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ABSTRACT

The main goal of ultra-relativistic heavy-ion collisions is to create and char-

acterize quark-gluon plasma (QGP). It is a deconfined state of quarks and gluons

that can be realized at high density and temperature. The existence of QGP was

predicted by quantum chromodynamics. Such a state of matter is expected to

exist microseconds after the Big Bang. Thus the study of its properties and evo-

lution could give a better understanding of the existence of matter in the present

universe. In the laboratory, QGP is expected to be formed by the collisions of

heavy ions using particle colliders. Relativistic Heavy Ion Collider (RHIC) and

Large Hadron Collider (LHC) are the dedicated state-of-the-art experimental fa-

cilities to this end and are focussed on understanding the properties of QGP. In

central heavy-ion collisions, a large number of particles are produced through the

multiple interactions of participants in the overlap region. Although most of the

observed particles produced in such collisions are results of the fragmentations of

pieces of the colliding nuclei, a considerable amount of particle creation occurs by

high incident energies (⇡ TeV). While the particles created are mostly pions, the

production of relatively heavy particles than pions and heavy flavor (strange and

charm) quark matter also takes place. However, in pp collisions, it was expected

that the final state particles are only the result of the fragmentations of pieces

of the two protons. And hence, historically, the proton on proton (pp) collisions

were considered a baseline for forming QGP in heavy-ion collisions due to their

significantly smaller size compared to the studying later. Recent observation of

heavy-ion-like features in a small systems like pp collisions from the experiment

at the LHC has generated considerable interest in the scientific community. For

example, the discovery of collective-like phenomena, strangeness enhancement

are a few among them. These developments have significant consequences on the

results obtained from heavy-ion collisions, as pp collisions have been used as a

benchmark for heavy-ion collisions to understand a possible medium formation.
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These open up entirely new directions for theoretical and experimental studies of

characterizing QGP-like properties and understanding the origin of such observa-

tions in small collisions systems. Although hydrodynamics calculations describe

data qualitatively, other approaches suggest that these can be initial state e↵ects.

To understand the recent measurements in high-multiplicity pp collisions, it is

important to perform multi-di↵erential studies with event shape observables and

charged-particle multiplicity. One of the event-shape techniques called transverse

spherocity (S0) can disentangle events dominated by soft/hard-QCD processes

based on their geometrical structure. Soft-QCD and hard-QCD processes could

govern particle production in small system collisions like pp. While the study

of bulk properties of the system would give an understanding of the underlying

mechanism of the soft-QCD process, the study of jets could reveal the physics

of hard-QCD processes. The detailed study in the light of transverse spherocity

and multiplicity could provide deeper insight into understanding the underlying

production dynamics of a particle in high multiplicity pp collisions; moreover, it

could also help in tuning various models.

Recent results reported by ALICE have observed enhanced production of

strange and multi-strange particles in high-multiplicity proton+proton (pp colli-

sions and observation of evidence of collectivity in pp collisions by CMS, which

was traditionally considered as one of the signatures of QGP formation. These ob-

servations compel one to ask whether high-multiplicity pp collisions create QGP-

droplets? Extensive investigation using resonance particles containing strange

quarks could provide hints towards the possible formation of QGP-like medium

in pp collisions (specifically high-multiplicity events). Resonances are commonly

known as the hadrons, which are more massive than their ground state particle

and have di↵erent excited quantum states but identical quark content. These

particles usually have a short lifetime (⌧) as they decay strongly, and it is in the

order of a few fm/c, a typical proton diameter. Because of its short lifetime, recon-
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structed hadronic resonances through their decay products in a detector can be

used to study the hadronic medium between the chemical and the kinetic freeze-

out. Experimentally measured typical lifetime of hadronic resonances ranges for

1.3 fm/c to 46.3 fm/c. As hadronic resonances of varying masses (770 - 1019

MeV/c2 ), hadron class (meson and baryon), strangeness (0 - 2), and lifetimes

are available, they can be used to study the properties of the hadronic phase and

its di↵erent stages of evolution. A comprehensive study of hadronic resonances

plays a vital role in understanding ultra-relativistic heavy-ion collisions. In such

collisions, expansion of the produced fireball can be probed by the hadronic reso-

nances, as their lifetime is comparable to the lifetime of the fireball (⌧ ⇡ 10 fm/c

at LHC energies) created in the heavy-ion collisions. This helps to understand in-

medium phenomena like rescattering (interaction of decay daughters with other

in-medium particles, results in suppression of resonances when reconstructed, as

the invariant mass of the daughter particles mismatches with the parent particle)

and regeneration (enhancement of resonances because of pseudo-elastic collisions

in the hadronic phase). Resonance particle-like �(1020) having ⌧ ⇡ 46.3 fm/c

might not go through the above mentioned processes. However, resonance par-

ticle like K⇤(892)± meson has a lifetime (⌧ ⇡ 3.6 fm/c) which is comparable to

the hadronic phase lifetime. This allows one to explore the hadronic phase. The

sensitivity of hadronic resonances to rescattering and regeneration processes in

the hadronic phases is depicted in Figure 3.1.

The major objectives of this thesis are to understand the interplay of vari-

ous processes in the hadronic phase with event shape and high-multiplicity de-

pendence study of K⇤± meson production using ALICE detectors at the LHC

(CERN). To have a complete birds-eye view of the dynamics of particle pro-

duction in pp collisions, we have also studied the event topology dependence

of heavy-flavored hadrons using a pQCD-inspired model. This work revealed the

importance of events topology in the production of charmed-flavored and strange-
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flavored hadrons. Also, we phenomenologically attempt to explore the possibility

of a thermalized medium formation in pp collisions through geometric, statistical,

and Monte-Carlo approach. In the case of the geometric approach, we have tried

to explain the experimental results taking the proton structure as consisting of

three valence quarks connected by gluons. We describe the densities of quarks

and gluons as a Gaussian type assuming a spherically symmetric distribution of

quark densities from their respective centers and cylindrically symmetric gluon

densities about the line joining two adjacent quarks. With this consideration, we

could explain charged-particle multiplicity distribution and elliptic-flow obtained

in pp collisions at
p
s = 7 and 13 TeV respectively using a Glauber approach.

In another work, considering final state multiplicity as a proxy of the number of

constituents particles involved in the collisions, we have studied the thermody-

namical quantities like heat capacity, trace anomaly, speed of sound, etc., using

experimental inputs from ALICE and contrasted these results with those obtained

from PYTHIA8 (devoid of thermalization). This work gives a hint of the possible

onset of thermalization in a small system like pp after a certain threshold in the

final state charged multiplicity. We further extended these studies to include the

event topology, thereby linking to the analysis part of the thesis and motivating

future potential measurements.

This thesis is divided into five chapters. The organisation of thesis is as

follows:

• Chapter 1 gives a brief and general introduction on standard model of

particle physics and Quantum chromodynamics(QCD). This is followed by

a short discussion on quark-gluon plasma (QGP),its formation in ultra-

relativistic collisions and signatures. Then, a discussion on recent experi-

mental observations of possible thermalized medium formation in pp col-

lisions,which forms the motivation of this thesis. A brief motivation of

various works included in this thesis is discussed, making a stage for their
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use in subsequent chapters.

• Chapter 2 gives a brief introduction on the ALICE detectors used for

K⇤(892)± identifications in this thesis. In addition, this chapter provides

a short description of all other detectors used in ALICE. We also discuss

about the ALICE framework: online/o✏ine computing system, reconstruc-

tion system based on the GRID framework briefly.

• Chapter 3 is devoted to the detailed methodology of K⇤(892)± meson pro-

duction in pp collision as a function of event shape and multiplicity with

ALICE at the LHC energies. And to have contrast with heavy flavor par-

ticles, we have also shown the event shape dependence of J/ , ⇤
+
c , and D0

meson in pp collisions at the LHC energies using PYTHIA8 Monte-Carlo

generator. This chapter is mainly based on our analysis note and a pub-

lished article mention below:

(1). Event shape and multiplicity dependence of K⇤(892)± production

in pp collisions at
p
s = 13 TeV with ALICE at the LHC, https://alice-

notes.web.cern.ch/node/946,

(2). Journal of Physics G: Nuclear and Particle Physics 48, 095104 (2021)

• In Chapter 4, we have presented the phenomenological studies to under-

stand the possibility of thermalized medium formation in the pp system.

We begin by designing a geometric structure of the proton, considering

three valence quarks and gluons connecting them to explain experimental

results. We then adopted a thermodynamical approach taking the Tsallis

distribution function to investigate further the pp system using experimen-

tal data. We also studied the event shape dependence of thermodynamical

quantities of produced particles in pp collisions at LHC energies using the

PYTHIA8 event generator. This chapter is mainly based on our published
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articles:

(1). Phys. Rev. D 101, 014004 (2020),

(2). Eur. Phys. J. A 56, 252 (2020), and

(3). Eur. Phys. J. A 57, 195 (2021)

• Finally, Chapter 5 gives the conclusion drawn from current studies.
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ACRONYMS

• ALICE: A Large Ion Collider Experiment

• A side: ATLAS side

• AOD: Analysis Oriented Data

• ATLAS: A Toroidal Large ApparatuS

• BR: Branching Ratio

• C side: CMS side

• CBM: Compressed Baryonic Matter

• CGC: Color Glass Condensate

• CERN: European Organization for Nuclear Research

• CMS: Compact Muon Solenoid

• CP: Charge-Parity

• CR: Colour Reconnection

• DAQ: Data AQuisition

• DCA: Distance of Closest Approach

• DPG: Data Preparation Group

• EMCal: Electromagnetic Calorimeter

• LHC: Large Hadron Collider

• LHCb: LHC beauty

• MB: Minimum Bias
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• MC: Monte Carlo

• MPI: Multi Parton Interaction

• MRPC: Multi-gap Resistive-Plate Chamber

• MWPC: Multi-Wire Proportional Chamber

• NICA: Nuclotron-based Ion Collider fAcility

• PHENIX: Pioneering High Energy Nuclear Interaction eXperiment

• HMPID: High-Momentum Particle IDentification detector

• HRG: Hadron Resonance Gas

• ITS: Inner Tracking System

• LEP: Large Electron-Positron collider

• EPOS: Energy-conserving quantummechanical multiple scattering approach,

based on Partons (parton ladders), O?-shell remnants, and Splitting of par-

ton ladders

• ESD: Event Summary Data

• FAIR: Facility for Antiproton and Ion Research

• GEANT: GEometry ANd Tracking

• NICA: Nuclotron-based Ion Collider fAcility

• PHENIX: Pioneering High Energy Nuclear Interaction eXperiment

• PID: Particle IDentification

• pp collisions: Proton+Proton collisions

• TOF: Time-Of-Flight
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• TPC: Time Projection Chamber

• TRD: Transition Radiation Detector

• VZERO/V0: Vertex 0 detector

• RHIC: Relativistic Heavy-Ion Collider

• T0: Time 0 detector
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Chapter 1

Introduction

“Understanding the history of matter and searching for its most interesting forms,

such as galaxies, stars, planets and life, seems a suitable use for our intelligence.”

- Robert Kirshner

With its unprecedented available energies, the Large Hadron Collider (LHC)

at CERN, Geneva, has provided an opportunity to study the deconfined col-

ored medium known to exist microseconds after the Big Bang called quark-gluon

plasma (QGP) [1]. Although, till now, a complete theoretical understanding of

the formation and evolution of such a medium is not known, a phenomenological

framework called the “standard model of heavy-ion physics” has been consid-

ered by the scientific community. This framework assumes that energy densities

required to form QGP are only accessible by the ultra-relativistic heavy-ion col-

lisions. Since 2010 and 2015, QGP at LHC is produced by lead on lead (Pb-Pb)

collisions at a center-of-mass energy (
p
sNN) 2.76 TeV and 5.02 TeV respectively.

In the year between 2012 and 2013, to study Cold nuclear matter (CNM) ef-

fects like hadronic reabsorption, LHC made proton on lead (p-Pb) collisions at
p
sNN = 5.02 TeV. But to utter surprise, studies like correlations and multiplicity-

dependent particle production also show hints of thermalized medium formation

in p-Pb collisions. This observation forms the main motivation of this thesis
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to explore the presence of QGP-droplets in even smaller systems like proton on

proton (pp).

In this chapter, to form the stage for the works presented in this thesis, we

briefly introduce the Standard Model of particle physics in the section 1.1 and

the theory of strong interaction known as quantum chromodynamics (QCD) in

the section 1.2. Section 1.3 is devoted to quark-gluon plasma, its formation in

ultra-relativistic collisions and signatures. We have presented a brief description

of recent experimental observations of possible medium formation in pp colli-

sions, which forms the motivation of this thesis in section 1.4. Finally, the last

section 1.5 gives the motivation of the thesis.

1.1 The Standard Model of Particle Physics

“What are the basic constituents of matter or what are the elementary particles?”,

has been one of the fundamental questions since the dawn of human civilization.

Through experiments, several thinkers of various generations tried to answer this

question. The answer to this question had a fascinating journey from the atom to

partons (quarks and gluons) through nucleons (protons and neutrons). Quarks

occur in various flavors and generations, out of which up (u) and down (d) quarks

are the most abundant in the Universe. A set of two u and a d quarks bounded

together by gluons form a proton (positively charged), while a neutron (electri-

cally neutral) is composed of a set of two d quarks and a u quarks. This bound

state is called hadrons. A hadron consisting of a pair of quark and antiquark

is known as meson, while the combination of three quarks to form a hadron is

known as baryon. To date, no experimental evidence of the internal structure

of quarks or gluons has been found, and thus they are thought to be elementary

particles. As a consequence, only hadrons are experimentally observed. Given

the dimension of these hadrons (⇠ femtometers), this quest took us to the realm

of high-energy particle accelerators. Over time, a huge number of particles were
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proposed (theoretically) and subsequently discovered in experiments. To classify,

understand the matter and their interaction, the Standard Model (SM) of particle

physics is developed mainly by Glashow, Salam, and Wienberg in the 1970s [2–

4]. This model was celebrated for its high precision explanation of experimental

results. In the SM framework, all visible matter in the Universe comprises twelve

elementary particles (namely quarks and leptons), four gauge bosons, and a Higgs

boson. This classification is depicted in Fig. 1.1. All particles within the frame

of SM are categorized into fermions and bosons based on their spin, a quantum

number that describes the intrinsic angular momentum of the particle. It can be

either half or unity (zero). Moreover, each of the fermions has a distinct antipar-

ticle, having the same mass but opposite electrical charge. Interaction among

fermions occurs with the exchange of bosons. All fermions (quarks and leptons)

are further grouped into three generations: up, down quarks, electron, and elec-

tron neutrino, belong to the first generation. All other generations are shown in

Fig. 1.1. It is worth noting that the lightest (heaviest) known particles belong to

the first (third) generation of the Standard model. This fact is seen in the time-

line of their experimental discoveries, as heavier particles are produced at higher

energies. In spite of the massive success of SM, the existence of dark matter,

neutrino masses, and matter-antimatter asymmetry in the Universe indicate that

there is physics beyond the Standard model.

The Standard model has further described the three fundamental forces in

nature: electromagnetic, weak, and strong. In 1979, the Noble Prize in Physics

was given for the unification of electromagnetic and weak forces into electroweak

forces. This force mediates through the exchange of massive W , Z bosons, and

massless photons. And the strong forces are mediated via the exchange of glu-

ons, massless colored objects. To understand the various interactions prescribed

in SM, there are versions of quantum field theories (QFT), like Quantum electro-

dynamics (QED) governs the electromagnetic interaction while strong interaction

is governed by quantum chromodynamics (QCD). Since this thesis deals with the
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study of dynamics of particles produced in collider physics where relevant forces

are strong in nature, QCD forms the foundation of the philosophy. And hence

QCD will be briefly discussed in the next section.

Figure 1.1: All fundamental particles within the Standard Model.

1.2 Quantum Chromodynamics (QCD): the the-

ory of strong interaction

QCD is responsible for describing the interaction between quarks and gluons,

having the color quantum numbers. Unlike QED, the gauge boson of QCD can

interact with each other and binds quarks into color-neutral hadrons. At low

energy scales, quantum chromodynamics can be studied on a lattice where each
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point in the grid represents a certain point in space-time. This approach is known

as lattice QCD (LQCD) [5]. It gives the potential between two colored charges

as,

VQCD(r) ⇡ �↵S

r
+ r, (1.1)

where ↵S is the strong coupling constant, also known as the running cou-

pling constant.  is the color string tension constant and found to be around

1 GeV fm�1 [6], and r is the separation distance between two colored charges.

Since gluons can self-interact, the scale dependence of ↵S di↵ers from the cou-

pling constant in QED. This implies that two one-loop diagram (virtual gluon

and virtual quark loop) in QCD couplings has to be considered. It is found that

with a decrease in energy scale, ↵S increases because of the larger contribution

of the virtual gluon loop than the quark loop. This can be understood from

the antiscreening e↵ect. The massless gluon radiated from the quark, which has

spontaneously changed its color, can either form a quark loop or a gluon loop. In

the case of a quark loop, because of the presence of quark and antiquark, a nega-

tive contribution will lead to an overall weakening of the color field. Meanwhile,

in the case of the gluon loop, there will be a strong color field between the two

gluons, resulting in a stronger field. This is called the antiscreening e↵ect, where

a colored particle far away from such an environment will see a stronger field

created by a cloud of gluons and a quark rather than a field created by a single

initial quark. However, in 1973, WilcZek, Gross, and Politzer observed that ↵S

at large energies becomes weaker as a highly energetic parton can penetrate the

gluon cloud and sees fewer color charges accumulated at the origin. This behavior

is called asymptotic freedom, and they were awarded a Noble Prize in Physics for

their explanation.

Further, the QCD running coupling constant as a function of momentum
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transfer (Q2) is given as,

↵s(Q
2) =

12⇡

(33� 2nf )ln(
Q2

Λ2
QCD

)
, (1.2)

Where nf is the quark flavors accessible at Q2 and ⇤QCD is the QCD scale.

For ⇤QCD . 200 MeV, the non-perturbative QCD is in action. Its magnitude is

interpreted as a scale disentangling the regime of QCD where ↵s is small from that

where ↵s is large. For example, at Q & ⇤QCD, Eq. 1.2 gives ↵s < 1, this implies

color charges approach towards asymptotic freedom and perturbative QCD is

used to study strong interactions. This domain is referred to as a hard QCD

regime because of the involvement of large momentum transfer. Similarly, at Q

. ⇤QCD, Eq. 1.2 gives ↵s > 1, implies a dominance of strong force. This domain

is referred to as soft QCD because of the association of low momentum transfer.

In the soft QCD regime, due to the high value of the QCD coupling constant,

quarks are confined within hadrons, and this is known as color confinement. Thus

QCD is characterized by these two properties, namely, asymptotic freedom and

color confinement. The behavior of QCD running coupling constant as a function

of momentum transfer (Q) obtained by various experiments is shown in Fig. 1.2.

Figure 1.2: QCD coupling constant as a function of momentum transfer [7]. Lines

represents the scaling predications [8].
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1.2.1 Thermodynamics of QCD matter

Lattice QCD calculates the temperature dependence of energy density (✏) and

pressure (P) in the QCD medium. The result of this calculation is shown in

Fig. 1.3 [9]. In the temperature range between 150 to 200 MeV, the abrupt rise

of ✏/T 4 is observed, followed by a slow saturation towards high temperature below

the Stefan-Boltzmann limits. This indicates a rapid change in thermodynamical

properties in this temperature range. This can be understood by linking an

increase in the partonic number of degrees of freedom (Ndof) from hadronic Ndof,

which results in a phase transition. This modification in the number of degrees

of freedom suggests that the QCD medium had undergone a phase transition

in going from hadronic to partonic medium, which led to a change in its entire

thermodynamical properties.

1.2.2 The Conjectured QCD phase diagram

The best way to understand this change in the behavior of the QCD matter is

through a conjectured QCD phase diagram. This phase diagram illustrates the

di↵erent states of QCD matter at its temperature (T) and net baryon density

(µB), also known as chemical potential. It is the energy required to increase the

total number of baryons and anti-baryons in a system by unity. At the microscopic

level, due to particle creation and annihilation, the baryon number in a system

may not be conserved at the relativistic energies. Hence µB was introduced.

Figure 1.4 shows this conjectured QCD phase diagram. It can be seen that at

low chemical potential and temperature, QCD matter consists of bound hadrons

and as µB increases at a constant low temperature, the wave function associated

with the hadrons begins to overlap. At some coordinates of T and µB, this overlap

becomes so large that quarks no longer see the nucleonic density; it is initially

bounded into and can interact with quarks from other nucleons in the system.

In this transition, the thermodynamic of the system begin to alter drastically,
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Figure 1.3: Lattice QCD predictions of energy density (points) and pressure

(curves) of the QCD medium as a function of temperature and normalised by

the critical temperature (TC). ✏SB/T
4 is the Stefan-Boltzmann limit. Di↵erent

colors are for di↵erent lattice constants [9].

and a new state of matter is created, called the quark-gluon plasma [1]. This

phase transition at low temperature from hadron gas to QGP is a first-order

transition, and it occurs spontaneously. However, towards the low µB domain,

this transition from hadronic matter to QGP can be achieved by simply increasing

the temperature of the hadronic matter itself. But, here, the thermodynamical

parameters begin to alter continuously rather than instantaneously, as observed

in the high chemical potential in low-temperature regions. This region is known

as “cross-over”. In fact, this is the same scenario predicated to exist in the early

universe. Due to the presence of these two kinds of phase transitions in the QCD

phase diagram, it is highly expected the existence of a critical point. It is a

point of second-order phase transition. In a nutshell, as shown in Fig. 1.4, as

one move towards the low µB region from the high µB region, the QCD phase
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transition between hadronic matter and QGP is the first order in nature until

the critical point is reached. This point is a second-order phase transition, and

then the transition is simply thermal breakdown (called as cross-over). The next

section 1.2 will briefly describe QGP in large systems, its formation in ultra-

relativistic heavy-ion collisions, followed by its evolution in space and time, and

its signature with relevant experimental shreds of evidence.

Figure 1.4: Conjectured phase diagram of the QCD matter [10].

1.3 Quark-gluon Plasma (QGP) in Large sys-

tem

As discussed in earlier section 1.2.2, lattice QCD, along with thermodynamical

considerations, predicts that the strong force of interaction would show unique

characteristics under extreme conditions. For instance, at high temperature (T

& 200 MeV), the boundary of hadrons disintegrates into a deconfined state of

quarks and gluons, forming a hot and dense state of matter with dramatically

di↵erent thermodynamic parameters than hadron gas. And this state of matter is
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called the QGP [1]. This unique state of matter can be created experimentally by

the ultra-relativistic collisions of heavy ions (HIC). Once formed, QGP expands

quickly due to high-pressure gradients. It subsequently cools down as it expands

in volume, where because of color confinement, the colored quarks bind back to

hadrons. It is estimated that the lifetime of the QGP phase is ⇠ 10�22s.

1.3.1 Ultra-relativistic collisions of heavy ions

To create and study the evolution of QGP, the first heavy-ion collision was per-

formed in Alternating Gradient Synchrotron (AGS) at Relativistic Heavy Ion

Collider (RHIC), Brookhaven National Laboratory (BNL), USA, which is fol-

lowed by Super Proton Synchrotron (SPS) at the Large Hadron Collider (LHC).

