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Abstract

The Large Hadron Collider (LHC) serves as an experimental platform to test theoretical

predictions of the Standard Model. The Standard Model is a framework for particle physics

that describes, in detail, all elementary particles and their interactions through electromag-

netic, strong, and weak forces, which are three of the four fundamental forces in nature.

A Large Ion Collider Experiment (ALICE) is one of the major experiments at the LHC

at CERN, Geneva. It focuses on collecting data from high-energy heavy-ion collisions,

aiming to recreate and study a new state of nuclear matter, known as Quark-Gluon Plasma

(QGP) which is believed to have existed at the beginning of the universe. Thus, investigat-

ing relativistic heavy-ion collisions with ALICE is similar to probing the early universe.

QGP is a state of matter where the constituent partons (quarks and gluons) are free particles

rather than being confined within hadrons where they are glued to each other through the

strong force. These interactions between fundamental particles that form hadrons is ex-

plained by the theory of strong interactions, known as Quantum Chromodynamics (QCD).

By analyzing heavy-ion collision data, researchers can investigate formation of QGP and

its properties, such as temperature, energy density, viscosity etc..

Confirmed experimental signals of QGP formation have been observed in the data com-

ing from the heavy-ion collisions at the Relativistic Heavy Ion Collider (RHIC) at BNL,

USA and at the LHC. Experimental results from these colliders, combined with theoretical

advances from various frameworks have greatly expanded our understanding of the prop-

erties of hot QCD matter. The QGP produced in these collisions behaves as a strongly

coupled liquid, resembling a near-ideal Fermi liquid with the lowest specific viscosity ever

measured, indicating almost no frictional resistance. Studying this newly formed matter

at range of temperatures is essential to accurately characterize its properties and firmly es-

tablish the QCD theory. To achieve this goal, the LHC is designed to reach 5.5 A TeV for

Pb-Pb collisions, allowing higher energy densities and temperatures conducive for the for-

mation of QGP. It provides an opportunity to understand not only the properties of the QGP

but also the mechanism of hadronization that occurs as the QGP cools and transitions from

state of free quarks and gluons to hadronic matter. Direct observation of QGP is challeng-

ing due to its short lifetime (about 10 fm/c), as it rapidly thermalises and expands, forming

hadron gas. Indirect methods are therefore used to identify the formation of the QGP. In

addition to heavy-ion collisions, LHC also collides smaller systems such as proton-proton

(pp) and proton-lead (p-Pb).

Numerous observables that can serve as evidence to qualify and quantify the creation of

QGP have been proposed which can serve as a test for QCD theory. Among these fluctua-

tions in physical measurables from the heavy-ion collisions serve as an important signal of

QGP formation. Since fluctuations are inextricably linked to particle correlations, studying
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fluctuations provides valuable insight into the mechanisms behind the multiparticle produc-

tion in high-energy collisions and other properties, such as the initial energy density, the

nature of particle interactions, and the dynamics of the system as it evolves, etc.. Specif-

ically fluctuations in multiplicity distributions are critical for determining the properties

of the QGP. Multiplicity fluctuations are sensitive to the presence of critical point in the

QCD phase diagram. At the critical endpoint (CEP), where the correlation length diverges,

the systems undergoing phase transition exhibits large fluctuations in various observables,

such as particle multiplicity, transverse momentum, temperature, pion to kaon ratio, etc..

At CEP the system becomes scale-invariant and self-similar, like the critical opalescence

in quantum electrodynamic (QED) systems and leads to significant local density fluctua-

tions. So studying these changes is a good way to understand the type of phase transition,

find the critical point on the phase diagram, grasp how particles are produced in heavy-ion

collisions, and therefore learn about how the matter created in those collisions evolves over

time.

The transition from QGP to a hadronic state may preserve, or "freeze in," fractal fluc-

tuations. Thus one can also probe QGP formation and dynamics through the analysis of

fractal properties in the distribution of hadrons produced in high-energy collisions and

can serve as a potential signal of the QCD phase transition. Fractal structures are mani-

fested as intermittent fluctuations in kinematic phase space that exhibit power-law scaling,

a characteristic signature of self-similar cascades and a hallmark of fractal systems. Obser-

vation of multifractality–where the scaling behaviour varies across different scales–in the

phase space indicates complex, non-equilibrium dynamics, further reinforcing the connec-

tion between fractal patterns and the underlying physics of the QCD phase diagram. Thus

observation of self-similarity, scaling behaviour, and intermittency in final-state particle

distributions suggest a deep connection between QGP phenomena and critical behaviour

associated with phase transitions.

One of the effective methods for examining fluctuations in the system created in heavy-

ion collisions is to carry event-by-event study of the obsevables. This approach involves

measuring a particular observable for each event and then studying fluctuations in the ob-

servable across the ensemble of events. Intermittency analysis that examines patterns in the

particle configurations on event-by-event basis can reveal correlations in the multiparticle

production in heavy-ion collisions. Intermittency, defined as an increase in the normalized

factorial moments (NFMs) with an increase in phase space resolution, is a key indicator of

scale-invariant local number density fluctuations. The NFMs of the multiplicity distribu-

tions have the beauty that these contain, in integrated form the correlations of particles in

the system and filter out statistical effects. These moments of the distributions of the pro-

duced particles gave first successful explanation of a high multiplicity spike event recorded
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by the JACEE (Japanese-American Collaborative Emulsion Experiment) experiment. In-

termittency analysis performed for the low-energy systems, in the early 1990s, were con-

strained due to low bin multiplicities and low resolution of the detectors. With heavy-ion

collisions at ultra-relativistic energies in recent colliders such as RHIC and LHC, a large

number of particles per event are produced, allowing for detailed event-by-event analysis.

This gives the opportunity to investigate the scaling behaviour of NFM and allowing to

analyze multiplicity fluctuations at high bin resolution.

The research work embodied in this thesis pertains to the study of local-multiplicity

fluctuations in the charged particles that are produced in Xe-Xe collision at
√

sNN = 5.44 TeV,

recorded with the ALICE detector at LHC. NFM of the charged particle multiplicity con-

figurations are determined and are studied for their scaling behaviour in the contours of

intermittency, to understand the multiparticle production processes and the dynamics of

the system produced during collisions. The scaling behaviour of these moments and a

scaling exponent (ν) are studied for various kinematic acceptance regions. Centrality and

transverse momentum dependence of the observables is also studied. A study of fractal

dimension Dq on the order of the moments q is also performed. The analysis is also per-

formed for the generated charged particles in the event samples obtained using the String

Melting version of the A Multi Phase Transport (AMPT) model. The work carried in this

research work, for the award of Ph.D degree is compiled in six chapters, as summarized

below:

• Chapter 1:- This chapter gives a brief introduction to the field of high energy physics.

It includes a discussion on the Standard Model of particle physics, which currently

offers the most comprehensive description of the elementary particles and their in-

teractions. Following that, there is a brief discussion on the QCD phase diagram,

kinematic variables, quark-gluon plasma and a few important signatures of QGP for-

mation. Motivation of the present physics analysis and a brief overview of the thesis

is also given.

• Chapter 2:- In this chapter, the Large Hadron Collider, ALICE experiment and its

sub-detectors are briefly introduced. A description of the ALICE data taking and

computing framework is also given followed by concise view of data collection and

processing using central online systems. The software framework used in this work

viz., the AliRoot, AliPhysics which is an extension of ROOT built on the C++ lan-

guage are briefly introduced. A description of the data simulation and reconstruction

techniques, including primary and secondary vertex reconstruction is also given.

• Chapter 3:- This chapter introduces the analysis topic and the mathematical for-

malism to calculate NFM. The observables studied, data sets analysed are presented
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along with the event and track selection cuts. Analysis of the HIJING simulated

event samples for the Xe-Xe collisions at
√

sNN = 5.44 TeV and passed through

GEANT3 simulated ALICE detector geometry is also given. A Monte-Carlo closure

test is also discussed.

• Chapter 4:- This chapter presents the observations and results from the analysis of

experimental data. The analysis details of the ALICE data for the study of local

multiplicity fluctuations of the charged particles produced in Xe-Xe collision system

at
√

sNN = 5.44 TeV are given. The charged particles produced with soft transverse

momentum (pT) and |η | ≤ 0.8 in the most central events are mainly investigated. A

centrality and pT dependence study of scaling exponent (ν) is also done. A compar-

ison of results with that from the Pb-Pb collision system at
√

sNN = 2.76 TeV and

Monte Carlo HIJING is also given. A study of fractal parameters Dq and λq is also

presented.

• Chapter 5:- In this chapter intermittency analysis performed on the events generated

using the string melting mode of the AMPT model is given. The scaling exponent

(ν), its dependence on pT bins and its comparison with the ν values obtained from

the Pb-Pb collsions at
√

sNN = 2.76 TeV are also discussed.

• Chapter 6:- Lastly in this chapter a summary of the work done and conclusions

from the observations of experimental data, monte-carlo event study are given. A

discussion on the outcome of the work is also given.

(Zarina Banoo)
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CHAPTER 1

INTRODUCTION

In any field of science, a strong working relationship between theorists and experimental-

ists is essential for expanding our knowledge. The role of an experimentalist is to deter-

mine which of these theories is correct, whereas theorists focus primarily on imagining

how the world may be. Even if the "glory" is undoubtedly most of the time received for

theoretical work, the key to success is a collaborative effort by both experimentalists and

theorists. An excellent example is the study of elementary particles, which explores the

idea that the world’s matter is composed of smaller, more fundamental particles. Theoret-

ical and experimental work in high-energy physics, including work on accelerator science

and technology, has assisted in discovering such basic elements of matter [1]. In order to

investigate the basics of matter and, consequently, the nature of fundamental interactions,

the high-energy collision experiments are performed at big accelerator facilities. On the

theoretical side, according to studies based on Lattice Quantum Chromodynamics (QCD),

at extremely high temperature and energy density, ordinary nuclear matter undergoes a
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phase transition. The matter in the hadronic state transitions into a quark-gluon plasma

(QGP), where quarks and gluons exist freely in a deconfined state. This state is believed

to have existed for only a few microseconds at the very early stages of the Universe. In

the laboratory, the ultra-relativistic heavy-ion collisions produce a very hot and dense nu-

clear matter, providing a possible environment to create the QGP state. These experiments

are performed at big accelerator facilities to study the properties of QGP, to test the QCD

predictions, and to learn about the fundamentals of matter.

An important aspect of studying heavy-ion collision, particularly at the Large Hadron

Collider (LHC) operated by the European Organization for Nuclear Research (CERN) in

Geneva–the world’s largest and most powerful particle accelerator–is to understand the

production mechanism of the particles in the these collisions. From exhaustive studies in

the field, both theoretical and experimental, it has been established that matter is composed

of quarks and leptons, whose dynamics are governed fundamentally by gravity, electro-

magnetism, and the weak and strong nuclear forces. Among these, gravity is the weakest

of the four fundamental interactions and yet extends throughout all of space time. Charged

particles participate in electromagnetic interactions, which are governed by Quantum Elec-

trodynamics (QED). The weak interaction is responsible for beta decay and several other

nuclear processes, whereas the strong force binds the constituents of the atomic nucleus

together. The theory describing weak interactions is called Quantum Flavour Dynam-

ics (QFD). Among the four fundamental interactions, gravity is the weakest, whereas the

strong interaction exhibits the greatest strength. A model known as the Standard Model,

provides a successful basic understanding of elementary particle physics and describes the

interactions among them[1, 3] without including gravitational force.

In the following sections, relativistic heavy-ion collisions, some important kinematic mea-

surable signatures of the hot and dense nuclear matter (the QGP), and the widely accepted

model explaining the characteristics of matter and the fundamental interactions between its

constituents and the Standard Model, are discussed.
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1.1 The Standard Model

The Standard Model (SM) is the most successful framework in particle physics, provid-

ing a detailed understanding of the fundamental particles and their interactions – namely,

the weak, electromagnetic, and the strong force. Weak and electromagnetic force are also

combinely known as electroweak force [3]. In SM all elementary particles are defined by

their mass and a collection of quantum numbers, such as charge, spin, baryon and lepton

quantum number etc. Fig. 1.1 provides an overview of the elementary particles and the

fundamental interactions described by the Standard Model.

Based on their intrinsic spin, elementary particles are grouped into two categories: integer

Figure 1.1: Elementary particles and fundamental interactions as per the Standard Model
of particle physics [4].

spin and half-integer spin particles. The fundamental particles with half-integer (1
2) spin

are known as fermions that obey Fermi-Dirac statistics and are subject to the Pauli’s exclu-

sion principle [5]. Whereas particles with integral spin are known as bosons, which obey

the Bose-Einstein statistics. The fermions are further classified into two groups: quarks,

which participate in both electromagnetic and strong interactions, and leptons, which in-

teract only through electroweak forces. The quarks participate in strong interactions as

they carry color charges (red, green, and blue) and fractional electrical charges of +2
3 |e|
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or −1
3 |e|. The quarks exist in 6 different flavors: u (up), d (down), s (strange) , c (charm),

b (bottom), and t (top) and are classified into three generations. The up and down quarks

are part of the first generation, strange and charm quarks are part of the second generation,

charm and bottom quarks belong to the third generation [6]. Quarks in the second and third

generations are unstable and decay through the weak interaction into quarks of the earlier

generations. The only stable generation is the first one (up and down) [5], the most preva-

lent quarks in the universe with invariant masses of around 2.2 and 4.7 MeV, respectively.

The classification of quarks, along with their mass, charge, and quantum numbers is given

in Table 1.1.

Leptons are also grouped into three generations, each comprising a charged lepton and its

Generation Quark, Mass Q U D C S T Baryon No.

Anti-quark (B).

1st
u, ū 2.2+5

−4 MeV/c2 ±2
3 ±1 0 0 0 0 ±1

3

d, d̄ 4.7+5
−4 MeV/c2 ∓1

3 0 ∓1 0 0 0 ±1
3

2nd
c, c̄ 1.275+5

−4 GeV/c2 ±2
3 0 0 ±1 0 0 ±1

3

s, s̄ 95+5
−4 MeV/c2 ∓1

3 0 0 0 ∓1 0 ±1
3

3rd
t, t̄ 173±4 GeV/c2 ±2

3 0 0 0 0 ±1 ±1
3

b, b̄ 4.18+0.04
−0.03 GeV/c2 ∓1

3 0 0 0 0 ∓1 ±1
3

Table 1.1: Classification of quarks and antiquarks [3, 6]. Q, U, D, C, S, T, B represent
charge, upness, downness, charmness, strangeness, topness, and beauty quantum numbers.

associated neutral neutrino. The first-generation lepton, the electron (e), carries a negative

unit charge, while the higher-generation leptons, the muon (µ) and tau (τ), are heavier

counterparts of the electron [6]. The neutral leptons denoted by ν in Table 1.2 are re-

ferred to as neutrinos. The muon (µ) and tauon (τ) are unstable and decay spontaneously

into electrons, neutrinos, and other particles. The muon has a characteristic lifetime of

2.2× 10−6 s, whereas the tau lepton lives much shorter, around 2.9× 10−13 s. In 1956,
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experiments provided the first direct evidence of neutrinos as separate particles. Neutrinos

do not decay; instead, they transform between six distinct flavors. The three generations

of leptons are distinguished by their masses, electric charges, and unique sets of quantum

numbers. Here, Q denotes electric charge, while Le, Lµ , and Lτ correspond to electron,

muon, and tau lepton numbers, respectively as summarized in Table 1.2. All quarks and

leptons have corresponding antiparticles that possess same mass and spin, but opposite

electric charge and quantum numbers.

Bosons, have integer spin values and are not subject to the Pauli’s Exclusion Princi-

Generation Lepton / Antilepton Q Le Lµ Lτ Mass

1st
e, ē ∓1 ±1 0 0 0.511 MeV/c2

νe, ν̄e 0 ±1 0 0 2 eV/c2

2nd
µ , µ̄ ∓1 0 ±1 0 105 MeV/c2

νµ , ν̄µ 0 0 ±1 0 0.19 MeV/c2

3rd
τ , τ̄ ∓1 0 0 ±1 1.73 GeV/c2

ντ , ν̄τ 0 0 0 ±1 18.2 MeV/c2

Table 1.2: Families of leptons and antileptons [3, 6]. The symbols Q, Le, Lµ , and Lτ

denotes the electric charge and the corresponding lepton numbers of the electron, muon,
and tau particles, respectively.

ple. The fundamental forces in the Standard Model framework are each mediated by the

exchange of an integral spin gauge boson between interacting particles [7]. The weak nu-

clear force is mediated by the W± and Z0 bosons. The electromagnetic force is described

by Quantum Electrodynamics (QED) theory, with the photon (γ) mediating the interaction

between charged particles. Lastly, the strong nuclear force is mediated by the gluon (g),

which governs the interactions between particles carrying a color charge and is responsible

for binding quarks into hadrons. The recently discovered Higgs boson (H) [8, 9] is also a

part of the Standard Model, which is responsible for elementary particle masses [10, 11].

The Higgs boson, unlike the γ , g, Z, and W± bosons, has spin zero and is a scalar boson.
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Fig. 1.1 displays the bosons of the Standard Model, categorized into gauge bosons and the

scalar Higgs boson.

The Standard Model describes the known elementary particles and their fundamental

interactions, based on gauge theory with an underlying gauge group structure [6] as

SU(3)×SU(2)×U(1)

The SU(3) group is associated with the strong interactions, representing the rotations in

space of the three color charges of QCD. Where, the SU(2)×U(1) gauge symmetry group

forms the theoretical foundation for electroweak unification [12]. Using the Higgs mech-

anism, the SU(2)×U(1) group spontaneously breaks down into SU(2) and U(1) groups

underlying weak and electromagnetic interactions, producing three massive W+,W−, and

Z0 bosons and massless photon γ respectively [13]. This Higgs mechanism is considered

responsible for giving mass to the elementary particles and the majority of known matter

in the universe.

According to our current understanding, the dynamics of all matter is governed by the

four types of fundamental interactions: electromagnetic, strong, weak, and gravitational

(Table 1.3) [14, 15]. The electromagnetic interactions are responsible for almost all extra-

Interaction Effective Coupling Mediator Boson Range Spin/Parity

Strong 1 8 Gluons (G) 10−15 1−

Electromagnetic 10−2 Photons (γ) ∞ 1−

Weak 10−7 W±, Z0 10−18 1−,1+

Gravitational 10−39 graviton (g) ∞ 2−

Table 1.3: The four fundamental interactions of nature.

nuclear physics events, particularly the bound states of electrons with nuclei, i.e., atoms and

molecules, as well as intermolecular forces in liquids and solids. Strong interactions binds

quarks into composite particles like protons and neutrons, and it provides the residual force

that holds nuclei together. The weak interaction mediates β -decay, a fundamental nuclear

process wherein an unstable nucleus undergoes transformation through the emission of
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electrons (or positrons) and neutrinos. Gravitational interactions occur between all particle

kinds [6]. Despite being dominant on a cosmic scale, gravity is by far the weakest of the

fundamental interactions in particle physics experiments and not a part of the Standard

Model.

1.2 The Quantum Chromodynamics (QCD)

Quantum Chromodynamics is a non-Abelian quantum field theory which describes the

strong nuclear force governing interactions between quarks and gluons. Quarks and gluons

are also known as partons. According to QCD, each quark may be characterized by three

color charges, red, green, and blue, and a hadron made out of quarks is always colorless.

There are a total of six color charges in the strong interactions, with each quark carrying one

of the three colors red(r), green(g) or blue(b) and antiquark carrying the corresponding

anticolor (r̄, ḡ, b̄). A hadron consists of either three quarks or a quark-antiquark pair.

Gluons mediate quark-quark interactions and carry one color and one anti-color, implying

a total of 9 color combinations as [3].

rḡ,rb̄,bḡ,br̄,gb̄,gr̄, 1√
3

√
(rr̄−bb̄), 1√

6

√
(rr̄+bb̄−2gḡ), 1√

3

√
(rr̄+gḡ+2bb̄)

However, only 8 active states of the gluons remain in these 9 combinations since

1√
3

√
(rr̄+gḡ+2bb̄)

is a colorless singlet. The force between quarks is not influenced by the color of the gluons

involved in the interaction. Fig.1.2(a) and Fig.1.2(b) illustrates an electromagnetic inter-

action between two charges via one-photon exchange and a blue quark interacting with

a green quark via the exchange of a green-antiblue gluon. Quarks can also interact with

gluons [3], as shown in Fig. 1.2(c).

QCD is a non-Abelian gauge field theory, where the Lagrangian is invariant under local

SU(3) transformations [13, 16]. The QCD Lagrangian density can be expressed as:

LQCD = ∑
f

qk
f (iγµDkl

µ −m f δkl)ql
f −

1
4

Ga
νµGνµ

a (1.1)
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(a) (b) (c)

Figure 1.2: Schematics of (a) electromagnetic interaction between two charged particles
and (b) strong interaction via gluon-mediated color charge exchange (c) strong interaction
between two quarks.

where q f
l is a quark-field with flavours f, color charge l, and mass m f , and the sum runs over

the six quark flavours (up, down, strange, charm, beauty, and top). The covariant derivative

Dkl
µ introduces the interaction between quarks and gluons, and it is written as [13].

Dkl
µ = ∂

µ
δkl− igs

λ a
kl
2

Aµ
a (1.2)

Here, Aµ
a are the gluon fields corresponding to eight color states, and λ a

kl are the Gell-Mann

matrices. The constant gs quantifies the intensity of the interaction, and it is related to the

strong coupling constant αs as gs = 4αs . The kinematics and dynamics of the gluons are

described by the second term of Eq.(1.1), and Ga
µν is expanded as

Ga
µν = ∂µAa

ν −∂νAa
µ +gs f abcAb

µAc
ν , (1.3)

where f abc corresponds to the structure constants of the SU(3) Lie algebra. Because the

SU(3) group is non-Abelian, the structure constants are not null, and vertices between three

and four gluons are possible in addition to vertices between a quark, an antiquark, and a

gluon. Even though gluons are massless particles, the presence of gluon self-interactions

implies that the color force is a short-range interaction. The peculiar properties of the

strong interaction can be understood by investigating the relationship between the strong

coupling constant αs and the interaction’s energy scale. The evolution of the value of αs as
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a function of the squared transferred momentum Q2 is defined as:

αs(Q2) =
αsµ

2

1+ αsµ2

12π
(33−2n f )ln(

Q2

µ2 )
(1.4)

Where n f denotes the number of quark flavors and µ is the mass scale of the renormaliza-

tion. The αs evolution described by Eq.(1.4) is confirmed by experimental measurements

as summarised in Fig. 1.3. It is evident from the figure that the coupling strength increases

Figure 1.3: The coupling constant (αs (Q2)) as a function of different energy scales (Q)
via various processes. The order of QCD Perturbation Theory used to extract αs (Q2) is
indicated in brackets. The theoretical calculation of αs is given by αs(MZ) [18].

as momentum transfer (Q) decreases, implying a large probed length scale [19]. This phe-

nomenon is related to the so-called confinement property, which states that no isolated

color object can be found in nature. The coupling decreases as Q increases, implying a

small probed length scale. In the limit, when coupling tends to zero, the quarks and gluons

behave as free particle, and this property is called asymptotic freedom. The formation of

quark-gluon plasma (QGP) is a manifestation of this property of the strong interactions.

1.3 The QCD Phase Diagram

Asymptotic freedom leads directly to the idea that QCD matter transforms into the QGP, a

system of deconfined quarks and gluons at high enough temperatures and densities. Since

9



quarks and gluons are no longer restricted as hadronic matter in this phase, where chiral

symmetry is restored, they are the relevant degrees of freedom characterising the system’s

dynamics. To understand this transition into a deconfined state of matter, a phase diagram

of QCD matter is studied as a function of baryochemical potential (µB) and temperature

(T) [20]. Similar to how water can exist as a solid, liquid, or gas depending on temperature

and pressure, it is proposed that QCD matter exists in various phases. A schema showing a

possible QCD phase diagram in µB and T plane is shown in Fig.1.4. The baryon chemical

potential (µB) quantifies the net baryon density, defined as the imbalance between baryon

and antibaryon number densities. The region of the diagram where QCD matter exists in

a gaseous state of confined hadrons within the relevant T and µB ranges is shown by the

lower left portion of Fig.1.4, labelled as "hadron gas". As the temperature approaches zero

(T → 0 MeV) and the baryon chemical potential µB increases, the phase labeled “Nuclear

Matter” in Fig. 1.4 emerges at µB ≈ 950 MeV. As µB rises above the nuclear matter regime

in this low-temperature range, a transition into a gaseous phase of degenerate neutrons

occurs, conditions similar to those found in neutron star cores. It is predicted that, the sep-

arating distance between neutrons decreases for larger µB values, and gas of free-roaming

quarks forms and enters a color superconducting regime [21].

The lattice QCD calculations have shown that at vanishing baryochemical potential (i.e.

µB ≈ 0 MeV), the hadronic system experiences a smooth transition [22] into the QGP phase

when T rises to a high enough temperature. It is believed that the phase transition is first

order around this temperature range for increasing values of µB, indicating the presence of

a critical point in it’s vicinity. Lattice QCD calculations become more difficult for non-zero

µB. Recent QCD predictions suggest that the phase transition temperature for µB = 0 MeV,

called the critical temperature, is approximately Tc = 156 MeV [23]. Despite different

techniques developed recently for real finite chemical potential and extensive experimental

efforts, it is yet to determine whether crossover exists on the whole border of the QGP and

hadron gas phases.
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Figure 1.4: A schematic of the QCD phase diagram is shown as a function of temperature
(T) and baryochemical potential (µB). The solid black line indicates the chemical freeze-
out, while the dashed orange line depicts the chiral/deconfinement transition. Both end at
the critical point, which is connected to the µ = 0 axis by a cross-over around T≈ 170 MeV.
The ground state of nuclear matter is at T = 0 MeV and µ = µ0. At high chemical potential
and low temperature, a phase of colour superconductivity occurs. The dashed black lines
indicate the estimated properties of the medium created by various experiments [24].

1.4 Heavy-ion collisions

Relativistic heavy-ion collisions is a versatile tool for creating the conditions needed to cre-

ate QGP and thus to investigate various aspects of the QCD Phase Diagram. The main ex-

periments where high-energy heavy-ion collisions are currently studied are the Brookhaven

National Laboratory’s Relativistic Heavy Ion Collider (RHIC) and the European Organisa-

tion for Nuclear Research’s Large Hadron Collider (LHC) [25]. The centre-of-mass energy

per nucleon pair achievable for Au−Au collisions at the RHIC and Pb−Pb collisions at

the LHC are
√

sNN = 5.04 GeV and 5.36 TeV respectively [26]. The study of heavy-ion

collisions provides a unique window into the extreme conditions of temperature and en-

ergy density that existed microseconds after the Big Bang [27]. Studying the evolution of

heavy-ion collisions help scientists unravel the mysteries of the early universe, understand

the behaviour of nuclear matter under extreme conditions, and explore the phase diagram
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of QCD. In a heavy-ion collision two relativistically accelerated heavy nuclei are longitu-

dinally Lorentz contracted and are made to collide with each other. A schematic represen-

tation of the various stages of the relativistic heavy-ion collision is shown in Fig.1.5 and the

space-time evolution after the collision is shown in Fig.1.6. At time t = 0, the two Lorentz

contracted nuclei collide, depositing a significant amount of energy in a small volume in a

very short time. If the energy density of the system produced by the collision is very high, a

deconfined state of partons is formed after the collision. It is initially in a non-equilibrium

state. As the system expands, the partons interact amongst themselves and the system

approaches local thermal equilibrium. The local equilibrium occurs on a time scale of 1

fm/c [28]. Such a deconfined state of quarks and gluons in local equilibrium constitutes the

quark-gluon plasma (QGP), wherein they exhibit nearly free motion. The system starts

Figure 1.5: Systematic representation of the various stages of the relativistic heavy-ion
collisions. Figure from Ref. [29]

expanding due to the pressure gradient and gradually cools down. After QGP’s lifetime

τ ≈ 10 fm/c [30], when the temperature reaches a critical value (Tc), the system’s energy

density falls below a critical density≈ 1GeV/ f m3, and the quarks and gluons recombine

to form colour-neutral hadrons (mesons and baryons). The process of hadron formation

is known as hadronization. During the initial stages of this hadronization, hadrons and

free partons are expected to coexist; however, over time, these parts disappear, leaving the

system with only hadron gas. As the system keeps expanding, at temperature T = Tch, the

probability of inelastic interactions among the hadrons is almost zero. This temperature

(T = Tch) is called the chemical freeze-out temperature. This is the phase where the stable

particle ratios get frozen with the elastic collisions still going on. When the mean free
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Figure 1.6: Visualization of the spacetime evolution of the system created in relativistic
heavy-ion collisions. Figure from Ref. [25].

path becomes sufficiently large, elastic collisions among hadrons stop, leading to kinetic

or thermal freeze-out. The temperature at this point is referred to as the thermal/kinetic

freeze-out temperature (Tf o). This is the phase where transverse momentum spectral shape

of particles get frozen, and the system can no longer maintain thermal equilibrium. Finally,

all the hadrons fly towards the detector after the freeze-out.

