density profiles. These are Woods-Saxon, har-

monic oscillator, and α-clustered configurations. Using these density profiles, we

have observed the Bjorken energy density, pseudorapidity distributions, squared

speed of sound, freeze-out parameters, and particle ratios. By changing the nu-

clear density profile from Woods–Saxon to harmonic oscillator and implementing

an α-clustered structure, we observe a noticeable modification in the average

charged-particle multiplicity. This alteration also reflects in the initial energy

density, which remains above the lattice QCD-predicted threshold for deconfine-

ment across all centralities, suggesting that O–O Collisions at LHC energies can

potentially form a QGP-like state. The squared speed of sound (c2s) has been

estimated in O–O collisions at
√
sNN = 7 TeV. We found a minimal dependency

of c2s on centrality classes. Additionally, a strong radial flow and freeze-out tem-

peratures comparable to those observed in Pb–Pb collisions are also reported,

supporting the formation of a thermalized medium in O–O collisions.

Further, we investigate the influence of different nuclear density profiles, i.e,

Woods-Saxon and α-clustered, on the initial geometry and final-state observables

in O–O collisions at
√
sNN = 7 TeV. The initial-state eccentricity and triangular-

ity are found to vary with the chosen profile, with the α-clustered structure ex-

hibiting more triangularity than eccentricity in the most central collisions. Using

normalized symmetric cumulants, we observe a stronger correlation between ec-

centricity and triangularity for the Woods-Saxon case, while a negative NSC(2,3)

value appears in the central events for the α-clustered nucleus, reflecting distinct

geometric fluctuations. The elliptic flow (v2) shows only a mild dependence on

centrality for the Woods-Saxon profile, whereas for the α-clustered configuration,

138



v2 increases from central to mid-central collisions before decreasing in peripheral

events. Additionally, the ratio ⟨v3⟩/⟨v2⟩ is enhanced towards central collisions in

the α-clustered scenario, indicating stronger triangular flow contributions. Two-

particle azimuthal correlations reveal an away-side broadening for the α-clustered

nucleus, suggesting a denser and more compact system. Finally, the validity of

the number-of-constituent-quark (NCQ) scaling across all centralities for both

profiles points to the emergence of partonic collectivity and the possible forma-

tion of a deconfined medium in these small collision systems.

Furthermore we have studied the nuclear modification factor (RAA) in O–O

collisions at
√
sNN = 7 TeV. We observe that both charged hadrons and identified

particles show a clear centrality dependence, with stronger suppression observed

in the most central (0–5%) collisions compared to peripheral (60–70%) collisions,

irrespective of the nuclear density profile. At low transverse momentum (pT < 2

GeV), a consistent mass ordering among identified particles persists across all cen-

tralities and density profiles, while at higher pT, this ordering transitions into a

distinct baryon-meson separation, particularly evident in central collisions. Com-

parisons with reference pp spectra from AMPT simulations reveal that the RAA

values are systematically higher than those obtained using ALICE pp data, in-

dicating an overestimation of hadron production in AMPT. Furthermore, the

impact of the α-clustered structure becomes more significant in mid-central and

peripheral collisions than in the most central ones, suggesting the formation of

a denser fireball in non-central collisions for clustered nuclei. Additionally, it

is observed that at similar final-state multiplicities environment, the (50–60)%

centrality class in Pb–Pb collisions shows stronger suppression than the (0–5)%

centrality class in O–O collisions. This highlights the crucial role of system size,

with Pb–Pb collisions producing a denser and larger environment than O–O colli-

sions. Finally, it is observed that the yield of charged hadrons is lower at forward

rapidity than at mid-rapidity, though the rapidity-dependent RAA remains unaf-
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fected by the choice of density profile.
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