In these colliders, two Lorentz contracted nuclei (due to acceleration at ultra-

relativistic velocities) traveling in opposite directions along the beam axis are

made to collide. This is depicted in Fig. 1.5. The part of nuclei taking part in

the actual collisions is called the overlap region, which depends on the impact

parameter (b). It is a perpendicular separation between the centers of the col-

liding nuclei. The nucleons participating in the collisions and residing inside the

overlap region are called participants. In contrast, those who do not participate

and are outside the overlap region are called spectators.

1.3.2 Formation of strongly interacting medium in rela-

tivistic heavy-ion collisions

The least understood aspect of relativistic heavy-ion collisions is the formation

of QGP. Most of the models only consider the evolution of QGP, assuming its

formation. At present, the collisions of color glass condensates (CGC) are con-

sidered the most viable mechanism for forming the QGP. This model is based on

the fact that there is a rapid increase in gluon density with decreasing Bjorken

scale (xT ). xT is the fraction of transverse momentum of a hadron carried by a

10
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Spectators

Participants

b

before collision after collision

Figure 1.5: Ultra-relativistic heavy-ion collisions of two Lorentz contracted nuclei

with an impact parameter [11].

parton. This scenario is shown in Fig. 1.6. At some energy scale (Q), because of

limited volume, the number of low xT gluons will saturate, forming very dense

gluonic fields. With respect to the lab frame, these gluonic clouds will appear

to be squeezed because of the Lorentz contraction, which will cause a weak cou-

pling strength among the low xT gluons. Moreover, the ultra-relativistic velocities

would subject the lifetime of the gluons to time dilation leading to their slow evo-

lution compared to the time scales involved. Thus, a weakly coupled and a very

high energy density of gluons is inherited in a hadron moving with a relativistic

velocities even before the collisions. Now during the collision, these two gluon

densities passing each other will produce strong electric and magnetic fields. The

medium of these fields is called glasma. By decaying into gluons, this glasma

equilibrates and forms the quark-gluon plasma.

1.3.3 Space-time evolution of ultra-relativistic collisions

A labeled schematic diagram of the space-time evolution of ultra-relativistic

nucleus-nucleus collision with the possibility of QGP formation is presented in

Fig. 1.7. Let us consider a heavy ion collision occuring at the coordinate (z,⌧) =

(0,0), where z and ⌧ are the space and time coordinates, respectively. A hot and
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Figure 1.6: Depiction of Color Glass Condensate (CGC) model.

dense matter is expected to be produced in the central heavy-ion collision (char-

acterized by zero impact parameter), and its evolution is depicted in Fig. 1.7. A

brief discussion of each stage of the evolution is given below.

• Pre-equilibrium phase: This phase seems to exist for evolution time

(⌧)  1 fm/c. During this time, partons undergo inelastic interaction to

produce numerous deconfined quarks and gluons. Since it is an initial stage

of the evolution of collisions, most of the particles produced in this stage

are via hard QCD processes and carry high transverse momentum. At this

stage, the matter consists of a non-equilibrium state of partons.

• Formation and hydrodynamical evolution of QGP: The non-equilibrium

partons from the previous stage can evolve to the final stage by interacting

(both elastic and inelastic) with each other. This interaction becomes sig-

nificant for the central collisions, where the energy density is so high that

the produced partons are far from independent. Eventually, it approaches

thermal equilibrium with thermalization time ⇠ 1 fm/c. At this stage,

a high-temperature QCD matter is formed called quark-gluon plasma. A

hydrodynamical description can very well explain the evolution of a locally

12
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thermalized QGP. This suggests that the medium formed in heavy ion colli-

sions behaves like a strongly coupled liquid rather than a weekly interacting

gas [12]. The hydrodynamical expansion of the system is caused by the high

internal pressure gradients, which are in turn caused by the inhomogeneities

in the medium densities within the QGP. As the system expands rapidly,

it cools down until the phase transition, beyond which the colored partons

start to form a colorless hadronic states. At this point, a hadronic de-

scription of the system is required. This phase is also known as the mixed

phase.

• Chemical freeze-out: After the mixed phase, the system continues to

maintain inelastic hadronic interaction/scatterings. This is supposed to

maintain some kind of chemical equilibrium. As the system cools downs,

these scatterings ceases, and left-out hadrons now interact elastically. Chem-

ical freeze-out is the transition from inelastic scatterings to an elastic inter-

action of hadronic gas. It is quantified by a chemical freeze-out temperature

(Tch). At this stage, the relative abundance of the stable particle becomes

fixed. According to thermal model, the current estimated value of Tch ⇠
145-166 MeV [13].

• Kinetic freeze-out: The expansion and cooling of the system continue

after the chemical freeze-out, but now hadrons interact only elastically.

During this phase, the resonance particle (both light and heavy) decays

into long-lived stable states. Even this elastic scattering ceases to exist at

some temperature (Tkin) when the mean free path (�) of a hadron is of the

same order as the system size (r). Beyond this, the transverse momentum

(pT) distribution of the hadrons is fixed, and Tkin is known as kinetic freeze-

out temperature. When the � becomes much greater than r, all the final

state particles start to stream freely and are eventually detected in the

detectors.
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Figure 1.7: Space-time evolution of relativistic heavy-ion collisions.

Alternatively, suppose the QCD matter forms in the heavy-ion collisions and

does not meet the condition of high energy density/temperature. In that case, the

system has only a hadronic degree of freedom. A pre-hadronic phase is created

after collisions, followed by nucleon recombines to form new hadrons. After the

hadronic freeze-out, the produced hadrons are detected in the detectors. This

is depicted in Fig. 1.8. This picture of space-time evolution is believed to occur

in hadronic collisions. However, in recent time, the scientific community has

started considering the space-time evolution of heavy-ion for small systems like

pp collisions as well. This has opened a new direction toward the study of hadronic

physics, which is further discussed in section 1.3 of the chapter.

Experiments measure the position and momentum of the final-state detected
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particles in the detectors to better study the space-time evolution of relativistic

collisions and other global observables to probe the formation of a strongly in-

teracting matter. Thus one must have a sound knowledge of kinematic variables

involved in the relativistic collisions, which could be found in the ref. [14].

Figure 1.8: Space-time evolution of relativistic heavy-ion collisions with a no

QGP scenario.

15



Chapter: 1

1.3.4 QGP signatures and corresponding experimental ev-

idences

Unlike ordinary electromagnetic plasma, QGP is not observed directly due to its

short lifetime of ⇠ 10�23 sec or ⇠ 3 fm/c. However, the formation of a QGP

medium can be confirmed by various indirect signatures or measurements. One

can infer these indirect signatures of QGP from the measurement of final-state

quantities like charged-particle pseudorapidity densities, energy and transverse

momentum spectra of particles, anisotropic flow, etc. It is worth mentioning that

these signatures in heavy-ion collisions are probed by assuming pp collisions as

a baseline. Some of the signatures of QGP formation in heavy-ion collisions are

enhancement of strangeness, the observation of high-temperature matter, high

energy density, azimuthal anisotropy, elliptic flow, J/ suppression, collective

radial expansion, etc [15]. A brief discussion on some of these signatures is given

below.

• J/ suppression: J/ is a bound state of charm and anti-charm quark

(cc̄). Since J/ (because of its mass) is expected to be produced at the early

stages of the hadronic or nuclear collisions, it serves as an excellent tool to

understand the dynamics of the medium formed in the heavy-ion collisions.

Color Debye screening in the QGP medium, due to the presence of quarks

and gluons, resists a charm quark to combine with an anti-charm quark to

form a bound state. This screening reduces the production of J/ in heavy-

ion collisions, and it is marked by the increase in the production of open

charm hadrons like D0, D±, which are composed of charm and a light quark.

Thus, J/ suppression serves as a signature of QGP. Experimentally, this

suppression was first reported in SPS [16] and then in RHIC [17], which

confirms the formation of QGP. The nuclear modification factor (RAA) of

J/ as a function of centrality at RHIC and LHC energies is shown in
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Fig. 1.9. It is observed that the J/ is more suppressed in the RHIC

heavy-ion collision than at the LHC. This is because of the relatively high

collision energy at the LHC, where the competition between suppression

and regeneration/recombination arises. At the LHC, J/ could also be

produced from the decay of higher quarkonia states, hence compensating

for the suppressed J/ production in the final state than in the RHIC.
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Figure 1.9: RAA of J/ as a function of average number of participant nuceons

in Pb+Pb (Au+Au) collisions at
p
sNN = 2.76 TeV (200 GeV) [18].

• Jet quenching: In relativistic hadronic or heavy-ion collisions, partons

interact through typical scattering processes like g+g ! g+g, q+q ! q+q,

g + g ! q + q̄, to produce a large number of partons with high transverse

momentum at a very early time. This produced partons spread out in all

possible directions from the collision point and eventually fragment into a

narrow cone of correlated hadrons. This cone is known as “jets”. When
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interacting with a thermalized QGPmedium, these partons lose their energy

before hadronizing. The degree of energy loss is expected to be more for

the jet produced inside the bulk of the medium than that produced near

the periphery of the QGP medium. Thus, jet quenching is the suppression

of jets composed of high-pT particles. This results in the suppression of

the number of high-pT particle. Experimentally, the degree of suppression

is studied by constructing a observable called a nuclear modification factor

(RAA), and it is defined as,

RAA(pT ) =
1

hTAAi
YieldAA

Yieldpp

, (1.3)

where, hTAAi is the mean nuclear overlap function, and it is the ratio of the

mean number of binary collisions and inelastic pp cross-section. A unit value

of RAA infers that the heavy-ion collisions are just a linear superposition of

pp collisions, and there is no medium e↵ect (no QGP formation). However,

it is observed that RAA < 1 for identified particles in Pb+Pb or Au+Au

collisions [19]. This observation indicates that the QGP medium caused

the high-pT particles to lose their energy via multiple interactions when

transverse through it. Figure 1.10 shows the results of RAA for charged

particles and neutral pions as measured by various experiments. A clear

suppression of hadrons both at LHC and RHIC is observed.

• Enhancement of strange particle: Enhanced production of the strange

particle in the heavy-ion collision has been proposed as the most viable

signature of QGP, as the colliding matter has no strange quantum num-

ber [20]. The production rate and mechanism of strange particles in the

QGP medium are very di↵erent from a hadron gas. The study of the abun-

dance of strange particle production between the hadronic and QGP phases

will give an idea about the strangeness enhancement. In QGP medium, be-

18



1.3 Quark-gluon Plasma (QGP) in Large system

 (GeV)
T

p

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1 10 100

 WA98 (0-7%)0π

 NA49 (0-5%)±π

 PHENIX (0-5%)0π

 STAR (0-5%)±h

ALICE (0-5%)

ATLAS (0-5%)

CMS (0-5%)

SPS 17.3 GeV (PbPb)

RHIC 200 GeV (AuAu)

LHC 2.76 TeV (PbPb)

CMS (0-5%)

 (0-10%)
G

SCET

, 0-10%)0π+±CUJET 3.0 (h

s et al. (0-5%)eAndr

v-USPhydro+BBMG (0-5%)

LHC 5.02 TeV (PbPb)

Models 5.02 TeV (PbPb)

SPS

RHIC

LHC

 (5.02 TeV PbPb)-1bµ (5.02 TeV pp) + 404 -127.4 pb

CMS
CMS (0-5%)

 (0-10%)
G

SCET

, 0-10%)0π+±CUJET 3.0 (h

s et al. (0-5%)eAndr

v-USPhydro+BBMG (0-5%)

LHC 5.02 TeV (PbPb)

Models 5.02 TeV (PbPb)

Figure 1.10: Nuclear modification factor as a function of transverse momemtum

for neutral pions and identified particles in central collisions at SPS, RHIC and

LHC [19].

cause of high gluon density, ss̄ pair formed through gg ! ss̄ channel. This

channel dominates the qq̄ ! ss̄ channel. However, in pp collisions, since no

QGP formation is expected, the main channel for producing strange quarks

is the annihilation of light quarks to strange quarks. This is quantified

through enhancement factor, and it is defined as,

Enhancementfactor =
2

hNparti
YieldAA

Yieldpp

�

�

�

�

y=0

, (1.4)
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where, hNparti is the average number of participants (centrality). The

yield of hyperons enhancement factor as a function hNparti is shown in

Fig. 1.11 [21]. This enhanced production of the strange particle in Pb+Pb

collisions relative to pp collisions indicates the formation of QGP in LHC en-

ergies. Further, the enhancement factor is observed to be higher for hadron

with more number of strange quarks.
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Figure 1.11: The yield of multi-strange hadrons in Pb+Pb relative to pp collisions

measured in ALICE (left panel) and NA57, STAR (right panel) as function of

centrality, hNparti [21].

It is noted that the signatures of QGP in heavy-ion collisions discussed above

were proposed with the assumption that the pp system has no QGP medium.

However, in recent observations, it has been found that pp collision shows fea-

tures identical to heavy-ion collisions. For example, in 2017, ALICE reported

the enhanced production of (multi)strange particles relative to pions in high-

multiplicity pp collisions [22], which is one of the signatures of the formation

20



1.4 Proton on Proton collisions - possible QGP-like signatures

of QGP-droplet in high energy collisions. It is further supported by the long-

range correlations, ridge-like structure as seen by the CMS experiment [23]. This

motivates the scientific community to re-investigate the use of pp collisions as

a baseline to study system formation in heavy-ion collisions. And also to un-

derstand, if at all formed, the QGP-droplet in a small system like pp collisions.

This forms the thrust of this thesis. Perhaps to study the possibility of formation

of QGP medium in pp collisions, available signatures may not be su�cient and

require “second generation” signatures. In the next section 1.3, we focus on some

of these signatures and their experimental observation.

1.4 Proton on Proton collisions - possible QGP-

like signatures

One of the characteristics of the formation of QGP matter is the production of

a large number of particles. And several thousand final state charged particles

are produced in the collision of heavy ions like lead on lead. This makes the

formation of highly dense matter in heavy-ion collisions more probable, and it is

also observed indirectly, as discussed in the previous section 1.3.4. In a central

rapidity region, pp collisions are measured to have an average of (5-10) particles

produced at the LHC energies. But for certain events, this number reaches up

to 100 or more. Such events are called high-multiplicity events. It has been

argued recently that the QGP-droplets, if at all formed, could be possible in such

events [24, 26, 27, 39]. Here, we briefly discuss some observations of the possibility

of QGP-droplet formation in high-multiplicity pp collisions.

• Strangeness enhancement: Fig. 1.12 shows the pT-integrated yield ratio

of strange and multi-strange particles with pions (having no strange quarks)

as a function of charged particle multiplicities. It is clearly observed that

there is an enhancement in strange particle production in high-multiplicity
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pp collisions, similar to heavy-ion collisions.
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Figure 1.12: Ratio of multi(strange) particles to pions as a function of charged

particle pseudorapidity density for proton on proton, proton on lead and lead on

lead collisions at LHC energies [22].

• Multiparticle Ridge-like Correlations: Fig. 1.13 shows ridge-like struc-

ture formation in high-multiplcity pp collisions at
p
s = 13 TeV [23]. In

heavy-ion collisions, formation of such structure (long-range with large �⌘

and near-side with small ��) in two-particle azimuthal correlations is due

to the collective expansion of strongly interacting matter.

• Large radial flow velocity: Fig. 1.14 shows the measurement of kinetic

freeze-out temperature (Tkin) and radial flow velocity (h�T i) obtained from
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Figure 1.13: Two-particle correlation function in high-multilpcity pp collisions

at
p
s = 13 TeV for pairs of charged particles showing ridge-like structure, with

each particle within 1< pT<3 GeV/c [23].

the Blast-wave fit of low part of the pT spectra of identified particles [28].

This analysis gives a radial flow velocity of 0.49 ± 0.02 for pp collisions at
p
s = 7 TeV. This infers a high degree of collectivity in high-multiplicity

pp collisions, as observed in heavy-ions collisions.

These are indeed fascinating observations of the LHC energies in the context

of the possibility of medium formation in high-multiplicity pp collisions. Addi-

tionally, experimental evidence of the presence of hadronic phase in pp collisions

has been observed, as discussed in refs [29, 30], which indeed needs further inves-

tigations. This opens a new door toward re-aligning our understanding of small

systems, which were considered devoid of any thermalized medium for a long

time. This observation motivates this thesis to explore pp collisions extensively,

both experimentally and phenomenologically, which is briefly discussed in the

next section 1.5.
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1.5 Thesis motivation

The major objectives of this thesis are to understand the interplay of various pro-

cesses in the hadronic phase with event shape and high-multiplicity dependence

study of K⇤± meson production using ALICE detectors at the LHC (CERN).

Also, we phenomenologically attempt to explore the possibility of a thermalized

medium formation in pp collisions through geometric, statistical, and Monte-

Carlo approach. The main objectives of the thesis are briefly discussed below.

1.5.1 Event shape and multiplicity dependence of K⇤(892)±

meson production in pp collisions

This thesis reports the first measurement of K⇤(892)± meson in pp collisions at
p
s = 13 TeV as a function of transverse spherocity and charged-particle mul-

tiplicity. The results include the spherocity distribution obtained at di↵erent
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multiplicity intervals, invariant mass plots (before and after uncorrelated back-

ground subtraction), peak fits to extract the signal, e�ciency ⇥acceptance, the

corrected pT spectra with systematic uncertainties, and particle ratios of K⇤(892)±

with long-lived identified particles.

In order to have a contrast with light-flavored hadrons, we have extensively

studied transverse spherocity and final-state multiplicity dependence of heavy-

flavored hadrons production in pp collisions at
p
s = 13 TeV using the pQCD

inspired PYTHIA8 model. As the recent observations in high-multiplicity pp col-

lisions show heavy-ion-like nature, the possible formation of QGP-droplets in such

small systems cannot be neglected. Heavy-flavor hadrons, containing open or hid-

den charm and beauty flavors are believed to be important probes for the under-

standing of Quantum Chromodynamics (QCD) in high-energy hadronic collisions:

starting from the study of production mechanisms in proton-proton (pp) collisions

to the investigation of Cold Nuclear Matter (CNM) e↵ects in proton-nucleus (p–

A) collisions and their suppression in the search of Quark Gluon Plasma (QGP)

in nucleus-nucleus (A–A) collisions [31–33]. In addition, the study of heavy-flavor

production as a function of the charged-particle multiplicity and event topology

may provide insights into multiple hard partonic scatterings [34–36]. Recently,

the observation of heavy-ion-like features in small systems (pp and p�A) contin-

ues to generate considerable interest in the scientific community. For example,

the discovery of collective-like phenomena [14], strangeness enhancement [12] etc.,

and corresponding phenomenological studies [39, 65] in high-multiplicity pp and

p�A collisions are few among them. In this context, the observed QGP-like

phenomena warrants a deeper understanding involving many complex dynamical

processes like resonance decays, jets, underlying events (UE) etc. Therefore, small

systems need to be re-investigated properly including the light and heavy-flavor

sectors, as the production dynamics of these sectors are di↵erent in nature. To

observe similar e↵ects and in particular, the interplay of hard processes and UE,

25



Chapter: 1

heavy-flavors are very useful tools.

1.5.2 Glauber model for a small system using anisotropic

and inhomogeneous density profile of a proton

Glauber model for heavy-ion collisions helps to estimate quantities such as the

number of binary nucleon-nucleon collisions, Ncoll(b), number of participants

(Npart(b)), b being impact parameter, etc., which relies on knowing the nuclear

overlap function (TAA(b)). And this overlap function depends on a realistic model

of the collision geometry. One of the assumptions of such a model is that the

proton is a point particle, and thus Ncoll(b) for a proton is simply one. But as-

sumption might not be true at high energies, where the structure of a proton

becomes significant geometrically. Motivated by the fact that at ultra-relativistic

energies, this assumption might not be true, in this present work, we have pre-

sented a Glauber-like model for pp collisions employing spherically symmetric

distribution densities for three e↵ective quarks from their respective centers and

cylindrically symmetric densities for the gluonic flux tubes about the lines joining

two adjacent quarks. And obtained interesting results like nuclear modification-

like factor (RHL), elliptic flow (v2) etc., which we believe, would be very useful

in studying the dynamics of proton collisions at the TeV energies.

1.5.3 Study of QCD dynamics in a small system using

ALICE data

We have used Tsallis parameters obtained from the fitting of experimental ALICE

data in pp collisions at center-of-mass energy (
p
s) = 7 TeV to calculate the

markers of thermalization like heat capacity (CV ), conformal symmetry breaking

measure (CSBM) and speed of sound (cs) using identified charged particles, with

the quantities like multiplicity, system size, and collision energy.
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1.5.4 Deciphering QCD dynamics in small collision sys-

tems using event shape and final state multiplicity

at the Large Hadron Collider

Particle production dynamics in high-energy physics have two domains: the hard

perturbative-QCD (processes with high momentum transfer) sector and the soft

physics domain (processes with low momentum transfer), which do not neces-

sarily have a sharp boundary. The soft (hard) sector event topology is isotropic

(pencil-like). With high-multiplicity events at the LHC in pp collisions and the

observation of heavy-ion-like features, it has become necessary to look into event

shape and multiplicity dependence of various observables and system events ther-

modynamics. In order to accomplish that, transverse spherocity (S0) could be

used, as recent studies on transverse spherocity at the LHC suggest that using

event shape, one can separate the jetty and isotropic events from the average

shaped events [40–42]. In this work, in view of the production dynamics depen-

dence of event topology, we have used a thermodynamically consistent form of

Tsallis non-extensive statistical distribution function [43], which nicely describes

the pT-spectra in LHC pp collisions to calculate the specific heat, CSBM, and

speed of sound for small collision systems like pp as a function of event shape and

multiplicity using PYTHIA8 event generator [44].

After a brief introduction to the standard model of particle physics, quantum

chromodynamics, signatures of QGP in heavy-ion collisions, the possibility of

thermalized medium formation in pp collisions, and thesis motivation in this

chapter, we now proceed to chapter 2, where we discuss the ALICE detector

system in detail giving more emphasis to the detectors specifically used for our

analysis.

27



Chapter: 1

Bibliography

[1] R. Stock, Prog. Part. Nucl. Phys. 42, 295 (1999).

[2] S. L. Glashow, Nucl. Phys. 22, 579 (1961).

[3] A. Salam and J. C. Ward, Phys. Lett. 13, 168 (1964).

[4] S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967).

[5] Y. Maezawa, T. Umeda, S. Aoki, S. Ejiri, T. Hatsuda, K. Kanaya and

H. Ohno, Prog. Theor. Phys. 128, 955 (2012).

[6] H. Perkins, Introduction to High Energy Physics.

[7] C. Patrignani et al. [Particle Data Group], Chin. Phys. C 40, 100001 (2016).

[8] Gordon L. Kane. MODERN ELEMENTARY PARTICLE PHYSICS. Cam-

bridge University Press, 2017.

[9] A. Bazavov, T. Bhattacharya, M. Cheng, N. H. Christ, C. DeTar, S. Ejiri,

S. Gottlieb, R. Gupta, U. M. Heller and K. Huebner, et al. Phys. Rev. D 80,

014504 (2009).