Experimental detectors record characteristics like momenta, energy, velocity etc. of the

particles, providing crucial information about the collision dynamics. By studying various

observables obtained from the measurables of these produced particles, experimentalists

deduce the QGP formation and its properties. However, if the system created in a heavy-

ion collision does not meet the requirements of high temperature and high energy density

so as to form QGP, in that case, another scenario of space-time evolution might also be

feasible, shown on the left side of Fig. 1.5 In that case, the system is characterized by purely

hadronic degrees of freedom, with a pre-hadronic phase forming rapidly post-collision. As
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the hadron gas freezes the hadrons come out of the system and are detected by detectors.

Centrality of the collisions

The impact parameter (b), representing the perpendicular offset between the centers of two

colliding nuclei at the instant of collision, dictates the extent and geometry of the nuclear

overlap region (Fig. 1.7). In the overlap region, nucleons of one nucleus interact with

those from the other nucleus termed as participants, establishing the number of participants

(Npart). In contrast, the nucleons outside the overlap region move away from each other

in the beam direction and are referred to as spectators. The geometrical properties of

this overlap region in heavy-ion collision are characterized by the impact parameter (b),

the number of participants (Npart), and the number of binary nucleon-nucleon collisions

(Ncoll). A vanishing impact parameter (b≈ 0) results in the most central collision [31]. As

a result, the collision’s centrality decreases as the impact parameters increase. However

on the other side, collision with the impact parameter (b ≈ 2R), where R is the radius

of the nucleus, are associated with the most peripheral collisions [32]. Because of the

small typical number of participants, the properties of these collisions are more like single-

nucleon collisions than central heavy-ion collisions.

In heavy-ion collisions, centrality is determined by the percentile of the total cross-

section for hadronic interactions. Selecting the centrality and determining the number of

participants and spectators is very crucial because they are required to normalize the other

measured observables before comparing them to other collision system, such as smaller

collision systems of proton-lead (p-Pb) and proton-proton (pp). In heavy-ion collisions,

these initial geometric quantities b, Npart and Ncoll are not directly determined from exper-

iments. Centrality of a collision can be found using the correlation between centrality and

the number of charged particles in the collision’s final state or by measuring the number

of outside particles in the collision. The initial approach relies on choosing a geometrical

model for the hadronic processes, whereas the latter utilizes measurements of the spectator

nucleons’ energy in the forward calorimeters/detectors.
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Figure 1.7: Left: Two heavy ions approaching each other before their collision with the im-
pact parameter b. Right: An illustration of a heavy-ion collision where participant nucleons
collide with nucleons of the other nucleus and spectators are almost unaffected. (Figure is
taken from [33].)

Figure 1.8: Cartoon showing the correlation of the final state charged particle multiplicity
with impact parameter and number of participants. (Figure is taken from [34].)

1.5 Kinematic Variable

In high-energy physics and relativistic heavy-ion collision experiments, it is convenient to

use kinematic variables that transform in simple and predictable ways under Lorentz trans-
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formations. Quantities such as rapidity (y), pseudorapidity (η), and transverse momen-

tum (pT ) are preferred because of their well-defined behaviour under changes of reference

frame. Here in this section the definition of such variables to set the language of particle

collisions at relativistic energies are introduced.

1.5.1 Four Vector

In special relativity, a four-vector represents a mathematical construct that unifies the time

coordinate t with its three-dimensional spatial coordinates (x,y,z) of an event into a four-

dimensional vector. The four-vector is expressed as (ct,x,y,z) [1]. In four-vector notation,

the spacetime coordinates of a point x are written as:

xµ = (ct,x,y,z). (1.5)

where c represents the speed of light, t corresponds to the temporal coordinate and (x,y,z)

correspond to the spatial coordinates in Euclidean space. The index µ takes values from

0 to 3, where x0 = ct serves as the temporal component, while x1 = x, x2 = y, and x3 = z

constitute the spatial components. The multiplication of the time coordinate by c ensures

that all components have consistent units of length, as required in Minkowski spacetime.

The four-momentum p is constructed analogously to the four-position, with its contravari-

ant components pµ given by

pµ = (p0, p1, p2, p3) = (E,p) = (E, px, py, pz). (1.6)

where E is the total energy of the particle, and px, py, pz are the components of the three-

momentum vector p. The index µ ranges from 0 to 3, with p0 = E
c as the temporal compo-

nent and p1 = px, p2 = py, p3 = pz as the spatial components. This normalization by c in

the temporal component p0 ensures dimensional consistency, as the quantity E/c possesses

the same physical dimensions (momentum) as the spatial components px, py, pz.
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1.5.2 Transverse Momentum (pT)

The transverse momentum (pT ) represents the momentum component perpendicular to the

beam direction. For a particle with momentum components (px, py, pz) in a coordinate

system aligned with the beam axis (ẑ), the transverse momentum is defined as:

pT =
√

px2 + py2 (1.7)

The transverse momentum remains invariant under lorentz transformation along the beam-

line (z-axis) [1]. Besides, pT = 0 for the beams before the collision; all of the pT in the

final state particles are generated dynamically in the collision.

1.5.3 Rapidity (y)

Rapidity (y) is a kinematic variable used in high-energy physics to describe the relativis-

tic motion of the particles, particularly in heavy-ion collisions where particle velocities

approach the speed of light. Unlike velocity, rapidity is additive under Lorentz transfor-

mations along the direction of motion making it a powerful tool for analyzing particle

kinematics in relativistic regimes. In the non-relativistic limit, where the momentum of

the particle (pz) is equivalent or smaller than its mass (m0), y approximates the particle’s

velocity.

In the laboratory frame, the rapidity y of a particle is defined as:

y =
1
2

ln
(

E + pz

E− pz

)
, (1.8)

where E is the total energy of the particle, and pz is the component of its momentum along

the z-axis.

In a Lorentz frame F ′ boosted with velocity v along the z-axis relative to the lab frame F ,

the particle’s rapidity y′ is given by:

y′ =
1
2

ln
(

E ′+ p′z
E ′− p′z

)
, (1.9)
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where E ′ and p′z represent the particle’s energy and longitudinal momentum components

in the boosted frame. The additivity of rapidity under Lorentz transformations imply that

if the boosted frame moves with a rapidity yboost, the relationship between the rapidities in

the two frames is:

y′ = y− yboost. (1.10)

This additive behaviour makes rapidity an ideal variable for analyzing particle production

in different reference frames, particularly in collider experiments where boosts along the

beam axis are common.

1.5.4 Pseudorapidity (η)

The rapidity is hard to measure for highly relativistic particles. In many experiments, mea-

suring a particle’s longitudinal momentum component (pz) may be challenging or imprac-

tical. In such cases, where the particle identification is difficult, a variable called pseudora-

pidity (η) [3], which is easier to calculate than rapidity, can be defined based on the polar

angle (θ ) at which the particle is detected with respect to the beam axis. This is defined as;

η =
1
2

ln
(

p+ pz

p− pz

)
(1.11)

For highly relativistic particles, pz = pcosθ , thus equation Eq.(1.11) become

η =
1
2

ln
(

p+ pcosθ

p− pcosθ

)
(1.12)

η =−ln
(

tan(
θ

2
)

)
(1.13)

where θ represents the polar angle between the beam axis and the particle’s momentum

vector p. Rapidity variable (y) can also be written in terms of pseudorapidity variable η

18



as:

y =
1
2

ln




√
p2

T cosh2
η− (mc)2 + pT sinhη

√
p2

T cosh2
η− (mc)2− pT sinhη


 (1.14)

Or the pseudorapidity variable η in terms of the rapidity variable (y) is;

η =
1
2

ln

√
mT 2cosh2(y)− (mc)2 +mT sinh(y)√
mT 2cosh2(y)− (mc)2−mT sinh(y)

(1.15)

Here, m is the rest mass of the particle, and the transverse mass mT is given by m2
T = p2

T + m2,

using natural units where c = 1. Pseudorapidity is particularly useful in experimental con-

texts because it is related to rapidity (y) in the limit of high energies, where p >> m or E

>> m (the particle’s energy is much larger than its rest mass). In this regime, rapidity and

pseudorapidity converge so that

y≈ η (1.16)

1.5.5 Center-of-mass energy

In a two-body collision system, the arriving particles’ center-of-mass energy is represented

by the square of their combined four-momentum. This quantity is Lorentz invariant and is

typically denoted by the Mandelstam variable ("s") [58], which is defined as:

s = (p
1
+p

2
)2 = (E1 +E2)

2− (~p1 +~p2)
2 = (E1 +E2)

2 (1.17)

E1 and E2 represents their energies and (~p1) and (~p2) are the momentum vector of incoming

particles, respectively. In the center-of-mass frame, the total momentum of the colliding

beams is zero, so (~p1) = - (~p2) because the masses of the particles are identical. As a result,

the center-of-mass energy s is expressed as:

s = E1 +E2 = 2E (1.18)
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For example, in the context of heavy-ion collisions such as at the LHC, Xenon (Xe) nuclei

are accelerated to an energy of 2720 GeV per nucleon. This results in a total centre-of-mass

energy of 2× 2720 GeV = 5440 GeV = 5.44 TeV for each pair of colliding nucleons. Thus

the estimation of the total center-of-mass energy involved in the most central (head-on,

b=0) Xe–Xe collisions (with 129 as mass of Xe nucleus) is given by: 2× 2720 GeV× 129

nucleons, which equals 7.00 × 105 GeV. This calculation shows that an immense energy

concentration occurs within a femtoscale volume during head-on collisions.

1.6 Signatures of QGP and experimental probes

The short-lived and extremely high-temperature nature of the QGP formed in the heavy-

ion collisions make it challenging to measure its existence directly. However, the creation

of a deconfined state of quarks and gluons in relativistic heavy ion collisions has been

established based on various experimental observables serving as potential signatures of

the QGP. Some characteristic experimental signatures of QGP are presented below.

1.6.1 Strangeness Enhancement

Elementary particles that include one or more strange quarks are known as strange parti-

cles. The threshold energy required for the production of strange hadrons is about 400 MeV,

whereas for anti-strange quarks, the threshold is much smaller. In 1982, Rafelski and

Muller proposed strangeness enhancement as a signature of QGP formation [35]. Strangeness

enhancement refers to the increased production of hadrons containing strange quarks in

nucleus-nucleus collisions compared to proton-proton collisions. In hadronic reactions,

the production of particles containing strange quarks is normally suppressed due to the

large mass of s-quark (ms = 170MeV/c2) relative to u and d quark masses [36]. A pair ss̄

can be produced either by gluon fusion (gg→ ss̄) as shown in Fig. 1.9 or by the contribu-

tion of light quarks (qq̄→ ss̄) as shown in Fig. 1.10 [39]. The u and d quarks are expected

to be rich in the initial phase of QGP and are expected to follow Pauli principle, which

suppresses the production of uū and dd̄ pair and thus favours the formation of heavier
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quarks [40]. The first evidence of strangeness signature of QGP formation was presented

by Super Proton Synchrotron (SPS) CERN-NA35 collaboration [37]. Later, the STAR

experiment at RHIC provided additional evidence in favour of this result [38]. These ex-

periments reveal an increase in the production of particles containing two or more strange

quarks and/or antiquarks.

g

g

s

s̄

Figure 1.9: Strange and anti-strange quarks produced by the gluon fusion mechanism
(gg→ ss̄).

q

q̄

s

s̄

Figure 1.10: Strange and anti-strange quarks are produced by the quark-antiquark combi-
nation (qq̄→ ss̄).

1.6.2 Jet Quenching

The early-stage partons of the colliding hadrons undergo elastic (2→ 2) or inelastic (2→

2+X) scattering, resulting in the production of two or more partons in the final state. The

outgoing partons with large momentum travel in the opposite direction and lose energy by

radiating gluons and splitting into quark-antiquark pairs [41, 42, 43]. The QCD radiation

probability drives such a parton branching evolution and then breaks up into a collection

of final state hadrons. This collimated shower of hadrons produced from the fragmentation

of an outgoing parton is called a "jet". Jet measurements in heavy-ion collisions serve as

a powerful probe for studying the properties of the hot and dense medium created during
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these high-energy interactions. The outgoing parton loses energy as it moves through the

medium, leading to the attenuation or even disappearance of the hadron shower. The phe-

nomenon of energy loss is known as "jet−quenching," and the amount of energy loss

(∆E) depends on particle and plasma properties. This energy loss gives fundamental infor-

mation about the medium formed by the collision.

Figure 1.11: A cartoon showing jet quenching in central A-A collisions [43].

Fig. 1.11 depicts the possibile jet quenching in head-on nucleus-nucleus collisions

caused by the hard scattering of two incoming quarks. One parton travels directly into

the vacuum and hadronizes by emitting a few gluons, while another parton passes through

the dense medium created by the collision and experiences energy loss, and eventually frag-

ments into a quenched jet [41]. In high energy physics, Jet was first observed in 2008 in an

experiment performed at BNL’s RHIC experiment in US [44]. Jet quenching has also been

observed in the experiments like ALICE, ATLAS, CMS, perfomed at LHC CERN [45].

1.6.3 Photons and dileptons

The electromagnetic probes photons and leptons originate from every phase of the ex-

panding fireball, whereas hadrons are generated from the freeze-out surface following se-

vere rescattering. In comparison to the typical system size (≈ 10 f m), the electromagnetic

probes have a long mean free path. Furthermore, because they are electromagnetic in na-

ture, they interact weakly, allowing them to escape and reach the detectors with minimal

interaction with the medium created by heavy-ion collisions. As a result, they convey

undistorted information about the early stages of deconfined state of matter [41]. Con-
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sequently, photons and dileptons - specifically electron-positron (e+e−) pairs and muon-

antimuon (µ+µ−) pairs - emerge as particularly powerful probes for examining the early-

time dynamics of heavy-ion collisions.

Photons are studied to obtain important information, such as the temperature of the plasma,

evolution of the system size [42, 46, 47, 48], momentum anisotropy of the initial par-

tons [49, 50] etc. Dileptons are considered as the most reliable observables of the QGP

formation as well the medium modification of vector meson [51]. Photons can be pro-

duced via differnt processes in heavy-ion collision, some of the dominating processes for

direct photon production are compton scattering, quark-antiquark annihilation.

q

q̄

γ

g

(a)

g

q γ

q̄

(b)

Figure 1.12: Photon production through the (a) quark-antiquark annihilation (q+ q̄= γ+g)
and (b) Compton scattering (q+g = γ + q̄).

1.6.4 Anisotropic Flow

When two nuclei collide in a semi-central or peripheral collision, the participant zone re-

sembles an anisotropic almond. The beam axis and the impact parameter vector lie within

the reaction plane, which coincides with the symmetry plane of the almond-shaped overlap

region formed by the colliding nuclei. The initial spatial anisotropy of the participant zone

transforms into a hot and dense medium with anisotropic pressure gradients. Pressure gra-

dients in the reaction plane are larger than gradients pointing outside the plane. Thus, the

medium near the reaction plane experiences stronger pushing, resulting in larger momenta

for particles in this region compared to those in the out-of-plane direction. Comparing

observed azimuthal anisotropy to hydrodynamic model predictions allows for analysis of

QGP properties such as shear viscosity to entropy density ratio (η /s) and bulk viscosity to
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entropy density ratio (ζ /s). Experimentally, the azimuthal yield distribution of produced

particle can be expressed in terms of Fourier expansion [52] as

E
d3N
d p3 =

1
2π

d2N
pT d pT dy

(1+2
∞

∑
n=1

vncos[n(φ −Ψn)]) (1.19)

where, p is momentum, pT is transverse momentum, E is energy, y is rapidity, φ is az-

imuthal angle (section 1.5), and Ψn is the nth harmonic symmetry plane. Since the angle of

the reaction plane cannot be observed directly, it is estimated experimentally for each har-

monic separately using the measured azimuthal anisotropy. The estimation of the reaction

plane is also known as the participant plane. The Fourier coefficients can be determined

from the following expression.

vn(pT ,y) =< cos[n(φ −Ψn)]> (1.20)

Fourier coefficient analysis, combined with hydrodynamic predictions, constrains medium

transport coefficients as well as event-by-event fluctuations in the initial collision geometry.

The second-order Fourier coefficient, v2, commonly referred to as elliptic flow [53], char-

acterizes the azimuthal anisotropy of particle distribution arising from the almond-shaped

initial geometry. For non-central collisions, the observed particle anisotropy is overwhelm-

ingly influenced by elliptic flow (v2). The third-order coefficient v3, known as triangular

flow, is primarily determined by initial-state fluctuations [54].

1.6.5 Fluctuations

The study of fluctuations is vital to characterize any physical system and it’s properties,

such as QGP created in the heavy-ion collisions at ultra-relativistic energies. Fluctuations

are predicted to be large at the critical point of QCD phase diagram, and this makes the

study of fluctuation more challenging and intresting [56] as it is still elusive and one of the

main goals of present investigations in the field.

In general fluctuations are of two types viz statistical and non-statistical fluctuations.

The fluctuations that result due to a finite number of particles in a given event are known
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Figure 1.13: A semi-central heavy ion collision is shown where the almond-shaped par-
ticipant zone is shown in red, and the spectator zone in blue. Arrows represent pressure
gradients. The reaction plane corresponds to the xz plane. (Figure taken from [55].

as statistical fluctuations. Whereas non-statistical fluctuations are further of two types, dy-

namical and geometrical fluctuations. The first type of fluctuations are present at all stages

of the collision and do not change from event-to-event. This type of fluctuation contains

intresting physics related with collisions, that includes time evolution of fluctuations at

various stages of the collision, hydrodynamic expansion, hadronization and freeze-out [2]

etc. The second type of fluctuation vary on event-by-event basis and arise when the impact

parameter of the sample of events are different, and causes an intrinsic variation in particle

multiplicity from one event to another. By selecting events of a particular type of class (e.g

central, peripheral etc), these fluctuations can be reduced .

Fluctuations offer crucial insight into the dynamics of the processes involved in colli-

sions [57]. Enhanced fluctuations in observables like particle multiplicity and transverse

momentum are especially important because they can reflect changes in the medium’s

equation of state. The fluctuations in the observables become more pronounced during

phase transition, such as hadron gas to QGP transition if there is critical point. At that

point, in particular, the correlation length diverges, and generates a larger fluctuation sig-

nal. Thus, various event properties including multiplicity, net charge, and mean transverse

momentum (〈pT 〉) can be used to study these fluctuations. However, these measurements

not only pertain to the characteristics of physical processes but are also impacted by statis-

tical fluctuations, which is suggestive of the limitations associated with the intrinsic prop-
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erties of data collection and detectors. Thus, the necessary condition for accurate analysis

is a lot of data to avoid statistical noise and show the true character of those fluctuations.

The Beam Energy Scan (BES) program at RHIC, experiments at the LHC and future

facilities, aim to map out these fluctuations across different energies in order to better

comprehend the QCD phase diagram and identify potential critical points. These studies

will assist to bridge the gap between experimental observables and theoretical models,

enhancing our understanding of the behaviour of strongly interacting matter under severe

conditions.

1.7 Motivation of the thesis

In this thesis the local multiplicity fluctuations in the charged particle production in the

high-enegy heavy-ion collisions are studied to learn about multiparticle production mech-

anism. In a heavy-ion collision, an event is defined as a single interaction between two

heavy nuclei at extremely high energies. These collisions, such as those involving lead

(Pb) or xenon (Xe) nuclei at ultra-relativistic energies, produce a number of particles in

each event, making it possible to study relevant physical quantities on an event-by-event

basis. The NA49 collaboration has carried out pioneering experimental studies of event-

by-event fluctuations [59] analyzing fluctuations in the kaon-to-pion ratio and transverse

momentum. Similarly, experiments conducted at the RHIC and CERN have made available

large amount of high multiplicity data which can unravel the mysteries of matter formed

at high energy and density. In these experiments, event-by-event fluctuations in tempera-

ture, mean transverse momentum, particle multiplicity, and particle ratios are considered

[53, 56] highly significant for understanding the evolution of the of the different stages of

the formation of QGP and its freeze-out to the hadronic phase.

The dynamics of the initial process as have a significant impact on the final particle

distributions produced in relativistic heavy-ion collisions [60]. As a result, multiplicity

distributions play an important role in obtaining first-hand information on the multipar-

ticle production mechanism in these collisions. As per lattice QCD, the phase transition
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from the hadronic to QGP state will occur at critical temperature Tc and vanishing bary-

onic chemical potential (µB ) [62, 63]. This phase transition induces significant density

fluctuations, which lead to the formation of hot spots and result in substantial multiplicity

fluctuations. Multiplicity fluctuations are, therefore, highly sensitive to the presence of the

critical point Tc, in the QCD phase transition diagram [64], making them valuable observ-

ables for probing the nature of the phase transition. Therefore, studying these fluctuations

is essential for understanding the phase transition processes in relativistic nuclear interac-

tions and for gaining deeper insights into the fundamental properties of matter under such

extreme conditions. [61].

Intermittency methodology is used to study non-statistical density fluctuations in par-

ticles produced in ALICE data and generated in AMPT model events. ALICE (A Large

Ion Collider Experiment) at the LHC is one of the specialized detectors designed to in-

vestigate the physics of ultra-relativistic heavy-ion collisions, particularly focusing on the

QGP. A few of its primary goals is to better understand the properties of QGP, such as its

temperature, energy density, and viscosity, as well as to investigate how quarks and gluons,

the fundamental constituents of hadrons, behave when freed from confinement in nuclear

matter. Intermittency focuses on the calculation of normalized factorial moments, which

measures fluctuations in particle density across different spatial or momentum scales. The

power-law behaviour of these moments as the number of bins increases is what is called

intermittency [2, 65], revealing self-similar or scale-invariant fluctuations with presence

of underlying fractal-like structures in the system. Intermittency study of data may give

signal of order of the phase transition and quantify fluctuations in particle densities. The

early investigations of intermittency at low energies faced significant challenges, such as

low bin multiplicities, which made it difficult to draw definitive conclusions about critical

phenomena such as the location of the critical point, the order of the phase transition, the

nature of multiplicity fluctuations, or clear signals of quark-gluon plasma (QGP) forma-

tion [65]. However, the recent advances in collider experiments, which currently generate

data with high charged particle densities per bin, restored interest in applying intermittency

analysis to a wider range of systems and collision energies on event-by-event basis. This
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increased availability of high-quality data has improved the reliability and sensitivity of in-

termittency studies, allowing for a more in-depth investigation of multiparticle production

processes and the underlying mechanisms governing these complex phenomena [66].

Over the last decade, the NA49 and NA61/SHINE experiments have performed in-

termittency analyses on a variety of heavy-ion systems ranging in size and collision en-

ergy [67, 68, 69, 70]. The STAR experiment at the RHIC reported the first measurement

of intermittency in Au-Au collisions over a broad range of collision energies, from
√

sNN

=7.7 to 200 GeV [66]. Observations and results reported from these experiments moti-

vate to further look into high energy data such as at LHC to have precise and accurate

information on the particle production behaviour.

By studying local multiplicity fluctuations in the charged particle distributions from

ALICE data on the event-by-event basis, using the intermittency analysis technique, the

aim is to gain deeper insights into the nature of the phase transition, the location of the crit-

ical point in the QCD phase diagram, and the processes responsible for particle production

in heavy-ion collisions, the answers to which are yet not available.

1.8 Organisation of the thesis

In this work the charged particles produced during the Xe-Xe collisions at
√

sNN = 5.44 TeV are investigated for their scaling properties using the intermittency

methodology. In this Chapter 1 provides a general introduction to the Standard Model

and QCD, followed by a brief discussion of heavy-ion collisions, QGP, its signatures and

physics problem was discussed. Chapter 2 provides an overview of the CERN-LHC ac-

celerator system, the ALICE experiment, various subdetectors and a brief description of

software used for analysis is given. In Chapter 3 a detailed analysis methodology to inves-

tigate local multiplicity fluctuations using the normalized factorial moments is given. The

observations and results from the HIJING simulated events are also given in this chapter.

Chapter 4 discusses the observations and results from ALICE experimental data analysis.

In Chapter 5, results from the analysis performed on the event samples from String Melting
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mode of the AMPT model are presented. Finally, Chapter 6 gives a brief overview of the

work reported in this thesis and conclusions of the work.
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CHAPTER 2

ALICE EXPERIMENTAL SETUP AND ANALYSIS

SOFTWARE

2.1 Introduction

During the last century, many efforts have been made both theoretically and experimently

to investigate the internal structure of matter and the interactions among its constituent par-

ticles. Sir Ernest Rutherford through his renowned gold foil experiment, in which he di-

rected a beam of alpha particles at a thin gold sheet, discovered the atomic nucleus, thereby

establishing the fundamental principles of nuclear physics. Experiments conducted in the

1920s and 1930s provided more information about the substructure of atomic nucleus. A

positively charged subatomic particle named as proton was suggested and identified by

Rutherford and later, in 1932, his student James Chadwick discovered a neutral subatomic

particle of the nucleus, that is named as neutron [1].

Due to the extremely small size of the nucleus, it was a big challenge for physicists to
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study the substructure of the atomic nucleus. Louis de Broglie came up with an incredible

idea that proved to be solution to this issue. He proposed that all matter exhibits wave

properties. As more energy is imparted to a particle, its momentum (p) increases, thereby

reducing the wavelength (λ ) of its associated matter-wave, as described by the equation

λ = Ωh
p . With each additional increase in particle’s momentum, the wave-length decreases

more and more, making it feasible to investigate progressively smaller building blocks of

matter using energetic particles. Based on this approach, machines known as accelerators

were designed and developed. Experiments at these accelerators revealed that protons and

neutrons are not elementary particles, but are instead composed of smaller constituents [1].

Today, it is also known today that the fundamental constituents of these nucleons are quarks

and gluons that interact strongly with each other. To further investigate these strongly

interacting particles, large particle accelerators have been built. First among these was

at the Lawrence Laboratory in Berkeley, USA and the other at the Brookhaven National

Laboratory (BNL) in New York, USA, with energy of the bombarding nuclei reaching up

to 14 GeV per nucleon. The beam energies upto 158 A GeV were achieved by the Super

Proton Synchrotron (SPS) accelerator facility at CERN [2] in Geneva.

When an accelerated projectile strikes a stationary target, it is called a fixed-target

experiment, while in a collider experiment, collisions take place between two beams of

accelerated particles aimed at each other. This head-on collision of two beams in a collider

provides a much greater energy for the system compared to the fixed target collision. The

first heavy-ion collider experiment was carried out at the BNL’s Relativistic Heavy Ion

Collider (RHIC) [3], where two accelerated Au–Au beams collided at a maximum centre

of mass energy of 200 GeV per nucleon pair [3]. With increased energy and larger sys-

tem that can give precise measurements of various physics observables, the Large Hadron

Collider (LHC) was built at CERN. At present it is the world’s largest heavy-ion acceler-

ator. At LHC, an ultra-relativistic heavy-ion collision at an unprecedented energy in the

TeV (tera electron volt) range produces a large number of particles, making precise mea-

surement of the various parameters of these emitted particles possible. Particle detector

systems are installed around the interaction points of the LHC to achieve various physics
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objectives. ALICE (A Large Ion Collider Experiment) [4] is one of the major experimental

setup installed at the LHC. To study different physics observables that can comprehend the

properties of particles and system of hot and dense matter created in the heavy-ion collision

experiment. A variety of sub-detectors are installed within the ALICE experiment. Each

detector has a unique method of identifying properties of particles of varied nature. A brief

overview of the LHC and a few detector in the ALICE experiment is presented below.

2.2 The Large Hadron Collider

The Large Hadron Collider [6] at the European Organization for Nuclear Research

(CERN), which started its operation in 2009, is presently the largest and the most pow-

erful hadron collider ever built in terms of collision energy and luminosity. The project

proposal for constructing an accelerator on the scale of the LHC was initiated in 1984 and

received approval in 1994. Construction of the current underground tunnel commenced

in 2001, after the LEP collider was dismantled [7]. The LHC, with a circumference of

26.7 km and at a depth of 45-170 m from the earth’s surface, is located underground across

Swiss-French border [8]. It is designed to collide two particle beams moving in oppos-

ing directions. It is a synchrotron which consists of superconducting magnets and other

structures that boost and accelerate two counter-rotating beams in separate parallel beam

pipes at speeds close to the speed of light. In each beam pipe, particles travel around the

accelerator ring multiple times before colliding at some fixed points termed as interaction

point (IP).

Fig. 2.1 shows a schematic view of the LHC facility and depicts the acceleration chain

of particles (for both protons and heavy-ions). The accelerators in this chain [9, 10] func-

tion sequentially, each one increasing the beam particles energy before transferring them to

the subsequent machine. Initially, the Linear Accelerator 4 (Linac4) accelerates negative

hydrogen ions from proton beam source to 160 MeV before injecting these into the Proton

Synchrotron Booster (PSB). The injection process into the PSB includes a stripping stage

that removes the two electrons from each H− ion, converting them into protons. Protons
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are then accelerated to 2 GeV and prepared for injection into the Proton Synchrotron (PS),

where they are further accelerated up to 25 GeV. Thereafter, the energy is elevated to 450

GeV by injection into the Super Proton Synchrotron (SPS) [11, 12]. Lead or xenon ions, on

the other hand, are prepared from a source of vaporised lead (Pb) or xenon (Xe) and enter

LINAC3, where they are accelerated in the Low Energy Ion Ring (LEIR) before following

the same route as that of proton for further acceleration.

Once the particle beams are accelerated these are injected into one of two beam pipes

that run in opposite directions (one in clockwise and one in anticlockwise) around the main

LHC ring, colliding at four major interaction points. At these locations around the ring,

the seven main detector experiments collect data: ALICE [4], CMS [14], ATLAS [13],

LHCb [15], LHCf [16], TOTEM [17], and MoEDAL [18]. The four main experiments,

Compact Muon Solenoid (CMS), A Large Heavy Ion Collider Experiment (ALICE), LHC

beauty (LHCb) and A Toroidal LHC Apparatus (ATLAS) are set-up around the four in-

teraction points, located at IP1, IP2, IP5, and IP8, which are spaced at different positions

along the LHC ring. CMS and ATLAS are the general-purpose particle physics detec-

tors which were instrumental in the discovery of the Higgs boson [20], one of the biggest

discoveries at the LHC. The primary focus of the LHCb experiment is the study of parti-

cles containing bottom (b) quarks and their decays, providing crucial insight into matter-

antimatter asymmetry. The ALICE is built to investigate strongly interacting matter (the

Quark-Gluon Plasma (QGP)) at extremely high temperatures and densities. LHCf (LHC

forward) and TOTEM (TOTal cross section, Elastic scattering, and diffraction dissociation

Measurement) are among the smallest-scale experiments at the LHC, focusing on special-

ized measurements. The MoEDAL is also a small detector system which uses detectors

near LHCb in the cavern to search for highly ionizing particles, magnetic monopoles and

other exotic new physics signatures [18].

The first collisions at LHC were that of protons at 900 GeV center-of-mass energy

on September 10, 2008 and later after an year in November 2009 it become the powerful

accelerator, colliding protons at 1.18 TeV energy per proton beam. In March 2010, the

first pp collisions at
√

sNN = 7 TeV were achieved, followed by the first Pb–Pb collisions at
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√
sNN = 2.76 TeV in November. The integrated luminosity delivered by the LHC reached

approximately 48 pb−1 in proton-proton collisions at
√

sNN = 7 TeV and about 10 µb−1

Pb–Pb collisions at
√

sNN = 2.76 TeV. With same beam energy for both Pb–Pb and pp,

in 2011 LHC’s luminosity improved to approximately 5.61 fb−1 for pp and approximately

166 µb−1 for Pb–Pb collisions. The 2012 run period set a new milestone, as the Large

Hadron Collider achieved "proton-proton collisions reaching a center-of-mass energy of

8 TeV. By the end of the pp program in December 2012, the integrated luminosity reached

≈ 23.3 fb−1, with ≈ 10 µb−1 recorded in the ALICE experiment [19, 21].

In September 2012, a pilot p–Pb run at 5.02 TeV was carried out, followed by a longer

run in February 2013 with a luminosity of 31.2 nb−1. The LHC RUN 1 programme con-

cluded with a very short pp run at 2.76 TeV, followed by the begining of the first long

shutdown (LS1) until the end of 2014. During the long shutdown (LS1), both the LHC ac-

celerator complex and several of its main detectors were significantly upgraded. Following

the upgrades, the LHC commenced its second run (RUN 2) in April 2015; this operational

period continued until October 2018. During this run, the ALICE experiment recorded col-

lisions at higher energies, with
√

sNN = 13TeV for pp, 8.16TeV for p–Pb, and 5.02 TeV for

Pb–Pb systems. Additionally, the LHC conducted a brief xenon-xenon (Xe-Xe) collision

run at
√

sNN = 5.44 In addition, On 5th July, 2022 [6], the LHC began Run 3 operations

achieving the highest energy proton-proton collisions at
√

sNN = 13.6 TeV after more than

three years of upgrading during long shutdown 2 (LS2). A summary of this information is

given in Table 2.1.

2.3 A Large Ion Collider Experiment (ALICE)

ALICE [4], one of the four major experiments at the LHC, is located at Point 2 of the ac-

celerator tunnel near the Swiss-French border in the St. Genis-Pouilly commune. ALICE

is capable of studying different collision systems. The primary focus of ALICE is to inves-

tigate lead-lead (Pb–Pb) collisions, to study the properties of QGP. It is also equipped to

record and analyze data from other collision configurations, including proton-lead (p–Pb)
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Run Phase Year Collision system Centre-of-Mass Energy [TeV] Int. Luminosity

RUN 1

2008 p–p 0.9 –

2009 p–p 1.18 6.8 µb−1

2010 p–p, Pb–Pb 7.0, 2.76 48 pb−1, 10 µb−1

2011 p–p, Pb–Pb 7.0, 2.76 5.61 fb−1, 166 µb−1

2012 p–p, p–Pb (pilot) 8.0, 5.02 23.3 fb−1,

RUN 2

2013 p–Pb / p–p 5.02 / 2.76 31.2 nb−1,

2015–2017 p–p, p–Pb 13.0, 8.16 150 fb−1, 25 nb−1

2015–2018 Pb–Pb 5.02 1 nb−1

2017 Xe–Xe 5.44 0.3 µb−1

RUN 3 2022 p–p 13.6 39.7 fb−1

Table 2.1: Summary of LHC collision systems, center-of-mass energies, and integrated
luminosities across different run periods.

and proton-proton (pp) collisions. Studying different collision systems allows physicists

to explore a range of energy densities and conditions. While heavy-ion collisions are par-

ticularly interesting for creating extreme conditions akin to the early universe, the proton-

proton and proton-lead collisions provide a baseline for comparison and help researchers

to understand the baseline properties of the colliding particles.

The ALICE experiment at CERN is a big international collaboration which involves

around 1800 researchers and professionals including scientists, engineers, technicians, and

graduate students from around the 178 institutes representing 41 countries. The ALICE

detector has approximate dimensions of 16 m in length, 16 m in width, and 26 m in height,

resulting in a total volume of 16× 16× 26 m3 with a weight of approximately 10,000

tons. The large size of the detector accommodates various sub-detectors and instruments

positioned around the collision point to capture and to measure various parameters of the

particles produced during the heavy-ion collisions. A detailed schematic of the ALICE

detector’s layout from the RUN 2 period, highlighting its key components, is provided in

Fig. 2.2

The ALICE detector is composed of two primary sections: a central barrel and a for-

ward muon spectrometer. The central barrel OF ALICE covers the pseudorapidity range of

−0.9≤ η ≤ 0.9 over the full azimuth, whereas the forward muon spectrometer covers the

pseudorapidity range of 2.5≤ η ≤ 4.0. The central barrel contains multiple sub-detectors
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with specialized roles in tracking charged particles, identifying different species, and gen-

erating trigger signals. The central part of the ALICE detector is designed to measure

a wide range of particles, including electrons, hadrons (such as protons and pions), and

photons. This central barrel is positioned directly around the collision point and is com-

posed of multiple specialized sub-detectors arranged in concentric layers. A 0.5 T magnetic

field is created by a solenoid magnet surrounding the Central Barrel detectors, bending the

trajectories of charged particles. This allows ALICE to determine momenta and distin-

guish between particles with opposite charges. The Inner Tracking System (ITS) forms

the innermost layer of the Central Barrel, with the Time Projection Chamber (TPC) sur-

rounding it in the next outward layer. These detectors are dedicated to determine primary

and secondary vertices as well as tracking low-momentum particles. Outside the TPC, the

Transition Radiation Detector (TRD) is positioned specifically for electron identification.

The TRD plays a crucial role in distinguishing electrons from the other charged particles

by taking advantage of the transition radiation phenomenon. The Time of Flight (TOF)

detector provides particle identification by measuring the flight time of particles, enabling

it to distinguish between species such as pions, kaons, and protons. Additionally, there

are two single-armed detectors: an array of RHIC counters optimised for High Momentum

Particle Identification (HMPID) and the Photon Spectrometer (PHOS).

The muon spectrometer, installed in forward section OF THE ALICE, focuses on muon

tracking and identification. This upgrade enhanced the ALICE experiment’s coverage in

Run 2, making it possible to detect particles emitted at more extreme angles relative to the

collision point [4]. In addition to the forward muon spectrometer, several other detectors of

small dimensions in RUN 2 operations of LHC, such as V0, T0, Zero Degree Calorimeters

(ZDC), Photon Multiplicity Detector (PMD), Forward Multiplicity Detector (FMD) are

located at forward and backward rapidity region. An array of scintillators (ACORDE) is

mounted on top of the L3 magnet and is used to trigger muons emitted by cosmic rays,

which can be used for alignment and cosmic-ray measurement. A brief overview of a few

of these detectors is given below.
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2.4 Central Barrel Detectors of ALICE

The central barrel contains multiple sub-detectors with specialized roles in tracking

charged particles, identifying different species, and generating trigger signals.

2.4.1 Inner tracking system (ITS)

The Inner Tracking System (ITS) in RUN 1 and RUN 2 of LHC operation is a semicon-

ductor detector system positioned closest to the interaction point in the ALICE experiment,

extending radially from 3.9 cm to 43.0 cm along the z-axis. With a cylindrical geometry,

this detector covers the pseudorapidity range−0.9≤ η ≤ 0.9. A layout of the ITS detector

is shown in Fig. 2.3. It is composed of three primary detector subsystems, all of which are

configured with two layers each [5]. The three subsystems are:

Figure 2.3: Diagram of the ALICE Inner Tracking System (ITS) showing its layered struc-
ture designed for high-precision vertexing and tracking [27].

• Silicon Pixel Detectors (SPD): The ITS innermost layers are composed of Silicon

Pixel Detectors. These detectors use pixel technology, providing fine spatial resolu-

tion. The extreme fine segmentation of the SPD allows it to operate in regions with

very high track density, up to 50 tracks per square centimeter which makes it partic-

ularly suitable for measuring events with high particle multiplicities. Therefore, it is

utilized to trigger high-multiplicity events.
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• Silicon Drift Detectors (SDD): The two middle layers of the ITS are built using

Silicon Drift Detector technology. SDDs are designed to achieve accurate position

measurements and are effective for tracking particles in regions of moderate density.

They contribute to enhancing tracking coverage at larger radial distances from the

beam pipe.

• Silicon Strip Detectors (SSD): The ITS’s external layers are equipped with Silicon

Strip Detectors. Strip detectors are suitable for tracking particles in the regions with

low particle density but over a larger area. SSDs extend the coverage to even larger

radial distances, enhancing the tracking capabilities of particles with lower momenta.

ITS in the ALICE experiment identifies both primary and secondary vertices in heavy-

ion collisions [28, 29, 30]. It also plays an important role in enhancing the momentum

resolution of tracks reconstructed with the other central-barrel detectors. It serves as a

stand-alone tracking detector for particles with low transverse momenta that do not reach

the TPC in particular pions with momenta below 200 MeV/c.

2.4.2 Time Projection Chamber (TPC)

The Time Projection Chamber in the central barrel is the main ALICE tracking device. The

TPC, like the ITS, measures charged particle momentum, identifies them, and determines

interaction vertex [28, 31]. The TPC covers the pseudorapidity region | η |≤ 0.9 and

the azimuthal acceptance of 360◦. The schematic layout of the TPC detector is shown

in Fig. 2.4. The TPC has a cylindrical shape, with an internal radius of about 85 cm, an

external radius of around 247 cm, and a length of approximately 510 cm, resulting in a

total active volume of approximately 88 m3. As of right now, this is the largest TPC ever

installed in any experiment. The active volume is split into two drift regions by the central

electrode, positioned at the axial centre and biased to 100 kV. The active volume was

filled with a mixture of Ne:CO2:N2 (Run 1) combination (90:10:5), except in 2017, during

RUN 2 when Neon was replaced by argon. The maximum event rate that the TPC can

support is limited by the maximum drift time of approximately 90 µs, which is generated
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Figure 2.4: Layout of Time Projection Chamber (TPC) detector in the ALICE experiment
at LHC [32].

by the electron drift velocity of 2.7 cm/s over 250 cm. Multi-Wire Proportional Chamber

(MWPC) based readout chambers are mounted in 18 trapezoidal sectors at both ends of

the TPC. As charged particles move within the gas volume, they cause ionization of gas

molecules, generating electrons that drift through the chamber. As electrons reach the

MWPC at the end plates, an electron avalanche occurs, which travels to the cathode pads

on the readout plane. The pad coordinates provide the charged particle’s position in the

radial (r) and azimuthal (φ ) directions. The z coordinate, where a constant drift velocity

is assumed, is obtained by measuring the time taken to cross the chamber. This achieves

a position resolution of 1100 (800) µm in the r,φ direction and 1250 (1100) µm in the

z direction for tracks with inner (outer) radii. These values represent the precision with

which the TPC can determine the positions of the charged particle tracks in the radial

and longitudinal (z) direction. The transverse momentum (pT) of the charged particles

is extracted from the curvature of its track in the magnetic field [66]. The momentum

resolution, expressed as a percentage, characterizes how well the TPC can determine the

transverse momentum of a particle, reaching approximately 0.7% for pT below 1 GeV/c

and increasing to nearly 6.5% at pT close to 10 GeV/c.
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Particle Identification and track reconstruction

The TPC in the ALICE experiment is capable of reconstructing primary tracks across a

large momentum range, spanning approximately pT≈ 0.1−100,GeV/c, with an efficiency

greater than 90% within this range. The efficiency here refers to the ability of the TPC

to reconstruct and identify charged particle tracks successfully. The ITS and TPC can

measure charged particle momentum with a resolution of more than 1% for low pT and

20% for pT≈ 100 GeV/c by observing the deflection in the magnetic field [34]. The charge

collected in the readout pads is used to evaluate the energy loss of the charged particles as

they traverse the gas-filled volume of the TPC. The TPC measures particle momentum and

energy loss at the same time which helps to distinguish different charged particle species

in the low momentum range.

2.4.3 Time-Of-Flight (TOF)

The primary role of the Time-of-Flight detector is particle identification in the intermediate

momentum range [35]. The detector consists of a large array of Multigap Resistive Plate

Chambers (MRPCs), providing full coverage in azimuth (φ ) and within the pseudorapidity

interval |η | ≤ 0.9, and is located 370-399 cm from the beam axis. Each TOF module is

built as a 10-gap double-stack MRPC strip. This indicates a specific design with multiple

gaps and a double-stack configuration. Any ionisation caused by a charged particle moving

through a chamber will cause signals to be seen on the pick-up electrodes through the gas

avalanche process.

Time resolution refers to the detector’s ability to precisely measure the time of flight

of particles which for TOF module in ALICE is stated to be approximately 40 ps. That

means the detector can distinguish events with a time difference as small as 40 ps. The

overall TOF resolution is stated to be around 60-80 ps for tracks with a momentum of

1 GeV/c in Pb-Pb collisions [36]. In contrast, for proton-proton events, the TOF resolution

is around 100 ps. The slightly larger resolution in proton-proton events is attributed to a

larger uncertainty in the determination of t0, the event start time, (the moment when the

particle is created at the interaction point).
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The TOF detector provides particle identification with capability of providing a sepa-

ration between protons and kaons with more than 3 standard deviations (3σ ) [37] up to a

momentum of p ≈ 4 GeV/c. While, for kaons and pions, the TOF detector is effective in

distinguishing them up to around p ≈ 2.5 GeV/c, with a separation of about 2.5 standard

deviations (2.5σ ). Particle identification is carried out by measuring the time of flight of

particles from the collision point to the TOF detector. The start time t0 is determined us-

ing the T0 detector. The effectiveness of particle identification depends on the matching

efficiency between TPC tracks and TOF hits, which rapidly falls to zero for tracks with

momentum less than 0.7 GeV/c due to energy loss effects. However, for high transverse

momenta (pT), the identification efficiency reaches approximately 70%.

2.4.4 Transitional Radiation Detector

The Transition Radiation Detector (TRD) plays an essential role in identifying electrons

with transverse momentum (pT) ≥ 1 GeV/c [38]. This is achieved by detecting the tran-

sition radiation emitted by charged particles as they pass through the detector. The TRD

can enhance the reconstruction of light and heavy vector mesons because of its ability to

identify e±. The TRD reconstructs a set of space points with good spatial resolution (ap-

proximately 600µm), allowing for longer tracks outside the TPC and improving overall

track momentum resolution. Fig. 2.5 depicts the geometry of the TRD in the ALICE cen-

tral barrel. The TRD detector surrounds the TPC, having an inner diameter of 290 cm

and an outer diameter of 368 cm with respect to the beam axis [4]. The TRD is made up

of 540 modules arranged into 18 sectors, (or super-modules), with a multi-wire propor-

tional chamber and a radiator with a thickness of 4.8 cm in each module. It covers the

entire azimuth in the mid-rapidity region (-0.84 < η < 0.84) and has a fast response time,

enabling it to trigger on charged particles. This detector is effective for particles with a

Lorentz factor γ greater than 1000, indicating good electron/pion separation for momenta

1≤ pT ≤ 100 GeV/c.

52



Figure 2.5: Schematic cross-section of the ALICE central barrel detector pendicular to the
LHC beam direction showing sectors of TRD [39].

2.5 Forward Detectors at ALICE

The forward detectors in the ALICE experiment are specialized subsystems positioned

at small angles relative to the beam axis, corresponding to the forward rapidity regions.

Their primary purpose is to provide essential information about global event characteris-

tics such as event triggering, multiplicity, centrality, and the position of the primary vertex.

They also contribute in luminosity measurements.The main forward-detector systems in

ALICE during RUN 2 consist of the Vertex (V0) and Timing (T0) detectors, Zero Degree

Calorimeter (ZDC), Photon Multiplicity Detector (PMD), Forward Multiplicity Detector

(FMD), and the ACORDE Diffractive (AD) detector. A couple of these are briefly dis-

cussed below.

2.5.1 V0 detector

The V0 detector is primarily used for triggering and for rejecting background events orig-

inating from beam-gas interactions. It is made up of two arrays, each with 32 counters.

These counters are made of scintillator (Scintillators are materials that emit light when
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charged particles pass through them.) material with embedded Wave Length Shifting

fibers. The two arrays are placed asymmetrically on each side of the Interaction Point

(IP) as shown in Fig. 2.6). One array is installed in the forward direction and is called

VZERO-A (V0-A), and the other installed in the backward direction is called VZERO-C

(V0-C). The V0-A array is located at a distance of 330 cm from the IP and it covers a pseu-

dorapidity range of 2.8 > η > 5.1 [40, 41]. The V0C array is positioned 90 cm from the

IP and covers a pseudorapidity range of approximately −3.7 < η <−1.7 (Fig. 2.6).

The time resolution of this detector is about 1ns. By measuring the time-of-flight dif-

Figure 2.6: Time alignment condition on V0A and V0C [42].

ferences between V0A and V0C, the system can filter out background events associated

with beam-gas interactions. It offers a Minimum-Bias trigger (MB) for the central barrel

detectors. The V0 system, by measuring the energy deposition in its two discs, provides

a means to gauge the centrality of the heavy-ion collisions and contributes to the over-

all characterization of the collision events. The total energy recorded by the V0 system

correlates directly with the number of primary particles produced in the collision.

2.5.2 T0 detectors

The T0 detector consists of two arrays of quartz Cherenkov counters [4]. The two arrays

are strategically positioned with the IP in-between them. The array located on side-A is

known to as T0A, whereas the array located on side-C is referred to as T0C. The T0A and

TOC are positioned at a distance of 3.6 meters and 70 centimeters repectively from the

IP and thus covers a range of 4.5 < η < 5 and 3.3 > η > 2.9 respectively. The detector

supplies fast signals to the ALICE Level-0 (L0) trigger system. With a time resolution of
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50 ps, this detector can accurately determine the vertex position to within ±1.5 cm. It also

possesses a great ability to reject beam-gas interaction events.

2.5.3 Zero Degree Calorimeter (ZDC)

The Zero Degree Calorimeter (ZDC) [43] detector includes six quartz-fibre sampling

calorimeters: two electromagnetic calorimeters (ZEM), two hadronic calorimeters for the

detection of neutrons (ZN) and two for the detection of protons (ZP). The ZN and ZP

calorimeters lie opposite to each other at a distance of approximately 112.5 meters from

the interaction point. The ZP calorimeters are located outside the vacuum tubes. They

are located on the side where positive particles are deflected by the LHC magnets. On the

other hand, the ZN calorimeters are installed between the two beam vacuum tubes. The

electromagnetic calorimeters are positioned on either side of the vacuum tube, approxi-

mately 7 meters from the IP, in the opposite direction relative to the muon arm detector.

The muon arm is a forward spectrometer designed to detect and identify muons, which

are produced in the forward rapidity region. It is installed on the C-side of the ALICE

experiment, covering the pseudorapidity range −4.0 < η < −2.5. Its position defines the

reference direction for the placement of other forward detectors such as the ZEM, helping

in asymmetric detector layout [40].

ZDC covers the pseudorapidity range 4.8 < η < 5.7 and is used to determine event

centrality in Pb-Pb and p-Pb collisions by measuring the energy deposited by spectator

nucleons, which emerge at zero degrees relative to the beam direction and do not partici-

pate in the collision. The ZEMs measure the energy deposited by photons and π0 decays

in the forward rapidity to resolve ambiguities in centrality determination caused by nu-

clear fragments that remain in the beam vacuum tubes and are not collected by hadronic

calorimeters [43]. By using the ZDC for time measurements, background events result-

ing from main bunch collisions with satellite bunches during Pb-Pb data tracking can be

rejected.
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2.6 ALICE online operations

ALICE has central online systems that are used to control data-taking activities. The de-

tector can operate independently, which is known as a standalone mode. Standalone mode

is used to perform commissioning, calibration, and debugging activities. During the col-

lection of physics data, detectors are assembled into "partitions" that can operate simul-

taneously and independently after receiving trigger inputs. The management of the data

collection activities during the RUN 2 of LHC operations is carried out by five central web

systems [41, 44, 45, 46, 47]. A brief introduction to these is given below.

2.6.1 Data Acquisition System

The Data Acquisition system (DAQ), is responsible for configuring the various detectors

during data collection. Its primary role is to control the transfer of data from the detector

electronics to permanent storage. It includes two types of interfaces: the TRiGger (TRG)

system and the High-Level Trigger (HLT) system [48]. It permits the detector hardware to

function from a central interface and thus provides overall supervision for the experimental

equipment and ensures safe operation under beam conditions. The Experiment Control

System (ECS) oversees and synchronizes all DAQ, TRG, and central system operations.

The Local Data Concentrators (LDCs) retrieve events from the optical Dedicated Data

Lines (DDLs), compile the data into sub-events, and then sends them to the Global Data

Collectors (GDCs) [49]. The GDCs first place the data into temporary Transient Data

Storage (TDS), after which it is moved to the Permanent Data Storage (PDS).

2.6.2 Central Trigger Processor (CTP)

The primary function of ALICE Trigger system during LHC Run 1 and Run 2 was to

distribute trigger decisions and clock signals to the various ALICE subdetectors. Its archi-

tecture is organized around two major components: the CTP and the HLT [50, 51]. Each

detector’s CTP is made up of 24 Local Trigger Units (LTUs). The CTP is responsible

for receiving signals from the various subdetectors and deciding whether to trigger data
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readout based on predefined criteria. Whereas the LTUs receive signals directly from their

respective subdetectors and perform local processing tasks. The LTUs provide input to the

CTP regarding the status and activity of their associated subdetector.

During the first two LHC runs (Run1 and Run2), the CTP operated using a four-level

trigger logic. The triggers are referred to as LM, L0, L1, and L2. The four trigger levels

have varying latencies: The LM trigger has a latency of 650 ns, which serves as a wake-

up trigger sent exclusively to the TRD. L0 has a latency of 900 ns, L1 has a latency of

6.5 µs, and L2 has a latency of 88 µs [52]. After the L2 trigger, the event is saved, and

the CTP output is routed to the LTUs of each detector. The LTUs link the CTP to the

Front End Electronics (FEE) of individual detectors. Additionally, they can emulate the

CTP protocol, enabling subdetectors to operate independently from the rest of the ALICE

detector. The output is shifted to the detector’s front-end electronics via Low Voltage

Differential Signalling (LVDS) cables and optical fibers. More details on the trigger system

can be found in [52]

2.6.3 High Level Trigger (HLT)

A High Level Trigger (HLT) system in ALICE was developed to enable on-line data

processing at full input rate and efficient data rate reduction. Fig. 2.7 shows how the HLT

is integrated into the ALICE experiment’s data flow. Raw data from the detector front-end

is sent by optical fibers to the DAQ system, where ReadOut Receiver Cards (D-RORCs)

read and send a copy to the HLT [53]. The HLT-RORCs receive data and interface with

the processing nodes via the PCI bus. They are also equipped with an FPGA co-processor

to efficiently handle complex pattern recognition tasks involving large datasets.

At a higher level, processed data from several detector sectors is combined and evaluated

to reconstruct entire events and make trigger decisions. The HLT sends its outputs, such

as trigger decisions, subevent maps, and compressed data, back to the DAQ, which helps

decrease the total data rate.
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Figure 2.7: The HLT system is integrated into the data-flow architecture of the ALICE
experiment, in which the DAQ replicates the raw data from the detector and sends an
identical copy to the HLT system [54].

2.6.4 The Detector Control System (DCS)

The Detector Control System (DCS) provides optimal operating conditions for the exper-

iment’s data collection, resulting in the best possible results. The DCS is fundamentally

responsible for guaranteeing the safe and dependable functioning of the ALICE experi-

ment. It enables remote control and monitoring of all experimental equipment in carven

via a special set of operator panels, allowing the ALICE experiment data collection to be

managed and controlled from the ALICE Control Room (ACR). The DCS controls chan-

nel availability and constantly supervises the parameters necessary for high-quality physics

data analysis. It can handle a variety of operating modes and allows each sub-detector, or

any component of it, to operate independently and concurrently.

2.6.5 The Experiment Control System (ECS)

The ALICE experiment adjusts its operation using the Experimental Control System based

on the LHC beam state (on/off) and beam type (heavy-ion or proton). The ECS adjusts AL-

ICE operations in accordance with the current state of the LHC. It provides a framework en-
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abling different teams to work simultaneously on separate detector groups without mutual

interference. This is achieved by dividing the experiment into sections known as partitions.

Tasks within each partition are coordinated and synchronized by the ECS. It addresses all

of the correlations that occur between distinct activity domains [55]. The activity domains

are managed by online systems with their own standards, methodologies, and tools, which

can operate independently. The online systems operate independently, interacting with the

ECS only to exchange control commands and status updates. The ECS communicates with

all ’online systems’ through the Finite-State Machine interfaces (FSM). Each detector per-

forms calibration and configuration steps, particularly for the Front-End ReadOut (FERO).

The ECS allows these procedures to be performed simultaneously across several detectors

inside a partition [55].