[10] T. Niida and Y. Miake, AAPPS Bull. 31, 12 (2021).

[11] R. Snellings, J. Phys. G 41, 124007 (2014).

[12] I. Arsene et al. (BRAHMS Collaboration), Nucl. Phys. A 757, 1 (2005).

28



BIBLIOGRAPHY

[13] A. Andronic, P. Braun-Munzinger and J. Stachel, Acta Phys. Polon. B 40,

1005 (2009).

[14] R. Sahoo, arXiv:1604.02651.

[15] M. Kliemant, R. Sahoo, T. Schuster and R. Stock, Lect. Notes Phys. 785,

23 (2010).

[16] R. Arnaldi et al. (NA60 Collaboration), Nucl. Phys. A 783, 261 (2007).

[17] A. Adare et al. (PHENIX Collaboration), Phys. Rev. Lett. 98, 232301 (2007).

[18] B. B. Abelev et al. (ALICE Collaboration), Phys. Lett. B 734, 314 (2014).
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Chapter 2

A Large Ion Collider Experiment at the LHC in

nutshell

“For the things we have to learn before we can do them, we learn by doing them.”

- Aristotle

Since the dawn of the existence of homo sapiens on the Earth, for their sur-

vival, they continuously gathered knowledge and subsequently evolved. They

mainly learned by doing experiments like smashing pieces of stones together,

which led to the discovery of fire. And this nature of continuous learning has

drastically transformed our way of living via various technological advances. This

continuous persuades of knowledge by the modern civilization have led to the

building of “Large Hadron Collider (LHC)”, a scientific and engineering marvel

at CERN, Geneva. It is the world’s largest and the most powerful particle ac-

celerator, inaugurated on 10 September 2008. A Large Ion Collider Experiment

(ALICE) is one of the major experiments at the LHC. It has been taking data of

nuclear and hadronic collisions since the LHC became operational in November

2009, with pp collisions at
p
s = 900 GeV [1]. ALICE is built to address the

physics of the quark-gluon plasma at extreme energy density and temperature in

the high-multiplicity hadronic collisions and nucleus-nucleus collisions.

This chapter presents a detailed discussion on the ALICE detector at the LHC.
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It is divided into three sections. The first section 2.1 gives a detailed discussion of

the LHC overview and its di↵erent experiments. The second section 2.2 describes

the ALICE detector system with the primary focus on the detectors used for the

data analysis in this thesis. The final section 2.3 of the chapter is devoted to

the online-o✏ine computing and reconstruction system based on the AliROOT

framework.

2.1 The Large Hadron Collider (LHC): An Overview

The LHC is a circular particle collider [2] and consists of a double-rings super-

conducting hadron accelerator. It is installed in an underground tunnel with a

circumference of 27 kilometers (km) at a depth of 47-170 m across the Switzerland

and France border. It has several accelerating structures to boost the energy of

the particles along the way. The design of the LHC allows the maximum ener-

gies for a beam of protons (lead ions) to be 7 TeV (2.76 TeV). Thus providing

collision energies for pp collisions up to
p
s = 14 TeV and for Pb+Pb collisions

up to
p
sNN = 5.5 TeV. In Run 2 of LHC operation, the accelerator was able to

reach
p
sNN = 5.02 TeV for Pb+Pb collisions and

p
s = 13 TeV for pp collisions.

Fig. 2.1 depicts a schematic view of the LHC accelerator complex at CERN.

To achieve ultra-relativistic energies, the particles pre-accelerate through sev-

eral processes before entering the LHC. An electric field is used to strip o↵ the

hydrogen atoms of their electrons. This is followed by the injection of bunches

carrying protons into the LHC. Various accelerators like the LINAC2 achieve this

injection (accelerates to an energy of 50 MeV), PS booster (accelerates to an

energy of 1.4 GeV), PS (accelerates to an energy of 25 GeV), and SPS (acceler-

ates to an energy of 450 GeV). While in the case of heavy-ions, the accelerating

structures consist of LINAC3, LEIR, PS, and SPS accelerators. Figure 2.1 shows

di↵erent stages of the LHC accelerator. The beams are now injected into the LHC

clockwise and anti-clockwise. Under normal operating conditions, the beams cir-
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Figure 2.1: The CERN accelerator complex [3].

culate for many hours inside beam pipes.

Once in the accelerator, two beams of particles having achieved high energy

by the chain of accelerators travel close to the speed of light before they are made

to collide. The beams travel in opposite directions in two separate tubes kept

at ultrahigh vacuum, called the beam pipes. A strong magnetic field generated

and controlled by superconducting electromagnets guides the beams around the

accelerator ring. Now the combination of electric and magnetic fields keeps the

bunches focused and accelerated them to their final collision energy. In addition to

collision energy, instantaneous luminosity ( L) plays a vital role in ensuring a high

collision rate at the collision points. The LHC is designed to have a luminosity of

1034 (1027) cm�2s�1 for pp (heavy-ion) collisions. The LHC produces collisions in

four so-called Interaction Points (IPs), accordingly consists of four main detectors

with di↵erent goals and dimensions. These are

• ATLAS (A Toroidal LHC Apparatus): This is a general-purpose de-
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tector and is used for the study of dark matter, Super Symmetric particle

(SUSY), evidence of extra dimensions, etc.

• CMS (Compact Muon Solenoid): The purpose of this detector is the

same as the ATLAS.

• LHCb (LHC beauty): It is dedicated detector for the study of CP vio-

lation in the b-quark sector and related b-physics.

• ALICE (A Large Ion Collider Experiment): It is a dedicated detector

for the study of quark-gluon plasma (QGP) at a very high energy density. A

detailed description of the ALICE experiment and its di↵erent sub-detectors

are given in the next section.

2.2 A Large Ion Collider Experiment (ALICE)

ALICE (A Large Ion Collider Experiment) [4] is a general-purpose, heavy-ion

detector at the LHC, focusing on Quantum Chromodynamics, the strong inter-

action sector of the Standard Model. It is 26 m long, 16 m wide, and 16 m high

and weighs around 10,000 tons. This experiment has been designed to study the

physics of the produced QGP at high energy density and temperature in heavy-

ion collisions. This hot and dense state of matter is believed to have existed up

to a few millionths of a second after the Big Bang. ALICE is designed with the

aim of recreating and studying this state of matter. The main features of the AL-

ICE detector are its excellent capability of particle identification with the help of

specific energy loss, time of flight, electromagnetic calorimetry, muon spectrom-

etry, etc. These features, in turn, allow one to make a comprehensive study of

hadrons, electrons, muons, and photons produced in the collision, down to very

low transverse momentum (0.1 GeV/c).

Fig. 2.2 shows the various detector subsystems (19 in number) in ALICE used
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2.2 A Large Ion Collider Experiment (ALICE)

Figure 2.2: Schematic Layout of ALICE detector at LHC [5].

for mainly triggering and event characterization. This detector subsystem can be

divided into three groups, viz.,

• Central barrel detectors, covers a mid rapidity region (|⌘| < 0.9) and

azimuthal range of 2⇡, used for tracking, vertex and particle identifica-

tion etc. It consists of Inner Tracking System (ITS) [6], Time Projection

Chamber (TPC) [7], Transition Radiation Detector (TRD) [8], Time of

Flight (TOF) [9] detector, Cherenkov counter (HMPID) [10], Photon Spec-

trometer (PHOS) [11], Electro-magnetic calorimeter (EMCAL) [12] and the

ALICE Cosmic Ray Detector (ACORDE) [13]

• Muon spectrometer, covers a forward rapidity region (-4.0< |⌘| < -

2.5). It has a dipole magnet providing a field of 0.67 T. Mostly used in the

reconstruction of heavy-resonance particle from their dimuon decay channel.
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• Forward detectors, placed in the high pseudorapidity region and are used

for triggering or for measuring global event characteristics. It consists

of Time Zero (T0) detector, VZERO (V0), Forward Multiplicity Detec-

tor (FMD), Photon Multiplicity Detector (PMD), Zero Degree Calorimeter

(ZDC)

Figure 2.3 shows the wide range of pseudorapidity (⌘) coverage in ALICE at

the LHC. This wide ⌘ range, along with the azimuthal acceptance (�), position,

and purpose of each detector subsystem in ALICE, is listed in Table 2.1.

In the following sub-section, we discuss in detail the detectors used for the

ALICE data analyses in this thesis: TPC, ITS, and V0.

Besides these detectors, several other detectors are stationed inside the L3

magnet (0.5 T magnetic field). Detailed information about these detectors can

be found in Ref. [4].

Figure 2.3: Pseudo-rapidity (⌘) coverage of various sub-detectors of ALICE at

LHC [14].
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Table 2.1: Detail description of sub-detectors in ALICE at the LHC. The detec-

tors marked with an asterisk (*) are used for triggering [15].

Detector Acceptance (⌘) Acceptance (�) Position Main Purpose

SPD* ±2.0 full r = 3.9 cm tracking, vertex

±1.4 full r = 7.6 cm tracking, vertex

SDD ±0.9 full r = 15.0 cm tracking, PID

±0.9 full r = 23.9 cm tracking, PID

SSD ±1.0 full r = 38.0 cm tracking, PID

±1.0 full r = 43.0 cm tracking, PID

TPC ±0.9 full 85 < r/cm < 247 tracking, PID

TRD* ±0.8 full 290 < r/cm < 368 tracking, e± id

TOF* ±0.9 full 370 < r/cm < 399 tracking, PID

PHOS* ±0.12 2200 — 3200 460 < r/cm < 478 photons

EMCal* ±0.7 800 — 1870 430 < r/cm < 455 photons and jets

HMPID ±0.6 10 — 590 r = 490.0 cm PID

ACORDE* ±1.3 300 — 1500 r = 850.0 cm cosmics

PMD 2.3 — 3.9 full z = 367.0 cm photons

FMD 3.6 — 5.0 full z = 320.0 cm charged particles

1.7 — 3.7 full z = 80.0 cm charged particles

(-3.4) — (-1.7) full z = -70.0 cm charged particles

V0* 2.8 — 5.1 full z = 329.0 cm charged particles

(-3.7) — (-1.7) full z = -88.0 cm charged particles

T0* 4.6 — 4.9 full z = 370.0 cm time, vertex

(-3.3) — (-3.0) full z = -70.0 cm time, vertex

ZDC* > 8.8 full z = ± 113.0 m forward neutrons

6.5 — 7.5 < 100 z = ± 113.0 m forward neutrons

4.8 — 5.7 2� < 100 z = 7.3 3 m photons

MCH (-4.0) — (-2.5) full -14.2 < z/m < -5.4 muon tracking

MTR* (-4.0) — (-2.5) full -17.1 < z/m < -16.1 muon trigger
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2.2.1 Inner Tracking System

ITS is the main detector responsible for measuring the primary vertex of the

collisions as it is closest to the beam pipe [6]. ITS consists of six layers of con-

centric cylindrical silicon detectors based on the three di↵erent technologies of

silicon detectors (pixels, drifts, and strips). These cylindrical layers surround the

LHC beryllium beam pipe (having a radius of 2.9 cm and thickness of 800 µm )

and cover full azimuth. It is positioned within the radii (4 - 43) cm. The corre-

sponding geometrical layout of the ITS is shown in Fig 2.4. The main purpose

of ITS is the precise estimation of primary and secondary vertices, which is vital

for the reconstruction of light or heavy flavored resonance particles. In addition,

ITS also helps in the identification and tracking of low-momentum particles. It

further helps to improve the measurement of the TPC by providing additional

tracking points nearer to the interaction point.

SPD

SDD

SSD

8
7
.2

 c
m

x

y

z

Figure 2.4: Geometrical layout of ALICE Inner Tracking System at the LHC [16].

The Silicon Pixel Detector (SPD) is based on hybrid silicon pixels, consist-

ing of a two-dimensional matrix (sensor ladder) of reverse-biased silicon detector
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2.2 A Large Ion Collider Experiment (ALICE)

diodes bump-bonded to readout chips. Each diode is connected through a con-

ductive solder bump to contact on the readout chip corresponding to the input

of an electronics readout cell. The basic detector module is the half-stave. Each

half-stave consists of two ladders, one Multi-Chip Module (MCM), and one high-

density aluminum/polyamide multi-layer interconnect. The ladder consists of a

silicon sensor matrix bump bonded to 5 front-end chips. The sensor matrix in-

cludes 256 x 160 cells measuring 50 µm (r�) by 425 µm (z). Longer sensor cells

are used in the boundary region to ensure coverage between readout chips. The

sensor matrix has an active area of 12.8 mm (r�) x 70.7 mm (z). The front-end

chip reads out a sub-matrix of 256 (r�) x 32 (z) detector cells. In total, the SPD

(60 staves) includes 240 ladders with 1200 chips for a total of 9.8 x 106 cells.

The inner (outer) SPD layer is located at an average distance of 3.9 cm (7.6 cm)

from the beam axis. The detector design implements several specific solutions to

minimize the material budget. The SPD has the best spatial resolution of the

ITS detectors, thus providing a resolution on the impact parameter measurement

adequate for charm flavor detection.

The Silicon Drift Detector (SDD) is based on modules with a sensitive area of

70.17 (r�) x 75.26 (z) mm2, which is divided into two drift regions where electrons

move in opposite directions under a drift field of approximately 500 V/cm. The

SDD modules are mounted on a linear structure called a ladder. The SDD inner

layer is made of 14 ladders with six modules each, and the outer layer has 22

ladders with eight modules. The position of the particle along z is reconstructed

from the centroid of the collected charge along the anodes, while the position

along the drift coordinate (r) is obtained from the measured drift time with re-

spect to the trigger time. This reconstruction requires precise knowledge of the

drift speed that is measured during frequent calibration runs, given its strong

dependence on the humidity and temperature gradients in the SDD volume.
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The Silicon Strip Detector (SSD) building block is a module composed of one

double-sided strip detector connected to two hybrids hosting the front-end elec-

tronics. The sensors are 300 µm thick and with an active area of 73 (r) x 40 (z)

mm2. There are 768 strips, with a pitch of 95 µm on each side, almost parallel to

the z beam axis direction. The innermost SSD layer consists of 34 ladders, each

of them housing 22 modules along the beam direction, while the other SSD layer

has 38 layers, each of them with 25 modules. The outer four layers are used for

particle identification via energy loss (dE/dx) measurement in the non-relativistic

(1/�2) region for low momentum particles as low as pT =100 MeV via analogue

readout. Fig. 2.5 shows the average energy loss (dE/dx) distribution of charged

particles vs their momentum, both measured by the ITS alone (ITS pure stan-

dalone track) in pp collisions at
p
s = 13 TeV LHC15f pass2 period (ITS pure

standalone reconstruction). The lines in Fig. 2.5 are a parametrization of the

detector response based on a hybrid parametrization with a polynomial function

at low p/m (p and m being particle momentum and mass, respectively ) and a

”PHOBOS” Bethe-Bloch formula. This result shows the particle identification

capability of ITS using the concept of dE/dx. A clear separation of pions, kaons,

and the proton is observed.

With these marvelous capabilities, ITS helps to track and identify low mo-

mentum particles. We now move on to another crucial tracking detector in the

central barrel detector systems called the Time Projection Chamber or TPC in

the next section 2.2.2.

2.2.2 The Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) [17] is the main tracking detector of AL-

ICE, covering the pseudorapidity range |⌘| < 0.9 and the full azimuth angle. The

optimization of the detector design has been done to provide excellent tracking
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Figure 2.5: Average energy loss (dE/dx) distribution of charged particles vs their

momentum for ITS pure standalone tracks measured in pp collisions at
p
s = 13

TeV [18]. The lines are the parametrization of the detector response based on

the Bethe-Bloch formula.

performance in a high multiplicity environment, to keep the material budget as

low as possible in order to have low multiple scattering and secondary particle

production, to limit the detector occupancy at the inner radius but still guar-

antee a good momentum resolution for high -pT particles. TPC is cylindrical

in shape 500 cm long along the beam pipe, with 80 cm and 250 cm inner and

outer radii, respectively, determined by maximum acceptable track density and

minimum track length for which the resolution on dE/dx is lower than 10%. The

TPC volume was filled with 90 m3 of a mixture of Ne/CO2/N2 during Run 1,

optimized for drift velocity, low electron di↵usion, and low radiation length. Ar-

gon replaced neon for Run 2. The electron drift velocity of 2.7 cm/s over 250

cm (each of the two TPC drift regions separated by the central cathode) gives a

maximum drift time of 88 µs, therefore limiting the maximum event rate TPC

can sustain. At a high interaction rate, pile-up e↵ects and the long TPC dead
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time are the two main factors that force ALICE to run at a lower instantaneous

luminosity to the other LHC experiments.

The TPC can reconstruct a primary track in a wide momentum range, from

about pT ⇠ 0.1 -100 GeV/c with a very good momentum resolution. And for

pT > 100 MeV/c, it is observed that e�ciency > 90%, where the limiting factor

are the interactions in the ITS material. By measuring the deflection in the

magnetic field, the ITS, in combination with the TPC are able to determine the

momentum of the charged particles with a resolution better than 1% at low pT

and 20% for pT ⇠ 100 GeV/c as shown in the Fig. 2.6.
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Figure 2.6: Transverse momentum resolution of combine TPC + ITS track-

ing [19].
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The charge collected in the TPC readout pads is used to measure particle

energy loss. The particle energy loss and the momentum are simultaneously mea-

sured. And this information allows one to separate the various charged particle

species in the low momentum region and thereby helps in particle identification.

The energy loss (dE/dx) of a charged particle in the detector medium is estimated

using the Bethe-Bloch formula given as,

�hdE
dx

i = 4⇡Ne4

mc2�2

✓

ln
2mc2�2�2

I
� �2 � �(�)

2

◆

(2.1)

Where, N , e and m are the number density, electric charge and mass of the

electron respectively, � is the velocity of the traveling particle (�2 = 1/(1� �2),

the Lorentz factor) and z is its corresponding charge. I is the mean excitation

energy of the atom. �(�) is the correction term for the density e↵ect [20]. From

Eq. 2.1, it can be inferred that the energy loss decreases in the low-velocity region

due to the 1/�2 term. The ionization value becomes minimum for the relativistic

limit, and particles in this region are called ionization particles.

This method of particle identification via energy loss is done by a simple

parametrization of the dE/dx factor along with ��. ALICE experiment uses the

similar parameterization of the Beth-Bloch curve, originally used in the ALEPH

collaboration [20, 21] and is given by,

f(��) =
P1

�P4



P2 � �P 4 � ln

✓

P3 +
1

(��)P5

◆�

, (2.2)

Where the parameter P1�5 is the fit parameter, � is the Lorentz factor, and

� is the particle velocity. The dE/dx distribution for various charged particles is

shown in Fig. 2.7, where the solid line is the expectations from the Bethe-Bloch

formula. Low momentum particles are identified on a track-by-track basis. And

higher momentum particles are determined from the di↵erence of measured and

parameterized value (as given in Eq. 2.2) of dE/dx via multi-Gaussian fits.
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There is yet another method to identify particles is by using n� cut (� is the

resolution). It is defined as,

n� =
(dE/dx)measured � (dE/dx)expected

�PID
TPC

, (2.3)

where, (dE/dx)measured is the energy loss of the TPC measured tracks and

(dE/dx)expected is the expectation of the modified Bethe-Bloch function. �PID
TPC is

the PID resolution of the TPC.

The n� method of particle identification is extensively used in the analysis of

K⇤(892)± in this thesis.
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Figure 2.7: ALICE TPC energy loss (dE/dx) performance in Run2 for pp colli-

sions at
p
s =13 TeV with magnetic field of 0.2 T) [22].
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2.2.3 VZERO (V0)

The V0 [23] is a trigger detector that provides a minimum-bias trigger for all

colliding systems and three centrality triggers in Pb-Pb collisions (multiplicity,

central and semi-central). It has a vital role in rejecting background from beam-

gas collisions by exploiting the relative time-of-flight measurement between the

two arrays: when the beam-gas collision takes place outside the region between

the two arrays, particles arrive six nanoseconds before or after the time of a

beam-beam collision. It consists of two segmented arrays of plastic scintillator

counters, called V0A and V0C, placed around the beam pipe on either side of the

IP: one at z = 340 cm (2.8 < ⌘ < 5.1), and the other at z = -90 cm (in front of

the absorber), covering the pseudo-rapidity range, -3.7< ⌘ < -1.7.

2.3 ALICE online and offline system

2.3.1 ALICE online system

The central online systems control the data-taking activities in ALICE. It com-

prises of Detector Control System (DCS), Data Acquisition (DAQ), Trigger sys-

tem (TRG), High-Level Trigger (HLT), and experiment Control System (ECS) [24,

25]. DCS controls hardware operation while DAQ defines the configuration of the

detectors during data-taking periods. It is integrated with the TRG and HLT

systems. ECS is responsible for the coordination of all the central systems. Al-

though the detectors can function independently (known as a standalone mode),

they are grouped in partitions with a given set of trigger inputs to operate con-

currently. This is done during the physics data-taking period. The main purpose

of standalone mode is to perform calibration, commissioning, and debugging ac-

tivities.
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2.3.1.1 Trigger System

The main purpose of the Trigger system (TRG) is to decide within microseconds,

for every bunch-crossing of the LHC, whether the resulting event is worth being

recorded. It consists of Central Trigger Processor (CTP) and a High-Level Trigger

(HLT). Depending upon the arrival times of the trigger inputs and the time

synchronization of the detector, CLP has three levels of triggers, namely, level-0

(L0) or first level trigger, level-1 (L1) or second level, and level-2 (L2) or final

level. After crossing each bunch, L0 delivered the combined signal information

from di↵erent detectors in 1.2 µs while L1 delivered after 6.5 µs. The final level

tigger decides 100 µs. At the end of the last and final level trigger, the system

chooses whether the selected event is to be asserted, negated, or not relevant.

Then the recording of the data is done through the DAQ system.

2.3.1.2 High Level Trigger

The ALICE High-Level Trigger (HLT) is responsible for collecting inputs from

all significant detectors at the end of trigger selection and processes to choose

events of interest. This is done through a filtering mechanism using firmware and

software. The raw data is collected via Detector Data Links (DDL) into HLT.

Then the event is reconstructed for each detector individually, and the selection of

events is performed with the reconstructed physics observables. This is followed

by the reconstruction of events for each detector separately. Thus, HLT helps to

reduce the volume of physics events by selecting and compressing the events.

2.3.1.3 Data Acquisition

The DAQ system is responsible for the handling of data flow from detector-related

electronics to permanent storage. This is done using the Local Data Concentra-

tors (LDCs), which read the events from the optical Detector Data Links. This

collected events information is further moved to Global Data Collectors (GDCs),
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which record the events to the Transient Data Storage. Finally, it is moved into

permanent storage. In addition, it also includes software packages to perform

monitoring of data quality and system performance. Fig. 2.8 shows an overview

of the ALICE DAQ architecture.

Figure 2.8: The overall architecture of the ALICE DAQ system and the interface

to the HLT system [26].