2.7 ALICE offline operations

The raw data collected from the detectors must be processed before it can be converted into

events for further analysis. This section outlines the offline data processing and analysis

tools employed in ALICE data handling. ALICE offline analysis is done using AliRoot [59,

60] software platform based on the ROOT [61, 62] framework. A large section of the high-

energy physics experimental community, including ALICE uses scientific software ROOT

as analysis framework. The volume of the data collected by ALICE is huge and is stored

in the various computing facilities using GRID network technology.

2.7.1 ALICE Grid and AliEn

Because of the massive and unprecedented volume of data collected at the LHC, process-

ing and data storage resources are spread over numerous computing centers [57]. For this,

a worldwide distributed computing project was started in 2000, which successfully estab-

lished the dispersed computing infrastructure required for processing and storage of data

in the LHC experimental program. The ALICE Environment (AliEn) architecture was de-

signed to offer ALICE experiments users with transparent access to globally distributed
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computing resources across the Grid. The Grid allows the project’s partner institutions

to distribute their computing resources. The ALICE Grid divides its computing resources

into multiple Tiers, designed according to the MONARC (Models of Network Analysis at

Regional Centers for the LHC Experiments) model. Responsibilities of these Tiers are:

• Tier-0 at CERN handles the initial recording and secure preservation of the raw data

generated by the experiments.

• A second copy of the data is made available to the big external Tier 1 centers with

responsibility to duplicate the event.

• Regional Tier 2 centers take part in Monte Carlo simulations and assist in to prepare

files for solo users to analyze.

The AliEn environment ensures that ALICE users can access the Grid middleware. ALICE

users can access data, send analytical jobs and simulations, and monitor them through the

AliEn User Interface, in particular. Fig.2.8 depicts a schematic representation of the AL-

ICE offline framework where AliEn comprises of AliRoot, the analysis framework ROOT

integrated with ALICE experiment specific classes and functions [58].

Figure 2.8: A scheme of AliRoot data processing framework [40] of ALICE experiment.
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2.7.2 ROOT and AliRoot framework

ALICE project relies on the ROOT analysis framework [61]. ROOT is primarily written

in C++, but it also offers interfaces for other languages like Python and R. ROOT was

developed at CERN to handle and analyze large data from the heavy-ion collisions effi-

ciently. In addition to its extensive data management and storage features, ROOT includes

a comprehensive range of mathematical and statistical analytical tools. AliRoot [59, 60] is

a modified version of ROOT [62] designed exclusively for the ALICE experiment’s simu-

lation, reconstruction requirements [63] and analysis related classes and functions.

Simulation

A simulation is a computer-generated representation of an experiment. The high-energy

collision experiments are heavily reliant on simulations of experiment and simulated col-

lision events. To optimise physics data for detector efficiency and acceptance constraints,

simulated event samples are used. A simulated collision event is typically described us-

ing two elements: the event generator and the transport code. Event generators generate

particles and events with average behaviours identical to those found in real data by ap-

plying the theoretical ideas of collision dynamics. Many event generators use a variety of

theories and physical procedures to produce events that are as close to known real data as

possible. Outputs from the event generator are subsequently fed into the transport models

as input. Transport models such as GEANT [64, 65], replicates the behaviour of detectors

and attempts to approximate as closely as possible the amount and properties of particles

gathered by the experiments.

Data Reconstruction

When a charged particle traverses the sensitive volume of a detector, it leaves behind a

signal (called a "digit") corresponding to energy deposition. These signals are recorded

along with their spatial coordinates and represent the raw data of the experiment. The

process of transforming this raw data into meaningful physical quantities, such as particle
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trajectories and identities, is called reconstruction. Reconstruction is a crucial step that

enables the transition from detector-level signals to physics-level observables. The first step

in reconstruction is clustering, where adjacent digits are grouped to form clusters. These

clusters indicate the locations where particles passed through the detector. The center-of-

gravity of these clusters provide a reconstructed point, giving an estimate of the actual

particle trajectory within the detector [66]. These reconstructed points from various sub-

detectors are then linked to form tracks, which contain kinematic information (such as

momentum and charge) and enable the identification of particle species (if applicable).

The complete output of the reconstruction process is stored in a structured format known

as Event Summary Data (ESD). For physics analysis, a more compact data format called

Analysis Object Data (AOD) is used in ALICE.

In ALICE, the reconstruction of raw data begins with detector-specific calibration fol-

lowed by clustering. This process is executed independently for each detector. For in-

stance, in tracking detectors such as the ITS and TPC , clusters are formed by grouping

nearby digitized signals. The energy deposited by clusters in calorimeters are also saved

within the ESDs [67]. The reconstruction begins with estimating the primary interaction

vertex from SPD-generated tracklets. A tracklet is constructed by correlating clusters from

the two SPD layers that point back to a common origin [68], and the vertex position is

obtained from the point where most of these tracklets converge.

ALICE uses a three-iteration track reconstruction procedure in the central barrel region

that relies on the Kalman filter algorithm [28]. This method allows simultaneous track

finding and fitting by locally updating track parameters while propagating through the de-

tector.

• First iteration: Track finding begins at the outer radius of the TPC, where seed

tracks are created using pairs of clusters. These seeds are projected inward, and

clusters are progressively added to refine the tracks. The tracks are then extrapolated

to the ITS, using the preliminary vertex from the SPD [69].

• Second iteration: Tracks are propagated outward from the SPD vertex back through

the TPC using clusters identified in the first step. At this stage, energy loss informa-
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tion is incorporated to aid in particle identification. The refined tracks are subse-

quently matced with energy deposits in the surrounding outer detectors, including

the TRD, TOF, HMPID, EMCAL, and PHOS.

• Third iteration: The tracks are refitted inward again using updated cluster associ-

ations. The final result is a set of refined tracks called global tracks, which offer

improved estimates of particle kinematics [69]. These are used to recalculate the

interaction vertex with greater precision.

By combining precise spatial information from multiple detectors and using advanced

tracking algorithms, the ALICE reconstruction framework builts the events and a big pool

of data. Analysis of this data for various physics studies helps to understand the dynamics

of heavy-ion collisions, system formed and its properties.

ESD and AOD files

Once reconstruction is complete, the raw data are archived in files called Event Summary

Data (ESD) files. These ESD files contain detailed reconstructed information from all

sub-detectors, which includes trigger information, collision vertex measurements, and in-

dividual particle track data from various sub-detectors. However, because of their larger

size, the ESD files are heavy for local analysis. To minimize file size and boost analysis,

the ESD objects are processed further to generate Analysis Object Data (AOD) files. AOD

files contain only the information required for physics analysis, resulting in much smaller

file sizes than their corresponding ESD objects. Physics analysis can be performed using

either ESD or AOD format, depending on the specific requirements.

In this work the data recorded using ALICE detector in Run 2 of LHC operations and

simulated events for the similar conditions of the experiment are analyszed. In the follow-

ing chapters the analysis methodology, is given followed by discussion on the observations

and results from the analysis of simulated events and experimental data using AliPhysics

version “vAN-20200510-1”and ROOT [6.26/04] within the AliEn analysis environment is

given.
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CHAPTER 3

ANALYSIS: METHODOLOGY AND HIJING EVENTS

The primary objective of high-energy nuclear collisions is to create and analyze the be-

haviour of hot and dense nuclear matter. Recent ongoing experiments like STAR at RHIC,

CMS, ATLAS and ALICE at LHC yielded an extensive amount of data revealing the cre-

ation of Quark-Gluon Plasma (QGP). As system formed in the high-energy collisions cools,

the QGP transitions to the hadronic phase. To determine order of this transition and to

search for the location of the critical point in the nuclear matter phase diagram are among

some of the main objectives of the searches in this fields [1]. Examining event-by-event

fluctuations of global observables is a valuable tool for comprehending QGP to hadronic

phase transition and understanding the fundamental dynamics of multiparticle production

in heavy-ion collisions. Since fluctuation observables are inherently related to particle

correlations thus, studying fluctuations can shed light on the mechanism underlying the

production of particles in a relativistic nuclear collision [2].

A. Bialas and R. Peschanski successfully explained the high multiplicity spike observed
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in the eta distribution of Japanese-American Collaborative Emulsion Experiment (JACEE)

event in 1986 using scaled factorial moments in one-dimensional space [3]. After that,

there was a surge of interest in this analytical technique for understanding multiparticle pro-

duction dynamics in the field by many experimental groups for different systems [4, 5, 6].

It was hypothesized that if the produced particle spectra from high-energy collisions ex-

hibits intermittent behaviour, it would result in spikes in the rapidity distribution. These

spikes, which are clusters of particles in small rapidity intervals, appear as high-density

peaks of dynamical origin in the phase space distribution of individual events [2, 7]. An-

alyzing particle distributions using factorial moments is inspired by intermittency studies

in turbulence phenomenon in fluids, where irregular, large fluctuations occur in the system

near phase transition.

The power-law behaviour of the normalised factorial moments in the decreasing bin

sizes, known as intermittency was proposed as a signal of QGP formation [2] and self-

similarity in particle production processes. A fundamental characteristic of the system

undergoing phase transition is that it exhibits fluctuations across all scales. Numerous

experimental studies using factorial moments have revealed intermittent patterns in vari-

ous types of interactions, such as nucleus-nucleus [8, 9, 10, 11], hadron-nucleus [12, 13],

muon-hadron [14, 15], and e+e− [16, 17, 18] interactions. However, none of these studies

reported any observation of signal of a phase transition. Recently the scaling properties of

the normalized factorial moments of multiplicity fluctuations in the data from LHC [19] are

proposed to be investigated. Dependence of these moments on resolution signifies genuine

dynamic fluctuations. Infact the ability to filter out Poissonian noise [2] from the signal

makes normalized factorial moment analysis, a candidate for investigating fluctuation be-

haviour of various systems in nature.

In low-energy collision experiments particle multiplicities were quite low to support

binning of the phase space into small bin sizes. However, at LHC, the average collision

contains multiple parton interactions resulting in very high multiplicities that even small

bins in the phase space contain some particles. At these energies, tight kinematic cuts

can be applied while still retaining enough particles in small (pT) bins, making it feasi-
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ble to investigate scaling behaviour across different bin sizes in the chosen phase space.

Performing intermittency analysis for the LHC data overrides the limitations of low en-

ergy experiments and promises to reveal an important information about the dynamics of

multiparticle production at extreme conditions of temperature and energy [20].

A model that gives insight into the phase transition processes is the Ising model [21].

Intermittency in the Ising model has been studied through analytical and numerical ap-

proaches [22, 23], revealing an anomalous fractal dimension (dq) of 1/8, regardless of

the order of the moment (q). This has led to speculation that intermittency might exhibit

monofractal characteristics in QCD second-order phase transitions [24]. However, vari-

ous interactions, such as those in heavy-ion collisions, exhibit multifractal behaviour [25].

With decreasing phase-space bins, within the Ginzburg-Landau second-order formalism

the anomalous fractal dimension varies rather than remaining constant. Investigations into

the fractal characteristics of the system, to understand the fractal nature of the system of

quarks and gluons created in heavy-ion collisions can be carried.

In this chapter, a two-dimensional intermittency analysis methodology as proposed in [26],

for examining fluctuations in multiplicity distributions using normalized factorial moments

is presented. The data sets and the various selection cuts on the events and tracks are also

discussed. Observations and results from the analysis of the Monte Carlo HIJING [27]

events from the central production of the ALICE experiment for Xe–Xe collisions at
√

sNN = 5.44 TeV are also given in this chapter.

3.1 Methodology and Observables

The methodology for event-by-event two dimensional intermittency analysis as proposed

in [26] is performed on the data sets (section 3.2) is;

The (η ,φ) phase space of an event is divided into a square lattice with Mη ×Mφ bins, Mη

and Mφ being the number of bins along η and φ dimension respectively. This is graphically

illustrated in Fig. 3.1. The binning is show for two cases one with M = 6 and another with

M = 10 (Mη = Mφ = M(say)). M defines the number of bins that takes positive integer values
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and is varied from a minimum value Mmin to a maximum value Mmax. These values are

constrained by the detector resolution, charged particle density, and the acceptance region.

Particles in an event in the selected kinematic phase space are mapped onto this (η ,φ )

matrix partitioned into M2 bins (see Fig. 3.1 and Fig. 3.2). The number of particles that

fall in each bin determines its bin multiplicity (nm) also termed as bin content. Because

each event is unique, this mapping results in distinct configurations for each M and every

event. The normalized factorial moments of an eth event as a function of M is then defined

as [28],

Fe
q (M) =

f e
q (M)

[ f e
1 (M)]q

. (3.1)

where,

f e
q (M) =

[
〈nm(nm−1) · · ·(nm−q+1)〉

]
e.

(3.2)

Here q is the order of the moment and it takes positive integer values ≥ 2 such that in

(a) (b)

Figure 3.1: A pictorial representation of binning in the two-dimensional (η ,φ ) phase space.
Two different scenarios are shown with the number of bins set to M = 6 and 10 in each
direction. Figure illustrate the increasing resolution of the bins in the phase space. As M
increases, the bin sizes become smaller.

Eq. (3.2) only bins with nm ≥ q are considered. nm represents the bin multiplicity of the

mth bin for an event partitioned into M2 bins. <...> is the averaging over bins and is
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Figure 3.2: Pictorial representation of binning and the distribution of particles in an event
mapped onto the (η ,φ ) phase space partitioned with M = 4 bins along each dimension.

referred to as the horizontal average, in a practice that considers different events as being

vertically stacked. More explicitly Eq. (3.2) can be rewritten as

f e
q (M) =

[
1

M2

M2

∑
m=1

nm(nm−1) . . .(nm−q+1)

]

e

. (3.3)

Accordingly f e
1 (M) in the denominator of Eq.(3.1) is just the average bin multiplicity

< nm > of an eth event, such that

[ f e
1 (M)]q =

(
1

M2

M2

∑
m=1

nm

)q

e

= (< nm >)
q
e . (3.4)

The Fe
q (M) in Eq.(3.1) defines the normalized factorial moments of the spatial fluctuations

of particles in an eth event, which in expanded form is;

Fe
q (M) =

[
1

M2

M2

∑
m=1

nm(nm−1) · · ·(nm−q+1)

]

e[
1

M2

M2

∑
m=1

nm

]q

e

. (3.5)
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The normalized factorial moments Fq(M) for a sample of "N" events, also termed as verti-

cally average horizontal moments, are then defined as;

Fq(M) =
1
N

N

∑
e=1

Fe
q (M). (3.6)

In expanded form, it is

Fq(M) =

1
N

N

∑
e=1

f e
q (M)

1
N

N

∑
e=1

[ f e
1 (M)]q

=

1
N

N

∑
e=1

[
1

M2

M2

∑
m=1

nm(nm−1) . . .(nm−q+1))

]

e

1
N

N

∑
e=1

[(
1

M2

M2

∑
m=1

nm

)]q

e

. (3.7)

Normalized factorial moments as defined in above equation filter statistical noise (due to

the finite multiplicity per event). Fq(M) = 1 if the multiplicity distribution is pure Poisso-

nian. Thus Fq moments enable the detection of dynamical multiplicity fluctuations from

bin-to-bin, such as the development of new scales or the presence of an "intermittent" back-

ground, characterized by cascading fluctuations at multiple scales. Hwa and Yang [26]

proposed that the charged particles produced in heavy-ion collisions at LHC, where the

particle number densities per bin are very high, must be investigated using NFM to study

their scaling behaviour [29], as it can give vital information about various characteristics of

the system. These studies have potential to reveal the hidden characteristics of systems at

high energy density and may provide answers to questions still under vigrous scientific in-

vestigations such as the location of the critical point, particle production mechanism, order

of the phase transition etc.

3.1.1 Intermittency and M-scaling behaviour

The behaviour of normalized factorial moments Fq(M) also known as scaled factorial

moments can be investigated for their dependence on the number of bins (M for one-

dimensional case and M2 for two-dimensional case). As the number of bins determine

the phase space resolution, this dependence is known as resolution scaling. For the qth or-

der normalized factorial moments (NFM) exhibiting a power-law behaviour with the size
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of the bins (δ ) or number of bins (M) (with δ ∝
1
M ), as;

Fq(δ ) ∝
1

δ ϕq
(3.8)

or

Fq(M) ∝ Mϕq, (3.9)

is termed as intermittency [25, 26]. For the d-dimensional phase-space, it can be written as

Fq(Md) ∝

(
Md
)ϕq

, (3.10)

where d is the dimension of the phase space. The scaling index, ϕq, is called the inter-

mittency index and it characterizes the strength of the intermittency [30, 31]. Presence of

intermittency in a system that is observation of behaviour as defined in Eq.(3.10) indicates

the scale invariance of particle number density. In other words the statistical properties of

the particle distributions remain consistent across different scales. This scaling behaviour

is also known as M-scaling. This is also a feature of systems having self-similar nature or

the fractal nature. Conversely, any deviation from this behaviour would indicate the ab-

sence of self-similarity and also that of the fractal nature. In effect, the study of M-scaling

behaviour gives insight into the nature of the underlying physical processes in a system

under study thereby helping to identify non-trivial dynamics. Presence of strict linear de-

pendence of the normalized factorial moments on M is expected to be shown by the systems

near critical point and exhibiting large multiplicity fluctuations.

3.1.2 F-scaling behaviour and scaling exponent ν

With Ginzburg-Landau (GL) formalism for second-order phase transition, it is ob-

served [32] that Fq(M) moments follow a power-law behaviour

Fq(M) ∝ F2(M)βq. (3.11)
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This dependence of the qth order NFM (Fq(M)) for q > 2 on the second order NFM (F2(M))

is called the order scaling or simply termed as F-scaling. Here βq, the exponent is observed

to be related to the order of the moments (q) through relation

βq = (q−1)ν , (3.12)

where ν is called the scaling exponent which is a dimensionless parameter [33] and char-

acterizes the system being studied. This scaling (Eq. 3.11) is independent of the M-scaling

behaviour of Eq.(3.9).

The scaling behaviour as in Eq.(3.11) has been experimentally verified for the opti-

cal systems at the lasing threshold [34] and is also observed for Pb-Pb collisions at LHC

energies [35]. With formalism for second-order phase transition using Ginzburg-Landau

theory, the average value of ν is found to be 1.304 [32]. Cao, Gao, and Hwa in [36]

examined the two-dimensional Ising model and found that the dimensionless parameter

ν is function of temperature. For temperatures below critical temperature (Tc), where Tc

=2J/kB (Ising parameters), the average value of ν is approximately 1.3. Larger values of ν

correspond to temperatures below the critical temperature Tc. Therefore it is suggested that

the systems where temperature cannot be directly measured, calculating ν can serve as a

valuable parameter for characterizing the system’s thermodynamic properties [36]. This

is particularly relevant in heavy-ion collisions, where temperature is not an experimentally

controlled variable. Thus determining ν can provide an insight into the temperature relative

to the theoretical critical temperature expressed in terms of the Ising model parameters.

The Successive Contraction and Randomization (SCR) model, introduced in [19], simu-

lates the conditions that may be existing during transformation of the quark-gluon plasma

(QGP) into hadronic matter state near the phase transition. It alternates two processes: con-

tractions, where confinement forces redistribute quarks and anti-quarks in dense regions

in the form of hadrons, and randomization, where thermal diffusion randomly distributes

quarks and anti-quarks in less dense regions . This mechanism models the dynamics of

the phase transition, yielding a scaling exponent ν ≈ 1.41. These studies encourage to

determine ν to characterize phase transition dynamics in heavy-ion collisions at the LHC.
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A universal property of critical phenomena is the presence of clusters of all sizes, which

do not have a characteristic scale. Thus the scaling properties of the system can be investi-

gated in search of critical fluctuations or critical point. The scaling exponent (ν) becomes

one of the key parameters that characterizes these properties and provides valuable infor-

mation about the dynamics of the system [32]. The beauty of ν lies in its dimensionless

nature, making it a universal parameter that quantifies fluctuations in the spatial patterns

of the particles produced in high-energy collision events, providing a clear measure of the

underlying dynamics.

3.1.3 Fractal parameters

There is a property of turbulent fluids in which vortices of varying sizes alternate in such a

way that they form self-similar structures. These vortices do not always fill the entire vol-

ume, but rather form intermittent patterns in the regions of laminar flow [26]. This property

is represented by a power-law variation of the vortex-distribution moments based on their

size. The self-similarity of vortices establishes a direct relationship between intermittency

and fractality. Fractals are self-similar objects, meaning the same structure repeats itself

across different scales of magnification with non-integral dimensions [37]. Fractals are

inherently complex structures [38] and their appearance in particle distributions point to

underlying correlations and intricate dynamics.

Fractal dimensions are non-integer extensions of ordinary topological dimensionality.

In two or higher-dimensional spaces, fractals can be categorized as either self-similar or

self-affine, depending on the scales used. A measure following a power-law relationship

with decreasing resolution of the measurement is a characteristic of a fractal object. If

this power-law holds when the phase space is divided equally in all directions, the frac-

tal is termed as self-similar, indicating isotropic number density fluctuations. In case the

power-law holds when the phase space is partitioned unequally in various directions, the

fractal is known as self-affine, corresponding to non-isotropic fluctuations. Further fractal

systems can be broadly categorized into monofractals and multifractals, each representing

different level of structural complexity [37, 39, 40]. A monofractal system is defined by a
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single, consistent scaling property throughout its entire structure, with one fractal dimen-

sion that effectively captures its complexity. This uniformity makes monofractals relatively

straightforward to analyze. Multifractal systems, on the other hand, are more complex, as

different regions within the structure have different scaling properties. Heavy-ion colli-

sions produce complex particle distributions. The investigation of the underlying scaling

behaviours and self-similar properties in these systems help to know about the nature of

the complexity of these system. The behaviour of two fractal parameters, discussed below,

has been investigated in the present work.

3.1.3.1 Fractal dimension

The intermittency indices ϕq (Eq. 3.10) and the anamalous fractal dimension (dq) are re-

lated through the relation

dq =
ϕq

(q−1)
. (3.13)

also the anomalous fractal dimension (dq) is realted to the generalised dimension (Dq) as:

dq = DT−Dq. (3.14)

In this equation DT refers to the ordinary topological dimension which is 1 for one dimen-

sional analysis and 2 for two dimensional analysis [41, 42, 43]. Dq is the generalized (or

Renyi) fractal dimension. In the present work two-dimensional analysis is performed for

that, the ordinary topological dimension is 2 and therefore Eq.(3.14) can be written as:

Dq = 2− ϕq

(q−1)
. (3.15)

A distinct characterization of fractality is revealed based on how Dq depends on the mo-

ment order q. A study of Dq’s dependence on q provides information about the nature of

the system under study. If the generalised fractal dimension Dq varies with the order of the

moment q, it indicates the presence of multifractality [44] and the corresponding system is

known as multifractal system. Whereas, system is monofractal if Dq is independent of q.
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In [43], a simple multifractal one-parameter model is used to investigate how multiple

fractal distributions affect the intermittency signal. This model enables the simulation of

random combinations of different fractal distributions within a single event. The key find-

ing of this study is that the intermittency signal weakens as the number of fractal sources

within a single event increases. In other words, the intermittency signal becomes less

distinct as more fractal sources are combined. That is multiple fractal sources tend to

dilute the characteristic fluctuations making intermittency signal less pronounced. Inter-

mittency studies for data from various experiments, such as e+e− two-jet collisions [17]

and 16O+197 Au collisions from the WA80 experiment [45] have been performed. The

most pronounced signals appear in e+e− two-jet data, while the weakest are seen in central

16O+197 Au collisions, likely due to the superposition of numerous independent subpro-

cesses. These observations suggest a possible decrease in intermittency with increasing

multiplicity, potentially resulting from fractal superposition effects. However, further mea-

surements were suggested [43] to be taken before drawing definitive conclusions.

3.1.3.2 Coefficient λq

Using ϕq one can further examine the structure of the distinct phases within self-similar

multiparticle system created in high energy collisions [46, 47]. Bialas and Zalewski in [48]

proposed that the observed intermittent behaviour of the particles produced during ultra-

relativistic collisions, expressed with coefficient λq, can give information about the thermal

or non-thermal nature of the system undergoing transition. The intermittency index ϕq is

mathematically related to the coefficient λq [49, 50] as:

λq =
(ϕq +1)

q
(3.16)

A dependence of λq on q (Fig. 3.3) can be studied to look for whether two phases coexist

in nature. λq is minimum at q = qc in case of non-thermal phase transition. In case qc

exists, then q ≥ qc and q ≤ qc corresponds to different nature of the system. The region

where q ≤ qc, the system appears to be dominated by multiple fluctuations containing no

more than qc particles in a single bin. This region is characterized by a "liquid-like" phase,
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Figure 3.3: The cofficient λq as a function of order of the moment q shows distinct be-
haviours for the systems, one-phase, two-phase and a system with no intermittency [48].

where these small fluctuations dominate the overall behaviour. On the other hand the region

where q ≥ qc, the system is dominated by rarely occurring large fluctuations [48] resem-

bling a "dust-like" phase made up of a small number of high-density "grains". Higher-order

moments, which are less sensitive to small fluctuations, emphasize the dust phase by high-

lighting the larger, denser fluctuations.

In this thesis the two scaling-behaviours of NFM (Fq(M)) (The M-scaling and the F-

scaling) are studied. The scaling exponent’s (ν) dependence on the transverse momen-

tum (pT), dependence of Dq and λq on q is also investigated for the soft charged particles

recorded by ALICE experiment at LHC and the ones generated by the HIJING event gen-

erator, AMPT model in the midrapidity region.

3.2 Data sets and various selection cuts

This section gives details of the data sets, selection cuts used to filter good events and tracks

for the analysis.
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System Energy Production Runs Year Statistics
Xe-Xe 5.44 TeV LHC17n 280234, 280235 2017 4.49M

Full production,
pass 1,

ALIROOT-7526

Table 3.1: Details of experimental dataset analyzed in this work.

3.2.1 ALICE experimental data

In October 2017 during RUN 2, ALICE experiment participated in a short run in which

Xenon 129Xe nuclei were accelerated in the LHC to collide at a centre-of-mass energy of

5.44 TeV per nucleon pair. The data with stable beams lasted for about six hours, dur-

ing which ALICE collected about 2 million minimum bias triggered events. The recorded

luminosity was 3× 10−25cm−2s−1, and the detected hadronic interaction rate was around

80-150 Hz. The solenoidal magnet of the ALICE apparatus was set to operate at a low field

strength of 0.2 Tesla.

Present analysis uses the AOD production corresponding to pass1 reconstruction of

LHC17n data [51]. The details of this dataset are given in Table 3.1. Both runs were vali-

dated by the Quality Assurance, as has been reported in [52]. The ALICE central quality

assurance selects these two runs as "good" runs. The details on the reconstruction of tracks

can be found in [51]. The soft charged particles with transverse momentum ≤ 2.0 GeV/c

produced in these Xe-Xe collisions at
√

sNN = 5.44 TeV are analyzed.

3.2.2 HIJING Monte-Carlo events

In high-energy physics experiments, simulation studies are a crucial tool for replicating

experimental conditions and interpreting results in terms of known physics. These simu-

lations, commonly known as Monte Carlo productions, are generated using sophisticated

event generators that simulate particle collisions under controlled conditions. ALICE ex-

periments relies on these simulations to closely replicate the complex environment created

by ultra-relativistic heavy-ion collisions. A key component of this process is the use of

GEANT3 [53], a detector simulation toolkit specifically designed to model the passage of
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System Energy Anchored Runs Year Statistics
MC Production

Xe-Xe 5.44 TeV LHC17j7_3 280234, 280235 2017 3.18M
General-purpose,

Monte Carlo
production for

Xe-Xe (LHC17n)

Table 3.2: Details of Monte-Carlo (HIJING) from ALICE production.

particles through detectors. GEANT3 enables the precise implementation of the ALICE

detector geometry, ensuring that every detail of the experimental setup is accurately repro-

duced in the simulation. Monte Carlo (MC) production events from the HIJING event gen-

erator [54] for Xe-Xe collisions at a center-of-mass energy of
√

sNN = 5.44 TeV (Table. 3.2)

are analyzed for determining the detector efficiencies and to understand the experimental

results in terms of known physics of the HIJING event generator. These MC event samples

are taken from the runs anchored to LHC17n pass1. This production from HIJING event

generator named as LHC17j7_3 are the minimum biased events with conditions similar to

that in the experimental run conditions of LHC17n pass1.

3.2.3 Event selection cuts

The event selection criteria used for the analysis to identify pertinent events are covered

in this section. The standard event selection in the analysis includes basic trigger criteria,

quality of primary vertex reconstruction with TPC and ITS detectors and centrality of the

events.

3.2.3.1 Trigger selection

Due to ALICE’s high collision rate, a trigger system is used to select relevant data seg-

ments containing the physics information of interest, which are then stored for analysis.

The selection of triggers is based on the events that meet the analysis requirements and

interests. Events for present analysis are selected using the minimum-bias (MB) trigger

AliVEvent : : kINT7 in the AliPhysics ALICE data analysis framework. As the name in-
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dicates, the minimum bias trigger selects inelastic events with a minimal bias. In ALICE,

V0 is made up of two arrays of 32 scintillator detectors, located on either side of the inter-

action point, covering the entire azimuthal angle in the pseudorapidity regions 2.8 < η < 5.1

(V0A) and -3.7 < η < -1.7 (V0C). The minimum bias trigger selection (kINT7 trigger) re-

quires a hit on both sides of the V0 detector to confirm the occurrence of a collision. More

details regarding the use of these triggers are available in [55].

3.2.3.2 Vertex selection

The "Vertex Z" position is the point in the z-axis at which the two beams collide. Depend-

ing on the system under study, a single event can be characterised as the collision of two

heavy-ions or two protons. For each event, a primary interaction vertex is identified which

typically extend a few inches along the z-axis or perpendicular to the beam direction. In

this analysis, the vertex is identified using global tracks from the TPC and ITS. To ensure

a successfully reconstructed primary interaction vertex, certain criteria are implemented.

First, this is accomplished by necessitating the presence of at least one track that con-

tributes to the determination of the primary vertex. Furthermore, a limitation is imposed

on the maximum allowed distance of the reconstructed primary vertex from the nominal

interaction point, which is situated at the centre of the experiment, along the z direction

(beam’s direction) [56]. This selection criterion is essential because it changes the geo-

metrical acceptance of charged particle tracks in subdetectors depending on the z-position

of the vertex. At the nominal interaction point (z = 0), the geometrical acceptance of

the central barrel detectors symmetrically covers pseudorapidity. However, as the distance

from the nominal centre increases, the acceptance varies asymmetrically, expanding on one

side and contracting on the other side of the experiment. Thus by setting the range of the

primary Z-vertex restricted to ±10 cm (i.e., |Vz| ≤ 10 cm), it ensures a uniform tracking

acceptance both in the Inner Tracking System (ITS) and in the Time Projection Chamber

(TPC) within the central pseudo-rapidity region |η | < 0.8. This standardized acceptance

ensures consistent and reliable tracking of particles across these detector systems.
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3.2.3.3 Centrality selection

Centrality is an important concept that quantifies the extent of overlap between the two

colliding nuclei in the heavy-ion collisions, and is directly related to the energy density,

particle production, and other key properties of the quark-gluon plasma (QGP). Centrality

is used to classify collisions as either "central" (where the nuclei collide head-on with sig-

nificant overlap) or "peripheral" (where the nuclei collide with only a small overlap). An

accurate determination of centrality is essential for effectively comparing ALICE measure-

ments with both theoretical models and results from other experiments [57]. Centrality is

typically expressed as a percentile of the total hadronic cross-section, indicating the degree

of overlap between nuclei, with more central collisions corresponding to higher overlap

and larger particle production.

In heavy-ion collisions, events are selected based on the signal amplitudes from the two

scintillator arrays referred to as V0. which measures the combined amplitudes of V0A and

V0C. These amplitudes indicate the ionization energy collected by the detectors and are

presented as percentiles of the selected events. The ALICE V0 detector, which consists

of V0A on the A-side and V0M on the C-side of the experiment is used as the central-

ity estimator. The VZERO detector signals are known as V0 amplitude, and is propor-

tional to the number of charged particle multiplicity. This is used to classify the events

in centrality intervals. The V0 amplitude measures the sum of V0A and V0C amplitudes.

These amplitudes correspond to the ionization energy deposited in the detectors and are

expressed as percentiles of selected events. Minimum bias events are categorized into

various multiplicity classes based on the total charge deposited in the V0M detector, as

shown in Fig. 3.4 [58]. In the figure various centrality classes are shown based on central-

ity percentile for example the 0-5% centrality class refers to the top 5% of the collision

distribution, representing the most central or highest amplitude collisions, characterized by

the greatest sum of amplitudes. Similarly, other centrality classes, such as 5-10%, 10-20%,

20-30% and 30-40% etc, correspond to progressively less central collisions, as the sum

of amplitudes decreases. Each class represents a different level of interaction intensity,

with central collisions having more participating nucleons and peripheral collisions having
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fewer, thereby affecting the overall characteristics and outcomes of the collisions.

Figure 3.4: V0M amplitude distribution measured in Xe-Xe collisions recorded using AL-
ICE at LHC, are divided in various multiplicity classes. The distribution is fitted using the
Gluaber model function, represented by the red line(Figure Ref. [57]).

3.2.4 Track selection

The TPC and the ITS are the two primary tracking detectors in the central barrel of the

ALICE, as outlined in Chapter 2. To choose primary charged particles that come from the

primary interaction vertex are obatained by applying track selection criteria. Track selec-

tion criteria are used to reduce spurious trajectories that are not associated with physical

particles, minimising contamination from secondary particles and increasing tracking ef-

ficiency. To ensure that the physics analysis includes only primary tracks, several quality

standards must be met. Charged particle tracks reconstructed within the ITS and the TPC

are analysed for the physics study. For this various track selection cuts are defined. It is

required that a track has a signal in at least one layer of the Silicon Pixel Detector (SPD),

maintain a maximum chi-square per cluster value of 36 from the fitting of ITS clusters,

and satisfies specific requirements regarding the distance of closest approach (DCA) to the

primary vertex. To reduce the likelihood of split tracks caused, running conditions yield-
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Table 3.3: List of the kinematic cuts used for the track selection.

Pseudorapidity (η) range −0.8≤ η ≤+0.8)
Azimuthal angle (φ ) range 0≤ φ ≤ 2π

Wide pT intervals 0.4≤ pT ≤ 1.0
(GeV/c) 0.4≤ pT ≤ 1.5

0.4≤ pT ≤ 2.0
Narrow pT intervals 0.4≤ pT ≤ 0.6

(GeV/c) 0.5≤ pT ≤ 0.8
0.6≤ pT ≤ 1.0

ing large hit occupancy in the TPC, a pT-dependent cut of the minimum number of TPC

clusters per track, TPCNcls ≤ 70, is implemented. Furthermore, for all charged particles,

different narrow and wide transverse momentum ranges are studied.

Tracks that correspond to normal global tracks marked with both ITS+TPC reconstructed

tracks named as Filterbit 768, also known as hybrid tracks are selected for analysis. Fur-

ther charged particle tracks produced within the mid-rapidity region−0.8≤ η ≤+0.8 and

covering the entire azimuthal range (0 ≤ φ ≤ 2π) with low transverse momentum region

(pT < 2.0 GeV/c) are considered. Table. 3.3 tabulates the list of the kinematics cuts used

for selection of tracks.

3.3 HIJING event analysis

The HIJING (Heavy Ion Jet INteraction Generator) model is a sophisticated Monte Carlo

event generator specifically designed to simulate high-energy heavy-ion collisions. HI-

JING provides a comprehensive framework for modelling the early stages of these colli-

sions by focusing on the complex interactions between the colliding nuclei, as well as the

subsequent production of particles. The model incorporates both hard processes, like the

perturbative QCD jet production, and soft processes, such as nuclear remnant interactions

and multiple parton scattering, resulting in a dual approach to capture collision dynamics,

multiple parton scattering and gluon radiation. HIJING is particularly effective at simulat-

ing the formation of a dense medium, the QGP, as well as particle production at a variety of

speeds and transverse momenta. By providing a detailed simulation of high-energy events,
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HIJING enables researchers to investigate the mechanisms of particle production, energy

deposition, and collision system evolution, contributing to a better understanding of the

physics governing the heavy-ion collisions. More technical details related to HIJING are

available in [54, 59]. Event samples (section 3.2.2) from HIJING Monte Carlo are analyzed

for the intermittency study (given in section 3.1).

3.3.1 Quality Assurance Plots

Event and track selection as given in section. 3.2.3 and 3.2.4 are applied on the HIJING

event samples. Events are selected based on their primary vertex positions being within

± 10cm from the center of the detector along the beam direction (i.e., |Vz| < 10 cm). This is

varied to determine systematic uncertainities (section 4.3). The distribution of the primary

vertex z-coordinate Vz for selected HIJING events is given in Fig.3.5(a) which shows a

symmetrical distribution of events across Vz = 0. A total of 3.18M minimum bias most

central (0-5% centrality) events from the HIJING are analysed. The centrality distribution

of the events (0-5%) is shown in Fig.3.5(b). The other distributions of the charged particle

track in one of the pT bin (0.4≤ pT ≤ 1.0 GeV/c) are given in Fig. 3.6. Both generated and

reconstructed distributions are shown. The observed difference between the reconstructed

and generated tracks may be attributed to the detector efficiency effects.

3.3.2 Monte Carlo Closure

The detector efficiency calculations are done first using Monte Carlo simulations with HI-

JING events after event and track selection cuts. All charged particle tracks generated

using HIJING are termed as generated tracks. These tracks are passed through the detector

geometry simulated with GEANT 3 and after passing the detector’s track selection criteria,

tracks that originate from a primary particle are termed as reconstructed primary tracks.

The ratio of number of reconstructed tracks to the number of generated tracks defines the

efficiency of the detector (Appendix A.0.1). For the intermittency analysis in the (η ,φ )

phase space, efficiencies are calculated on a bin-by-bin basis for each value of M. The two-

dimensional efficiency maps for all M values for each pT bin are obtained. As example, for

91



(a) (b)

Figure 3.5: HIJING (LHC17j7): (a) Vz distribution and (b) Centrality distribution for the
most central HIJING event samples.

tracks generated in four different pT bins the efficiency maps in (η ,φ ) space with M = 40

are shown in Fig. 3.7 . Monte Carlo closure test for NFM is performed for NFM using such

efficiency maps is further described below.

The normalised factorial moments from the reconstructed HIJING tracks are corrected

using correction factors, that is the efficiency of the bin defined for each M, to determine

Fcorr
q (Eq.(A.6)). These corrected moments are compared with the normalized factorial mo-

ments determined for the generated HIJING tracks (Fgen
q ) and reconstructed tracks (F rec

q ).

For q = 2, it is observed that the corrected NFM, (Fcorr
2 ) are identical to the uncorrected

NFM, (F rec
2 ) indicating that efficiency corrections do not affect the values of reconstructed

tracks. In addition, it is observed [60] that when efficiencies are uniform in the kinematical

acceptance region and therefore Frec
q (M) ≈ Fcorr

q . The ALICE detector in the acceptance

region under investigation has nearly Gaussian efficiencies with no sharp discontinuities

and thus normalised factorial moments are robust against detector efficiencies. Because of

this Fq(M) for q = 2, 3, 4 and 5 are not corrected for detector efficiencies in the experi-

mental data analysis (chapter 4). In the various transverse momentum intervals, it is also

observed that the ratio F rec
q (M)/Fgen

q (M) is close to 1 for all M values except in case of

very high M values, where a slight deviation of the ratio from 1 (lower panel of Fig. 3.7) is
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(a) (b)

(c) (d)

Figure 3.6: HIJING (LHC17j7): Transverse momentum (pT) distribution (b) Multiplicity
distributions (c) pseudorapidity (η) distributions and (d) azimuthal angle (φ ) distributions
of generated and reconstructed charged particle tracks in Xe-Xe collisions simulated using
the HIJING model at

√
sNN = 5.44 TeV. A case of 0.4≤ pT ≤ 1.0 GeV/c interval is shown.

seen. A non-closure of <
∼

2% at higher M for the normalized factorial moment for q = 2,

is probably an effect due to coarse pT resolution at large M. This non-closure at high M is

observed (Fig.3.8) to decrease as pT bin width increases. For each pT bin, the maximum

M value (Mmax), is determined as the point where the Monte Carlo closure of at least 98%

is achieved for q = 2.
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Figure 3.7: HIJING (LHC17j7) : Two dimensional tracking efficiency maps in (η ,φ ) phase
space for four pT bins, in case of M = 40 for the 0-5% central events in |η | ≤ 0.8 region.

3.3.3 M-scaling behaviour

The M-scaling behaviour of the spatial configurations of the generated charged particles

is studied as discribed in section 3.1.1. The normalised factorial moments, calculated for

generated and reconstructed tracks of the event samples. The log-log plots of Fq(M) versus

M2 from the reconstructed and generated tracks in 0.4 ≤ pT ≤ 1.0 pT interval are shown

in Fig. 3.9(a) and Fig. 3.9(b) respectively. In both cases for all q values it is observed that

lnFq vs lnM2 plots are flat for the low values of M when the bin sizes are big. As lnM2

goes above 8, where non closure is above 2% there is deviation of lnFq(M) with respect to

straight line behaviour. This is more pronounced for q = 4 and q = 5. These fluctuations in

Fq(M) values at high M are more because of statistical reasons since there are less number

of bins with bin multiplicity greater than or equal to 4 and 5. The generated tracks do

not show any dependence of lnFq(M) on lnM2 even at high M but have high statistical

uncertainties. While the scaling behaviour is consistent, the statistical limitations at higher

M values affect the precise conclusions. Similar observations are made from the study of
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(a) (b)

(c) (d)

Figure 3.8: HIJING (LHC17j7): F2 versus lnM2plot for generated and reconstructed events
showing closure test for the charged particles in pT bins 0.4≤ pT ≤ 0.6 GeV/c, 0.4≤ pT ≤
1.0 GeV/c, 0.4 ≤ pT ≤ 1.5 GeV/c and 0.4 ≤ pT ≤ 2.0 GeV/c. The bottom panels display
the ratio of Frec

q (M) to Fgen
q (M).

other transverse momentum intervals. From the present observations M-scaling is broadly

seen to be absent in the HIJING and this further indicates that there are no self-similar

spatial fluctuations in the HIJING event generation. Because of large error bars on Fq(M)

at high M for all q, ϕq the intermittency indices are not determined.
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(a) Reconstructed (b) Generated

Figure 3.9: HIJING (LHC17j7): lnFq vs lnM2 plots for (a) Reconstructed and (b) Gener-
ated charged particles in the pT bin 0.4≤ pT ≤ 1.0 GeV/c with FB-768

3.3.4 F-scaling and Scaling Exponent (ν)

As discussed in section 3.1.2, even in the absence of the M-scaling, F-scaling may be

present; thus, the lnFq(M) vs lnF2(M) plots are drawn for the high M values as shown in

Fig.3.10, for the pT bin 0.4 ≤ pT ≤ 1.0 GeV/c. In case of reconstructed tracks a weak

power-law dependence of lnFq(M) on lnF2(M) is observed and fitting is performed in the

M region, which has at least 98% closure. At higher orders, q = 4 and q = 5, significant

fluctuations and statistical uncertainties on Fq(M) are seen. A straight line fit is performed

(a) Reconstructed (b) Generated

Figure 3.10: HIJING (LHC17j7): F-scaling plot for the (a) Reconstructed and (b) Gener-
ated charged particles in the pT bin 0.4≤ pT ≤ 1.0 GeV/c (FB-768).

on these plots to obtained the βq values for q =3, 4 and 5. The lnβq versus ln (q− 1)
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(a) Reconstructed (b) Generated

Figure 3.11: HIJING (LHC17j7): lnβq versus ln(q− 1) for the (a) Reconstructed and (b)
Generated event samples. The slope ν is extracted for the pT interval 0.4≤ pT≤ 1.0 GeV/c
(FB-768).

plot, shown in Fig.3.11(a) and Fig.3.11(b) gives a scaling exponent, ν =1.70 ± 0.29 and

ν = 1.77 ± 0.22 for the reconstructed and generated tracks respectively. The scaling ex-

ponent ν is significantly greater than 1.304, a value predicted for the second-order phase

transition formalism, using Ginzburg-Landau theory. Similar studies are performed for the

other pT bins as in the case of this pT bin. The average value of scaling exponent is found

to be
∼
> 1.7 from the HIJING event analysis.

Since HIJING does not have physics of self-similar particle generation and that of

the phase transition, thus these values of ν obtained here and the corresponding scaling

behaviours can be treated as baseline behaviour of the NFM in case of multiparticle pro-

duction in the heavy-ion collision physics. These results are significant to understand the

experimental data so as to build up our knowledge on the multiparticle production. Analy-

sis performed for the experimental data, is presented in the next chapter.
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CHAPTER 4

DATA ANALYSIS AND RESULTS

The analysis of experimental data for fluctuation studies is an essential tool for probing

the underlying dynamics of high-energy nuclear collisions at the macroscopic level. The

strongly interacting matter created in the heavy-ion collisions show hydrodynamic evolu-

tion with minimum viscosity and flow properties at low pT region. However, the location

of QCD critical point in the nuclear matter phase diagram is still elusive with predictions

for it to be at T ≈ 156 MeV. Various observables especially the higher order moments and

cumulant moments are being extensively investigated by various experimental groups with

no success. Search for the critical end point (CEP) and the order of the phase transition of

hadron-quark and quark-hadron phase transition are among some of the main goals of both

experimental and theoretical studies in the field. At LHC energies a crossover transition is

predicted where the critical fluctuations may or may not exist for the system having passed

through a critical point. In this chapter, a detailed analysis of event-by-event multiplicity

fluctuations of charged particle production, utilizing data recorded by the ALICE detector
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at the Large Hadron Collider (LHC) is presented. The analysis is performed on Xe–Xe col-

lision data at a center-of-mass energy per nucleon pair of 5.44TeV, collected during Run2

of LHC operations. The intermittency methodology as discussed in chapter 3 is used as a

principal analytical method to characterize fluctuations in the charged particle production

in these collisions. Sections below describe the event and track selection plots followed by

the observations and results from the analysis.

4.1 Quality Assurance (QA) Plots

The data recorded during Run 2 of LHC is analyzed here. Details on the beam energy,

number of events, production name, run numbers etc are given in section 3.2.1. The event

selection cuts are applied on the data available in the AOD file format to get events of

interest followed by the track selection cuts to obtain charged tracks.

4.1.1 Event Selection

Events with a kINT7 trigger and with primary vertex reconstructed from ITS+TPC tracks

having at least one track with |Vz| ≤ 10 cm are selected for analysis. By setting the range

of the primary Z-vertex restricted to ±10 cm, a uniform tracking acceptance both in the

ITS and in the TPC, within the central pseudorapidity region |η | ≤ 0.8 is ensured. The

Vz distribution obtained after the application of event selection cut is shown in Fig. 4.1(a).

Followed by this, a centrality selection cut is applied on the selected events. Most central

events of 0-5% centrality are taken for default analysis. Fig. 4.1(b) shows the centrality

distribution of the selected events.

4.1.2 Track Selection

The track selection cuts are applied to choose primary charged particles originating from

the primary interaction vertex. The track selection cuts as detailed in section 3.2.4, are also

applied for experimental data track selection. The kinematic cuts further applied on the

tracks are listed in Table 3.3. The analysis has been performed on the charged particles
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(a) (b)

Figure 4.1: (a) Primary vertex distribution of selected events and (b) the centrality distri-
bution of the most central (i.e., 0-5%) Xe–Xe collision events at

√
sNN = 5.44 TeV.

in the various transverse momentum intervals with pT ≤ 2.0 GeV/c, to ensure uniform

tracking efficiency. Figure 4.2(a) and Figure 4.2(b) show the multiplicity distributions of

the selected charged particle tracks in narrow and wide pT bins respectively and their η

and φ distributions are given in Fig. 4.3 and Fig. 4.4.

(a) (b)

Figure 4.2: The charged particle multiplicity distributions in the kinematic acceptance with
|η | ≤ 0.8 and 0 ≤ φ ≤ 2π recorded by ALICE detector at LHC during RUN 2 for (a)
wide pT bins and (b) narrow pT bins.
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(a) (b)

Figure 4.3: (a) Pseudorapidity (η) and (b) azimuthal angle (φ ) distributions of the charged
particles produced in wide pT bins (0.4 ≤ pT ≤ 1.0 GeV/c, 0.4 ≤ pT ≤ 1.5 and
0.4 ≤ pT ≤ 2.0 GeV/c), as recorded by ALICE in Xe–Xe collisions at

√
sNN = 5.44 TeV.

(a) (b)

Figure 4.4: (a) Pseudorapidity (η) and (b) azimuthal angle (φ ) distributions of the
charged particles in narrow pT bins (0.4 ≤ pT ≤ 0.6 GeV/c, 0.5 ≤ pT ≤ 0.8 GeV/c and
0.6 ≤ pT ≤ 1.0 GeV/c) produced in Xe–Xe collisions at

√
sNN = 5.44 TeV.

4.2 Observations and Results

In this section observations and results from the analysis of experimental data (sec-

tion 3.2.1) are discussed.
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4.2.1 Average bin content

The charged particles produced in the acceptance region (η ≤ 0.8 and 0 ≤ φ ≤ 2π) of an

event are mapped onto the two-dimensional (η ,φ ) phase space divided into M2 bins. The

bin multiplicity (nm), the number of particles that enter each bin, depends on dynamics of

the particle production. Thus the distribution of bin-multiplicity, for an M, is function of

dynamics of the particle production processes. The average bin content plots as function of

increasing M2 for the wide pT and narrow pT bins are shown in Fig. 4.5(a) and Fig. 4.5(b)

respectively. For all pT bins, it is observed that the average bin content decreases trivially

as M increases. The detector resolution limits the upper bound of M and minimum value

of M where Mmin = 6 and maximum Mmax = 123, is taken in this analysis. The average bin

content <ni> is defined as

< ni >=
1
N

N

∑
i=1

(
1

M2

M2

∑
m=1

nm

)

i

. (4.1)

Wide pT bins have large value of the average bin content in comparison to small width pT

bins.

(a) (b)

Figure 4.5: Log-log plot of the average bin content 〈ni〉 as a function of M2 for (a) wide pT
bins and (b) narrow pT bins.

111



4.2.2 Fe
q distributions

To study the scaling behaviour of the normalized factorial moments (NFM) Fq(M), for an

event sample of N events, first the factorial moments are determined for each bin in an

event. To get event factorial moments ( f e
q (M)) is calculated for an M (Fe

q ) as defined in

Eq. 3.2. The normalized event factorial moment distributions corresponding to each q value

are shown in Fig. 4.6 and Fig. 4.7 for two cases of phase space partitioning: M = 10 and

M = 25 respectively. These distributions quantify bin-to-bin fluctuations in particle multi-

plicity within the (η ,φ ) phase space across the event samples, for q = 2, 3, 4 and 5. Figures

correspond to the transverse momentum bin 0.4 ≤ pT ≤ 1.0 GeV/c only. It is observed

that with the increase in moment order q, the width of the distributions also increases in-

dicating stronger deviations from gaussian behaviour. As the resolution of phase space

increases, this deviation increases. In particular, for the higher q values, the distributions

exhibit only a few prominent peaks in the values of Fe
q , reflecting enhanced fluctuations in

some events only.

The increase in the width of the Fe
q distribution with the order of the moments q, im-

ply significant fluctuations in the spatial distributions of the particles multiplicities across

events. This broadening is primarily attributed to the empty bin effect, which becomes

prominent when the phase space is partitioned in sufficiently small bins such that the av-

erage multiplicity per bin falls well below the moment order q. At higher q and higher M,

there are not many events with particles in the bins. Thus, higher order moments at small

bin sizes reflect statistical properties of only a small subset of the full event sample. Similar

patterns of Fe
q (M) are observed across all pT bins. This behaviour shows that higher-order

moments are particularly sensitive to nonlinear dynamics and multiparticle correlations in

particle production processes.

4.2.3 M-scaling behaviour

The scaling behaviour of the factorial moments is an important parameter to characterize

the dynamics of the systems under study. As described in Chapter 3, the normalized fac-

torial moments (Fq) are determined for q = 2, 3, 4, and 5. Fig. 4.8 shows the log-log plot
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Figure 4.6: Fe
q distributions (q = 2, 3, 4 and 5) determined for the charged particles pro-

duced in the pT bin 0.4 ≤ pT ≤ 1.0 GeV/c having (η ,φ) phase space partitioned with
M = 10.

of Fq(M) versus lnM2 in the pT bin 0.4 ≤ pT ≤ 1.0 GeV/c, for the charged particles

produced in Xe–Xe collisions at
√

sNN = 5.44 TeV. It is observed that, for all q, Fq(M)

increase with increase in the number of bins (M2) indicating a uniform monotonic relation-

ship between lnFq and lnM2. It is also observed that Fq+1(M) > Fq(M) for all M values.

The power-law growth of Fq(M) with M2 shows multiple linear regions for all q values.

These observations indicate the presence of intermittency signal and hence the presence

of local multiplicity fluctuations in the charged particle production. The error bars on the

markers are the statistical + systematic uncertainties calculated using quadrative rule. Sta-

tistical uncertainties are determined using the sub-sampling method as discussed in section

A.0.2. Systematic uncertainties estimation is given in section 4.3 and Appendix.

Fig. 4.9(a) shows the lnFq(M) versus lnM2 plots, corresponding to high M values with

at least 98% Monte Carlo closure. In this region of the plots, straight line fits are per-

formed which yield the intermittency indices ϕq. The dependence of ϕq on the order q for

the transverse momentum bin 0.4 ≤ pT ≤ 1.0 GeV/c, within 0-5% centrality is presented

in Fig. 4.9(b). It is observed that ϕq increase with q, indicating that the higher order fluc-
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Figure 4.7: Fe
q distributions (q = 2, 3, 4 and 5), determined for the charged particles in the

0.4 ≤ pT ≤ 1.0 GeV/c bin, with (η ,φ) phase space partitioned in 25 bins (M = 25) along
each dimension. This figure and Fig. 4.6 shows how event factorial moment distributions
behave with change in phase space binning and order of the moments.

Figure 4.8: M-scaling plot for q = 2, 3, 4 and 5 for all M values in the pT bin
0.4 ≤ pT ≤ 1.0 GeV/c for 0-5% central events.

tuations become more pronounced as q increases. The increasing trend of ϕq with q shows

the presence of non statistical fluctuations in the data. Further, the observed M-scaling
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behaviour suggests self-similar patterns in the underlying particle production mechanism

in the data.

(a) (b)

Figure 4.9: (a) Plot of lnFq versus lnM2 (M-scaling) for only high-M values, showing a
linear behaviour (b) Dependence of the intermittency indices ϕq on the order q is shown.
In both figures lines connecting the data points are to guide the eye.

4.2.4 F-scaling and Scaling Exponent (ν)

The second scaling behaviour studied is the F-scaling, that is dependence of lnFq on

the lnF2 for q > 2. Fig. 4.10 shows the lnFq(M) versus lnF2(M) plots for all M

values (Mmin to Mmax) for the charged particles in the transverse momentum interval

0.4 ≤ pT ≤ 1.0 GeV/c. A power-law growth of lnFq(M) with lnF2(M) is observed

for the whole range of M-values. Similar observations are made for the other transverse

momentum bins as well. For high M region corresponding to high resolution binning in

the phase space, the F-scaling behaviour is shown in Fig. 4.11(a). A strict linear behaviour

of lnFq(M) with lnF2(M) shows the presence of good order scaling in the data. On these

plots, line fits are performed to yield β3, β4 and β5. The lines joining the data points in

the figure are straight line fits. The values of lnβq plotted against ln(q− 1) are shown in

Fig. 4.11(b). A straight line fit to this plot gives slope called the scaling exponent (ν). ν
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Figure 4.10: F-scaling plot for q = 2, 3, 4 and 5 for all M values in the pT bin
0.4 ≤ pT ≤ 1.0 GeV/c.

being independent of q and M is a dimensionless parameter and characterizes the system

under study. The scaling exponents obtained from different pT intervals are given in Ta-

ble 4.1. The average value of ν so obtained from different pT intervals is 1.41± 0.03. This

value of ν is consistent with the predictions from model [4] with critical fluctuations as

expected near the QCD critical point.

(a) (b)

Figure 4.11: (a) F-scaling with straight line fits and (b) lnβq vs ln(q− 1) plot with
line fit that gives a slope termed as the scaling exponent (ν), in case of the pT bin
0.4 ≤ pT ≤ 1.0 GeV/c.
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Figure 4.12: Dq vs q plot for q = 2, 3, 4 and 5 for the charged particles produced in the pT
bin 0.4 ≤ pT ≤ 1.0 GeV/c from the 0-5% central Xe–Xe collision events.