2.3.1.4 Detector and Experimental Control System

The core purpose of the Detector Control System (DCS) is to allow a safe and easy

operation of the ALICE at the LHC. It controls and handles all the services related

to detectors like high and low-voltage power supplies, gas, magnet, cooling, etc.
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It is always operational, even during shutdown periods. The ALICE Experiment

Control System (ECS) is responsible for coordinating the operations of all the

online systems to fulfill their common goal.

2.3.2 ALICE Offline system

To ensure the proper data processing, ALICE o✏ine project is devoted to the de-

velopment of the framework. This includes ALICE Grid and Aliroot framework.

2.3.2.1 ALICE grid system

To handle and process a vast amount of data distributed among computing re-

sources, the concept of ALICE Grid was introduced. In ALICE Grid, the data

processing is distributed worldwide to several computing centers. The distributed

computing infrastructure used in the LHC experimental program is managed un-

der Worldwide LHC Computing Grid. (WLCG) project. The ALICE grid uses

the Models of networked analysis at regional centers (MONARC) model, which

is classified into di↵erent stages and tiers. All actual or real data originate from

CERN, which is called Tier-0. In Tier-1, large regional computing centers share

the role of safe data storage with CERN. Tier-2 are the smaller centers that

are logically clustered around Tier-1. The main function of Tier-2 is to per-

form Monte-Carlo simulations and user analysis tasks. ALICE O✏ine project

also develops ALICE Environment (ALIEN), which allows ALICE users to have

transparent access to grid computing and storage resources.

2.3.2.2 AliRoot Framework

ALICE uses the ROOT framework [27], a scientific software framework. ROOT

is primarily C++ based, while other languages such as R and Python are also

integrated into ROOT. It is well equipped to handle big data processing, statis-

tical analysis, and storage of physics analysis. Besides the package for physics
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analysis, the software for the simulation of events and detector is required. Ali-

Root [28] framework was developed, which is based on ROOT, to fulfill all

such requirements. AliRoot also includes widely used Monte-Carlo software like

GEANT3 [29], GEANT4 [30], and FLUKA [31] to simulate the interaction of par-

ticles with the materials of the detector. Di↵erent event generators (like PYTHIA,

EPOS, AMPT, etc.) simulate events for pp and heavy-ion collisions.
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Chapter 3

Event topology and multiplicity dependence of

K⇤(892)± production in proton+proton collisions

“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you

are. If it doesn’t agree with experiment, it’s wrong.” - Richard P. Feynman.

Resonances are commonly known as the hadrons which are more massive than

their ground state particles and have di↵erent excited quantum states but identi-

cal quark contents. These particles usually have a short lifetime (⌧) as they decay

strongly, and it is in the order of a few fm/c, a typical proton diameter. Because of

their short lifetime, reconstructed hadronic resonances through their decay prod-

ucts in a detector can be used to study the hadronic medium between the chemical

and the kinetic freeze-out. Experimentally measured typical lifetime of hadronic

resonances range for 1.3 to 46.3 fm/c [1]. As hadronic resonances of varying

masses (770 - 1019 MeV/c2 ), hadron class (meson and baryon), strangeness (0

- 2), and lifetimes are available, they can be used to study the properties of the

hadronic phase and its di↵erent stages of evolution. A comprehensive study of

hadronic resonances plays a vital role in understanding ultra-relativistic heavy-

ion collisions. In such collisions, expansion of the produced fireball can be probed

by the hadronic resonances, as their lifetime is comparable to the lifetime of the
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fireball (⌧ ⇡ 10 fm/c at LHC energies [2]) created in the heavy-ion collisions. This

helps to understand in-medium phenomena like rescattering (interaction of decay

daughters with other in-medium particles, results in suppression of resonances

when reconstructed, as the invariant mass of the daughter particles mismatches

with the parent particle) and regeneration (enhancement of resonances because of

pseudo-elastic collisions in the hadronic phase). Resonance particle like �(1020)

having ⌧ ⇡ 46.3 fm/c might not go through the above mentioned processes. The

sensitivity of hadronic resonances to rescattering and regeneration processes in

the hadronic phases is depicted in Figure 3.1.

Figure 3.1: (Color Online) Depiction of re-scattering and regeneration processes

in hadronic phase in heavy-ion collisions.

Recent results (in 2017) reported by ALICE have observed enhanced produc-

tion of strange and multi-strange particles in high-multiplicity proton+proton

(pp collisions [3] and observation of evidence of collectivity in pp collisions by

CMS [4], which was traditionally considered as one of the signatures of QGP.

These observations compel one to ask whether high-multiplicity pp collisions

create QGP-droplets. Extensive investigation using strange quarks containing

resonance particles could provide hints towards the possible formation of QGP-
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like medium in pp collisions (specifically high-multiplicity events). Soft-QCD

and hard-QCD processes could govern particle production in small system col-

lisions like pp. While the study of bulk properties of the system would give an

understanding of the underlying mechanism of the soft-QCD process, the study

of jets could reveal the physics of hard-QCD processes. One of the event-shape

techniques called transverse spherocity (S0) can disentangle events dominated by

soft/hard-QCD processes based on its geometrical structure. The study of reso-

nance particles in the light of transverse spherocity and multiplicity could provide

deeper insight into the dynamics of particle production in high multiplicity pp

collisions.

This chapter describes the di↵erential study of transverse spherocity and mul-

tiplicity dependence measurement of K⇤(892)± meson production at the LHC. It

is divided into two sections. The first section 3.1 describes the production of

K⇤(892)± mesons in pp collisions at
p
s = 13 TeV as a function of the transverse

spherocity and charged-particle multiplicity (V0M) using the ALICE detector.

This study is essential as it will help to understand the resonance particle pro-

duction in high multiplicity events. In order to have better insight, a comparison

of K⇤(892)± with long-lived identified particles is also studied in this section. The

second section 3.2 describes the production dynamics of heavy-flavored hadrons

like J/ , D0 and ⇤
+
c through the transverse momentum spectra, double di↵er-

ential yield, and mean transverse momentum in pp collisions as a function of

transverse spherocity and charged-particle multiplicity using PYTHIA8 [5] event

generator. Further to investigate the hadronization mechanism of the heavy and

light quarks, transverse spherocity dependence ratios like ⇤
+
c /D

0 and ⇤
0/K� are

also studied in this section. The third and final section 3.3 covers a brief summary

of the chapter.
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3.1 K⇤(892)± production as a function of event

topology and multiplicity in pp collisions at
p
s = 13 TeV with ALICE

In 15th March 1961, a paper published in Physical review letters called ”RESO-

NANCE IN THE K- ⇡ SYSTEM” by Prof. Luis Walter Alvarez et al., where for

the first time, the discovery of K⇤(892)± meson along with other ’resonance states’

utilizing the Lawrence Radiation Laboratory 15-inch hydrogen bubble chamber

in the collision of 1.15-BeV/c K� mesons and hydrogen [6] was reported (in some

older documents BeV is used, which is equivalent to the GeV). He has been con-

ferred with the Nobel Prize in Physics for this groundbreaking work in 1968 [7].

The discovery of mass distribution of K⇤� from the collision of K� mesons and

hydrogen in this work is shown in Fig. 3.2 [6]. Being a resonance particle, K⇤± is

produced through strong interaction and is identified via their two-step hadronic

decay channel, K⇤± ! K0
S + ⇡± with a branching ratio of 33.4% and K0

S decays

weakly to two charged pions via decay topology, K0
S ! ⇡++⇡� with a branching

ratio of 69.2 ± 0.05%. Fig. 3.3 shows the schematic diagram of decay topology of

K⇤±. For the sake of completeness, the typical properties of K⇤± particle are listed

in Table 3.1. In this thesis, we have explored how transverse spherocity a↵ects

the production of K⇤± meson in the high-multiplicity pp collisions in ALICE. It

has been reported that event shape observables like transverse spherocity allow

the possibility to separate the high and the low number of multipartonic interac-

tion (MPI) events [8–10]. This result can help us to understand more about the

dynamics of jet production, particle ratios of strange or multi-strange particles

with long-lived hadrons [3], observation of double ridge structure [4] and behavior

of mean transverse-momenta of charged particles in hadronic systems compared

to heavy-ion systems [11]. Below is a detailed discussion on the event topology
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dependence of K⇤± meson production in pp collisions using the ALICE detector.

Figure 3.2: Mass distribution of K⇤� from K0
S and ⇡� in the interaction of K�

and hydrogen. The solid line represents the phase-space curve normalized to

background events [6].

Table 3.1: Typical properties of charged K⇤±.

Mass (MeV/c2 ) Width (MeV/c2 ) Quark Contents Decay mode Lifetime Branching ratio

891.66 ± 0.26 50.8± 0.9 ūs , us̄ K0
S⇡

± ⇡ 3.6fm/c ⇡ 0.33

3.1.1 Dataset and Event Selection

The production of K⇤± is measured at midrapidity (|y| < 0.5) in pp collisions

at
p
s = 13 TeV using ALICE detector [12]. For pp minimum-bias collisions

at
p
s = 13 TeV, the data were collected during Run 2 operation at the LHC.

The data were collected with a minimum bias trigger (an electronic-based sys-

tem that makes a decision whether the collision data are worth saving or not).
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Figure 3.3: (Color Online) Hadronic decay topology of the K⇤(892)± into a K0
S

and a charged pion followed by weak decay of K0
S into charged pion pairs.

This trigger requires a hit in both V0 detectors (here, kINT7), coinciding with

the arrival of proton bunches from both directions. A detailed discussion on the

working of V0 detectors for event selection is given in chapter 2. The physics

selection framework is widely used within ALICE to select events satisfying cer-

tain trigger criteria and reject beam-gas. The physics selection framework is also

used to reject pileup events. The physics selection is performed in two steps: (1)

selection of events with relevant trigger classes fired, (2) rejection of background,

pileup events, and poor quality events. Whenever a collision occurs, the trig-

gering detector sends the signal, which acts as an input to the trigger system.

Consequently, the trigger system output is fed to the readout detectors. The

primary task of the readout detector is to detect and save the collisions. This

analysis is carried out using the reconstructed data in the Analysis Object Data

(AOD) format, and it is in the form of root trees. The details on the format of

data stored in ALICE are given in chapter 2. Large data periods with minimum

bias triggers are added to increase the statistics. This enables us to look into
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more di↵erential studies as a function of charged particle multiplicity and event

shape classes. A complete list of datasets and run-list analyzed are given in the

appendix section 3.4.2. The consistency of di↵erent data samples were checked

before merging them for this analysis and it is shown in appendix section 3.4.3.

After the event selection, around 1392 million minimum bias events are accepted

for
p
s = 13 TeV are used in this analysis.

3.4.3

The following event-selection cuts were used:

1. kINT7 trigger: This tigger should correspond to a logical AND between

trigger input from V0A and V0C detectors.

2. Standard Physics Selection.

3. IsIncompleteDAQ check

4. Pileup rejection using AliAnalysisUtils::IsPileUpEvents()

5. SPD clusters vs. tracklets check using AliAnalysisUtils::IsSPDClusterVsTrackletBG()

with defalult parameters.

6. Track vertex are chosen by default. If it is missing, the vertex from the

SPD is selected or at least events needs to have a track. Only events with

vertex |vz| < 10 cm have been taken into consideration.

7. SPD vertex z resolution < 0.25 cm

8. SPD vertex dispersion < 0.04 cm

9. z-position di↵erence between track and SPD vertex (|vz(diff )|) < 0.5 cm

The upper panel of figure 3.4 shows the event statistics after implementing

all the above event-selection cuts. The fourth bin shows the total number of
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accepted events for this analysis, which is around 1392 million events. The lower

panel shows the accepted events as a function of multiplicity.

This Thesis

This Thesis

Figure 3.4: Upper Panel: Event statistics after implementing event-selection

cuts. The fourth bin shows the total number of accepted events for this analysis.

Lower Panel: Accepted events as a function of multiplicity [12].
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3.1.2 Spherocity Selection

We begin by defining transverse spherocity for an event. In general, it is defined

for a unit vector n̂ in the transverse direction (nT ,0) which minimizes the following

ratio [8, 9, 13].

S0 =
⇡2

4

✓

⌃i |~pTi
⇥ n̂|

⌃i pTi

◆2

. (3.1)

By restricting it to the transverse plane, spherocity becomes infrared and

collinear safe [14]. By construction, the extreme limits of spherocity are related

to specific configurations of events in the transverse plane. The limit of spherocity

is between 0 to 1. Spherocity becoming 0 would mean that the events are jet-like

(back-to-back structure), while 1 would mean the events are isotropic. The jet-like

events are hard, while the isotropic events result from soft processes. Figure 3.5

depicts the jetty and isotropic events in the transverse plane.

Figure 3.5: (Color Online) Depiction of jetty and isotropic events in the transverse

plane.

In the current analyses, only events with more than 10 tracks are considered for

the transverse spherocity distribution, which is in line with previous analysis [15].
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It is worth mentioning here that calculating spherocity using the definition given

by Eq. 3.1 introduces a neutral jet bias and the detector smearing e↵ect as in-

vestigated in Ref. [15]. This problem was fixed by introducing a new estimator

denoted by S
pT=1
0 . In this new estimator, the magnitude of the pT for each track

is 1.0. This implies S0 will now only consider the angular component when cal-

culating the transverse spherocity. It has been shown in ref. [15] that the new

estimator S pT=1
0 consistently has a smaller smearing e↵ect than for the normal S0

estimator. Furthermore, the region between 0.7-5.0 GeV/c should be safe to use

the new estimator without considering the unfolding procedure, which has been

considered in the present analysis. Following track cuts were used for spherocity

calculation, which is the same as the analysis of charged particle production as a

function of spherocity in pp collisions at
p
s = 13 TeV [16] and analysis of iden-

tified particle production as a function of spherocity in pp collisions at
p
s = 13

TeV [17].

1. minimum number of clusters in TPC: 50

2. maximum �2 per cluster in TPC: �2 < 4

3. reject kink daughters

4. require ITS refits

5. require TPC refits

6. |DCAz| < 3.2 cm

7. |DCAxy| < 2.4 cm

8. AliESDtrackCuts::SetDCAToVertex2D(kFALSE)

9. pT,track > 0.15 GeV/c

10. |⌘track| < 0.8 GeV/c
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After implementation of the above cuts, spherocity (S pT=1
0 ) distribution for

di↵erent multiplicity classes in pp collisions at
p
s = 13 TeV is shown in Fig. 3.6.

As expected, the lowest multiplicity class is dominated by the jetty events, and

the highest multiplicity class is dominated by the isotropic events, with isotropic

events increasing with event multiplicity. Now we consider high multiplicity

events given by (0-10%) V0M multiplicity class and extracted S
pT=1
0 quantiles.

An illustration figure to explain the scenario lucidly is shown in Fig. 3.7. The nu-

merical cuts for the corresponding S
pT=1
0 quantiles are listed in Table 3.2, which

is in line with previous analyses like Ref. [15]. These cuts are in accordance with

one obtained in Ref. [15, 18]. It is to point out here that the S
pT=1
0 distribution

obtained using the AOD dataset was not in line with one obtained using ESD

data. This problem is fixed by considering ITS, TPC refit for the AOD dataset

followed by modification of filterbit in the current resonance package used for

AOD tracks. Brief details of this modification are given in the appendix 3.4.1.
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Figure 3.6: (Color Online) Spherocity distribution for di↵erent multiplicity classes

in pp collisions at
p
s = 13 TeV using AOD dataset [12].

3.1.3 Track Selection and Particle Identification

The K⇤(892)± mesons were identified by reconstructing their decays products, a

charged pion (⇡±) and a K0
S pair. Here, K0

S is a V0 particle. Di↵erent criteria

are used to select strongly decayed primary pions and K0
S. Selection criteria are

also used for daughter tracks (pions) from weak decay of K0
S. Detailed selection

criteria for primary pions and K0
S are given below.

3.1.4 Primary pion selection

Primary charged tracks were selected by applying the following cuts:

1. pT > 0.15 GeV/c

2. -0.8 < ⌘ < 0.8
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Figure 3.7: (Color Online) Spherocity quantiles (20%, 10% and 5%) considering

low and high -S pT=1
0 distribution for (0-10%) V0Mmultiplicity class in pp collision

at
p
s = 13 TeV using AOD dataset.

3. Reject kink daughters

4. Minimum number of rows crossed in TPC is 70

5. Ratio of number of crossed rows to number of findable clusters in TPC >

0.8

6. Require ITS refits

7. Require TPC refits

8. TPC �2 per clusters < 4.0
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Table 3.2: Table containing the ranges for jetty and isotropic like events for V0M

multiplicity class (0-10)% with di↵erent spherocity quantiles [12].

S
pT=1
0 quantiles Jetty events Isotropic events

20% 0� 0.596 0.824� 1

10% 0� 0.528 0.864� 1

5% 0� 0.466 0.892� 1

9. ITS �2 per clusters < 36.0

10. �2 per clusters in TPC-Constrained global fit < 36.0

11. Minimum number of clusters in SPD: 1

(AliESDtrackCuts::SetClusterRequirementITS(kSPD, kAny))

12. AliESDtrackCuts::SetDCAToVertex2D(kFALSE)

13. AliESDtrackCuts::SetDCAToVertex2D(kFALSE)

14. |DCAz| < 2 cm

15. |DCAr| < 0.0105+0.0350 p�1.1
T (a 7� pT dependent cut)

These cuts, but the first two, are included in the function

AliESDtrackCuts : GetStandardITSTPCTrackCuts2011(kTRUE, 1) which

implements the standard ITS/TPC track cuts from 2011.

The primary pions were identified through their energy loss dE/dx in the

Time Projection Chamber (TPC). For this analysis, wider TPC cuts were used

at low momentum due to a problem with TPC PID. The following p-dependent

PID selection cuts were applied:

• |N�TPC | < 6 for p < 0.3 GeV/c

• |N�TPC | < 4 for 0.3 6 p 6 0.4 GeV/c
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• |N�TPC | < 3 for p > 0.4 GeV/c

Figure 3.8: (Color online) N�TPC versus momentum p for pions without any PID

cut (upper panel) and after p-dependent PID cut is applied (lower panel) [12].

In Fig. 3.8 N�TPC versus momentum (p) for pions without any PID cut (left

panel) and after that p-dependent PID cut is applied (right panel) are shown.

3.1.5 V0 selection

We reconstruct K0
S by applying topological cuts on the daughter tracks. The

V0 is identified by its decay K0
S ! ⇡+ + ⇡�. The decay topology of V0 particle

is shown in Fig. 3.9. The following selection criteria were applied for daughter

tracks (pions) from the weak decay of K0
S.
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Figure 3.9: Decay topology of V0 particle [19].

1. -0.8 < ⌘ < 0.8

2. Reject kink daughters

3. Require TPC refits

4. Minimum number of rows crossed in TPC > 70

5. Ratio of number of crossed rows to number of findable clusters in TPC >0.8

6. DCA of tracks to PV > 0.06 cm

Furthermore secondary pions were identified through their energy loss dE/dx

in the Time Projection Chamber (TPC), by a wide PID cut —N�TPC | < 6.

The pairs of ⇡+⇡� which fulfill the following V0 selection were taken as K0
S

candidates

1. Only O✏ine V0
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2. Rapidity |y| < 0.8

3. Fiducial Volume (V0 2D decay radius) > 0.5 cm

4. V0 cosine of pointing angle > 0.97

5. DCA V0 daughters < 1.0 s

6. V0 Mass Tolerance < 4 s

7. Proper Lifetime (mL/p) < 20 cm

This selection criteria is inline with Ref. [20].

The multiplicity class and events with high and low spherocity are selected

using the above selection cuts. We proceed to reconstruct the invariant mass of

the K⇤± from their decay daughters, ⇡± K0
S. This will help to understand the K⇤±

meson production in an environment rich with high MPI events and back-to-back

jets.

3.1.6 Signal Extraction

In this analysis, the raw yield of K⇤(892)± was estimated in the following eight pT

-bins (0.8 - 1.2, 1.2 - 1.6, 1.6 - 2.0, 2.0 - 2.5, 2.5 - 3.0, 3.0 - 3.5, 3.5 - 4.0, 4.0 - 5.0).

To extract the yields of K⇤(892)± mesons in each pT -bin, the following procedure

is used. First, the invariant-mass distribution of K0
S⇡

± was computed in the

same event by the invariant mass of K0
S and pion pairs. This gave a peak over a

large combinatorial background estimated by the event-mixing technique. In this

method, the shape of the uncorrelated background is estimated from the invariant

mass distribution of pions and K0
S pairs from di↵erent events. To avoid mismatch

due to di↵erent acceptance and to assure a similar event structure, particles from

events with similar vertex position z (�z <1cm) and track multiplicity n (�n <

5) were used. To reduce statistical uncertainties, each event was mixed with the

other 10 events. The mixed-event distribution was then normalized to the same
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event distribution in the invariant mass region 1.1 < M < 1.2 GeV/c2. The signal

is obtained by subtracting the mixed-event combinatorial background from the

same event invariant mass distribution. The K0
S⇡

± invariant mass distribution

for the bin 1.6 < pT < 2.0 GeV/c2 with the background estimated by pairs of

di↵erent events is shown in the top panel of Fig. 3.10. For the same pT -bin, the

signal obtained after background subtraction is shown in the bottom panel of the

same figure.

3.1.7 K⇤(892)± peak fits

The invariant mass distribution is obtained after subtracting the combinatorial

background estimated by the event mixing technique described above. However,

after such an ideal background subtraction, a residual background will remain

along with the K⇤± signal, as seen in the bottom of Fig. 3.10. The dominant

sources of such background are correlated real ⇡± K0
S pairs and correlated but

unrecognized pairs. This residual background is fitted by the following function

FBG(Mk⇡) = [Mk⇡ � (m⇡ +mK)]
nexp(A+BMk⇡ + CM2

k⇡) (3.2)

where, m⇡ = 139.57018 GeV/c2 [21] and mK = 497.611 GeV/c2 [21] are

respectively the pion and K0
S masses. And n, A, B, C are the fit parameters. It

is worth noting that the parameter A for each pT bin gives the raw yield counts

of K⇤(892)±. To have a good fit the width was fixed to its PDG value (50.8

MeV/c2).

In line with other resonance analysis [20, 22–24], the total fit function is the

sum of a non-relativistic Breit-Wigner function and Eq. 3.2 and is given as

A

2⇡

�0

(Mk⇡ �M0)2 +
Γ2
0

4

+ FBG. (3.3)

where, M0 and �0 are the mass and the width of the K⇤(892)±. The parameter

A is the integral of the peak function from 0 to1. The residual background shape
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Figure 3.10: (Color Online) The K0
S⇡

± invariant mass distribution in |y| <0.5 for

the bin 1.6 < pT < 2.0 GeV/c2 in pp collisions at
p
s = 13 TeV. The background

shape estimated using pairs from di↵erent events (event-mixing technique) is

shown as open red circles. (Right panel) The K0
S⇡

± invariant mass distribution

for the bin 1.6 < pT < 2.0 GeV/c2 after background subtraction. The solid

red curve is the results of the fit by Eq. 3.3, the dashed red curve describes the

residual background given by Eq. 3.2 [12].

for the di↵erent pT bins was extracted from Monte Carlo simulated data.

Figure 3.11, 3.12 and 3.13 show the event-mixing background-subtracted

signals with residual background and peak fits for (0 –10)% V0M multiplicity
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class in pp collisions at
p
s = 13 TeV for spherocity-integrated and S

pT=1
0 in 20%

quantiles for isotropic and jetty events, respectively. Corresponding spherocity

selection cuts for jetty and isotropic events are mentioned in Table 3.3. For other

S
pT=1
0 quantiles, please see Appendix. B.

Figure 3.11: (Color Online) Invariant-mass distributions and fits for pT bins

ranging from 0.8 < pT < 5 after event-mixing background subtraction for

spherocity integrated events for (0 –10)% V0M multiplicity class in pp colli-

sions at
p
s = 13 TeV. The residual background is fitted using eq. 3.2 shown by

black dotted line. Blue line shows the fitting of signal + residual background.

Dotted red line shows the signal and residual background separately [12].

3.1.8 Extraction of K⇤(892)± raw Yield

The raw yield of K⇤(892)± is obtained using two di↵erent methods: the fit function

(YFI) or bincounting (YBC), where the first was used as default and the second

was used for systematic study.

Function Integral(YFI): The parameter A of the fit is the integral of the

peak function from 0 to 1, but the mass region 0< Mk⇡ < (m⇡ +mK), where,

m⇡ = 139.57018 GeV/c2 [21] and mK = 497.611 GeV/c2 [21] are the masses of
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Figure 3.12: (Color Online) Invariant-mass distributions and fits for pT bins

ranging from 0.8 < pT < 5 after event-mixing background subtraction for

isotropic events (S pT=1
0 in 20% quantiles) for (0-10)% multiplicity classes in pp

collisions at
p
s = 13 TeV. The residual background is fitted using eq. 3.2 shown

by black dotted line. Blue line shows the fitting of signal + residual background.

Dotted red line shows the signal and residual background separately [12].

charged pion and K0
S respectively, is kinematically forbidden. Therefore

YFI = A�
Z mπ+mK

0

fit(minv)dminv (3.4)

The integral in the kinematically forbidden region is about 2.5 % of the total

integral, with the exact ratio depending on the peak parameters.

Bin counting (YBC):

The raw yield (NBC) in the region Imin < MK⇡ <Imax (where Imin = M0�2�0

(0.79 GeV/c2) and Imax = M0+2�0 (0.99 GeV/c2) ), respectively was extracted by

integrating the invariant mass histogram (Ncounts) over the region Imin < MK⇡ <

Imax and subtracting the integral of the residual background portion estimated

over that same interval (NRB).

The raw yield (NBC) in the region Imin < MK⇡ < Imax (where Imin = M0�2�0

(0.79 GeV/c2) and Imax = M0+2�0 (0.99 GeV/c2) ), respectively was extracted by
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Figure 3.13: (Color Online) Invariant-mass distributions and fits for pT bins

ranging from 00.8 < pT < 5 after event-mixing background subtraction for jetty

events (S pT=1
0 in 20% quantiles) for (0-10)% multiplicity classes in pp collisions

at
p
s = 13 TeV. The residual background is fitted using eq. 3.2 shown by black

dotted line. Blue line shows the fitting of signal + residual background. Dotted

red line shows the signal and residual background separately [12].

integrating the invariant mass histogram (Ncounts) over the region Imin < MK⇡ <

Imax and subtracting the integral of the residual background portion estimated

over that same interval (NRB).

NBC = Ncounts �NRB (3.5)

The error on NRB was calculated by using the root function fBgOnly !
IntegralError(Imin, Imax, Par[4],a), where a is the covariance matrix, fBgOnly

is the residual background function and Par[4] is a vector with the value of the

parameters of the residual background function. To obtain the total raw yield we

have to correct the Nraw value for the the yields in the regions m⇡+mK < MK⇡ <

Imin(Nlow) and MK⇡ > Imax(Nhigh). Nlow and Nhigh were estimated integrating

in the regions m⇡ +mK < MK⇡ < Imin and Imax < MK⇡ <1 the non-relativistic
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Breit-Wigner function extracted from the fit.

Nlow =

Z M0�2Γ0

mπ+mK

fit(minv)dminv (3.6)

Nhigh =

Z 1

M0+2Γ0

fit(minv)dminv (3.7)

This accounts for about 13% of the total yield. The total raw yield was

obtained adding low and high invariant mass tail contributions to the bin counting

yield.

Nraw = NBC +Nlow +Nhigh (3.8)

It is assumed that the statistical uncertainties of the yields in the tail regions

are fully correlated with each other and with the statistical uncertainty of the yield

calculated from the histogram. This means that the uncertainty on NBC , Nlow,

Nhigh was summed. For the NBC , the signal and the background are considered

uncorrelated, and then their uncertainties are quadratically summed.

Fig. 3.14 presents the raw yield as a function of pT for di↵erent S pT=1
0 quantiles

at high-multiplicity class (0-10)%. The errors reported in the following plots are

statistical only.

3.1.9 Simulations

After obtaining the raw pT -spectra, one must correct it with detector e�ciency

and acceptance. Simulated datasets are analyzed to extract the K⇤(892)± recon-

struction e�ciency ⇥ acceptance (calculation is given in section 3.1.10.1). The

simulated dataset (AOD) for
p
s = 13 TeV consists of 369 million events in the

LHC16 17 18 GP AOD235 production. Particle production and decays are simu-

lated using the event generators like PYTHIA 8, while particle interactions with

the ALICE detector are simulated using GEANT3. The same event selection,
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Figure 3.14: (Color Online) Raw Yield as a function of pT for di↵erent S
pT=1
0

quantiles (left is for 20%, middle is for 10%, right is for 5%) for (0-10)% in pp

collisions at at
p
s = 13 TeV [12].

track quality cuts, and topological cuts were used for the real and simulated

data. The particles produced by the event generator (without any detector ef-

fects) are referred to as the ”generated” particles. These particles are the input

for the GEANT3 detector simulation and the track, V0 and signal reconstruction

algorithms. The tracks and the V0 are identified by the reconstruction algorithms,

and which pass track and the topological selection and PID cuts are referred to as

”reconstructed” tracks and V0. A reconstructed K⇤(892)± meson is a particle for

which both the daughters (track, and V0) have been reconstructed via GEANT3.

3.1.10 Correction and Normalization of Spectra

3.1.10.1 Reconstruction efficiency ⇥ acceptance

The reconstruction e�ciency⇥ acceptance, denoted as ✏rec, is calculated using the

same simulated data described in Section 3.1.9. In each transverse-momentum

bin, ✏rec is the ratio of two quantities described as follows:

Numerator: Reconstructed K⇤(892)± : the number of reconstructed K⇤(892)±

mesons with |y| < 0.5.

Denominator: Generated K⇤(892)± : the number of generated K⇤(892)±

76



3.1 K⇤(892)± production as a function of event topology and
multiplicity in pp collisions at

p
s = 13 TeV with ALICE

mesons with |y| < 0.5 that decay in a K0
S and a charged pion (⇡±).

The uncertainty in ✏rec is calculated using the Bayesian approach [25]. The

standard deviation in an e�ciency ✏ = k/n, where the numerator k is a subset of

the denominator n, is:

� =

r

k + 1

n+ 2
(
k + 2

n+ 3
� k + 1

n+ 2
) (3.9)

The fractional statistical uncertainty in ✏rec was added in quadrature with

the statistical uncertainty of the uncorrected K⇤(892)± yield to give the total

statistical uncertainty of the corrected K⇤(892)± yield.

Figure 3.15 shows the K⇤(892)± meson reconstruction e�ciency (✏rec) as a

function of pT for minimum bias in pp collisions at
p
s = 13 TeV. Inline with

Ref. [15, 18], to avoid bias for spherocity calculation, we use the minimum bias

reconstruction e�ciency for all the spherocity classes.
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Figure 3.15: (Color Online) K⇤(892)± meson reconstruction e�ciency (✏rec) as a

function of pT for multiplicity class for (0-100)% in pp collisions at at
p
s = 13

TeV [12].

77



Chapter: 3

3.1.10.2 Efficiency corrected pT spectra

The normalized and e�ciency corrected di↵erential transverse momentum spectra

of K⇤± meson for di↵erent S
pT=1
0 quantiles in high-multiplcity classes (0-10)%

V0M multiplicity class in pp collisions at
p
s = 13 TeV is calculated as follows:

d2N

dpTdy
=

raw counts

Nevt.BR.dpTdy
⇥ 1

✏rec
(3.10)

where Nevt is the number of events analyzed for a given multiplicity class,

BR (= 0.66 ⇥ 0.5 = 0.33) is the branching ratio for K⇤(892)± ! K0
S + ⇡±

decay channel, dy =1 and ✏rec is the e�ciency ⇥ acceptance described in the

above subsection. The signal loss and event loss correction factors are negligible

for high multiplicity pp collisions. Figure 3.16 shows the e�ciency corrected pT

spectra with spherocity classes for di↵erent S
pT=1
0 quantiles namely, 20%, 10%

and 5% at (0-10)% V0M multiplicity class.

1 1.5 2 2.5 3 3.5 4 4.5 5

-1
d
y
) 

[G
e
V

/c
]

T
N

/(
d
p

2
)d

e
v
t

(1
/N

2−10

1−10

1

10

 > 0.824)
0

=1
T

p

Isotropic (S

 integrated
0

S

 < 0.596)
0

=1
T

p

Jetty (S

 = 13 TeV, |y|< 0.5s0-10 %, 

 [GeV/c]
T

p
1 1.5 2 2.5 3 3.5 4 4.5 5

 i
n

te
g

ra
te

d
0

R
a

ti
o

 t
o

 S

0

0.5

1

1.5

2
1 1.5 2 2.5 3 3.5 4 4.5 5

-1
d
y
) 

[G
e
V

/c
]

T
N

/(
d
p

2
)d

e
v
t

(1
/N

3−10

2−10

1−10

1

10

 > 0.864)
=1

T
p

Isotropic (S

 integrated
0

S

 < 0.528)
=1

T
p

Jetty (S

 = 13 TeV, |y|< 0.5s0-10 %, 

 [GeV/c]
T

p
1 1.5 2 2.5 3 3.5 4 4.5 5

 i
n

te
g

ra
te

d
0

R
a

ti
o

 t
o

 S

0

0.5

1

1.5

2
1 1.5 2 2.5 3 3.5 4 4.5 5

-1
d
y
) 

[G
e
V

/c
]

T
N

/(
d
p

2
)d

e
v
t

(1
/N

2−10

1−10

1

 > 0.892)
=1

T
p

Isotropic (S

 integrated
0

S

 < 0.466)
=1

T
p

Jetty (S

 = 13 TeV, |y|< 0.5s0-10 %, 

 [GeV/c]
T

p
1 1.5 2 2.5 3 3.5 4 4.5 5

 i
n

te
g

ra
te

d
0

R
a

ti
o

 t
o

 S

0

0.5

1

1.5

2

Figure 3.16: (Color Online) Corrected spectra as a function of pT for di↵erent

S
pT=1
0 quantiles (left is for 20%, middle is for 10%, right is for 5%) for (0-10)%

in pp collisions at at
p
s = 13 TeV [12].
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3.1.11 Cross-check

Before proceeding to systematics calculations, we want to cross-check the validity

of our results with previous measurements of K⇤(892)± at the same center of mass-

energy. In this regard, we compared our spherocity integrated corrected yield

obtained at minimum bias multiplicity class with Ref. [20], where the K⇤(892)±

Min. Bias spectrum in pp at
p
s =13 TeV is obtained. The main di↵erence be-

tween Ref. [20] and current work is that Ref. [20] uses an ESD dataset, which will

include a set of slightly di↵erent corrections than this analysis. This comparison

is shown in Fig. 3.17. The lower panel of Fig. 3.17 shows the fitting of the ratio

(current analysis to Ref. [20]) by a constant function of a parameter. Moreover,

this parameter comes out to be 0.9707 ± 0.0118. This shows that the comparison

seems to match reasonably well within uncertainties.

3.1.12 Estimation of systematic uncertainties

For each transverse-momentum bin, several measurements of the yield and its

statistical uncertainties exist. Generally, the yield is calculated for every possible

permutation of the analysis parameters (PID cuts, combinatorial background,

etc.), which constitutes the systematic uncertainties. The systematic uncertain-

ties associated with the experimental data are one of the significant parts of the

data analysis. A commonly used method to find systematic uncertainties (e.g., in

the pT -spectra of a particle) is to repeat the analysis several times to get many

measurements. Each of these measurements has to be performed with one or more

variations on the analysis parameters (e.g., PID/track selection cuts, varying raw

yield extraction techniques, etc.). Same datasets (or datasets with large overlap)

are used to make these measurements, ensuring they are statistically dependent.

The systematic uncertainties associated with the measurement are calculated by

finding the di↵erences between the ”alternate” and the ”default” measurement.

Here, the default measurement is one measurement or perhaps an average (the
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Figure 3.17: (Color Online) Minimum Bias cross-check with the equivalent
p
s =13 TeV analysis (the data in the ratio are both 13 TeV). Upper panel:

Mini. bias. pT -spectra of current analysis is compared with Ref. [20]. Lower

panel: Dotted red lines is a constant function of one parameter. Here, 13 TeV

analysis mentioned in the Legend of the upper panel is Ref. [20] [12].

central value). As the default and alternate measurements are statistically con-

sistent. i.e., they are not statistically independent; one needs to know whether

they are consistent within their statistical uncertainties. A celebrated method has

been used by ALICE called ”Barlow checks,” as prescribed by Prof. R. Barlow in

the Ref. [26], to identify systematic uncertainties from statistical uncertainties.

Let us denote the default (alternate) measurement as Yd (Ya) and its statistical

uncertainties by �d (�a). The di↵erence between the two measurements is given

by,

� = Yd � Ya (3.11)
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and the quadrature di↵erence of their statistical uncertainties is given by,

�cc =
q

�2
d � �2

a (3.12)

As described in the Ref. [26], the di↵erence between the default and alternate

measurements is compared to the di↵erence in quadrature of the statistical un-

certainties of those measurements. Now, to check systematic uncertainties from

statistical uncertainties, ratio of Eq. 3.11 to Eq. 3.12 (�/�cc) is calculated for

each pT -bin. It is expected that if the two measurements are purely statistical,

the distribution of �/�cc should be approximately a Gaussian with a mean near

0, a standard deviation near 1, and 68% of the entries would lie within �/�cc <1.

A large deviation from the ideal behavior implies that the di↵erence between

the default and alternate measurements is not purely statistical and should be

included in the systematic uncertainties. In this analysis, we plotted the �/�cc

distribution for each variation. And we considered a source as a systematic source

if three out of the following four criteria have failed.

1. �/�cc < 0.1

2. �cc < 1.1

3. fraction of entries with ± 1� > 55

4. fraction of entries with ± 2� > 90

For the pT spectrum, the following sources of systematic uncertainty were

considered: PID cuts, primary pion track selection, signal extraction, secondary

track selection for K0
S, primary vertex selection, material budget, hadronic in-

teraction, and global tracking uncertainty, etc. These variations are divided into

subgroups, and the general strategy of calculating the total systematic uncertain-

ties is summarised below:

• Choose one set of analysis parameters as the default set
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• Observe the deviations in the yield from the default measurement when one of

those parameters is changed

• The RMS value is taken to be the systematic uncertainty for a given source

• The systematic uncertainties for di↵erent sources are added in quadrature to

obtain the total systematic uncertainty from all sources

The default set of parameters chosen for K⇤(892)± measurements are given

below:

• Combinatorial background: Mixed event

• Normalization Region: 1.1 < minv <1.2 GeV/c2

• Fit Region: Depending up on the background shape the fit region is chosen

for each pT bin for default case.

• Residual Background Fit: Given by Eq. 3.2

• Peak Fit: Breit-Wigner, where the width parameter is a free parameter, given

by first term of Eq. 3.3

• Yield Extraction Method: Bin counting

A brief description of the sources of systematic uncertainties are listed below.

3.1.12.1 Global tracking uncertainty

The global tracking uncertainty in ITS-TPC matching for tracks in the runs used

for this analysis has been estimated equal to 1% in each pT bin [27].

3.1.12.2 Material budget

The systematic uncertainty due to uncertainties in the ALICE material budget

is pT dependent and considered from the analysis of Ref. [20].
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3.1.12.3 Hadronic interaction cross-section

The systematic uncertainty due to uncertainties in the ALICE hadronic interac-

tion cross-section of particles those are traversing the ALICE material is taken

from the analysis Ref. [20].

3.1.12.4 Track cut variations for primary pion track selection

Systematic error is calculated by varying one track cut at a time.

DCAz Cut: DCAz <2 cm is taken as default; DCAz < 56 cm and DCAz <

6 cm are taken for systematic study.

TPC �2 Cut: TPC �2 < 2.3 is taken as default; TPC �2 < 2.3 is taken for

systematic study.

Ncr,TPC Cut: Ncr,TPC � 70 is taken as default; Ncr,TPC � 100 and Ncr,TPC �
80 is taken for systematic study.

Findable cluster (FC) Cut: FC � 0.8 is taken as default; FC � 0.9 is

taken for systematic study.

Vertex Cut : |vz| < 10 cm is taken as default; |vz| < 8 cm and |vz| < 12 cm

are taken for systematic study.

3.1.12.5 Track cut variations for K0
S selection

For Ncr,TPC and findable cluster (FC), variation are exactly similar to above

used for primary pion selection.

DCA tracks to PV (cm): 0.06 is taken as default; 0.07 (shorthand: Var-1)

and 0.05 (shorthand: Var-2) are taken for systematic study.

PID secondary ⇡ (�): 5 is taken as default; 4.5 (shorthand: Var-1) and 4

(shorthand: Var-2) are taken for systematic study.

V0 decay radius (cm): 0.5 is taken as default; 0.7 (shorthand: Var-1) and

0.3 (shorthand: Var-2) are taken for systematic study.
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Cosine PA : 0.97 is taken as default; 0.95 (shorthand: Var-1) and 0.99

(shorthand: Var-2) are taken for systematic study.

DCA V0 daughters (�) : 1 is taken as default; 1.25 (shorthand: Var-1) and

0.75 (shorthand: Var-2) are taken for systematic study.

Lifetime (cm) : 20 is taken as default; 12 (shorthand: Var-1) is taken for

systematic study.

K0
S mass tolerance (�) : 4 is taken as default; 5 (shorthand: Var-1) and 3

(shorthand: Var-2) are taken for systematic study.

K0
S rapidity : 0.8 is taken as default; 0.9 (shorthand: Var-1) and 0.7 (short-

hand: Var-2) are taken for systematic study.

3.1.12.6 Signal Extraction

Normalization range (GeV/c2): 1.1 < minv <1.2 is taken as default; 1.1

< minv <1.3 (shorthand: Var-1) and 1.1 < minv <1.4 (shorthand: Var-2)are

taken for systematic study.

Fit Range (GeV/c2): 0.72 < minv <1.05 is taken as default; 0.75 <

minv <1.0 (shorthand: fr1) and 0.7 < minv <1.15 (shorthand: fr2) are taken

for systematic study.

Residual Background Fit function : Eq. 3.2 is taken as default; polyno-

mial of order 3 (shorthand: Poly3) is taken for systematic study.

Width (GeV/c2) : 0.0508 (PDG value) is taken as default; 0.0517 (short-

hand: Var1) and free parameter (Var2) are taken for systematic study.

For each variation considered above, we have obtained a comparative figure

by considering ratio of the corrected pT -spectra (obtained from variation) with

the default one. Some of this figures are displayed in the appendix section 3.4.4.
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3.1.12.7 Total Systematic uncertainty

The total systematic uncertainty is the sum in quadrature of the uncertainties

from the sources described above.

3.1.13 Systematic uncertainty uncorrelated with S
pT=1
0

The fraction of systematic uncertainty uncorrelated with S
pT=1
0 is also computed

in the present analysis. This is done to consider the contribution of uncorrelated

systematics when we take the ratio between S
pT=1
0 biased and S

pT=1
0 integrated

spectra. In general, the same variations in the selection criteria will cause similar

spectrum deviations for di↵erent S
pT=1
0 classes because the error is correlated

across the spherocity classes. Here, the intention is to measure the fraction of

the total uncertainty that depends on the spherocity class considered. This as-

signment could be done by computing a double ratio as described in ref. [15, 28].

The double ratio is given as

R(pT ) = (
Y

S
pT=1

0
var

Y
S
pT=1

0

def

)X/(
Y

S
pT=1

0
var

Y
S
pT=1

0

def

)int . (3.13)

where, X is isotropic/jetty events, int is the spherocity-integrated events,

Y
S
pT=1

0
var denotes the corrected variated pT spectra and Y

S
pT=1

0

def denotes the cor-

rected default pT spectra. Here, R factor is computed as a function of pT and its

value equal to unity for a given variation would mean a fully correlated system-

atic uncertainty. The fraction of uncorrelated systematic uncertainty is given by

|1 � R| for a specific variation and the total uncertainty is equal to the sum in

quadrature of the di↵erent components. Figure 3.18 shows the the magnitude of

the total uncorrelated uncertainty across S pT=1
0 for jetty and isotropic events in

S
pT=1
0 20% quantiles, respectively.
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Figure 3.18: (Color Online) Left panel: Total uncorrelated systematic uncer-

tainty across S
pT=1
0 in the pT-spectra of isotropic events. Right panel: To-

tal uncorrelated systematic uncertainty across S
pT=1
0 in the pT-spectra of jetty

events [12].

3.1.14 Fractional Uncertainty

Figure 3.19 shows the fractional uncertainties from all the sources as a function

of pT for di↵erent spherocity classes in (0 -10%) V0M multiplicity class in pp

collisions at at
p
s = 13 TeV. A smoothing procedure was applied to smoothen

the systematic uncertainties [29].
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Figure 3.19: (Color Online) Fractional uncertainties from all the sources as a

function of pT for di↵erent spherocity classes [12].

86



3.1 K⇤(892)± production as a function of event topology and
multiplicity in pp collisions at

p
s = 13 TeV with ALICE

3.1.15 Results and discussion

3.1.15.1 Corrected pT-spectra with systematic uncertainty

The upper panel of Fig. 3.20 shows the final transverse momentum spectra for

isotropic, jetty, and spherocity integrated event classes with systematic and sta-

tistical uncertainties for (0-10)% V0M multiplicity class and at di↵erent S
pT=1
0

quantiles namely, 20%, 10%, and 5%. And the lower panel shows the ratio of yield

obtained considering isotropic and jetty events to the S
pT=1
0 -integrated events.

The bars show systematic uncertainties calculated in Sec 3.1.12.
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Figure 3.20: (Color Online) Corrected K⇤(892)± spectra as a function of pT for

di↵erent S pT=1
0 quantiles (left is for 20%, middle is for 10%, right is for 5%) for

(0-10)% V0M multiplicity class in pp collisions at
p
s = 13 TeV [12].