4.2.5 Fractal Dimension Dq

The normalised factorial moments Fq(M) for q = 2, 3, 4 and 5 are observed to follow

a power-law dependence on the number of bins (M2), which is indicative of the self-

similarity in particle multiplicity fluctuations. This behaviour is known feature of the

systems with fractal characteristics. In the context of multifractal analysis, this scaling

behaviour is quantified by the fractal dimension Dq which is related to the intermittency

index ϕq through Eq.3.15. Using intermittency indices ϕq for q = 2, 3, 4, and 5, Dq are

calculated. Fig. 4.12 shows the Dq versus q plot for the charged particles produced in the

midrapidity region of the pT bin 0.4 ≤ pT ≤ 1.0 GeV/c. A decrease in Dq values with

increase in q is observed, a feature of multifractal behaviour that is observed to be present

in the experimental data. Similar observations are made for other pT bins as well.

4.2.6 Coefficient λq

If there is a non-thermal phase transition, theoretical models predict that λq should exhibit

a minimum at some q = qc. The coefficient λq as defined in Eq.3.16 is calculated and

plots of λq as function of q, for q = 2, 3, 4, and 5 are drawn, as shown in Fig. 4.13 for

the charged particles in the transverse momentum bin 0.4 ≤ pT ≤ 1.0 GeV/c and within
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Figure 4.13: λq vs q plot for the charged particles produced in the pT bin
0.4 ≤ pT ≤ 1.0 GeV/c for 0-5% central Xe–Xe collision events.

|η | ≤ 0.8 and full azimuthal coverage 0 ≤ φ ≤ 2π . Figure shows no distinct minima for

λq at any q value from 2 to 5. For q ≥ 5, there are large statistical uncertainties and this

limits conclusive evidence on presence of non-thermal phase transition. Nevertheless, λq

is a valuable tool and may give a definitive insight into the thermal behaviour if further

investigations are carried with large event statistics, improved detector resolution and a

broader q-range coverage.

4.2.7 pT bin dependence of M-scaling

The pT bin dependence of the M-scaling is studied across narrow and wide pT intervals

(Table 3.3). Fig. 4.14 and Fig. 4.15 show these plots, that is lnFq versus lnM2 for q = 2, 3, 4

and 5. For every pT bin investigated, a power-law scaling is observed with no strict single

linearity. In other words Fq(M) increases with an increase in M values for all q = 2, 3, 4

and 5. This suggests that as resolution of the bins increases, there are more fluctuations

in the charged particle number density in the (η ,φ) phase space. Significant fluctuations

are particularly evident at higher M values in the narrow pT bins, mainly for the higher

order (q = 5) moment. As M increases, the average number of tracks per bin decreases.

If there are not many events in which the number of tracks within each bin is greater than
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Figure 4.14: lnFq(M) vs. lnM2 plots (M-scaling) for q = 2,3,4, and 5 for charged particles
produced in narrow pT bins in the mid-rapidity region of the most central Xe–Xe events
recorded using ALICE.

the order of the moment (ni > q), then Fq(M) becomes statistically unstable, resulting in

increased fluctuation in the measured high-order moments. These fluctuations are more in

the pT bin 0.6 ≤ pT ≤ 1.0 GeV/c than the other two narrow pT bins as it has low average

bin multiplicity in comparison to the other two bins and not many events with nm ≥ q for

q = 5. Low multiplicity increases statistical weight of fluctuations, thereby enhancing

the observed intermittency signal at high resolution. On the other hand, these statistical

fluctuations in the higher M region for wide pT bin intervals are small as compared to the

narrow pT intervals. This difference is attributed to the increase in particle count within the

phase space as the width of the pT bin increases. For all transverse momentum intervals

multiple linear regions are observed in the lnFq(M) versus lnM2 plots and thus absence

of strict linear behaviour. However a linear behaviour of lnFq(M) with lnM2 in high M

region is observed, which is a region of high resolution of bins in the phase space and thus

suggest presence of intermittency.
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Figure 4.15: lnFq(M) vs. lnM2 plots (M-scaling) in case of q = 2,3,4, and 5, for the
charged particles produced in wide pT bins in the mid-rapidity region of the most central
Xe–Xe events recorded using ALICE.

4.2.8 Dependence of Scaling exponent (ν) on pT

To investigate the dependence of the scaling exponent ν on the transverse momentum (pT)

and pT bin width, narrow and wide pT intervals with different bin widths are studied.

Fig. 4.16 shows the lnFq vs lnF2 and lnβq versus ln(q− 1) plots for the narrow pT bins

(0.4 ≤ pT ≤ 0.6 GeV/c , 0.5 ≤ pT ≤ 0.8 GeV/c and 0.6 ≤ pT ≤ 1.0 GeV/c). Similarly

Fig. 4.17 shows the F-scaling plots for the two wide pT bins (0.4 ≤ pT ≤ 1.5 GeV/c and

0.4 ≤ pT ≤ 2.0 GeV/c). It is observed that the F-scaling plots do not show smooth linear

behaviour in case of narrow pT bins with large error bars. This behaviour is likely due

to lower average bin content in the small pT intervals which gives statistical fluctuations

in the factorial moments values. The ν values obtained from the straight line fit to lnβq

versus ln(q−1) plots for the different transverse momentum intervals are tabulated in the

Table 4.1.

Fig. 4.18 shows the variation of ν as a function of the central value of the pT bins for

both narrow and wide transverse momentum bins. For both cases, the horizontal bars and
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(a) (b)

(c) (d)

(e) (f)

Figure 4.16: (a), (c), (e) lnFq vs lnF2 and (b), (d), (f) lnβq vs ln(q−1) plot for the charged
particles produced in the narrow pT bins 0.4 ≤ pT ≤ 0.6 GeV/c , 0.5 ≤ pT ≤ 0.8 GeV/c
and 0.6≤ pT ≤ 1.0 GeV/c for the most central Xe–Xe events at

√
sNN = 5.44 TeV.

121



(a) (b)

(c) (d)

Figure 4.17: (a), (c) lnFq vs lnF2 and (b), (d) lnβq vs ln(q− 1) plots for the charged
particles produced in the pT bins 0.4≤ pT ≤ 1.5 GeV/c and 0.4≤ pT ≤ 2.0 GeV/c.

the vertical error bars show the width of the pT bin with a marker in the centre of the

bin and fitting error on lnβq vs. ln(q− 1) plots respectively. However, the shaded boxes

shows the systematic uncertainties. It can be observed from the given figure that, within

the systematic uncertainties, the scaling exponent ν remains independent of pT and pT bin

width in the soft transverse momentum region. The extracted values of ν are also found

to be close to the average value predicted by the Ginzburg-Landau (GL) formalism for

second-order phase transition[1, 2, 3] and the SCR model with critical fluctuations [4].

122



pT intervals (GeV/c) Scaling exponent (ν)
0.4≤ pT ≤ 0.6 1.35 ± 0.03
0.5≤ pT ≤ 0.8 1.44 ± 0.07
0.6≤ pT ≤ 1.0 1.42 ± 0.05
0.4≤ pT ≤ 1.0 1.40 ± 0.04
0.4≤ pT ≤ 1.5 1.44 ± 0.06
0.5≤ pT ≤ 2.0 1.42 ± 0.07

Table 4.1: Scaling exponent (ν) from the experimental transverse momentum bins across
a range below 2.0 GeV/c.

(a) (b)

Figure 4.18: Scaling exponent (ν) as a function of pT interval for the (a) narrow pT bins
(0.4≤ pT≤ 0.6 GeV/c , 0.5≤ pT≤ 0.8 GeV/c and 0.6≤ pT≤ 1.0 GeV/c) (b) wider pT bins
(0.4 ≤ pT ≤ 1.0 GeV/c, 0.4≤ pT ≤ 1.5 GeV/c and 0.4≤ pT ≤ 2.0 GeV/c) for the most
central Xe–Xe collision events at

√
sNN = 5.44 TeV. Theoretically predicted average [2]

value of ν and the one predicted by the SCR model [5, 6] are also shown. Horizontal lines
on the markers show the pT intervals, with filled boxes depicting systematic uncertainty,
whereas the vertical bars represent statistical uncertainty.
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(a) (b)

Figure 4.19: (a) Dq versus q and (b) λq versus q, across various pT bin interval for the
charged particles produced in the central Xe–Xe collision events. The vertical error bar
show the fitting errors.

4.2.9 Dependence of Dq and λq on pT bins

For the various pT intervals, Fig. 4.19(a) shows Dq as a function of the moment order

q = 2, 3, 4 and 5. For all cases, Dq is observed to decrease with increasing q reflecting the

multifractal nature of the multiplicity fluctuations in the central Xe–Xe collisions recorded

by the ALICE experiment. Fig. 4.19(b) shows the dependence of the coefficient λq on the

order of the moments for the same pT intervals. λq is seen to decrease monotonically with

increasing q, and no distinct minima is observed in any pT bin in the range q = 2 to 5.

This suggests that the system exhibits a single phase structure, rather than undergoing a

non-thermal phase transition. In both figures, the vertical error bars are the fitting errors

associated with the extraction of ϕq. The consistent behaviour of both Dq and λq as a

function of the order parameter q across different transverse momentum (pT) bins suggests

that particle production dynamics is multifractal in nature within the soft pT region.

4.2.10 Centrality dependence Study

A centrality dependence study of the scaling exponent has been performed for the central-

ity classes 0-5%, 5-10%, 10-20%, 20-30%, and 30-40% in Xe–Xe collisions. Fig. 4.20
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shows the M-scaling and F-scaling plots for the charged particles produced in these

various centrality bins within the transverse momentum range 0.4 ≤ pT ≤ 1.0 GeV/c. A

power-law increase in the lnFq(M) with lnM2 is observed across all centrality classes and

thus the observation of intermittency (M-scaling). There is decrease in particle multiplicity

in more peripheral collisions, resulting in noticeable decrease in the average bin content,

reflecting a less dense particle environment. As a result, the quantitative differences among

the Fq(M) values for different q become more pronounced with decreasing centrality. All

centralities follow the F-scaling behaviour as well. On the F-scaling plots, the straight line

fits are performed in the high-M region for q = 3, 4 and 5 as shown in Fig. 4.20.

The lnβq versus ln(q− 1) plot for these centrality bins are given in Fig. 4.21. The

scaling exponent (ν) so obtained from these line fits as function of centrality are plotted

(Fig. 4.22). Figure also include results from similar exercise performed for the charged

particles produced in the narrow pT bin 0.4 ≤ pT ≤ 0.6 GeV/c. It is observed that,

within statistical and systematic uncertainties, the scaling exponent ν remains independent

of centrality. Moreover, the extracted values of ν are found to be close to the theoretical

predictions from the Ginzburg-Landau (GL) formalism for the second-order phase

transition [2] and the SCR (Successive Contraction and Randomization) model [4], which

accounts for critical fluctuations in the complex systems. The results are consistent

across all centrality classes for both the pT bins shown in Fig. 4.22. The extracted values

of the scaling exponent ν , which are observed to cluster around the value 1.4 across

the centralities and the pT bins, provide important insight into the underlying particle

production dynamics in heavy-ion collisions.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.20: M-scaling and F-scaling for the charged particles produced in the

0.4 ≤ pT ≤ 1.0 GeV/c transverse momentum bin for various centralities.
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(a) (b)

(c) (d)

Figure 4.21: lnβq versus ln(q − 1) plots for the charged particles with
0.4 ≤ pT ≤ 1.0 GeV/c, |η | ≤ 0.8 and 0 ≤ φ ≤ 2π in the centrality bins (a)
5-10%, (b) 10-20%, (c) 20-30% and (d) 30-40%. Lines joining the markers are the linear
fits to the data that are used to extract the scaling exponents ν .

4.3 Systematic uncertainties

Systematic uncertainties account for potential biases arising from the experimental setup,

detector calibration, or analysis methods. Unlike statistical uncertainties these can have

a consistent impact on the results and must be quantified in order to provide a complete

understanding of measurement reliability. Therefore, these uncertainties must be carefully

identified, quantified and reported. Different experimental conditions may produce results

with varying uncertainties. Incorporating these uncertainties in the measured observables

allow for more accurate and comprehensive comparisons of the data and results across
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Figure 4.22: The scaling exponent ν as a function of collision centrality for Xe–Xe colli-
sion events in the two pT intervals 0.4≤ pT ≤ 0.6 GeV/c and 0.4 ≤ pT ≤ 1.0 GeV/c.

Table 4.2: Cuts varied for the estimation of systematic uncertainties.

cut name Default Varied
Filter-Bit 768 32
|V z| ± 10cm ± 8cm, ± 12cm

Centrality Estimator VOM CLO
TPCNcls 70 80
ITSNcls 2 3

different experiments and model predictions. It also enables the identification of possible

sources of discrepancy and ensures robustness of any conclusions drawn from the analysis.

The systematic uncertainties which arise due to event and track selection criteria are

determined. Systematic uncertainties due to event selection cuts are assessed by vary-

ing the method of centrality determination, and changing the cut on the position of the

primary vertex along the beam direction |Vz|. As such for the first one the centrality esti-

mation cut is changed to CL0 instead of default multiplicity measurement in the VZERO

detector (V0M). The systematic uncertainty from different primary vertex cut is studied

by changing the cuts from |V z| ≤ 10 cm to |V z| ≤ 8 cm and |V z| ≤ 12 cm. System-

atics arising because of track selection criteria are determined by varying the filter bit

cut from hybrid (bit 768) mode to a global selection (bit 32), varying number of TPC
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(a) (b)

(c) (d)

(e) (f)

Figure 4.23: Relative Uncertainties in the value of scaling exponent ν across various trans-
verse momentum bins. (a) 0.5 ≤ pT ≤ 0.8 GeV/c and (b) 0.6 ≤ pT ≤ 1.0 GeV/c, (c)
0.4 ≤ pT ≤ 0.6 GeV/c, (d) 0.4 ≤ pT ≤ 1.0 GeV/c, (e) 0.4 ≤ pT ≤ 1.5 GeV/c and (f)
0.4≤ pT ≤ 2.0 GeV/c
.
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clusters (70 replaced by 80), and changing number of ITS clusters (2 replaced by 3).

The total systematic uncertainty on the scaling exponent ν was calculated by taking the

quadrature sum of the contributions from these individual sources (summarized in Ta-

ble 4.2). The relative uncertainty on scaling exponent ν as a function of transverse mo-

mentum bins, 0.5 ≤ pT ≤ 0.8 GeV/c, 0.6 ≤ pT ≤ 1.0 GeV/c, 0.4 ≤ pT ≤ 0.6 GeV/c,

0.4 ≤ pT ≤ 1.0 GeV/c, 0.4≤ pT ≤ 1.5 GeV/c and 0.4≤ pT ≤ 2.0 GeV/c are shown in

Fig. 4.23. For individual plots of various observables to estimate systematic uncertainties

on ν please refer to Appendix B.1

4.4 Comparison of results

Results from data analysis of Xe–Xe collisions at
√

sNN = 5.44 TeV are compared with

that from Pb–Pb collisions at
√

sNN = 2.76 TeV. The two systems, while differing in size

and beam energy, provide a valuable opportunity to examine the system-size and energy

dependence of key observables related to multiplicity fluctuations that is, intermittency and

scaling behaviour.

4.4.1 M-scaling comparison

To assess the universality and system size dependence of intermittency and scaling be-

haviour, a comparison of results from Xe–Xe collisions at
√

sNN = 5.44 TeV with those

from Pb–Pb collisions at
√

sNN = 2.76 TeV, as well as with the HIJING model simulations

is done. This comparison focuses on the behaviour of Fq(M) as function of increasing

phase-space resolution. Both datasets from the experiment show a power-law growth of

lnFq with lnM2 for all values of q as is shown in Fig. 4.24 that is M-scaling is exhibited

by both datasets. While Xe–Xe and Pb–Pb data show strong M-scaling behaviour, HIJING

fails to reproduce it. HIJING event results significantly underestimate the data at high q

and high M.

This underlines models inability to account for the scale invariant fluctuations present in

the ALICE data. Data from the two colliding systems (Pb–Pb and Xe–Xe) show similar
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Figure 4.24: Comparison of lnFq versus lnM2 plot for the charged particles produced in
the Xe–Xe collision at

√
sNN = 5.44 TeV (this thesis) with that in the Pb–Pb collision at√

sNN = 2.76 TeV and HIJING Xe–Xe data (0.4 ≤ pT ≤ 1.0 GeV/c).

qualitative nature with a small quantitative difference at low M values. As M increases

this difference is observed to decrease and a similar behaviour of the results from the two

systems at different energies indicate that the multiparticle production in the nature is same

especially at fine phase space scales. These findings reinforce the interpretation that mul-

tiparticle production in collisions exhibits intermittency and multifractal features that are

not there in the HIJING model. These findings emphasize the need to update and modify

the models.

4.4.2 Scaling exponent (ν) as a function of pT

To investigate the system size and energy dependence of the scaling exponent ν , the obser-

vations from Xe–Xe and Pb–Pb collisions are compared and presented in Fig. 4.25. The

value of scaling exponents obtained from central Xe–Xe collisions at
√

sNN = 5.44 TeV and

the central Pb–Pb collisions at
√

sNN = 2.76 TeV, for the pT bins 0.4 ≤ pT ≤ 0.6 GeV/c ,

0.4 ≤ pT ≤ 1.0 GeV/c, 0.4 ≤ pT ≤ 1.5 GeV/c and 0.4 ≤ pT ≤ 2.0 GeV/c are shown in
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the plot in Fig. 4.25. It is observed that ν values obtained from the two different experi-

mental datasets are very close within uncertainties. The horizontal bars correspond to the

width of each pT bin. The shaded boxes depict the systematic uncertainties derived from

the variations in the selection cuts, as discussed in the previous section. The vertical lines

depict the fitting error. The scaling exponent values from the two system, for the various

pT bins analyzed, are very close within the errors and are consistent with theory and model

based predictions [2, 3, 5, 6]. The scaling exponent are thus observed to be independent

of the pT bin and the pT bin width and across the colliding systems. This figure presents a

comprehensive comparison of experimental data with theoretical predictions.

Figure 4.25: Comparison of the scaling exponent (ν) versus pT bin plot for charged parti-
cles produced in the Xe–Xe collision at

√
sNN = 5.44 TeV (this thesis) with that of charged

particles produced in Pb–Pb collision at
√

sNN = 2.76 TeV [7].

4.4.3 Fractal parameter (Dq) as a function of q

Dq behaviour with q extracted from central Xe–Xe and Pb–Pb collisions is compared and

also contrasted with a Toy Model baseline trend to assess the role of underlying dynamics

in generating complex scaling features. Fig. 4.26 shows the variation of the fractal dimen-

sion Dq as a function of the order of the moment q for the above said cases. For the two
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experimental data sets from ALICE, Dq is observed to decrease with increasing q, indicat-

ing a multifractal character in the particle production process. However, results from the

Toy-Model events show a markedly different trend. The Toy Model [8] events exhibit a

constant Dq as a function q, a characteristic of monofractal behaviour. This quantitative

difference between the real data and the baseline simulated events suggests that the multi-

fractality observed in the experimental data arises from underlying dynamical correlations

which are absent in uncorrelated particle emission models.

Figure 4.26: Fractal dimension Dq as a function of the order of the moment q. Plots
are for the charged particles produced in the 0.4 ≤ pT ≤ 1.0 GeV/c bin, measured
in central Xe–Xe collision at

√
sNN = 5.44 TeV (this thesis) and central Pb–Pb collision

at
√

sNN = 2.76 TeV [7]. Results from experiment are compared with the baseline Toy
model [8] behaviour.

4.4.4 Coefficient (λq) as a function q

Results on the trends of λq with increasing moment order q from Xe–Xe collision data are

compared with Pb–Pb collision data as well as low-energy experiments. Fig. 4.27 shows

λq versus q plot for the charged particles produced in the pT bin 0.4 ≤ pT ≤ 1.0 GeV/c

in the central Xe–Xe collisions at
√

sNN = 5.44 TeV and the central Pb–Pb collisions at
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√
sNN = 2.76 TeV. A similar dependence of λq on q is observed to be there in both datasets

from ALICE experiment. λq is observed to decreases monotonically with an increase in

q values but with quantitative differences. No distinct minima is seen for λq at any q,

for q upto 5. The absence of a minima may attributed to the limited range of q studied

Figure 4.27: λq versus q: A comparative study.

and to statistical uncertainties, particularly at higher moment orders. A more definitive

analysis would require extending the calculations beyond q = 5. However, this demands

a significantly large data set, to ensure statistical reliability in the absence of which it is

difficult to make concrete conclusions from this study on λq coefficient except that none

of these experiments see two phase system.

This chapter presents a detailed intermittency analysis of charged particle production in

the central Xe–Xe collisions at
√

sNN = 5.44 TeV, using experimental data from the ALICE

experiment. The results are compared with data from Pb–Pb collisions at
√

sNN = 2.76 TeV,

as well as with baseline expectations from the HIJING event generator, Toy model and with

theoretical models. The normalized factorial moments of the soft charged particles pro-

duced within the pseudorapidity window η ≤ 0.8 and full azimuthal coverage 0≤ φ ≤ 2π
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are determined. The NFM’s exhibit power-law increase with the number of bins (M2) for

q = 2, 3, 4 and 5 giving evidence for the presence of intermittency and non-statistical mul-

tiplicity fluctuations in the data. This monotonic behaviour between lnFq and lnM2 signals

the presence of self-similar scale invariant fluctuations. The decreasing trend of the fractal

dimension Dq with increasing q further shows that the system produced in the collisions

has multifractal structure. A comparative study with Pb–Pb collisions at
√

sNN = 2.76 TeV

reveals qualitatively similar scaling behaviour with quantitative differences at lower M

values that diminish at finer resolution. This indicates a common underlying particle pro-

duction mechanism exhibited by both collision systems created in the experiment despite

differences in system size and collision energy. On the other hand, intermittency and mul-

tifractal nature of particle generation is absent in HIJING. This observation signals that

the physics behind particle interactions in high-energy collisions has factors or processes

that are still not understood or not implemented in this event generator. This highlights the

need for models to incorporate critical dynamics or collective behaviour beyond indepen-

dent particle emission so as to explain what is observed in the real data.

The scaling exponent ν extracted from the F-scaling in this thesis, across various pT

bins, is found to be consistent across different pT bins and agrees well with theoretical

predictions from the Ginzburg-Landau formalism and Successive Contraction and Ran-

domization model, suggesting the presence of features of critical behaviour in the particle

production dynamics in real data. The centrality dependence study shows that while the

magnitude of factorial moments Fq(M) varies with centrality, primarily due to decreas-

ing particle multiplicity in more peripheral events, the scaling behaviour is qualitatively

same thereby the scaling exponent (ν) remains approximately constant across all centrality

classes. In fact it is the scaling behaviour which is of significance and not the quantitative

measure of the NFMs (Fq(M)). Thus the observed scaling behaviour is robust and univer-

sal, and a strong candidate that must further investigated to characterize fluctuations and to

understand system created at high energies and different collision systems.
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CHAPTER 5

THE AMPT: INTERMITTENCY ANALYSIS

5.1 Introduction

The field of particle physics is quite challenging when it comes to conduct experiments with

the aim to uncover the underlying physics of heavy-ion collisions. In the field numerous

theoretical questions persist, due to various inherent factors such as the non-perturbative

behaviour of QCD in the strong coupling regime, the intricate dynamics of multi-particle

production and evolution during the heavy-ion collisions. To gain an insight into these

phenomena, a diverse array of theories and concepts have been developed and implemented

as Monte-Carlo codes. A variety of theoretical models are there in high energy physics

each with distinct physical characteristics and based on different principles. However,

no single model is capable of providing a complete description of all the experimental

findings. As more and more experimental data is collected and analyzed, the requirement

for more accurate and predictive theories grows with the abandonment of less suitable ones.
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The Monte-Carlo codes, or theoretical calculations, for modeling these collisions can be

categorized in various ways. There are a number of Monte Carlo codes which are based

on principles and theories, such as lattice QCD and perturbative QCD models, while many

others rely on phenomenological assumptions, approximations, and adjustments based on

experimental data. Further there are models which focus on collective phenomena, such as

thermal. [1, 2] and hydro [3] models, while others address microscopic phenomena, such

as parton scattering, jet quenching, and string fragmentation. The classification scheme

of these models may be done on various aspects like there are hydrodynamic expansion

models, hadronization models, and hadron cascade models [4, 5] etc. There are some

models that use different principles and theories at different stages and they are referred

to as hybrid codes as these offer a diverse array of approaches. These hybrid models

are more useful for creating a realistic picture of the various stages of a nuclear collision

and can simulate collisions more accurately [6, 7] near to the experimental data. The A

Multi Phase Transport (AMPT) model comes in the category of hybrid models [7] that

has been used to investigate the key signatures of QGP formation in heavy-ion collisions.

This chapter presents the details of the intermittency analysis for soft charged particles

produced in the midrapidity region of Xe–Xe collisions at
√

sNN = 5.44 TeV, using the

AMPT model. An overview of the main components of the AMPT model namely the

HIJING initial conditions, the ZPC parton evolution, the hadronization processes, and the

extended ART model is presented below.

5.2 A brief introduction of the AMPT

The A Multi-Phase Transport (AMPT) model [8] is a hybrid framework that uses micro-

scopic and macroscopic methods to simulate the different phases of a heavy-ion collision.

It applies the kinetic theory approach to describe the evolution of heavy-ion collisions, from

the initial stage through the intermediate stages to the final hadronic state. The model oper-

ates through two distinct configurations–the default (DF) mode and the string-melting (SM)

mode Each of these modes proceeds through four essential subprocesses: phase-space ini-
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tialization, parton scattering, hadronization, and hadronic rescattering. The initialization

uses the HIJING model as an event generator, which includes minijet production and soft

string excitations. Parton scattering is governed by Zhang’s Parton Cascade model, which

involves simple two-body scattering processes. The cross-sections of partons are calcu-

lated using perturbative Quantum Chromodynamics.

Figure 5.1 shows the schematic layouts of the default AMPT model [8, 9, 10, 11, 12] and

the string-melting version AMPT model [11, 13, 14]. The various components and their

integration within the AMPT in the two modes of operation are depicted in the figure and

a brief overview is given below.

(a) (b)

Figure 5.1: Schematic overview of the two primary AMPT configurations: the default (DF)
mode (left) and the string-melting (SM) mode (right).

5.2.1 HIJING initial conditions

The initial conditions for heavy-ion collisions in the default AMPT are derived from the HI-

JING model [15, 16, 17, 18], which serves as a Monte Carlo event generator capable of sim-

ulating numerous collision types, including hadron-hadron, hadron-nucleus, and nucleus-

nucleus collisions. When simulating nucleus-nucleus collisions, it relies on the binary ap-

proximation method, decomposing such collisions into individual binary nucleon-nucleon
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interactions. To characterize the colliding nuclei, the model employs WoodsâĂŞSaxon

distributions for their radial density profiles, while multiple scatterings of the incoming

nucleons are treated through the EIKONAL formalism [8]. Particle production resulting

from these collisions is in general viewed in two components, the hard and the soft com-

ponent. The hard component involves processes with momentum transfers exceeding a

cutoff value p0 and is computed using perturbative QCD along with the parton distribu-

tion functions of the nucleus. This leads to the production of high-energy minijet partons,

which are processed using the PYTHIA [19]. The soft component, conversely, deals with

non-perturbative processes with momentum transfers below p0 and is modelled by the

formation of strings. These excited strings decay independently according to the Lund

fragmentation model [20, 21].

The String Melting mode of the AMPT model includes a mechanism where all excited

strings, except for those representing projectile and target nucleons, that do not interact,

are converted into partons based on the flavor and spin structures of their valence quarks.

Specifically, mesons are transformed into a quark and an antiquark, while baryons are first

converted into a quark and a diquark according to SU(6) quark model relations, with the

diquark subsequently decomposed into two quarks. The two-body decomposition is as-

sumed to be isotropic in the rest frame of the parent hadron or diquark, and the resulting

partons do not scatter until after a formation time t f =
EH

m2
T,H

, where EH and mT,H denote

the energy and transverse mass of the parent hadron. Similar to the minijet partons in the

default AMPT, the initial positions of partons from melted strings are determined from

the positions of their parent hadrons using straight-line trajectories [8]. The formation

time for partons refers to the time needed for their production from strong color fields.