3.1.15.2 Particle ratio

Besides pT-spectra, in this analysis, we have also looked into the pT -di↵erential

particle ratio of K⇤(892)± meson to the long-lived stable hadrons such as pion

(⇡+ + ⇡�), kaon (K+ + K�)) and proton (p + p̄). The upper panel of Fig. 3.21

shows the pT di↵erential particle ratio of K⇤(892)± to ⇡+ + ⇡� (left), K+ + K�

(middle) and p + p̄ (right) for (0-10)% V0M multiplicity class with 20% S
pT=1
0 -

quantiles in pp collisions at
p
s =13 TeV for all the three spherocity classes. And
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the lower panel shows the ratio of particle ratio obtained considering isotropic

and jetty events to the S
pT=1
0 -integrated events.
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Figure 3.21: (Color Online) pT di↵erential particle ratio of K⇤(892)± meson with

⇡+ + ⇡�) (left), K+ +K� (middle) and p + p̄ (right) for (0-10)% V0M multi-

plicity class with S
pT=1
0 in 20% quantiles in pp collisions at

p
s = 13 TeV [12].

3.2 Event topology and multiplicity dependence

of heavy-flavoured hadrons production in pp

collisions at
p
s = 13 TeV with PYTHIA8

Having seen the significant dependence of transverse spherocity on the production

of a resonance particle-like K⇤± in pp collisions at
p
s = 13 TeV with ALICE in

the above section, in this section1, we have explored how heavy-flavored hadrons

like D0, J/ and ⇤
+
c behave in hard and soft QCD processes using transverse

spherocity in the same system and at the same center-of-mass energy. It is worth

noting that although K⇤± is a light-flavor particle, alone it may behave di↵erently

from other light-flavored hadrons in the hadronic phase (if present) because of

its short lifetime and the processes it undergoes, e.g., rescattering and regenera-

1S. Deb, R. Sahoo, D. Thakur, S. Tripathy and A. Khuntia, J. Phys. G 48, 095104 (2021).
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s = 13 TeV with PYTHIA8

tion. Thus, a direct comparison of heavy-flavored particles with K⇤± may not be

su�cient as K⇤± alone cannot be a representative of light-flavored hadrons. The

following work explores the heavy-flavored sector to understand the interplay of

hard processes and underlying events in the light of event topology.

3.2.1 Event generation and Analysis methodology

PYTHIA8, a standalone Monte-Carlo event generator, is widely used to simulate

ultra-relativistic collisions among the particles like electron-electron, electron-

positron, proton-proton and proton-antiproton. It has been quite successful in

explaining many features of the experimental data from the LHC qualitatively

with di↵erent incorporated physics processes. PYTHIA8 includes MultiParton

Interaction (MPI) scenario, which allows heavy-flavor quarks to be produced

through 2 ! 2 hard sub-processes. Detailed explanation on PYTHIA8 physics

processes and their implementation can be found in Ref. [5]. The results re-

ported in this work are obtained from simulated inelastic, non-di↵ractive events

using PYTHIA version 8.215 [30] with the 4C tune (Tune:pp = 5) [31]. Fur-

ther, non-di↵ractive component of the total cross section for all hard QCD pro-

cesses (HardQCD:all=on) are considered, which includes the production of heavy

quarks along with MPI-based scheme of color reconnection (ColourReconnec-

tion:reconnect = on). A cut of pT � 0.5 GeV/c (using PhaseSpace:pTHatMinDiverge)

is used to avoid the divergences of QCD processes in the limit pT ! 0. For the

production of quarkonia through NRQCD framework [32–34], we use Charmo-

nium:all flag in the simulation. Study of D0, J/ and ⇤
+
c production are done

at the midrapidity. J/ , D0 and ⇤
+
c are reconstructed via the e+ + e� (|y| <

0.9) [35], K� + ⇡+ (|y| < 0.5) [36] and p+K� + ⇡+ (|y| < 0.5) [37] decay chan-

nels and their yields are obtained through invariant mass reconstruction keeping

the detector acceptance of ALICE in mind. This analysis is performed by gener-

ating 100 million events for J/ and approximately 50 million events each for D0
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and ⇤
+
c in pp collisions at

p
s = 13 TeV. The charged-particle multiplicity, Nch

is measured at the midrapidity (|⌘| < 1.0), considering all the charged particles

including the decay product of J/ , D0 and ⇤
+
c . As the aim of this work is to

perform a multi-di↵erential study using transverse spherocity and the charged-

particle multiplicities (Nch), we have chosen the minimum bias (0-100%) collisions

and events with top 20% of Nch for our study.

Transverse spherocity is already discussed briefly in subsection 3.1.2. How-

ever, in order to have a quantitative understanding, in this work, we assumed

there is no detector bias/smearing e↵ect. With this assumption, in this analysis

only the events with at least 5 charged-particles in |⌘| < 0.8 with pT > 0.15 GeV/c

are considered, so that the concept of event topology becomes statistically mean-

ingful. S0 cuts on the generated events are applied in order to sort out jetty and

isotropic events from the total events. For minimum bias collisions, the cuts for

jetty events is 0  S0 < 0.37 with lowest 20% of S0 distribution and 0.72 < S0  1

is for isotropic events with highest 20% of S0 distribution. Further, minimum bias

events are divided into six multiplicity classes and the corresponding spherocity

cuts for isotropic and jetty events are tabulated in Table 3.3. For consistency, Nch

intervals chosen here are the same as in Ref. [38]. In order to maximize the statis-

tics, the bin-width is taken smaller at lower multiplicities and then subsequently

higher at high multiplicity bins. Figure 3.22 represents the transverse spherocity

distribution in di↵erent multiplicity classes for pp collisions at
p
s = 13 TeV. Here,

it is observed that high-multiplicity events are more towards isotropic in nature

which is in accordance with earlier works on transverse spherocity [38–40]. The

peak of the transverse spherocity distribution shifts towards isotropic events with

increasing charged-particle multiplicity. This shows that higher contribution of

softer events come from multiple hard partonic scatterings in high-multiplicity pp

collisions, which generate an almost isotropic distribution of particles [40]. There-

fore, the di↵erential study of particle production as a function of multiplicity and

event shape classes has great importance to understand the particle production
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mechanism. As transverse spherocity distribution depends on charged-particle

multiplicity, the cuts for jetty and isotropic events vary for di↵erent transverse

spherocity classes, which is shown in Table 3.3. For the sake of simplicity, here

onwards we refer transverse spherocity as spherocity.
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Figure 3.22: (Color Online) Transverse spherocity distributions for di↵erent

charged-particle multiplicity in pp collisions at
p
s = 13 TeV using PYTHIA8.

Di↵erent line styles and colors are for di↵erent multiplicity classes [41].

With this detailed analysis methodology, we now proceed for the estimation of

transverse momentum spectra, relative integrated yield and relative mean trans-

verse momentum of D0, J/ and ⇤
+
c in pp collisions at

p
s = 13 TeV.

3.2.2 Results and Discussion

Before proceeding with the analysis, we have checked the consistency of PYTHIA8

simulated data with the experimental results. This consistency is discussed briefly

in the appendix section 3.4.5.
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Table 3.3: Charged-particle multiplicity (Mult.) classes (Nch) (|⌘| < 1.0) and

corresponding spherocity ranges for jetty and isotropic events. Here the lowest

and highest 20% events of the spherocity distribution for a given multiplicity class

are considered as jetty and isotropic events, respectively [41].

Mult. Classes S0 range

(Nch) Jetty events Isotropic events

5� 10 0� 0.29 0.64� 1

10� 15 0� 0.38 0.70� 1

15� 20 0� 0.44 0.74� 1

20� 30 0� 0.49 0.77� 1

30� 40 0� 0.54 0.80� 1

40� 150 0� 0.58 0.82� 1

3.2.2.1 Transverse momentum spectra

Left panels of Fig. 3.23 show the transverse momentum (pT) spectra for D0 (top),

J/ (middle) and ⇤
+
c (bottom) for isotropic, jetty and spherocity-integrated

events in minimum bias pp collisions at
p
s = 13 TeV. The right panels show the

ratio of the pT spectra for isotropic and jetty events to the spherocity-integrated

ones. The ratios clearly indicate that the particle production from isotropic events

dominate at low-pT and after a certain pT, the particle production from jetty

events starts to dominate. The crossing point of the jetty and isotropic events

for ⇤
+
c and J/ are found to be similar. However, for D0 the crossing point is

at a higher pT. This may suggest that the soft production of D0 is dominant till

higher-pT compared to ⇤
+
c and J/ . We also estimate the pT spectra in high-

multiplicity pp collisions in di↵erent spherocity classes, which is shown in Fig.

3.24. Here, the crossing point of the jetty and isotropic events for all the studied

92



3.2 Event topology and multiplicity dependence of heavy-flavoured
hadrons production in pp collisions at

p
s = 13 TeV with PYTHIA8

 (GeV/c)
T

p
2 4 6 8 10 12 14

-1
d
y
(G

e
V

/c
)

T
N

/d
p

2
)d

e
v

(1
/N 6−

10

3−
10

1

10

0
D

Mini. Bias

Jetty Isotropic - int
0

S

 (GeV/c)
T

p
2 4 6 8 10 12 14

- 
in

t
0

R
a
ti
o
 t
o
 S

0

0.5

1

1.5

2

2.5

3

3.5

0
D

 (GeV/c)
T

p
2 4 6 8 10 12 14

-1
d
y
(G

e
V

/c
)

T
N

/d
p

2
)d

e
v

(1
/N 6−

10

3−
10

1

10

ψJ/

 (GeV/c)
T

p
2 4 6 8 10 12 14

- 
in

t
0

R
a
ti
o
 t
o
 S

0

0.5

1

1.5

2

2.5

3

3.5

ψJ/

 (GeV/c)
T

p
2 4 6 8 10 12 14

-1
d
y
(G

e
V

/c
)

T
N

/d
p

2
)d

e
v

(1
/N 6−

10

3−
10

1

10

c
+

Λ

 (GeV/c)
T

p
2 4 6 8 10 12 14

- 
in

t
0

R
a
ti
o
 t
o
 S

0

0.5

1

1.5

2

2.5

3

3.5

+
cΛ

Figure 3.23: (Color online) pT-spectra (left panel) of isotropic, jetty and

spherocity-integrated events, and their ratios (right panel) to the spherocity-

integrated ones for D0 (top), J/ (middle) and ⇤
+
c (bottom) for minimum bias

pp collisions at
p
s = 13 TeV using PYTHIA8 [41].

particles are found to be similar. The comparison between Fig. 3.23 and Fig. 3.24

indicates that the heavy-flavor particle production from jetty events dominates
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Figure 3.24: (Color online) pT-spectra (left panel) of isotropic, jetty and

spherocity-integrated events, and their ratios (right panel) to the spherocity-

integrated ones for D0 (top), J/ (middle) and ⇤
+
c (bottom) for high-multiplicity

pp collisions at
p
s = 13 TeV using PYTHIA8 [41].

at a lower pT in high-multiplicity pp collisions compared to the minimum bias

ones. At high multiplicity for low-pT region, the separation between the isotropic
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and jetty events are small compared to minimum bias events.

3.2.2.2 Relative integrated yield and relative mean transverse mo-
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Figure 3.25: (Color online) Left panel: Self-normalised yields with respect to

the corresponding event types, Middle panel: mean transverse momenta (hpTi)
scaled to its MB values, and Right panel: ratio of hpTi in di↵erent event types

to the spherocity-integrated ones as a function of multiplicity for D0 (top), J/ 

(middle) and ⇤
+
c (bottom). The error bars in the data points are the statistical

uncertainties [41].

The relative yields of D0, J/ and ⇤
+
c are measured at the midrapidity (|y| <
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0.9) using the following relation:

Yparticle

< Yparticle >
=

N i
particle

N total
particle

N total
evt

N i
evt

, (3.14)

where, N i
particle and N i

evt are the number of D0, J/ and ⇤
+
c , and number

of events in ith multiplicity bin, respectively. N total
particle and N total

evt are the total

number of D0, J/ and ⇤
+
c produced, and total number of minimum-bias events,

respectively. The uncertainties in the measurement of the number of D0, J/ and

⇤
+
c particles are

p
ND0 ,

p

NJ/ and
p

N
Λ
+
c
, respectively . These uncertainties

are propagated using standard error propagation formula to estimate the uncer-

tainties in relative D0, J/ and ⇤
+
c yields. The mean transverse momenta (hpTi)

of D0, J/ and ⇤
+
c are calculated for each multiplicity bin and corresponding

uncertainty is given by the ratio of standard deviation (�) and square root of the

number of entries in that bin (�/
p

NpT
bin).

Left(middle) panel of Fig. 3.25 shows the integrated yields (hpTi) of D0,

J/ and ⇤
+
c scaled to the corresponding integrated yields (hpTi) of spherocity-

integrated events in minimum bias collisions as a function of charged-particle

multiplicity. For all the particles, the relative yield and the relative mean trans-

verse momentum increase with charged-particle multiplicity. Enabling the CR

in PYTHIA8, produces e↵ects on the final particle distributions, which could

resemble those due to flow [42]. An increase in the hpTi with Nch is attributed

to the presence of CR between the interacting strings. The relative yields and

relative hpTi are found to be higher for jetty events compared to isotropic ones.

The right panel of Fig. 3.25 shows the ratio of relative mean transverse momen-

tum from isotropic and jetty events to the S0-integrated events. Interestingly, the

relative hpTi of the studied particles for isotropic events stay systematically below

the spherocity-integrated ones for low-multiplicity events and approaches towards

spherocity integrated ones with increase of multiplicity. For jet-like events the

hpTi is higher than that of spherocity-integrated events and the relative increase
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in hpTi saturates at high multiplicity. This behavior is similar to the observed

behavior of hpTi of light-flavor charged-particles in di↵erent spherocity classes by

ALICE at the LHC [43].

Figure 3.25 further reveals a clear distinction in the production mechanisms

between D0 and ⇤
+
c versus J/ . For example, relative yields of J/ for jetty,

isotropic and S0-integrated events are close to each other and are less than that

of D0 and ⇤
+
c . This means more number of open flavors are produced in high-

multiplicity events as compared to charmonia and is also reflected in the com-

plementary study of hpTi. The hpTi of J/ has the dominant e↵ect of jetty

events, whereas, hpTi of D0 and ⇤
+
c are dominated by isotropic ones. This can

be explained by the multi-quark dynamics by the fact that D0-mesons and ⇤
+
c

baryons are produced via string fragmentation. Here, the latter carry the flow-

like characteristics originating from CR mechanism [42]. But, J/ which is a

bound state of heavy charm and anti-charm quarks, has a very little contribution

from CR [44, 45]. Further, greater number of light-quarks are produced from

MPI compared to heavy-quarks, which makes more light quarks to come to the

close proximity of a c-quark, as compared to its own counter part (c̄) and hence

higher probability of production of open heavy-flavors than charmonia in a high-

multiplicity environment. However, enhancement of heavy-baryon over meson

still need to be understood which we have tried to explore in the next section.

3.2.2.3 Baryon-to-meson ratio

A significant enhancement of baryon-to-meson ratios for light hadrons has been

observed in central heavy-ion collisions compared to pp collisions in the interme-

diate pT region [46]. The enhancement can be explained by coalescence model

through hadronize-combination of constituent quarks [47–49]. Recently, ALICE

and LHCb have observed enhancement of charmed baryon-to-meson ratio which

indicates charm quarks may hadronize through coalescence as well. Although,
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minimum bias pp collisions do not show significant enhancement of baryon-to-

meson ratio in the intermediate pT region [50, 51], in this paper we have tried to

unfold the possibility of such e↵ects in high-multiplicity events in di↵erent event

shapes. Indication of such enhancement would be sensitive to thermalization ef-

fect in pp collisions [52]. The relative abundance of baryons and mesons can shed

light on the process of fragmentation - a non-perturbative process. Formation of

jets of partons into high transverse momentum hadrons is described by fragmen-

tation function which incorporate how partons from jet combine with quarks and

antiquarks from the vacuum to form hadrons. Because of MPIs, jet-partons in pp

collisions can combine with quarks and antiquarks produced from MPIs to form

hadrons via string fragmentation. Since the momenta of quarks and antiquarks

from secondary MPIs are smaller than those of partons from jets, these hadrons

have momenta lower than independent fragmentation of jet partons and that is

what we observe from Fig. 3.26. The pT-di↵erential ⇤
+
c /D

0 ratio for jetty events

is higher compared to isotropic events in minimum bias sample. One interesting

observation from Fig. 3.26 is that the behaviour of ⇤
+
c /D

0 pT-di↵erential ratio

for all event topologies follow heavy-ion-like trend i.e. enhancement of baryon-

to-meson ratio in the intermediate pT region followed by a decreasing behaviour.

Although, the minimum bias samples show a clear event topology dependence,

the top 20% high-multiplicity pp events are driven by the final state multiplicity

without a distinction of event types.

Contrary to heavy-flavors, when we study similar ratio in the light flavor

sector (⇤0/K�), we observe a completely opposite trend with spherocity classes

for pT > 4 GeV/c (Fig. 3.27): ratio is higher for isotropic samples as compared to

jetty ones. This is because of the fact that the former are driven predominantly

by hard collisions and can have maximum contributions from jettiness of the

events in comparison with the contributions from hadronization. However, for

light flavors, most of the contributions could be MPI dominant. Here, the ⇤

enhancement is linked to the increased density of quarks and gluons, particularly
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Figure 3.26: (Color online) pT-di↵erential particle ratio of ⇤
+
c to D0, for minimum

bias (left) and high-multiplicity (top 20%) (right) pp collisions in isotropic (blue

squares), jetty (red triangles) and spherocity integrated (open circles) events using

PYTHIA8 [41].
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Figure 3.27: (Color online) pT-di↵erential particle ratio of ⇤
0 to K�, for minimum

biased (left) and high-multiplicity (top 20%) (right) pp collisions in isotropic

(blue squares), jetty (red triangles) and spherocity integrated (open circles) events

using PYTHIA8 [41].

the strange quarks (s) from MPI and CR in the final state.

For the heavy flavor versus light flavor behaviour of the baryon over meson

ratio, heavier particles will have a larger boost which will be reflected in the
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baryon-to-meson ratios. Therefore, one can see the shift of peak of the ratio to

higher pT for heavy-flavors. For the top 20% high-multiplicity pp events, as seen

from Figs. 3.26 and 3.27, event topology has no e↵ect on heavy-flavor sector,

whereas in case of the light-flavors, we do observe a clear dependence of the

discussed ratio on di↵erent event types.

With the above findings, we finally summarize all the important results in the

next section.

3.3 Summary

Section 3.1: The first measurements of K⇤(892)± resonance production at midra-

pidity in pp collisions at
p
s =13 TeV at di↵erent S pT=1

0 quantiles and (0 –10)%

V0M multiplicity class have been reported in this thesis using ALICE at the LHC.

Furthermore, spherocity distribution obtained using AOD dataset by correct-

ing/modifying the resonance package is also reported here. The results include

the spherocity distribution obtained at di↵erent multiplicities, invariant mass

plots (before and after uncorrelated background subtraction), peak fits to extract

the signal, e�ciency ⇥acceptance, the corrected pT spectra with systematic un-

certainties, and particle ratios of K⇤(892)± with long-lived identified particles.

From the transverse momentum spectra results shown in Fig. 3.20, we observe

K⇤± are mainly produced in isotropic events in the measured pT interval, but

for pT > 3.5 GeV/c in-jet production increases. Also with the increase in S
pT=1
0

quantiles, spherocity dependence of K⇤± production seems to be more prominent.

To understand the dynamics of particles with di↵erent quark content, mass, etc.,

the particle ratio of K⇤± with long-lived stable hadrons is shown in Fig. 3.21,

an important observation from these results is that the isotropic/integrated ra-

tio is higher and stays flat, while the jetty/integrated rises with pT, implying

an increasing relative contribution of hard processes with increasing pT. These

results can shed light on exploring the QGP-like conditions in high-multiplicity
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pp collisions. However, a clear theoretical explanation of this fact needs to be

investigated.

Section 3.2: In the second section of this chapter, we focused on the pro-

duction of heavy-flavor hadrons like J/ , D0 and ⇤
+
c in pp collisions at

p
s = 13

TeV using 4C tuned PYTHIA8 event generator at midrapidity. In addition, for

the first time, we explored spherocity in the heavy-flavor sector as a di↵erentiator

of integrated events into jetty and isotropic to better understand the production

dynamics of the heavy-flavor hadrons. Important findings from this study are

summarized below:

• We see a clear dependence of the spherocity distribution with charged-

particle multiplicity even with Monte -Carlo generator like PYTHIA8. The

spherocity distribution is increasingly skewed with the increase in charged-

particle multiplicity.

• A clear spherocity dependence of heavy-flavor pT-spectra, integrated yield,

hpTi and particle ratios is observed in both minimum bias and high-multiplicity

pp collisions.

• The crossing point of the ratios of pT-spectra from jetty and isotropic events

to the spherocity-integrated ones shifts to lower pT with the increase in

charged-particle multiplicity. This indicates that spherocity di↵erentiates

events (jetty versus isotropic) more accurately in high-multiplicity pp colli-

sions keeping a small gap in the multiplicity of heavy-flavor hadrons.

• Relative yield and relative hpTi are found to be increasing with the in-

crease in charged-particle multiplicity and they are higher for jetty events

as compared to isotropic ones. These results suggest that spherocity acts

as a nice tool to di↵erentiate events dominated by soft versus hard particle

production processes.
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• The spherocity dependence of relative yields and relative hpTi for D0 and

⇤
+
c show a similar trend while for J/ the di↵erence from jetty to isotropic

events is found to be lesser. This novel observation hints to di↵erent pro-

duction dynamics of open charm compared to charmonia and the MPIs

with color reconnection mechanism plays a major role for such a behavior

in PYTHIA8.

• The ⇤
+
c /D

0 ratio in jetty events is found to be higher compared to the

isotropic events while an opposite trend for ⇤
0/K� ratio is observed for the

minimum bias sample. This is an interesting observation as spherocity de-

pendence of particle ratios show a completely di↵erent behaviour for heavy

flavor compared to light flavor sector. This clearly indicates to a MPI domi-

nant contribution for ⇤
0/K� while the ⇤

+
c /D

0 ratio is driven predominantly

by hard collisions and can have maximum contributions from jets.

A multi-di↵erential study taking event topology and multiplicity is necessary

in small systems at LHC energies when looking into the observation of heavy-

ion like features in high-multiplicity pp collisions. The LHC experiments have

planned for a dedicated high-multiplicity triggered events and the associated de-

tector upgrades that will provide a proper platform in this direction. Study of

heavy-flavor production will play an important role for the test of the pQCD, as

they are produced early in time and witness the complete spacetime evolution

of the system. However, the present limitations in terms of proper identification

of secondary vertices, e�ciency at low-pT and dealing with signal to background

ratio will be overcome to a greater extent with the detector upgrades. It is worth

mentioning here that ALICE ITS3 planned for installation in LHC Long Shut-

down3 (LS3), will have a novel vertex detector consisting of curved wafer-scale

ultra-thin silicon sensors arranged in perfectly cylindrical layers. This will feature

an unprecedented low material budget of 0.05% X0 per layer, with the innermost

layer positioned at only 18 mm radial distance from the interaction point [53, 54].
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This will help with higher e�ciency of detection of heavy-flavor particles, opening

up a new domain of pQCD studies. The present study will be more exciting to

carry out in experimental data in the upcoming LHC Run-3 and Run-4.