For convenience, hadrons are introduced prior to the string-melting stage in the model; by

assigning their formation time as a function of the parent hadronâĂŹs momentum, it is

ensured that the resulting partons share a common formation time. This choice benefits the

AMPT model with string melting, as it aligns with HIJING results in the absence of par-

tonic and hadronic interactions. These partons would combine with closest partners at the

same freeze-out time, sometimes recombining in such a way to form the original hadron.
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5.2.2 ZPC parton evolution

Following a nucleus-nucleus collision, partons emerge as independent entities and serve as

initial condition for the parton cascade. The interactions among these partons are governed

by the equations of motion for their Wigner distribution function, which semi-classically

represents their density distributions in phase space. The parton cascades are developed

using the Zhang’s Parton Cascade (ZPC) model [22]. This model employs the elastic par-

ton cascade approach to solve the Boltzmann equations for partons. In this cascade model,

parton-parton scattering takes place when their closest approach distance falls below π/σ ,

where σ represents the parton-parton scattering cross-section. The scattering angle is deter-

mined by the differential cross-section of the partons. The simplified relationship between

the screening mass (µ) and the total parton elastic scattering cross-section (σp) which is

used in the ZPC, is [8]

σp ≈
9πα2

s
2µ2 (5.1)

Here, αs refers to the strong coupling constant, and µ is the effective screening mass,

whose value is determined by the temperature and density of the partons generated in phase

space. To establish the initial phase space distribution, the formation time for each parton is

determined based on a Lorentzian distribution with a half-width of tf =
(

E
m2

T

)
[8]. The co-

ordinates of the partons are determined through straight-line propagation from the position

of parent nucleon. Throughout the formation period, partons are perceived as constituents

of the coherent cloud enveloping their parents, thereby avoiding any rescatterings.

5.2.3 Hadronization

Two distinct hadronization mechanisms based on the initial conditions are used in the

AMPT model. In the default AMPT model [10, 12, 23], once the minijet partons cease

interacting and stop scattering with other partons, they recombine with their parent strings

to form excited strings. These excited strings then undergo hadronization through the

Lund string fragmentation formalism [21, 24]. In this model, as implemented in the JET-

SET/PYTHIA routine [19], strings fragment into quark-antiquark pairs with a Gaussian
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distribution in transverse momentum. A suppression factor of 0.30 is applied for the pro-

duction of strange quark-antiquark pairs compared to light quark-antiquark pairs. Hadrons

are then formed from these quarks and antiquarks using a symmetric fragmentation func-

tion [21, 24]. Within this framework, the longitudinal momentum fraction of hadrons is

determined by the Lund symmetric fragmentation function, whereas their transverse mo-

mentum arises from the intrinsic motion of the constituent quarks. At SPS and RHIC

energies, the default mode of the AMPT model shows good agreement with experimental

data for particle distributions and transverse momentum spectra. It considerably underes-

timates the elliptic flow (ν2) measured at RHIC [25]. However, In the string-melting mode

of AMPT, once the partons stop interacting, hadronization is described using a straight-

forward quark coalescence mechanism. This process combines the closest parton pairs to

produce mesons, and the nearest triplets of quarks (or antiquarks) to produce baryons (or

antibaryons). The string-melting version of the AMPT model effectively reproduces the

large elliptic flow observed in Au–Au collisions at RHIC energies, even with a relatively

small parton cross-section [21]. As partons freeze out dynamically at different times during

the parton cascade, hadron formation from their coalescence also occurs at different times,

resulting in a phase where partons and hadrons coexist during hadronization.

5.2.4 Hardron cascade

The hadron cascade in the AMPT model is done using A Relativistic Transport (ART)

model [26, 27], which is proven to be a highly effective transport model for heavy-ion

collisions at the AGS energies. It includes elastic as well as inelastic processes among

baryon-baryon, baryon-meson, and meson-meson interactions. The model explicitly in-

cludes isospin degrees of freedom for the majority of particle species and their interactions,

making it well suited for investigating isospin effects in heavy-ion collisions [28].
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5.3 The AMPT event samples

from the string-melting mode of the AMPT model are generated for Xe–Xe collisions at
√

sNN = 5.44 TeV. The AMPT model (version Ampt-v1.26t9b-v2.26t9b) with its default

settings has been used. An input file "ampt.input" in the AMPT code includes all the pa-

rameters that can be modified to generate events with varying characteristics. For Lund

string fragmentation, the parameters are are chosen as a = 0.55 and b = 0.15 GeV2, while

the parton cross-section is calculated using a QCD coupling constant αs = 0.33 together

with a gluon screening mass of µ = 2.265 fm in the QGP. Radiations from different states

are disabled in HIJING. Radiations from different states are turned off in HIJING. A total

of about 500K minimum bias events are generated. The analysis is performed on around

300K events with impact parameter b≤ 3.5 f m corresponding to the most central events.

The pseudorapidity density distributions of the generated charged particles in the pseu-

Figure 5.2: Pseudorapidity density distributions of charged particles generated using the
SM AMPT at different centrality ranges compared with that of the ALICE data [29].

dorapidity interval −2 ≤ η ≤ 2, from events with different collision centrality viz., 10%-

20%, 20% - 30%, 30% - 40%, 40% - 50% and 50% - 60% are compared with that from

the ALICE [29], (Fig. 5.2). The centrality percentile value for this system are taken from
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Ref. [30]. The distributions from SM AMPT event samples across different centrality

ranges show consistency with that of the ALICE data. For the sample of events generated

Figure 5.3: Normalized charged-particle density distribution as a function of number of
participants from AMPT (SM) events. Data points from ALICE [29] are also shown for
comparison.

for studying intermittency, the charged particle density per participant pair as a function of

number of participants is shown in Fig. 5.3. Data points from ALICE [29] are also shown.

The charged particle density per participant pair from the AMPT increases with the average

number of participants in the collision
(〈

Npart
〉)

, following a trend that is also observed in

the experimental data, however with small quantitative difference at high centrality.

The central events with impact parameter b≤ 3.5 f m are analyzed to study two dimen-

siona intermittency and the scaling behaviours in (η ,φ ) phase space, as discussed in chap-

ter 3. Charged particles within |η | ≤ 0.8, covering the full azimuth, and having transverse

momentum pT ≤ 2.0 GeV/c are considered for analysis. Fig. 5.4 shows the pseudorapidity

and azimuthal angle distributions of the charged particles generated in SM AMPT central

events for the pT bin 0.4 ≤ pT ≤ 0.6 GeV/c. Similar distributions are observed in other

pT bins also. Observations and results from the analysis of data are given in the following

sections.
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(a) (b)

Figure 5.4: Events from Xe–Xe central collisions at
√

sNN = 5.44 TeV analyzed using the
string-melting (SM) AMPT model. Pseudorapidity (η) and azimuthal angle (φ ) distribu-
tions of the generated charged particles (protons, kaons, and pions) within |η | ≤ 0.8 and
0≤ φ ≤ 2π for the pT bin are shown.

5.4 Intermittency analysis and observations

Charged particles (protons, pions, and kaons) generated in different pT bins of varying

widths are analyzed using intermittency techniques. Scaling behaviour and scaling param-

eters of the normalized factorial moments along with fractal parameters are studied for

q = 2, 3, 4 and 5 with varying phase space resolution. The narrow pT intervals analyzed are

0.4≤ pT ≤ 0.6 GeV/c and 0.6≤ pT ≤ 0.8 GeV/c, while the wide pT bins studied are 0.4≤

pT ≤ 1.0 GeV/c, 0.4≤ pT ≤ 2.0 GeV/c, 0.6≤ pT ≤ 1.0 c and 0.6≤ pT ≤ 2.0 GeV/c. Fig-

ure 5.5 displays the multiplicity distributions of charged particles in these pT bins for the

event sample within the 0–5% centrality range (0≤ b≤ 3.5 f m). For the charged particles,

in a pT interval the analysis as described in section 3.1 is performed. The normalized fac-

torial moments Fq(M) are calculated for orders q = 2,3,4, and 5. The number of bins (M)

in the phase space is varied, with its maximum value depending on the particle multiplicity

within the ∆pT interval. In this work, the number of bins along each dimension are taken

as minimum of 6 to a maximum of 105, varying in the intervals of 3. The charged particles

generated in an event within the selected kinematic range are mapped onto the phase space

partitioned in M2 bins. This makes the particles get distributed across the bins depending
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Figure 5.5: Multiplicity distribution plot of charged particles in Xe–Xe collisions at√
sNN = 5.44 TeV with the SM AMPT model across different pT intervals.

on the η and φ values of the tracks.

5.4.1 Average bin content

As the number of bins in the partitioned phase space increases, the number of particles per

bin decreases. A quantity called the average bin content (< ni >) is obtained by averaging

total bin content of all the bins by the total number of bins in the phase-space. Fig. 5.6

shows log-log plot of average bin multiplicity < ni > as function of number of bins M2 for

the pT bins studied. For all cases, it is observed that as M increase, < ni > decreases. Also

the average bin content is lower in the narrow transverse momentum intervals compared

to the wide onces, demonstrating that most of the bins in the phase space become nearly

empty at higher M. This observation is trival but significant as first step to proceed ahead

with analysis and to understand the behaviours of NFMs.
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Figure 5.6: log-log plot of the average charged particle bin multiplicity for the pT bins in
the SM AMPT model as a function of number of bins.

5.4.2 M-scaling

The normalized factorial moments Fq(M) are computed for orders q = 2,3,4, and 5. The

scaling behaviour of Fq(M) with the number of bins (M), known as M-scaling, defined

in Eq.(3.9) is investigated. Fig. 5.7 shows the lnFq vs lnM2 plots for q = 2, 3, 4, 5 for

pT bins 0.4 ≤ pT ≤ 0.6 GeV/c, 0.6 ≤ pT ≤ 0.8 GeV/c, 0.4 ≤ pT ≤ 1.0 GeV/c,

0.6 ≤ pT ≤ 1.0 GeV/c, 0.4 ≤ pT ≤ 2.0 GeV/c and 0.6 ≤ pT ≤ 2.0 GeV/c. It is

observed that in case of these pT bins Fq(M) grows with increasing M upto a few values

followed by saturation region at higher M. In other words absence of linear growth of

Fq(M) with M for the AMPT events is observed. However, Fq+1(M) is observed to be

greater than Fq(M). Absence of M-scaling and hence the intermittency signal indicates

local multiplicity fluctuations are not there in the charged particle generation in the SM

AMPT model. Large error bars on Fq(M) at higher M for q ≥ 4 are because there are not

many bins with bin content≥ 4. As the value of M increases, the average number of tracks

per bin decreases and thus the number of tracks within each bin becomes less than the order

of the moment and this makes the measured factorial moment values show large statistical

fluctuations. The error bars on Fq(M) correspond to the statistical uncertainties estimated
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(a) (b)

(c) (d)

(e) (f)

Figure 5.7: (M-scaling) log-log plots of Fq(M), (q = 2, 3, 4 and 5) as a function of the
number of cells (M2) for the pT bins (a) 0.4≤ pT ≤ 0.6 GeV/c, (b) 0.4≤ pT ≤ 1.0 GeV/c,
(c) 0.4 ≤ pT ≤ 2.0 GeV/c, (d) 0.6 ≤ pT ≤ 0.8 GeV/c, (e) 0.6 ≤ pT ≤ 1.0 GeV/c and (f)
0.6≤ pT ≤ 2.0 GeV/c.

150



Table 5.1: Extracted values of the scaling exponent (ν) for charged particles in different
pT intervals.

pT intervals (GeV/c) Scaling exponent (ν)
0.4≤ pT ≤ 0.6 1.75 ± 0.07
0.4≤ pT ≤ 1.0 1.78 ± 0.30
0.4≤ pT ≤ 2.0 1.63 ± 0.25
0.6≤ pT ≤ 0.8 1.72 ± 0.20
0.6≤ pT ≤ 1.0 1.83 ± 0.09
0.6≤ pT ≤ 2.0 1.81 ± 0.06

using the sub-sampling method.

5.4.3 F-scaling and scaling exponent ν

Although the charged particles produced in Xe–Xe collisions do not show M-scaling be-

haviour, it is still important to examine the F-scaling as given in Eq. (3.11). In Fig. 5.8,

lnFq(M) versus lnF2(M) for q = 3, 4 and 5 are shown. Observations from all the pT inter-

vals studied here are shown. It is observed that lnFq(M) shows a weak power-law growth

with lnF2 values for both narrow and wide pT bins. The error bars on Fq(M) in Fig. 5.8,

depicted as vertical black lines, are smaller in the wide pT bins compared to the narrow

pT bins. Line fit is performed to extract the slopes (βq) for these plots. Further the lnβq

versus ln(q− 1) plots are taken (as shown in Fig. 5.9) to determine the scaling exponent.

The line fits performed on these plots give scaling exponent (ν), a dimensionless quantity

that is independent of M and effectively describes the behaviour of the system. The values

of the scaling exponent obtained for the various pT bins are tabulated in Table. 5.1.

5.4.4 Dependence of ν on pT

Plot showing the dependence of scaling exponent ν on the transverse momentum (pT) bins

and pT bin width are given in the Fig. 5.10. ν value obtained from the analysis of central

Pb–Pb collisions at
√

sNN = 2.76 TeV using the SM AMPT model [31] for two pT bins

are also shown. The scaling exponent ν for all pT bins is found to have average value
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(a) (b)

(c) (d)

(e) (f)

Figure 5.8: (F-scaling) log-log plots of (Fq), (q = 3, 4, 5) as a function of F2 for the pT
bins (a) 0.4 ≤ pT ≤ 0.6 GeV/c, (b) 0.4 ≤ pT ≤ 1.0 GeV/c, (c) 0.4 ≤ pT ≤ 2.0 GeV/c, (d)
0.6 ≤ pT ≤ 0.8 GeV/c, (e) 0.6 ≤ pT ≤ 1.0 GeV/c and (f) 0.6 ≤ pT ≤ 2.0 GeV/c. Lines
joining the data points are the straight line fits to obtain βq (the slope).
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Figure 5.9: Plot for lnβq vs ln(q−1) from the various pT intervals. The lines joining the
markers represent the fits used to extract the slope "ν", referred to as the scaling exponent.
Error bars denote the fitting uncertainties in the βq values.

≈ 1.75±0.03 which is quite close to the average value of ν for the Pb–Pb system (1.67 ±

0.12) reported in [31]. Within errors ν is independent of the pT bin and pT bin width in the

transverse momentum region of pT ≤ 2.0 GeV/c. The scaling exponent from the present

Figure 5.10: Scaling exponent (ν) as a function of pT intervals and its comparison with the
results from Pb-Pb system at

√
sNN = 2.76 TeV [31] for the same pT bins. Horizontal bars

on both sides of the markers are to show the pT bins with marker at the center of the bin.
Vertical error bars are the fitting errors.
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analysis and that from [31] are significantly higher than the value of 1.33, an average value

obtained from Ginzburg-Landau theory with formalism for the second-order phase transi-

tion. From the Successive Contraction and Randomization (SCR) model [32], where the

conditions similar to the critical phenomenon are introduced, the scaling scaling exponent

ν ≈ 1.41, a value quite different from the ones obtained in the present analysis with the SM

AMPT model. Absence of second-order phase transition characteristics similar to those de-

scribed by the Ginzburg-Landau theory is seen. SM AMPT model has no physics of the

phase transition or critical fluctuations and results show the baseline behaviour of particle

production in the heavy-ion collisions at high energy.

5.4.5 Fractal dimension Dq

The intermittency indices (ϕq) as a function of q for the charged particles generated in

different transverse momentum ranges are shown in Fig. 5.11. (ϕq) are determined using

a straight line fit performed at the high M region of the lnFq versus lnM2 plots (Fig. 5.7).

For every pT bin, ϕq values are very small and show nearly a flat behaviour with q. From

the intermittency indices the fractal dimension Dq for q = 2, 3, 4 and 5 are obtained using

Eq.(3.15), with DT = 2 for the two dimensional phase space. Fig. 5.12 shows the Dq versus

q plot for all the pT bins. It is observed that for all the pT bins Dq shows no dependence

on q for the SM AMPT model. The independence of Dq on q for the SM AMPT indicates

the monofractal nature of particle generation in the model. For two different transverse

momentum intervals same plots from ALICE data for same system and energy are also

shown which clearly shows a dependence of Dq on q and thus a multifractal behaviour.

5.4.6 Coefficient λq

The coefficient λq is calculated for q = 2, 3, 4 and 5 as defined in Eq.(3.16). Fig. 5.13

shows λq versus the order of moments (q) plot. It is observed that for all the pT bins, there

is no minimum value of λq for any q within the range of 2 to 5. λq’s variation wth q from

ALICE data (this thesis) is shown. Qualitatively data and model have similar trends with

no minima indicating single phase system formation in both.
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Figure 5.11: Intermittency indices (ϕq) for q = 2, 3, 4 and 5 as a function of q in various
pT bins is shown. Lines joining the data points are to guide the eye.

Figure 5.12: Dq as function of q from various pT intervals are shown. Lines joining the
data markers are to guide the eye.

Here intermittency analysis performed for the event samples from the SM AMPT model

are presented. The charged particles produced in the Xe–Xe collisions with center of mass

energy per nucleon pair of 5.44 TeV are studied. It is observed that there is no strong power-

law behaviour of NFM for all M as M→∞. The NFM show a weak power-law growth with

M for very large bins (for all q = 2, 3, 4, 5) but as M goes greater than 16 there is saturation

of Fq(M) with M. F-scaling is observed with big statistical fluctuations in Fq(M) at high
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Figure 5.13: λq as a function of order of moments (q) for the SM AMPT events for different
pT bins. Experimental value of λq from ALICE (This Thesis) are also shown.

values of M in small pT bins. The scaling exponent (ν) for the symmetric Pb–Pb collision

system and asymmetric Xe–Xe collision system has similar values in the soft pT regions

showing no dynamical difference in the behaviour of these two different systems. The SM

AMPT shows monofractal nature of multiplicity fluctuations in particles generated from

bin-to-bin. The SM AMPT model does not explain the observations from experimental

data, with exception to λq which is present in chapter 4. Model may be updated accordingly

so as to reproduce what is observed in the experimental work. However, the analysis

presented suggests that the observables under study are suitable measures with potential to

give significant information about the dynamics of multiparticle production.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

In ultra-relativistic heavy-ion collisions, a novel state of strongly interacting matter known

as the Quark-Gluon Plasma (QGP) is created under conditions of extremely high energy

density. The ALICE experiment at LHC, CERN is specifically designed to study the prop-

erties and evolution of this deconfined state of matter. Following its creation, the QGP

expands and cools rapidly, eventually transforming back into normal hadronic matter in a

process called hadronization. This transition represents a major phase change in the sys-

tem. Lattice Quantum Chromodynamics (QCD) calculations suggest that the transition

boundary between hadronic matter and QGP may include a critical point fluctuations in

quantities such as energy density and temperature etc., become very large due to the di-

vergence of the correlation length. This leads to long-range correlations that get reflected

as large event-by-event fluctuations in measurable quantities. In statistical systems, this

results in the formation of clusters of all sizes, lacking a characteristic scale. In heavy-ion

collisions, enhanced multiplicity fluctuations arising from the initial state can evolve into
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measurable collective behaviour in the final state. Studying the scaling behaviour of mul-

tiplicity fluctuations, therefore, offers critical insights into the nature of the QCD phase

transition and the potential existence of a critical point. Collisions at ultra-relativistic en-

ergies involving heavy nuclei, such as lead (Pb–Pb) and xenon (Xe–Xe), produce a large

number of particles in a single event. This high particle yield makes it possible to ana-

lyze event-by-event fluctuations in observables like mean transverse momentum, particle

multiplicity particle ratios, etc.

In this work, analysis of data recorded by the ALICE experiment during Run 2 of the

LHC’s operation to look for local multiplicity fluctuations in charged particles produced

in Xe–Xe collisions at
√

sNN = 5.44 TeV is presented. A two-dimensional intermittency

analysis in the angular (η ,φ ) phase space was performed on the charged particles produced

in Xe–Xe collisions to study number density fluctuations. Intermittency, characterized by

the scaling behaviour of normalized factorial moments (Fq(M)), is a powerful technique for

identifying non-statistical fluctuations and signatures of critical dynamics in the strongly

interacting matter. The analysis was carried out in the midrapidity region (|η | ≤ 0.8)

over full azimuthal range (0 ≤ φ ≤ 2π) in various transverse momentum intervals with

pT ≤ 2.0 GeV/c. Two scaling behaviours of Fq(M) are studied; first the dependence of

Fq(M) on the number of bins in the phase space which defines the binning resolution and

second the dependence of Fq(M) for q > 2 on the F2(M). In general these scaling be-

haviours are termed as M-scaling and F-scaling respectively.

The ALICE data analyzed here is observed to show both scaling behaviours. Fq(M) mo-

ments for q = 2 to 5 show power-law growth with number of bins (M2) in log-log plots,

indicating the presence of intermittency (non-statistical multiplicity fluctuations) and hence

the self-similar nature of the underlying particle production dynamics. However, the HI-

JING simulations of Xe–Xe collisions at LHC energies, passed through ALICE detector

geometry and the events from the String Melting mode of AMPT fails to reproduce this

scaling behaviour. Both these Monte Carlo’s underestimate the data which reveals that the

particle production mechanisms and long-range correlations observed in the experimental

data are absent in these model. This emphasizes the need for incorporating the changes in
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these models, so as to reproduce the results obtained from experimental data analysis.

The F-scaling behaviour, which reveals a linear relationship between Fq(M) and F2(M)

is also observed in the experimental data. A strict linear behaviour of lnFq(M) (q > 2)

with lnF2(M) is seen for all M values. However, a weak F-scaling is observed in case

of HIJING and the SM AMPT model. The scaling exponents (ν) are obtained which is

a dimensionless quantity that characterizes the critical nature of the system. The average

value of ν for the central (0 – 5%) ALICE data for Xe–Xe collisions is 1.41± 0.03, a

value close to the prediction by the Successive Contraction and Randomization (SCR)

model with critical fluctuations (ν ≈ 1.41) and a little higher than the one predicted by

Ginzburg-Landau theory from the formalism for second-order phase transition (ν ≈ 1.304).

The String Melting AMPT model fails to reproduce the strict F-scaling and gives scaling

exponent value around 1.75± 0.03. Similar observations are made from HIJING events

passed through detector geometry. Furthermore, experimental data shows that, within the

systematic uncertainties, ν is independent of both pT, pT bin width in the soft pT region

and of the collision centrality.

Generalized fractal dimension Dq and the coefficient λq, the two fractal parameters give

an insight into the self-similar structure of multiparticle systems in the heavy-ion collisions.

For ALICE data, Dq is observed to decrease with increasing q across all pT bins, which

reflects the multifractal nature of the system. In contrast, the SM AMPT model shows no

such dependence of Dq, indicating a monofractal behaviour of particle generation in the

model. A decreasing trend of λq with q but no minimum up to q = 5 is observed for both

data and model. This indicates creation of a single phase system. Data shows similar trends

of Dq and λq behaviour as function of q across different pT bins which suggest that particle

production in the soft pT region follows multifractal dynamics.

A comparison of results from present work with that of ALICE data results from study

of charged particle intermittency in Pb–Pb collisions at
√

sNN = 2.76 TeV, is also done for

same centrality classes and kinematic selection. Results from both data sets show a good

power-law growth of lnFq with lnM2 for all q, with only a small qualitative difference at

lower M values. The scaling exponent (ν) values from the Xe–Xe and Pb–Pb collisions
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across different pT intervals are close within uncertainties, indicating that ν is independent

of the colliding system. For both systems, Dq shows a decreasing trend with increasing

q, indicating the multifractal nature of the particle production process in the experimental

data, in contrast to the Toy Model results which has no correlations in the particle gen-

eration. This difference demonstrates that the multifractality in the experimental results

originates from dynamical correlations, which are absent in uncorrelated particle emission

models.

In summary, the scaling behaviour study of the charged particles produced in Xe–Xe

collisions at
√

sNN = 5.44 TeV with ALICE provides important insight into the fluctua-

tion dynamics and multifractal nature of the strongly interacting matter created at LHC

energies. The extracted scaling exponent value (ν ≈ 1.41) points towards the presence of

dynamical critical fluctuations, consistent with theoretical expectations for systems near a

QCD critical point. The comparison studies with the Monte Carlo model results highlight

the limitations of the models in reproducing the observed scaling features, emphasizing the

requirement to improve theoretical descriptions of hadronization and critical phenomena.

Uncertainties on the data values can be improved by increasing the statistics and

applying strict track selection cuts. The event-by-event intermittency study performed in

this work has potential to add on to our understanding of the underlying particle production

dynamics and the critical nature of the system created in the heavy-ion collisions. To

get more insights analysis can be extended further to study double moments (erraticity

analysis), and to carry identified particle study.
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APPENDIX A

DETECTOR EFFECT STUDY

Understanding and accounting for detector effects is essential for accurate data interpre-

tation and analysis in experimental high-energy physics. Detectors are complex instru-

ments that record particles produced in high-energy collisions, such as those observed at

the Large Hadron Collider or other particle accelerators. However, no detector used in the

experiments is perfect, and a variety of factors can distort measurements, including ineffi-

ciencies, resolution limits, noise, and miscalibration. These detector effects can introduce

biases or uncertainties into the observed data, affecting particle trajectory reconstruction,

energies, and momenta. Due to the random nature of particle interactions with the detec-

tor medium, not every particle that passes through the detector will generate a detectable

signal. This reduces detector efficiencies, resulting in measurements that do not accurately

reflect the true values of the collision. Monte Carlo (MC) simulation studies are conducted

to measure these efficiencies accurately. In these simulations, particles generated by an

event generator (true particles) move through a detailed model of the detector’s geometry
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and electronic readout system. This simulation mirrors the response of the actual detec-

tor during collisions. The reconstructed events from the Monte Carlo simulation are then

compared to the true MC events, representing an ideal scenario with no detector response.

By calculating the ratio of reconstructed to true MC events, the tracking efficiencies of the

detector can be determined. These tracking efficiencies are then used to correct the ob-

servables, allowing a more accurate representation of the true physical values. Therefore,

detector effect studies are conducted to quantify and correct for these imperfections. The

procedure used for this analysis to correct the normalized factorial moments for efficiencies

is discussed below.

A.0.1 Tracking Efficiency Correction

The closure test evaluates the detector effects on the generated normalized factorial mo-

ments. Any tracking inefficiencies or detector effects may modify the value of the normal-

ized factorial moments, which may, therefore, impact how strongly the normalized factorial

moments Fq(M) depend on bin/cell (M) value. Before drawing any firm conclusions, it is

necessary to address track reconstruction inefficiencies that result from other detector ef-

fects.

The tracking efficiency is defined as the ratio of physical primary reconstructed tracks to

the physical primary generated tracks.

ε =
No. of Reconstructed tracks

No. of Generated tracks
(A.1)

The efficiency εq for the qth order factorial moment of the ith bin and the eth event is written
as

ε
q
i =

f rec
qi (nie)

fqi(nie)
. (A.2)

Thus the true qth factorial moment fq is written as

fqi(nie) =
f rec
qi (nie)

ε
q
i

. (A.3)
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The corrected factorial moments for an event are thus defined as

f e
q (M) =

1
M

M

∑
i=1

f rec
qi (nie)

ε
q
i

=

〈
fqi(nie)

ε
q
i

〉
. (A.4)

Hence, for q = 1, we can write the above equation as,

f e
1 (M) =

1
M

M

∑
i=1

f rec
qi (nie)

εi
=

1
M

M

∑
i=1

(nie)

εi
. (A.5)

As a result of Eq. A.4 and Eq. A.5, we have qth order normalized Factorial moments for N

events and M number of bins that have been corrected for efficiency as

Fq(M) =

1
N ∑

N
e=1

〈
f rec
qi (nie)

ε
q
i

〉

1
N ∑

N
e=1

(〈
(nie)

εi

〉
h

)q . (A.6)

Where < ... >h represents averaging over the total number of bins M in dimension d. The

criterion for closure is that F rec
q (M) ≈ Fgen

q (M). If this is not the case, then efficiency

corrections, as discussed above, must be included. However, as previously indicated, for

NFM with uniform efficiencies as in Fig.2.5 would result in Fgen
q (M)≈ F rec

q (M), otherwise

Fgen
q (M)≈ Fcorrected

q (M).