3.4 Appendix

3.4.1 Estimation of spherocity distribution using AOD

dataset

While using the AOD dataset for estimation of spherocity distribution, we observe

discrepancies in the spherocity distribution obtained using AOD and ESD dataset,

which is shown below in the fig. 3.28 (left). This discrepancy was due to not

taking care of refit TPC and ITS for the AOD dataset. Once this discrepancy

was worked out, we obtained a symmetric spherocity distribution with respect to

both the AOD and ESD dataset, which is depicted in the right side (lower panel)

plot of Fig. 3.28.

3.4.2 Data set and run-list

In particular, the Analysis Object Data (AOD) of LHC16 kl, LHC17 lmorijk,

and LHC18 bdefhimnopl metadataset were analysed for data. The following runs

were analysed:

• LHC16k : 258537, 258499, 258477, 258456, 258454, 258452, 258426, 258393,

258391, 258387, 258359, 258336, 258332, 258307, 258306, 258303, 258302,

258301, 258299, 258278, 258274, 258273, 258271, 258270, 258258, 258257,

258256, 258204, 258203, 258202, 258198, 258197, 258178, 258117, 258114,

258113, 258109, 258108, 258107, 258063, 258062, 258060, 258059, 258053,

258049, 258045, 258042, 258041, 258039, 258019, 258017, 258014, 258012,

258008, 258003, 257992, 257989, 257986, 257979, 257963, 257960, 257957,
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Figure 3.28: (Color Online) (Left) Comparison of spherocity distribution for (0-

100)% multiplicity classes in pp collisions at at
p
s = 13 TeV using AOD and ESD

dataset without refit correction. (Right) Comparison of spherocity distribution

for (0-100)% multiplicity classes in pp collisions at at
p
s = 13 TeV using AOD

and ESD dataset with refit TPC and ITS correction [12].

257939, 257937, 257936, 257892, 257855, 257853, 257851, 257850, 257804,

257803, 257800, 257799, 257798, 257797, 257773, 257765, 257757, 257754,

257737, 257735, 257734, 257733, 257727, 257725, 257724, 257697, 257694,

257692, 257691, 257689, 257688, 257687, 257685, 257684, 257682, 257644,

257642, 257636, 257635, 257632, 257630, 257606, 257605, 257604, 257601,

257595, 257594, 257592, 257590, 257588, 257587, 257566, 257562, 257561,

257560, 257541, 257540, 257539, 257537, 257531, 257530, 257492, 257491,

257490, 257488, 257487, 257474, 257468, 257457, 257433, 257364, 257358,

257330, 257322, 257320, 257318, 257260, 257224, 257209, 257206, 257204,

257144, 257141, 257139, 257138, 257137, 257136, 257100, 257095, 257092,

257086, 257084, 257082, 257080, 257077, 257028, 257026, 257021, 257012,

104



3.4 Appendix

257011, 256944, 256942, 256941

• LHC16l : 259888, 259868, 259867, 259866, 259860, 259842, 259841, 259822,

259789, 259788, 259781, 259756, 259752, 259751, 259750, 259748, 259747,

259477, 259473, 259396, 259395, 259394, 259389, 259388, 259382, 259378,

259342, 259341, 259340, 259339, 259336, 259334, 259307, 259305, 259303,

259302, 259274, 259273, 259272, 259271, 259270, 259269, 259264, 259263,

259261, 259257, 259204, 259164, 259162, 259118, 259117, 259099, 259096,

259091, 259090, 259088, 258964, 258962

• LHC17l : 278216, 278215, 278191, 278189, 278167, 278166, 278165,

278164, 278158, 278127, 278126, 278123, 278122, 278121, 277996, 277991,

277989, 277987, 277952, 277930, 277907, 277904, 277903, 277900, 277899,

277898, 277897, 277876, 277870, 277848, 277847, 277845, 277842, 277841,

277836, 277834, 277805, 277802, 277801, 277800, 277799, 277795, 277794,

277749, 277747, 277746, 277745, 277725, 277723, 277722, 277721, 277577,

277576, 277575, 277574, 277537, 277536, 277534, 277531, 277530, 277479,

277478, 277477, 277476, 277473, 277472, 277418, 277417, 277416, 277389,

277386, 277385, 277384, 277383, 277360, 277314, 277312, 277310, 277293,

277262, 277257, 277256, 277197, 277196, 277194, 277193, 277189, 277188,

277184, 277183, 277182, 277181, 277180, 277155, 277121, 277117, 277091,

277087, 277082, 277079, 277076, 277073, 277037, 277017, 277016, 277015,

276972, 276971, 276970, 276969, 276967, 276920, 276917, 276916, 276762,

276675, 276674, 276672, 276671, 276670, 276644, 276608, 276557, 276556,

276553, 276552, 276551

• LHC17m:280140, 280135, 280134, 280131, 280126, 280118, 280114, 280111,

280108, 280107, 280066, 280052, 280051, 279879, 279855, 279854, 279853,

279830, 279827, 279826, 279773, 279749, 279747, 279719, 279718, 279715,

279689, 279688, 279687, 279684, 279683, 279682, 279679, 279677, 279676,
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279642, 279641, 279632, 279630, 279559, 279550, 279491, 279488, 279487,

279483, 279441, 279439, 279435, 279410, 279391, 279355, 279354, 279349,

279348, 279344, 279342, 279312, 279310, 279309, 279274, 279273, 279270,

279268, 279267, 279265, 279264, 279242, 279238, 279235, 279234, 279232,

279208, 279207, 279201, 279199, 279157, 279155, 279130, 279123, 279122,

279118, 279117, 279107, 279106, 279075, 279074, 279073, 279069, 279068,

279044, 279043, 279041, 279036, 279035, 279008, 279007, 279005, 279000,

278999, 278964, 278963, 278960, 278959, 278941, 278939, 278936, 278915,

278914

• LHC17o: 281961, 281956, 281953, 281940, 281939, 281932, 281931, 281928,

281920, 281918, 281916, 281915, 281895, 281894, 281893, 281892, 281633,

281592, 281583, 281574, 281569, 281568, 281563, 281562, 281557, 281511,

281509, 281477, 281475, 281450, 281449, 281446, 281444, 281443, 281441,

281415, 281321, 281301, 281277, 281275, 281273, 281271, 281244, 281243,

281242, 281241, 281240, 281213, 281212, 281191, 281190, 281189, 281181,

281180, 281179, 281081, 281080, 281062, 281061, 281060, 281036, 281035,

281033, 281032, 280999, 280998, 280997, 280996, 280994, 280990, 280947,

280943, 280940, 280936, 280897, 280880, 280856, 280854, 280849, 280848,

280847, 280844, 280842, 280793, 280792, 280787, 280786, 280768, 280767,

280766, 280765, 280764, 280763, 280762, 280761, 280757, 280756, 280755,

280754, 280753, 280729, 280706, 280705, 280681, 280679, 280671, 280647,

280645, 280639, 280637, 280636, 280634, 280613, 280583, 280581, 280574,

280551, 280550, 280547, 280546, 280519, 280518, 280499, 280490, 280448,

280447, 280446, 280445, 280443, 280419, 280415, 280412, 280406, 280405,

280403, 280375, 280374, 280351, 280350, 280349, 280348, 280312, 280310,

280290, 280286, 280285, 280284, 280282

• LHC17r: 282704, 282703, 282702, 282700, 282677, 282676, 282673, 282671,

282670, 282667, 282666, 282651, 282629, 282622, 282620, 282618, 282609,
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282608, 282607, 282606, 282580, 282579, 282575, 282573, 282546, 282545,

282544, 282528

• LHC17i: 274442, 274390, 274389, 274388, 274387, 274386, 274385, 274364,

274363, 274360, 274352, 274329, 274283, 274281, 274280, 274278, 274276,

274271, 274270, 274269, 274268, 274266, 274264, 274263, 274259, 274258,

274232, 274212, 274174, 274148, 274147, 274125, 274094, 274092, 274058,

273986, 273985, 273946, 273943, 273942, 273918, 273889, 273887, 273886,

273885, 273825, 273824, 273654, 273653, 273593, 273592, 273591

• LHC17j: 274671, 274669, 274667, 274657, 274653, 274601, 274596, 274595,

274594, 274593

• LHC17k: 276508, 276507, 276506, 276462, 276439, 276438, 276437, 276435,

276351, 276348, 276302, 276297, 276294, 276292, 276290, 276259, 276257,

276230, 276205, 276178, 276177, 276170, 276169, 276166, 276145, 276140,

276135, 276104, 276102, 276099, 276098, 276097, 275847, 275664, 275661,

275650, 275648, 275647, 275624, 275623, 275622, 275621, 275617, 275612,

275559, 275558, 275515, 275472, 275471, 275467, 275459, 275457, 275456,

275453, 275452, 275448, 275443, 275406, 275404, 275401, 275372, 275369,

275361, 275360, 275333, 275332, 275328, 275326, 275324, 275322, 275314,

275283, 275247, 275246, 275245, 275239, 275188, 275184, 275180, 275177,

275174, 275173, 275151, 275150, 275149, 275076, 275075, 275073, 275068,

275067, 274979, 274978, 274886, 274882, 274878, 274877, 274822, 274821,

274815, 274806, 274803, 274802, 274801, 274708, 274690

• LHC18b: 285396, 285365, 285364, 285347, 285328, 285327, 285224, 285222,

285203, 285202, 285200, 285165, 285127, 285125, 285108, 285106, 285066,

285065, 285064, 285015, 285014, 285013, 285012, 285011, 285009

• LHC18d: 286350, 286349, 286348, 286345, 286341, 286340, 286337, 286336,

286314, 286313, 286312, 286311, 286310, 286309, 286308, 286289, 286288,
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286287, 286284, 286282, 286263, 286261, 286258, 286257, 286254, 286231,

286230, 286229, 286203, 286202, 286201, 286199, 286198, 286159, 286130,

286129, 286127, 286124, 286064, 286025, 286014, 285980, 285979, 285978

• LHC18e: 286937, 286936, 286933, 286932, 286931, 286930, 286911, 286910,

286907, 286877, 286876, 286874, 286852, 286850, 286846, 286809, 286805,

286801, 286799, 286731, 286695, 286661, 286653, 286633, 286592, 286591,

286569, 286568, 286567, 286566, 286511, 286509, 286508, 286502, 286482,

286455, 286454, 286428, 286427, 286426, 286380

• LHC18f : 287658, 287657, 287656, 287654, 287578, 287575, 287524, 287521,

287518, 287517, 287516, 287513, 287486, 287484, 287481, 287480, 287451,

287413, 287389, 287388, 287387, 287385, 287381, 287380, 287360, 287356,

287355, 287353, 287349, 287347, 287346, 287344, 287343, 287325, 287324,

287323, 287283, 287254, 287251, 287250, 287249, 287248, 287209, 287208,

287204, 287203, 287202, 287201, 287185, 287155, 287137, 287077, 287072,

287071, 287066, 287064, 287063, 287021, 287000

• LHC18h: 288804, 288806

• LHC18i: 288861, 288862, 288863, 288864, 288868, 288902, 288903, 288908,

288909

• LHC18m: 292839, 292836, 292834, 292832, 292831, 292811, 292810, 292809,

292804, 292803, 292752, 292750, 292748, 292747, 292744, 292739, 292737,

292704, 292701, 292698, 292696, 292695, 292693, 292586, 292584, 292563,

292560, 292559, 292557, 292554, 292553, 292526, 292524, 292523, 292521,

292500, 292497, 292496, 292495, 292461, 292460, 292457, 292456, 292434,

292432, 292430, 292429, 292428, 292406, 292405, 292398, 292397, 292298,

292273, 292265, 292242, 292241, 292240, 292218, 292192, 292168, 292167,

292166, 292164, 292163, 292162, 292161, 292160, 292140, 292115, 292114,
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292109, 292108, 292107, 292106, 292081, 292080, 292077, 292075, 292067,

292062, 292061, 292060, 292040, 292012, 291982, 291977, 291976, 291953,

291948, 291946, 291945, 291944, 291943, 291942, 291803, 291796, 291795,

291769, 291768, 291766, 291762, 291760, 291756, 291755, 291729, 291706,

291698, 291697, 291690, 291665, 291661, 291657, 291626, 291624, 291622,

291618, 291615, 291614, 291590, 291485, 291484, 291482, 291481, 291457,

291456, 291453, 291451, 291447, 291424, 291420, 291417, 291416, 291402,

291400, 291399, 291397, 291377, 291375, 291363, 291362, 291361, 291360,

291286, 291285, 291284, 291282, 291266, 291265, 291263, 291262, 291257,

291240, 291209, 291188, 291143, 291116, 291111, 291110, 291101, 291100,

291093, 291069, 291066, 291065, 291041, 291037, 291035, 291006, 291005,

291004, 291003, 291002, 290980, 290979, 290976, 290975, 290974, 290948,

290944, 290943, 290941, 290935, 290932, 290895, 290894, 290888, 290887,

290886, 290862, 290860, 290853, 290848, 290846, 290843, 290841, 290790,

290787, 290766, 290689, 290687, 290665, 290660, 290645, 290632, 290627,

290615, 290614, 290613, 290612, 290590, 290588, 290553, 290550, 290549,

290544, 290540, 290539, 290538, 290501, 290500, 290499, 290469, 290467,

290459, 290458, 290456, 290427, 290426, 290425, 290423, 290412, 290411,

290404, 290401, 290399, 290376, 290375, 290374, 290350, 290327, 290323

• LHC18n: 293357, 293359

• LHC18o: 293898, 293896, 293893, 293891, 293886, 293856, 293831, 293830,

293829, 293809, 293807, 293806, 293805, 293802, 293776, 293774, 293773,

293770, 293741, 293740, 293698, 293696, 293695, 293692, 293691, 293588,

293587, 293583, 293582, 293579, 293578, 293573, 293571, 293570, 293475

• LHC18p: 294925, 294916, 294884, 294883, 294880, 294875, 294852, 294818,

294817, 294816, 294815, 294813, 294809, 294805, 294775, 294774, 294772,

294769, 294749, 294747, 294746, 294745, 294744, 294742, 294741, 294722,
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294718, 294715, 294710, 294703, 294653, 294636, 294633, 294632, 294593,

294591, 294590, 294587, 294586, 294563, 294562, 294558, 294556, 294553,

294531, 294530, 294529, 294527, 294526, 294525, 294524, 294310, 294308,

294307, 294242, 294241, 294212, 294210, 294208, 294205, 294201, 294200,

294199, 294156, 294155, 294154, 294152, 294131, 294013, 294012, 294011,

294010, 294009

• LHC18l: 289971, 289966, 289965, 289943, 289941, 289940, 289935, 289931,

289928, 289884, 289880, 289879, 289857, 289856, 289855, 289854, 289852,

289849, 289830, 289818, 289817, 289816, 289815, 289814, 289811, 289808,

289775, 289757, 289732, 289731, 289729, 289724, 289723, 289721, 289547,

289521, 289494, 289493, 289468, 289466, 289465, 289463, 289462, 289444,

289426, 289374, 289373, 289370, 289369, 289368, 289367, 289366, 289365,

289356, 289355, 289354, 289353, 289309, 289308, 289306, 289303, 289300,

289281, 289280, 289278, 289277, 289276, 289275, 289254, 289253, 289249,

289247, 289243, 289242, 289241, 289240

For Monte Carlo, the AOD of the entire run-list of LHC GeneralPurpose,

LHC17f (5, 6, 9, 5 extra, 6 extra, 9 extra), LHC17d (17, 3, 16, 18, 17 extra,

3 extra, 16 extra, 18 extra), LHC17e (5, 5 extra), LHC17h (1, 11), LHC17l5,

LHC17k4 , LHC18k (1, 2, 3,), LHC18j (1, 4), LHC18h (4, 2), LHC18f1 , LHC18g

(4, 5, 6), LHC18c (12, 13), LHC18d( 3, 3 extra,8), LHC18a (1,8,9) has been used.

3.4.3 Consistency of different data samples used in the

analysis

To check the consistency of di↵erent datasets (LHC16, LHC17 and LHC18) used

in the present analysis, we have compared the raw/corrected spectra obtained

from these datasets as shown in Fig. 3.29 and 3.30 and are found to be consistent

within uncertainties.
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Figure 3.29: (Color Online) Comparison of raw pT-spectra obtained from di↵erent

datasets used in the present analysis for isotropic (left panel), S0-integrated

(middle panel) and jetty (right panel) events.

Figure 3.30: (Color Online) Comparison of corrected pT-spectra obtained from

di↵erent datasets used in the present analysis for isotropic (left panel), S0-

integrated (middle panel) and jetty (right panel) events.
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3.4.4 Comparison of corrected pT spectra obtained from

different variations to default
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Figure 3.31: (Color Online) Left panel: Corrected K⇤(892)± and ratios to default

due to DCAz cut variations, Middle panel: Corrected K⇤(892)± and ratios to

default due to TPC �2 cut variations, and Right panel: Corrected K⇤(892)±

and ratios to default due to Ncr,TPC cut variations.
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Figure 3.32: (Color Online) Left panel: Corrected K⇤(892)± and ratios to de-

fault due to Findable cluster cut variations, Middle panel: Corrected K⇤(892)±

and ratios to default due to DCA tracks to PV variations, and Right panel:

Corrected K⇤(892)± and ratios to default due to PID secondary ⇡ variations [12].
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Figure 3.33: (Color Online) Left panel: Corrected K⇤(892)± and ratios to default

due to V0 decay radius variations, Middle panel: Corrected K⇤(892)± and ratios

to default due to Cosine PA variations, and Right panel: Corrected K⇤(892)±

and ratios to default due to DCA V0 daughters variations [12].
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Figure 3.34: (Color Online) Left panel: Corrected K⇤(892)± and ratios to de-

fault due to lifetime variations, Middle panel: Corrected K⇤(892)± and ratios

to default due to K0
S mass tolerance variations, and Right panel: Corrected

K⇤(892)± and ratios to default due to K0
S rapidity variations [12].
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Figure 3.35: (Color Online) Left panel: Corrected K⇤(892)± and ratios to de-

fault due to Normalization range variations, Middle panel: Corrected K⇤(892)±

and ratios to default due to Fit range variations, and Right panel: Corrected

K⇤(892)± and ratios to default due to residual background fitting function vari-

ations [12].

3.4.5 Consistency of PYTHIA8 with the experimental data

To check the compatibility of PYTHIA8 with the experimental data, we have

compared the production cross-sections of J/ and D0 between experimental

data from ALICE and PYTHIA8 in the same kinematic range. Left (Right)

panel of Fig. 3.36 shows the comparison of J/ (D0) production cross-section in

pp collisions as a function of pT, respectively for minimum bias events. The open

symbols represent the data obtained from ALICE experiment [35]([36]) and the

solid circles show the results from PYTHIA8 event generator in pp collisions at
p
s = 13 TeV. In order to see how well the spectral shapes obtained from the

PYTHIA8 simulation match the experimental data, we have used some arbitrary

multipliers. Within uncertainties, PYTHIA8 seems to reproduce similar spectral

shapes as from experimental data for both J/ and D0.
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Figure 3.36: (Color online) Top panel shows the comparison of ALICE data [35,

36] and PYTHIA8 of J/ (left) and D0 (right) production cross-section as a

function of transverse momentum (pT) for pp collisions at
p
s = 13 TeV. The

open blue circles are ALICE data and solid red circles represent PYTHIA8 results.

The quadratic sum of statistical and systematic uncertainties of ALICE data are

presented in a single error bar. Bottom panels show the ratio between ALICE data

and PYTHIA8, and the error bars are estimated using standard error propagation

formula [41].

115



Chapter: 3

Bibliography

[1] C. Patrignani et al. [Particle Data Group], Chin. Phys. C 40, 100001 (2016).

[2] K. Aamodt et al. (ALICE Collaboration), Phys. Lett. B 696, 328 (2011).

[3] J. Adam et al. (ALICE Collaboration), Nature Phys. 13, 535 (2017).

[4] V. Khachatryan et al. (CMS Collaboration)], Phys. Lett. B 765, 193 (2017).

[5] Pythia8 online manual:(https://pythia.org/manuals/pythia8215/Welcome.html).

Accessed 20 Oct 2020

[6] M. Alston, L. W. Alvarez, P. Eberhard, M. L. Good, W. Graziano, H. K. Ticho

and S. G. Wojcicki, Phys. Rev. Lett. 6, 300 (1961).

[7] URL: https://www.nobelprize.org/prizes/physics/1968/summary/

[8] A. Ortiz, Adv. Ser. Direct. High Energy Phys. 29, 343 (2018).
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Chapter 4

Exploring the possibility of thermalized medium

formation in a small system

“The study of physics is also an adventure. You will find it challenging, sometimes

frustrating, occasionally painful, and often richly rewarding.”

- Hugh D. Young

One of the main goals of relativistic heavy-ion collision experiments (RHICE)

is to create and characterize Quark Gluon Plasma (QGP) in the laboratory [1].

QGP is a deconfined state of quarks and gluons, which can be realized at the

extreme conditions of high density and temperature. In QGP phase, the relevant

degrees of freedom are quarks and gluons rather than mesons and baryons, which

are confined color neutral states [2]. It is expected that such extreme conditions

of high density and temperature can be created by colliding nuclei at relativis-

tic energies. To this, experiments like Relativistic heavy-ion Collider (RHIC) at

Brookhaven National Laboratory (BNL), USA and Large Hadron Collider (LHC)

at CERN, Geneva, Switzerland have got prime importance. The enhancement

of the number of strange particles and suppression in the number of J/ in col-

lisions of heavy-ions with respect to that of pp (approximately scales by binary

collisions), along with many others are taken as signatures of QGP formation in

relativistic heavy-ion collisions [3–11]. Apart from taking values of such a ratio as
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confirmation for the creation of QGP in heavy-ion collisions, they are also used in

characterizing QGP as well as in verifying and constraining di↵erent theoretical

models. For such interpretations, it is assumed that, in pp collisions, no partonic

medium is formed. However, in a ba✏ing development, the experiments at the

LHC show that such assumptions may not be correct for high multiplicity pp

collisions [12–14]. These experiments at the LHC discovered QGP-like properties

such as strangeness enhancement [12], double-ridge structure [15] etc., in smaller

collision systems like pp and p-Pb collisions. These developments have important

consequences on the results obtained from heavy-ion collisions as pp collisions so

far have been used as a benchmark or base line for interpreting various results of

heavy-ion collisions (AA) at relativistic energies to understand a possible medium

formation.