A.0.2 Statistical uncertainty calculation

The statistical uncertainties arise because of the limited number of measurements in an

experiment. They show how accurate the measurement is. Statistical uncertainties for

fluctuation are typically calculated using either the error propagation technique or the sub-

sampling method. Both approaches are widely accepted in statistical analysis. The error

propagation technique determines uncertainties by considering how measurement errors

affect the final result, where as the subsampling method is a statistical technique used to

estimate uncertainties or standard errors within a dataset. The process involves selecting

smaller subsets called as subsamples from the original dataset and computing the desired

parameter for each. For this analysis, the statistical uncertainty of the observable is calcu-
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lated using a subsampling method. In the sub-sampling method, statistical uncertainties are

determined by splitting the total events into N independent subsamples of equal size. Each

of these subsamples is treated as an individual dataset, and the observable of interest such

as a fluctuation measure is calculated for each subsample. The statistical uncertainty is then

quantified by calculating the standard deviation of the observable across the N subsamples

and is given as

σ〈Fq〉 =
σ√
N
. (A.7)

such that,

σ =

√
∑
(
(Fq)i−

〈
Fq
〉)2

N−1
. (A.8)

and

〈
Fq
〉
=

1
N ∑(Fq)N . (A.9)

The sub-sampling method is a widely used approach for determining statistical uncertainty,

particularly in scenarios where large datasets are available. The error propagation method,

explained in, has been observed to produce the same values for statistical uncertainties.

One advantage of the sub-sampling method is that it makes no assumptions about the un-

derlying distribution of the data, allowing for a non-parametric approach to evaluating

uncertainty. By dividing the dataset into numerous subsamples, the method captures the

range of variation present in the system, resulting in more reliable error estimates. This

technique is especially effective in fields like high-energy physics, where large numbers of

events are analyzed, and capturing the intrinsic fluctuations is critical to understanding the

behaviour of complex systems.
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APPENDIX B

SUPPLEMENTARY FIGURES

B.1 Systematic uncertainties plots

In this section, we present the M-scaling (lnFq(M) versus lnM2), F-scaling (lnFq(M) ver-

sus lnF2(M)), and scaling exponent (lnβq versus ln(q− 1))) plots corresponding to the

systematic uncertainty cuts described in Section 4.3 for all the pT bins discussed earlier.
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B.1.1 Filter-Bit (FB) 32

B.1.1.1 Narrow Over-lapping bins

(a) 0.4≤ pT ≤ 0.6 GeV/c

(b) 0.5≤ pT ≤ 0.8 GeV/c

(c) 0.6≤ pT ≤ 1.0 GeV/c

Figure B.1: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the narrow pT intervals (a) 0.4 ≤ pT ≤ 1.0 GeV/c, (b) 0.4 ≤ pT ≤ 1.5 GeV/c, and (c)

0.4≤ pT ≤ 2.0 GeV/c, using Filter Bit 32.
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B.1.1.2 Wider Over-lapping bins

(a) 0.4≤ pT ≤ 1.0 GeV/c

(b) 0.4≤ pT ≤ 1.5 GeV/c

(c) 0.4≤ pT ≤ 2.0 GeV/c

Figure B.2: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the wide pT intervals (a) 0.4 ≤ pT ≤ 1.0 GeV/c, (b) 0.4 ≤ pT ≤ 1.5 GeV/c, and (c)

0.4≤ pT ≤ 2.0 GeV/c, using filter bit 32.
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B.1.2 Centrality Estimation CL0

B.1.2.1 Narrow Over-lapping bins

(a) 0.4≤ pT ≤ 0.6 GeV/c

(b) 0.5≤ pT ≤ 0.8 GeV/c

(c) 0.6≤ pT ≤ 1.0 GeV/c

Figure B.3: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the narrow pT intervals (a) 0.4 ≤ pT ≤ 0.6 GeV/c, (b) 0.5 ≤ pT ≤ 0.8 GeV/c, and (c)

0.6≤ pT ≤ 1.0 GeV/c, with the centrality estimator CL0.
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B.1.2.2 Wider Over-lapping bins

(a) 0.4≤ pT ≤ 1.0 GeV/c

(b) 0.4≤ pT ≤ 1.5 GeV/c

(c) 0.4≤ pT ≤ 2.0 GeV/c

Figure B.4: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the wide pT intervals (a) 0.4 ≤ pT ≤ 1.0 GeV/c, (b) 0.4 ≤ pT ≤ 1.5 GeV/c, and (c)

0.4≤ pT ≤ 2.0 GeV/c, with the centrality estimator CL0.
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B.1.3 Primary Vetex cut |V z| ≤ 8 cm

B.1.3.1 Narrow Over-lapping bins

(a) 0.4≤ pT ≤ 0.6 GeV/c

(b) 0.5≤ pT ≤ 0.8 GeV/c

(c) 0.6≤ pT ≤ 1.0 GeV/c

Figure B.5: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the narrow pT intervals (a) 0.4 ≤ pT ≤ 0.6 GeV/c, (b) 0.5 ≤ pT ≤ 0.8 GeV/c, and (c)

0.6≤ pT ≤ 1.0 GeV/c, with the vertex cut |Vz| ≤ 8 cm.
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B.1.3.2 Wider Over-lapping bins

(a) 0.4≤ pT ≤ 1.0 GeV/c

(b) 0.4≤ pT ≤ 1.5 GeV/c

(c) 0.4≤ pT ≤ 2.0 GeV/c

Figure B.6: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the wide pT intervals (a) 0.4 ≤ pT ≤ 1.0 GeV/c, (b) 0.4 ≤ pT ≤ 1.5 GeV/c, and (c)

0.4≤ pT ≤ 2.0 GeV/c, with the vertex cut |Vz| ≤ 8 cm.
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B.1.4 Primary Vetex cut |V z| ≤ 12 cm

B.1.4.1 Narrow Over-lapping bins

(a) 0.4≤ pT ≤ 0.6 GeV/c

(b) 0.5≤ pT ≤ 0.8 GeV/c

(c) 0.6≤ pT ≤ 1.0 GeV/c

Figure B.7: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the narrow pT intervals (a) 0.4 ≤ pT ≤ 0.6 GeV/c, (b) 0.5 ≤ pT ≤ 0.8 GeV/c, and (c)

0.6≤ pT ≤ 1.0 GeV/c, with the vertex cut |Vz| ≤ 12 cm.
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B.1.4.2 Wider Over-lapping bins

(a) 0.4≤ pT ≤ 1.0 GeV/c

(b) 0.4≤ pT ≤ 1.5 GeV/c

(c) 0.4≤ pT ≤ 2.0 GeV/c

Figure B.8: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the wide pT intervals (a) 0.4 ≤ pT ≤ 1.0 GeV/c, (b) 0.4 ≤ pT ≤ 1.5 GeV/c, and (c)

0.4≤ pT ≤ 2.0 GeV/c, with the vertex cut |Vz| ≤ 12 cm.
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B.1.5 TPC clusters cut (TPCNcls ≤ 80)

B.1.5.1 Narrow Over-lapping bins

(a) 0.4≤ pT ≤ 0.6 GeV/c

(b) 0.6≤ pT ≤ 1.0 GeV/c

Figure B.9: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the narrow pT intervals (a) 0.4 ≤ pT ≤ 0.6 GeV/c and (b) 0.6 ≤ pT ≤ 1.0 GeV/c, with

the ITS cluster cut TPCNcls ≤ 80.
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B.1.5.2 Wider Over-lapping bins

(a) 0.4≤ pT ≤ 1.0 GeV/c

(b) 0.4≤ pT ≤ 1.5 GeV/c

(c) 0.4≤ pT ≤ 2.0 GeV/c

Figure B.10: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the wide pT intervals (a) 0.4 ≤ pT ≤ 1.0 GeV/c, (b) 0.4 ≤ pT ≤ 1.5 GeV/c, and (c)

0.4≤ pT ≤ 2.0 GeV/c, with the ITS cluster cut TPCNcls ≤ 80.
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B.1.6 ITS clusters (ITSNcls ≤ 3)

B.1.6.1 Narrow Over-lapping bins

4 5 6 7 8 9 10
2ln M
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q = 5

ALICE Xe-Xe  5.44 TeV, FB 768

Cent 0-5%, ITSNcls < 3

 0.6 GeV/c≤ 
T

 p≤ 0.4 

 

(a) 0.4≤ pT ≤ 0.6 GeV/c

(b) 0.6≤ pT ≤ 1.0 GeV/c

Figure B.11: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the narrow pT intervals (a) 0.4 ≤ pT ≤ 0.6 GeV/c and (b) 0.6 ≤ pT ≤ 1.0 GeV/c, with

the ITS cluster cut ITSNcls ≤ 3.
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B.1.6.2 Wider Over-lapping bins

(a) 0.4≤ pT ≤ 1.0 GeV/c

(b) 0.4≤ pT ≤ 1.5 GeV/c

(c) 0.4≤ pT ≤ 2.0 GeV/c

Figure B.12: Plots illustrating (left to right): (i) lnFq(M) versus lnM2 (M-scaling), (ii)

lnFq(M) versus lnF2(M) (F-scaling), and (iii) lnβq versus ln(q− 1) for charged particles

in the wide pT intervals (a) 0.4 ≤ pT ≤ 1.0 GeV/c, (b) 0.4 ≤ pT ≤ 1.5 GeV/c, and (c)

0.4≤ pT ≤ 2.0 GeV/c, with the ITS cluster cut TPCNcls ≤ 3.
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APPENDIX C

SERVICE WORK

The successful operation of the ALICE experiment during LHC runs depends on well-

organized service work carried out by collaboration members. This includes important

tasks such as detector maintenance, calibration, data quality monitoring, and support for

daily operations. PhD students are expected to actively participate in such service tasks as

part of their commitment to the collaboration.

As part of my service work, I contributed to two key areas of the ALICE detector:

Transition Radiation Detector (TRD) tracking Quality Control and Global Local Ob-

servables (GLO)

TRD Tracking Quality Control (QC)

My involvement in TRD service work focused on developing and validating the monitoring

framework used for tracking performance. Specific tasks included:

• Installation and configuration of the O2 framework and QC environment.
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• Preparation of 2D PulseHeight per chamber plots.

• Validation of local test runs using .tf and .ctf files.

• Execution and successful testing of approximately 900 runs on lxplus using .tf

and .ctf data files.

• Merging of updates in PulseHeight.cxx and DigitTask.cxx for QC development.

• Addition of histograms for PulseHeight per chamber (for all 540 chambers) in

DigitTask.cxx.

• Projection and verification of 2D PulseHeight plots locally.

• Preparation of layouts (TRD_PulseHeightPerChamber) on the QCG monitoring

page.

• Implementation of proper detector labelling in the format SM_S_L.

• Identification and elimination of duplicate PulseHeight plots.

• Submission of a Pull Request for the new PulseHeight per chamber plots.

• Integration of checkTracklet.C for improved analysis of tracking data.

Global Local Observables (GLO)

In addition, I contributed to the GLO module, which is responsible for monitoring the per-

formance of the asynchronous reconstruction. The focus was on evaluating event proper-

ties, track properties, and the matching efficiency between the ITS (Inner Tracking System)

and TPC (Time Projection Chamber) detectors. This work helped ensure the consistency

and accuracy of reconstruction outputs during Run 3 operations.
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Data taking shifts for ALICE

During my visit to CERN from 25 September to 10 December 2022 as part of the ALICE

Collaboration, I actively participated in data-taking activities for the experiment. One of the

primary responsibilities during this period was serving as an ECS (Experimental Control

System) shifter, ensuring the stable and safe operation of the ALICE detector during active

data collection.

Training Shifts: 1 - 3 October 2022.

Main Shifts:

• 12 - 17 October 2022.

• 21 - 26 October 2022.

• 21 - 22 November 2022.
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√
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Collider Physics (LHCP) Conference TAIPE, 16th-20th May, 2022.

• “Intermittency Analysis of charged particles generated in Xe–Xe collisions at
√

sNN = 5.44 TeV using AMPT Model”; 51th International Symposium on Multi-
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• “A Study of Local Multiplicity Fluctuations in Charged Particle Production in Xe–Xe
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I. INTRODUCTION

A fundamental characteristic of the criti-
cal behaviour of a system undergoing phase
transition is that it exhibits fluctuations of all
scales [1]. The most efficient way to address
fluctuations of a system created in a heavy-ion
collision is to investigate event-by-event (E-
by-E) fluctuations, where a given observable
is measured on an event-by-event basis, and
the fluctuations are studied over the ensem-
ble of the events. To detect such fluctuations
in a system, a study of the scaling behaviour
of the normalized factorial moments Fq(M)
with the number of bins (M) in (η, ϕ) space is
performed. The normalized factorial moments
are defined as

Fq(M) =
1

Nevt

∑Nevt

e=1
1
M

∑M
m=1 fq(nme)

1
Nevt

∑Nevt

e=1
1
M

∑M
m=1 f1(nme)

(1)

with fq(nme)=
∏q−1
j=0(nme − j), where e stands

for the event, q ≥ 2 is the order of the mo-
ments, and nme ≥ q is the number of particles
in a given phase space bin [2]. A power-law
behaviour of Fq(M) ∝ Mφq is defined as M-
scaling, where the scaling index φq ≥ 0 is a
constant for any given q [3]. Observation of
this scaling implies the absence of any spatial
scale in the system, which has been observed
in many collision systems with positive scaling
index value [4, 5].
For the second-order phase transition in the
Ginzburg-Landau (GL) formalism, Fq satisfies
with high accuracy the following power law

∗Electronic address: zarina.banoo@cern.ch

behavior

Fq ∝ F βq

2 . (2)

This scaling, which is referred to as F-scaling,
can be valid even if the M-scaling is not
valid [6, 7]. The scaling exponent ν, which is
a universal quantity characterizing the scaling
properties of the system, is derived from

βq = (q − 1)ν . (3)

It is essentially independent of the details of
the Ginzburg-Landau parameters, where tem-
perature is not a controlling parameter; there-
fore, the numerical value of ν can be consid-
ered as an average value over all temperatures
at which the phase transition occurs.

II. ANALYSIS

The analysis is performed for charged par-
ticles produced in central events in the midra-
pidity region |η| ≤ 0.8 with full azimuthal
coverage (0 ≤ ϕ ≤ 2π) in the pT intervals
0.4 ≤ pT ≤ 0.6 GeV/c and 0.4 ≤ pT ≤ 1.0
GeV/c. The factorial moments are calculated
using the charged particles mapped into the
two-dimensional (η, ϕ) space, where the total
number of bins is M2.
In this contribution, observations and results
from the intermittency study of charged par-
ticles produced in Xe–Xe collisions at

√
sNN

= 5.44 TeV, recorded with ALICE detector at
LHC.



III. OBSERVATION AND RESULTS

The data from ALICE show the presence
of M-scaling behavior for q = 2, 3, 4, and 5,
indicating the presence of an intermittency
signal in the data. The M- and F-scaling for
the pT interval of 0.4 ≤ pT ≤ 1.0 GeV/c are
shown in Fig. 1 and Fig. 2, respectively. In
addition, the value of the scaling exponent
(ν) for two different pT intervals is calculated
as a function of collision centrality, as shown
in Fig. 3.
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FIG. 1: M-scaling for the pT interval 0.4 ≤ pT ≤
1.0 GeV/c.
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Abstract

The multiplicity fluctuations are sensitive to QCD phase transition and to the presence of
critical point in QCD phase diagram. At critical point a system undergoing phase transi-
tion is characterized by large fluctuations in the observables which is an important tool
to understand the dynamics of particle production in heavy-ion interactions and phase
changes. Multiplicity fluctuations of produced particles is an important observable to
characterize the evolving system. Using scaling exponent obtained from the normalized
factorial moments of the number of charged hadrons in the two dimensional (η,φ) phase
space, one can learn about the dynamics of system created in these collisions. Events
generated using Xe-Xe collisions at

p
sNN = 5.44 TeV with string-melting (SM) version

of the AMPT model are analyzed and the scaling exponent (ν) for various pT intervals
is determined. It is observed that the calculated value of ν is larger than the universal
value 1.304, as is obtained from Ginzburg-Landau theory for second order phase transi-
tion. Here we will also present the results of the dependence of the scaling exponent on
the transverse momentum bin width.
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1 Introduction

One of the major goals of high-energy heavy ion collision experiments is to understand the
particle production mechanism [1]. The spatial fluctuations of the produced particles in the
multiparticle production is one of the signatures of criticality and helps to characterize the
quark-hadron phase transition [2]. The spatial fluctuations are present at all stages of the col-
lision process, from thermalization, hydrodynamical expansion, hadronization to freeze out.
Therefore to collect information about the critical end point and particle production mecha-
nism, it is important to study these types of fluctuations, which are arising out of some dy-
namical processes [3]. To study the particle density fluctuations, the method of moment was
found to be the most suitable one. But in the multiparticle production, the number of hadrons

010.1
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produced in a single collision is quite small and subject to considerable noise [4]. However
the presence of such statistical noise may create problem when the scale dependence of fluctu-
ations is investigated. In that case the use of normalized factorial moments of the multiplicity
distribution in a given phase-space volume which filters out the fluctuations of purely statistical
origin from the dynamical fluctuations is made [5]. Here we present the results from the study
of spatial fluctuations in the charged particles generated in Xe-Xe collisions at

p
sNN = 5.44

TeV using the string melting mode of the AMPT model (version: v1.26t9b-v2.26t9b).

2 The Method

To calculate the particle density fluctuations in spatial distributions, the normalized factorial
moments are calculated. For this the angular phase space pseudorapidity and azimuthal angle
(η,φ) is partitioned into M x M cells. For any value of the number of bins M , let ni be the
number of charged particles in a cell. Then the normalized factorial moments Fq(M) of order
q is defined by

F e
q (M) =

¬
1

M D

∑M D

e=1 ni(ni − 1).....(ni − q+ 1)
¶

¬
1

M D

∑M D

e=1 ni

¶q . (1)

Here, 〈. . . 〉 represents the averaging over all events [2]. The power law behaviour of Fq
with M

Fq(M) ∝ Mφq , (2)

is termed as intermittency. Eq.(2) is here referred as M-scaling and is considered as a signa-
ture of self-similar patterns of particle multiplicity and φq represents the intermittency indices
which determines the strength of the intermittency [3]. It has been observed that for the
Ginzburg-Landau(GL) formalism, Fq(M) follows power-law [6] as:

Fq∝ F
βq

2 ,β = (q− 1)ν , (3)

this is referred to as F-scaling. Here ν is the scaling exponent and ν = 1.304 is the universal
value given by GL theory for second order phase transition and is independent of the GL pa-
rameters [6].

In the SM version of the AMPT model the excited hadronic strings in the overlap volume
are converted into partons along the intervening step of decaying hadrons that would have
been produced by the Lund string fragmentation process. A detailed description of the model
is available in [7]. In this work a sample of around 300K central SM AMPT events generated
with an impact parameter 0 ≤ b ≤ 3.5 fm (corresponding to 0 − 5% centrality) have been
analyzed.

3 Observations and Results

Charged particles produced in the kinematic region |η| ≤ 0.8 with full azimuthal coverage and
pT ≤ 2.0 GeV/c are studied for a range of pT bins as in [6,8]. Normalized factorial moments
Fq ’s are determined for M = 4 - 82 and q = 2, 3, 4,5 and are studied for their dependence
on M (M-scaling). Fig 2(a) shows M-scaling for the pT bin 0.4 ≤ pT ≤ 0.6 GeV/c. Fq for q =

010.2



SciPost Phys. Proc. 15, 010 (2024)

Figure 1: (a) lnFq(M) vs. ln(M). (b) lnFq(M) vs. lnF2(M) (c) lnβq vs. ln(q-1), in two
dimensional (η,φ) phase space (0.4≤ pT ≤ 0.6 GeV/c).

Figure 2: Scaling exponent ν as a function of various pT bins for Xe-Xe collisions atp
sNN = 5.44 TeV and its comparision with Pb-Pb (left) AMPT data [8] and (right)

ALICE data [9] .

2, 3, 4 are observed to be independent of M, where for q = 5 at high M large fluctuations in
the value of Fq are observed. Which are due to statistical effects. Thus the charged particles
generated in AMPT for Xe-Xe collisions do not follow self-similar behaviour.
Dependence of Fq(M) for q = 3, 4, 5 on F2(M) for the same case, given in Fig 2(b), shows
linear behaviour. So even though M-scaling is absent, F-scaling is observed to be present. The
scaling exponent ‘ν’ that gives relation between βq and the order of the moments q as defined
in Eq.(3) is determined (Fig 2(c)). For all the pT bins studied, ν is observed to have average
value ≈ 1.7(Fig 2).
The scaling exponent obtained for Xe-Xe collision from the SM AMPT model is much larger
than the value predicted by GL theory for second order phase transition. The AMPT model
does not have physics of phase transition implemented into it. This study confirms it and gives
significance of intermittency studies in characterizing systems created in heavy-ion collisions.
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4 Conclusion

Intermittency analysis of Xe-Xe Monte Carlo events at
p

sNN = 5.44 TeV generated with the
AMPT model performed to investigate the scaling behaviours and to determine scaling ex-
ponent. Whereas M-scaling is absent in charged particles generated in AMPT, F-scaling is
observed to be present with scaling exponent (ν) with values different from that for second
order phase transition implemented in GL theory and the experimental value from ALICE data.
Intermittency methodology is observed to be suitable to characterize various dynamical sys-
tems.
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At the critical point a system undergoing phase transition is characterized by large fluctuations in
the observables. Fluctuations study is thus one of the important techniques to explore phases of
the QCD matter and to search for the critical end point of hadron-quark or quark-hadron phase
boundary. Scaling properties of the multiplicity fluctuations of charged hadrons produced in
the high energy heavy ion collisions may reveal the features of quark-hadron phase transition
and also the particle production mechanism. Scaling exponent obtained from the normalized
factorial moments of the number of charged hadrons in the two dimensional (η, φ) phase space
can quantitatively characterize the system created in these collisions. Within the framework of
Ginzburg-Landau (GL) formalism for second order phase transition and for the two-dimensional
Ising model simulated for quark-hadron phase transition a universal value of scaling exponent (ν)
is obtained as 1.316 ± 0.012. Here we will present observations and results from the analysis
performed for the charged particle multiplicity distributions obtained from Xe-Xe collisions at
√

sNN = 5.44 TeV with the string melting mode of the AMPT model. Observations, results on the
scaling behaviour of the normalized factorial moments and the dependence of the scaling exponent
on the transverse momentum bin width will be presented.
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1. Introduction

Themain purpose of study of the high energy heavy-ion collisions is to understand theQuantum
Chromodynamics (QCD) phase transition diagram and the critical point search. In such interac-
tions, under the conditions of high temperature and energy density, conditions similar to those
which existed within a few microseconds just after the Big-Bang could be achieved [1]. Lattice
QCD calculations provide a quantitative predictions at µB = 0 and find that the transition is a rapid
crossover [2]. According to the theoretical considerations deconfinement transition at low temper-
ature T and high baryonic chemical potential µB is believed to be of the first order. Thus a critical
end point (CEP) is supposed to exist at the end of the first-order transition. However, there exists a
sign problem at finite µB region in the lattice QCD calculations and large statistical uncertainties in
the experimental measurements [3]. So it is difficult both theoritically as well as experimentally to
determine the exact location of the CP. At critical point the correlation length of the system diverges
(known as Critical opalescence) which results in an increase in density fluctuations of multiplicity
distribution of the produced particles [4]. This increase of the density fluctuations at the critical
point of QCD phase diagram makes the study of fluctuation more intresting and challenging [5].
The most efficient way to address fluctuations of a system created in a heavy ion collision is to
study the fluctuation on event-by-event (E-by-E) basis [6]. The objective of this work is to analyze
the generated central Xe-Xe collision event at √sNN = 5.44 TeV using the A Multi-Phase Transport
(AMPT) model with String Meting (SM) mode by studying the Normalised Factorial Moments
(NFM) as function of decreasing phase space bin size.

2. Methodology

In analogy to the turbulence in fluid, the multilicity fluctuations study in the decreasing phase
space bins, reffered as Intermittency is studied inmultiparticle production in heavy-ion collisions [7].
In this work we study the scaling behaviour of charged particles spacial distributions in angular
phase space distribution using normalised factorial moments (NFM) as proposed in [8]. The (η, φ)
phase space is divided into a square lattice with Mη ×Mφ bins, where Mη and Mφ being the number
of bins along η and φ respectively. Charged particles generated in the selected η, φ and pT cuts
are mapped onto the (η, φ) matrix [9]. The formula used for calculating the normalized factorial
moments Fq as function of number of bins is defined as,

Fe
q (M) =

1
N

∑M
e=1

1
M

∑M
i=1 fq(nie)

( 1
N

∑M
e=1

1
M

∑M
i=1 f1(nie))q

. (1)

where q is the order of the moment, positive integer ≥ 2 and nie ≥ q is the bin multiplicity. If the
system exhibits fluctuations, the Normalised Factorial Moment Fq(M) follow a scaling behaviour

Fq(M) ∝ Mφq . (2)

refferred to as intermittency. Here φq is called the intermittency index that characterizes the strength
of the intermittency behavior. Eq.(2) is referred here as M-scaling. Even if the scaling behaviour
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in Eq.(2) is not satisfied, to a high degree of accuracy, Fq(M) satisfies the power law behaviour as:

Fq(M) ∝ F2(M)βq, (3)

such that

β = (q − 1)ν (4)

The Scaling behaviour in Eq.(3) is referred here as F-scaling [10]. This behavior has been ex-
perimentally verified for optical systems at the threshold of lasing. ν = 1.304 as per GL theory
formalism for second order phase transition.

3. A brief introduction of AMPT

A MultiPhase Transport (AMPT) model is a hybrid model based on both the initial partonic
and the final hadronic phase. The AMPT model is constructed to describe nuclear collisions
with center-of-mass energy ranging from about √sNN = 5 GeV up to 5500 GeV at LHC. This
model contains four components namely the initial conditions, parton transport after initialization,
hadronization mechanism and hadronic interaction [11]. AMPT exists in two different versions:
the AMPT with string melt and the default AMPT version. Around 500K String melting minimum
biased Xe-Xe collision events at√sNN = 5.44 TeV are generated. Whereas the analysis is performed
for central events with impact parameter 0 ≤ b ≤ 3.5 fm. Fig 1(left) shows the pseudorapidity
density distribution of the charged particles generated with the AMPT model and are compared
with ALICE data points for various centralities and (right) shows the dependence of normalized
charged particles density on the number of participants and compared with ALICE data points [12].

Figure 1: (left) Pseudorapidity density distribution of charged particles for various centralities and (right)
charged particle density vs number of participants from the generated events is given and compared with the
ALICE data [12] for Xe-Xe collision at √sNN = 5.44 TeV.

4. Observations and Results

The behaviour of the factorial moments Fq(M) are studied for their dependence on M (number
of bins) and second order factorial moments F2(M) in the transverse momentum range of 0.4 ≤

3
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pT ≤ 1.0 GeV/c. From this study, it is observed that Fq(M) is independent of M for q = 2, 3, 4, 5 in
the SM mode of the AMPT model. But Fq(M) is observed to show a linear dependence on F2 for q
= 3, 4, 5. Scaling index, ν is determined from the slope for ln βq against ln(q-1). Fig 2(a) and 2(b)
show the M-scaling and F-scaling behaviour of Fq(M) along with the scaling index value in (c).
Also analysis of the scaling behaviour of Fq is carried in various other pT bins of various width to

Figure 2: (a) M-scaling behavior of Fq . (b) F-scaling behavior of Fq (c) Log-log plot of βq versus (q-1), in
two dimensional (η, φ) phase space in 0.4 ≤ pT ≤ 1.0 GeV/c bin.

study the dependence of scaling exponent on pT bins and pT binwidth as studied in [10] . Results
from similar analysis from ALICE are also shown for Pb-Pb collision of 2.76 TeV which is close to
the theoritically predicted line.

Figure 3: Shows scaling exponent (ν) vs pT for Xe-Xe at √sNN = 5.44 TeV. ν value obtained for Pb-Pb
collision at √sNN = 5.44 TeV from AMPT (SM) model [10] (left panel) and ALICE experiment [13] (right
panel) are also given.

5. Summary

Scaling properties of the charged particles generated in the mid rapidity region in Xe-Xe
collisions at √sNN = 5.44 TeV have been studied in the framework of intermittency analysis. A
power-law growth of NFM (Fq) with M is observed to be absent at high M values in all the pT
bins. However F-scaling is observed to exist in almost all pT bin. With no phase transition physics
implemented in (SM) AMPT model: Scaling behaviour in line with intermittency is absent and the
Scaling exponent is different from value predicted by theory for second order phase transition.
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