In high energy heavy-ion collisions, the interpretation of results relies on the

use of a model based on initial matter distribution resulting from the overlap of

the two colliding nuclei at a given impact parameter (b). Indeed, for estimating

quantities such as the following: (i) the centrality dependence of any observable

expressed by the number of participating nucleons in the collision, Npart(b); (ii)

the number of binary nucleon-nucleon collisions, Ncoll(b) used to derive the nu-

clear modification factor (RAA) from the ratio of AA over pp spectra; (iii) the

elliptic and triangular flow parameters (v2) and (v3) normalized by the eccentric-

ity (✏2(b)) and triangulation (✏3(b)) of the overlap region; (iv) the average surface

area, A(b); and (v) path length, L(b) of the interaction region, knowing the nu-

clear overlap function (TAA(b)) is important. And, this overlap function depends

on a realistic model of the collision geometry [16]. Similar to heavy-ion collisions,

it is imperative to understand the initial conditions of the medium formed in pp

collisions for high multiplicity events. Apart from this, knowing the proper initial

conditions can also give a possible way to define centrality classes and the base

needed for properly defining suppression factors or ratios for comparing results
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of event of di↵erent multiplicity classes produced in pp collisions [17]. Appro-

priate initial conditions can be chosen by considering that it should reproduce

certain aspects of results such as multiplicity distribution or centrality distribu-

tion of various observables related to the collision events. For constructing the

proper initial conditions for pp collisions, at the first attempt, one follows a way

similar to that of heavy-ion collisions. Initial conditions for heavy-ion collisions

are modeled in two kinds of distinct approaches: (i) one considers nucleonic or

partonic collisions for energy deposition in the collision zone, and those are based

on Glauber model [18–21], and (ii) QCD based calculations are employed to esti-

mate initial energy deposition by gluonic fields originated from partonic currents

of colliding nuclei [22]. So, these will also be obvious approaches for modeling

initial conditions in pp collisions. As models based on Glauber modeling are

very successful in reproducing various results of relativistic heavy-ion collisions,

one can consider models for initial conditions of pp collisions which are based

on similar kind of assumptions as used for Glauber approach used in heavy-ion

collisions. The Initial transverse shape of the nuclei as described by the Glauber

model for heavy-ion collisions depends on Wood-Saxon distribution, which is a

two-parameter (half-density radius (R) and di↵usivity (a)) Fermi-like distribu-

tions (2 pF) extracted from fits to elastic lepton-nucleus data [23, 24], which

describes the multinucleon interactions occurring in the overlap region between

the colliding nuclei via a Glauber eikonal approach [25]. Whereas, in the Monte

Carlo Glauber (MCG) models [26–31], event-by-event sampling of individual nu-

cleons is done from a Wood-Saxon distribution and the average over multiple

events is used to calculate properties related to collisions. Presently, an available

partonic Glauber model for pp collisions does not consider the full anisotropic

density profile of protons, though radial homogeneity is assumed. In the first sec-

tion 4.1 of this chapter, we present the results of Glauber-like model calculations

for Ncoll(b), Npart(b) due to the quark and gluon based proton density profile,

which is a realistic picture obtained by results of deep inelastic scattering that
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reveals the structure of proton [18], and we used it to obtain charged-particle

multiplicity distribution in pp collisions at
p
s = 7 TeV. Calculated multiplicity

distribution is contrasted with ALICE data, a relation of an impact parameter

with multiplicity is calculated, and the multiplicity distribution of eccentricity

and flow harmonics is estimated for pp collisions. In order to understand the pos-

sibility of medium formation in high-multiplicity pp collisions, we have estimated

nuclear modification-like factor, RHL, considering low multiplicity yields as the

base.

The characterization of QGP (i.e, determination of its equation of state, trans-

port properties, etc.) can be done by analyzing experimental data with the help

of theoretical models. But the applicability of these theoretical models relies on

certain assumptions. For example, relativistic dissipative hydrodynamics [32] can

be used to analyze experimental data on anisotropic flow for the estimation of

the viscous coe�cients of QGP. Currently, it is not possible to prove from the

first principle that the system produced in RHICE has achieved thermal equilib-

rium. Therefore, study on the validity of the assumption of local thermalization

(and hence applicability of hydrodynamics) with the help of experimental data

is crucial. The assumption for the formation of partonic medium in RHICE is

substantiated by experimental observations such as non-zero collective flow [33],

suppression of high transverse momentum (pT ) hadrons [34], etc. These obser-

vations have been attributed to the formation of locally thermalized partonic

medium which hydrodynamically evolves in space and time. Several parameters

which are used to characterize the QGP formed in RHICE have been extracted

by analyzing experimental data, where data from pp collision has been used as a

benchmark. However, as mentioned above, recent results of LHC in regards to pp

collisions shows that the role of pp collisions as a benchmark could be obscured

(although it is shown that non-medium e↵ects can explain the features observed

in experiments [35, 36]). In this regard, it is important to understand the role

124



of the number of constituents for the formation of the QCD medium, and pp

collisions can serve as a platform to address such issues. The multiplicity serves

as a proxy to the number of constituents in a system formed in pp collisions. It

may be recalled that the issue of thermalization in small systems was studied in

1953 by Landau [37–40] and in 1982, van Hove investigated thermalization and

quark-hadron phase transition in proton-antiproton collisions using variation of

average transverse momentum (hpT i) with multiplicity [41]. Recently, QCD ther-

modynamics in pp collisions has been studied in [42]. In the second section 4.2

of this chapter, we discuss, how some of the markers of thermalization e.g. the

thermodynamic quantities like, heat capacity (CV ), conformal symmetry break-

ing measure (CSBM) and speed of sound (cs) for small system vary with the

quantities like multiplicity, size and collision energy. Because the chances for the

system to achieve thermalization will increase with the increase of these quanti-

ties. Therefore, any change in the variation of CV , CSBM and cs with multiplicity

(say) which is di↵erent from the change obtained from Monte-Carlo generators,

which is devoid of thermalization (like PYTHIA8) will signal on the possibility

of thermalization.

Particle production dynamics in high-energy physics has got two domains,

namely the hard perturbutive-QCD (pQCD) sector and the soft physics domain,

which are not necessarily having a sharp boundary. The hard pQCD sector

corresponds to high momentum transfer processes, whereas the soft domain is

governed by low momentum. The soft sector event topology is isotropic in na-

ture, while the hard or the jet and mini-jet dominated sector is pencil-like. With

high-multiplicity events at the LHC in pp collisions and the observation of heavy-

ion-like features, it has become a necessity to look into event shape and multi-

plicity dependence of various observables and system thermodynamics. In order

to do that, transverse spherocity (S0) is one of the event-shape observables which

has given a new direction for underlying events in pp collisions to have further
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di↵erential study along with charged-particle multiplicity as an event classifier.

Recent studies on transverse spherocity at the LHC suggest that, using event

shape one can separate the jetty and isotropic events from the average shaped

events [43–45]. Recently, the chemical and kinetic freeze-out scenario and system

thermodynamics are studied using event shape and multiplicity in pp collisions

at
p
s = 13 TeV using PYTHIA8 event generator [46–48]. Further, to describe

the particle production mechanism and the QCD thermodynamics, the statisti-

cal models are more useful due to high multiplicities produced in high-energy

collisions. Lately, it has been seen that the experimental particle spectra in

high-energy hadronic collisions are successfully explained by Tsallis non-extensive

statistics [49, 51–57, 101]. Earlier, Tsallis non-extensive statistics has been used

as initial distribution in Boltzmann Transport Equation to calculate the elliptic

flow and nuclear modification factor in heavy-ion collisions [58–60]. In the third

section 4.3 of this chapter, in view of the production dynamics dependence of

event topology, we choose to use a thermodynamically consistent form of Tsal-

lis non-extensive statistical distribution function [61], which nicely describes the

pT-spectra in LHC pp collisions to calculate the specific heat, CSBM and speed

of sound for small collision systems like pp as a function of event shape and

multiplicity using PYTHIA8 event generator [62].

We try to be as informative as possible. However, for the detailed analysis,

the reader is suggested to follow the Refs. [63–65]. A concise summary is given

in the fourth section 4.4 of this chapter.
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4.1 Glauber model for small system using anisotropic and
inhomogeneous density profile of a proton

4.1 Glauber model for small system using anisotropic

and inhomogeneous density profile of a pro-

ton

In literatures, the density profiles like hard sphere and Fermi-like distribution

(2 pF) functions are used traditionally to formulate Glauber model for heavy-

ions and even for protons [31]. All these profiles can also be extended to the

proton model by considering the radially symmetric parton density. In fact, in

the case of a proton, several density profiles have been considered to estimate the

initial conditions, most of them assume an azimuthally symmetric density profile,

and those are mainly di↵erent in the phenomenological parameterization of radial

variations [66]. But the standard model postulates that a proton consists of three

e↵ective quarks (constituent) and gluons within it. Thus distribution of such a

configuration is less likely to be radially symmetric, because we expect individual

peaks in a wave function in the quarks position inside a proton indicating its

presence. The necessary condition is, however, that the wave function of each

e↵ective quarks and gluons should decay rapidly around the boundary of a proton

(within the root mean square (RMS) area). In this regard, we find only one

previous work [18] to consider the azimuthally asymmetric and inhomogeneous

density distribution of a proton [67, 68], which is motivated by the shape of

the structure function obtained in deep inelastic scattering, pointing out that

multiplicity distribution produced by di↵erent models can be used to discriminate

them, which can better reproduce experimental results. The di↵erence between

our work1 described in this section and that reported in Ref. [18] are as follows:

(i) We have considered di↵erent possible configurations of a Gaussian-fluctuating

model thereby ensuring each collision as unique by assuming the initial position

1S . Deb, G. Sarwar, D. Thakur, P. Subramani, R. Sahoo and J. e. Alam, Phys. Rev. D

101, 014004 (2020).
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vectors of the three quarks to be vertices of an equilateral triangle in an xy

plane, and then in order to account for all possible configurations, position vectors

of the quarks are parametrized by varying azimuthal and polar angles. This

parametrization is done by considering tilts of the quarks’ initial configuration

by some angle along the x-axis followed by the rotation of some other angles. A

similar approach is applied along y-axis as well. In this process of parametrization,

angles are chosen in such a way that there is no repetition of the particular

configuration. (ii) For the estimation of charged-particle multiplicity (Nch), in

Ref. [18], it is assumed that Nch for each event is in a linear scaling with a number

of binary collisions (Ncoll). But, in the present work, we have considered the

contribution of a number of participants (Npart) along withNcoll for the estimation

of charged-particle multiplicity as Npart dominates the low-pT region and the Ncoll

contribution is higher in the high-pT domain. A combination of both, which is

our approach, appears to be more reasonable. We have calculated elliptic flow

using linear response to eccentricity.

4.1.1 Formalism

In this study, we have used a model with fluctuating proton orientation, and it

has three e↵ective quarks and gluonic flux tubes connecting them as shown in

Fig. 4.1. The densities of quarks (⇢q) and gluons (⇢g) are taken as the Gaus-

sian type assuming a spherically symmetric distribution of quark densities from

their respective centers and cylindrically symmetric gluon densities about the line

joining two adjacent quarks as

⇢q(r; rq) =
1

(2⇡)3/2r3q
e
� r2

2r2q (4.1)

⇢g(r; rs, rl) =
1

(2⇡)3/2r2srl
e
�x2+y2

2r2s
� z2

2r2
l (4.2)
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Figure 4.1: (Color online) Depiction of e↵ective quarks and gluonic flux tubes

connecting them within a proton [18].

where rq is the radius of quark, rs and rl are, respectively, the radius and the

length of the gluon tube.

The density function under study here was taken to be [18]

⇢G�f (r; r1, r2, r3) = Ng
1� 

3

3
X

k=1

⇢q(r� rk; rq) +Ng


3

3
X

k=1

⇢g[R
�1[✓k,�k]

(r� rk
2
; rq,

rk
2
]

(4.3)

where,R[✓,�] transforms vector (0,0,1) into (cos� sin ✓, sin� cos ✓, cos ✓) and rk =

rk(cos�k sin ✓k, sin�k cos ✓k, cos ✓k) (where, k = 1,2 and 3) is the position vector

of kth e↵ective quark. Ng is a collision energy dependent normalization factor for

the density function of proton and accounts for the number of partons inside a

proton. One can obtain this number by confronting the estimations to experi-

mental observables. The free parameter  allows one to control the percentage

of gluon body content, and here it is taken to be 0.5 as a first approximation
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[18]. This is the fraction of gluons (total number of gluons being Ng) out of all

partons inside a proton at a given collision energy.

4.1.1.1 Calculation of Thickness function and Overlap function

The collision plane is taken to be in x – y; hence the dependence along z axis is

integrated out as follows:

T (x, y) =

Z

⇢(x, y, z)dz (4.4)

The calculated thickness function for the ⇢G�f is

T (x, y) =
3

X

k=1

Ng

3

1� 

2⇡r2q
e�lk +

Ng

3
(

1

(2⇡)3/2r2srl

r

⇡

2
(
sin2✓k

2r2s
+

cos2✓k
2r2l

)�1/2)e�ak(x�
xk
2
)2

e�bk(y�
yk
2
)2e�ck(x�

xk
2
)(y�

yk
2
)

(4.5)

where, rs = rq and rl =
rk
2
; for the present studies, we have taken rq = rs =

0.25 fm following Ref. [18],

lk =
(x� xk)

2 + (y � yk)
2

2r2q
(4.6)

and

ak = �cos2�kPk + [
1

2r2s
(sin2�k + cos2�kcos

2✓k) +
1

2r2l
(cos2�ksin

2✓k)], (4.7)

bk = �sin2�kPk + [
1

2r2s
(cos2�k + sin2�kcos

2✓k) +
1

2r2l
(sin2�k + sin2✓k)], (4.8)

ck = �sin2�kPk[1� 2[
tan2✓k

r2s
+

1

r2l
]] (4.9)

and

Pk =
r2l � r2s

4(
r2
l

cos2✓k
+ r2s

sin2✓k
)

(4.10)
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The overlap function Tpp(b) for projectile proton (A) and target proton (B) is

defined as

Tpp(b) =

Z Z

TA(x� b

2
, y)TB(x+

b

2
, y)dxdy (4.11)

Here Tpp is sum of 4-components, namely quark-quark, quark-gluon, gluon-quark,

gluon-gluon. Primed (unprimed) indices indicate variables corresponding to B

(A). In the following, we provide an overlap function for all the possible combi-

nations of partons.

1. The quark-quark term

The overlap function for the interaction of two quarks:

(Tpp)qq(b) =
N2

g (1� )2

36⇡r2q

3
X

k,k0=1

exp[�(b� xk � x0
k0)

2 � (yk � y0k0)
2

4r2q
)] (4.12)

2. The gluon-gluon term

The overlap function for the interaction of two gluon tubes:

(Tpp)gg(b) =
3

X

k,k0=1

Ck,k0

r

⇡

�k,k0
e
�

γ2
k,k0

4λ
k,k0 (4.13)

where,

�k,k0 =
ck + c0k0

4(bk + b0k0)
[ck(b+ xk)� c0k0(b� xk0) + 2(bkyk � b0k0y

0
k0)] (4.14)

�k,k0 = (ak + a0k0)�
ck + c0k0

4(bk + b0k0)
(4.15)

Ck,k0 = AkA
0
k0

r

⇡

bk + b0k0
exp[

[1
2
[ck(b+ xk)� c0k0(b� x0

k0)] + (bkyk + b0k0y
0
k0)]

2

4(bk + b0k0)
]

exp[�ak
4
(b+ xk)

2 � a0k0

4
(b� x0

k0)
2 � ckyk

4
(b+ xk) +

c0k0y
0
k0

4
(b� x0

k0)]

(4.16)
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Ak =
Ng

3

1

(2⇡)3/2r2srl
(
⇡

2
)1/2[

sin2✓k

2r2s
+

cos2✓k
2r2l

]�1/2 (4.17)

3. The quark-gluon term

The overlap function for the interaction of a quark and a gluon tube:

(Tpp)qg(b) =
3

X

k,k0=1

Dk,k0

r

⇡

↵k,k0
e

β2
k,k0

4α
k,k0 (4.18)

where,

↵k,k0 =
1

2r2q
+ a0k0 �

(c0k0)
2

4( 1
2r2q

+ b0k0)
(4.19)
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r2q
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� a0k0

4
(b� x0

k0)
2]

exp[
1

4( 1
2r2q

+ b0k0)
[
yk
r2q

+ b0k0y
0
k0 �

c0k0

2
(b� x0

k0)]
2] exp[

c0k0y
0
k0

4
(b� x0

k0)]

(4.21)

Ek,k0 =
N2

g(1� )

36⇡2r4qrk0
[
sin2✓0k0

2r2q
+

2cos2✓0k0

r2k0
]�1/2 (4.22)

4. The gluon-quark term

The overlap function for the interaction of a gluon tube and a quark:

(Tpp)gq(b) =
3

X

k,k0=1

Fk,k0

r

⇡

�k,k0
exp[

⌘2k,k0

4�k,k0
] (4.23)

where,

�k,k0 = ak +
1

2r2q
� c2k

4( 1
2r2q

+ bk)
(4.24)
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⌘k,k0 = ak(b+ xk)�
1

r2q
(
b

2
� x0

k0)�
2ck

4( 1
2r2q

+ bk)
[bkyk +

y0k0

r2q
+

ck
2
(b+ xk)] (4.25)

Fk,k0 = Gk,k0

s

⇡
1

2r2q
+ bk

exp[
1

4( 1
2r2q

+ bk)
[bkyk +

y0k0

r2q
+

ck
2
(b+ xk)]

2] exp[�ckyk
4

(b+ xk)�

y0k0
2

2r2q
� bky

2
k

4
] exp[�ak

4
(b+ xk)

2 � 1

2r2q
(
b

2
� x0

k0)
2]

(4.26)

Gk,k0 =
N2

g(1� )

36⇡2r4qrk
[
sin2✓k

2r2q
+

2cos2✓k
r2k

]�1/2 (4.27)

Together total overlap function is the sum of four terms given by Eq. 4.12,

4.13, 4.18, 4.23,

Tpp(b) = (Tpp)qq(b) + (Tpp)gg(b) + (Tpp)qg(b) + (Tpp)gq(b) (4.28)

4.1.1.2 Calculation of Ncoll and Npart

We define the number of binary collisions (Ncoll) of partons in a pp collision at a

given impact parameter (b) as follows:

Ncoll(b) = �effTpp(b), (4.29)

where �eff is the e↵ective partonic cross sections. It should be mentioned here

that quark-quark, quark-gluon and gluon-gluon interaction cross sections will be

di↵erent due to di↵erent color factors of quarks and gluons [69]. However, we use

a common partonic cross section here, which is extracted from the fits to the data

as in Ref. [70], which avoids limitations of theoretical calculations at the cost of

losing the information regarding the di↵erence in individual type of interactions.

In the absence of experimental information and non-perturbative QCD based
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calculations of the individual cross-section (e.g. gg, qg and qq processes), we have

taken a common cross section for all partons as �eff . In line with the previous

studies [18, 71], we fix �eff = 4.3 ± 0.6 mb [70] with Ng= 10 partons, so as to

reproduce the experimental value of inelastic cross section, �pp = 60 mb [72] for

the pp collision at
p
s = 7 TeV. This accounts for the only non-trivial dependence

of the Glauber calculation on the beam energy
p
s. Previous studies [18, 70] have

assumed linear scaling of charged hadron (Nch) multiplicity with Ncoll only. In

contrast to this assumption, we have considered the dependence of Nch on a

number of participant partons (Npart) and Ncoll. Further, relationship between

Npart and Ncoll is considered nonlinear as that of the heavy-ion collisions assuming

a three-dimensional shape. Thus, the number of participating partons at impact

parameter b is given as

Npart(b) / N
1/x
coll (b), (4.30)

where x is a parameter.

By considering f as a fraction of charged hadron multiplicity produced from

binary collisions, we have a two component model for the estimation of a number

of charged particles given as

dNch

d⌘
= npp[(1� f)

Npart

2
+ fNcoll], (4.31)

where npp is a constant of proportionality, which represents the charged-particle

multiplicity density in pseudorapidity for pp collisions, and f is a free parameter.

4.1.2 Results

Assuming initial position vectors of three quarks to be vertices of the equilateral

triangle in the xy plane as r1 = (d
4
,
p
3
4
d, 0) , r2 = (d

4
,�

p
3
4
d, 0) , r3 = (�d

2
, 0, 0),

where d is the free parameter of the model which ensures that the length of

the gluon tubes connecting quarks are fixed, i.e., (|r1|
2 = |r2|

2 = |r3|
2) =

d2

4
). For the present study, we have taken d = 1.5 fm [18]. Now, in order
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to account for all possible configurations, position vectors of quarks are pa-

rameterised by varying azimuthal and polar angles. The generalised configu-

rations considering the tilt by  along x axis and the rotation by the angle ↵

are r1 = (d
2
cos(⇡

3
+  ), d

2
sin(⇡

3
+  ) cos↵,�d

2
sin(⇡

3
+  ) sin↵), r2 = (d

2
cos(5⇡

3
+

 ), d
2
sin(5⇡

3
+  ) cos↵,�d

2
(sin ⇡

3
+  ) sin↵), and r3 = (d

2
cos( ), d

2
sin cos↵,�d

2

sin sin↵), and considering tilt by � along y axis and the rotation by the an-

gle � are r1 = (d
2
cos(⇡

3
+�) cos �, d

2
sin(⇡

3
+ �), d

2
cos(⇡

3
+ �) sin �), r2 = (d

2
cos(5⇡

3
+

�) cos �, d
2
sin(5⇡

3
+ �),�d

2
cos(⇡

3
+ �) sin �), r3 = (d

2
cos(�) cos �, d

2
sin �, d

2
cos � sin �).

In the above configurations,  and � ✏ (0,2⇡
3
), ↵ ✏ (0,⇡) and � ✏ (0,2⇡). In the

present study, we have taken x in Eq. 4.30 to be 0.75 as Ncoll scales as A
4/3 for

similar target and projectile nuclei with mass numbers A for heavy-ion collisions

and are spherical in shape. In our work, this consideration of x = 0.75 holds well

because when the plane formed by connecting centres of each quark is randomly

rotated as part of the Monte Carlo simulation for accounting all possible configu-

rations of collision geometry, the overall angular space is exhausted, thus making

collision geometry to be a closely spherical overlap with preserving contributions

from each of the di↵erent configurations; hence the factor of 0.75 is taken so that

it accounts for general spherical overlap in heavy-ion collisions. We have also

chosen the RMS radius of proton and quark as 1 fm and 0.25 fm, respectively.

4.1.2.1 Number of binary collisions and participants as a function of

impact parameter

We have used Eqs. 4.29 and 4.30, to estimate Ncoll and Npart. Fig.4.2 shows

the mean value of Ncoll (upper curve) and Npart (lower curve) as a function of

impact parameter (b). Towards higher values of b, the di↵erence between the two

curves e↵ectively vanishes. Similar trends were observed for Au+Au and Cu+Cu

collisions at
p
sNN = 200 TeV [16].
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Figure 4.2: (Color online) Ncoll and Npart as a function of impact parameter (b)

for di↵erent number of terms contraction [63].

4.1.2.2 Charged particle multiplicity estimation

Two-component models have been used in heavy-ion phenomenology for a long

time to estimate the charged-particle multiplicity [73, 74]. The inelastic cross sec-

tion, �inel
NN , which depends on collision energy, is used as input for the MC Glauber

model. In the present work, we have used similar approach for pp collisions as

well, where nucleons are replaced by partons (quarks and gluons) and �inel
NN by

�eff . The model provides Npart and Ncoll, for an event with a given impact pa-

rameter and collision energy which is discussed in the previous section. As in

heavy-ion collisions, the concept of “ancestors” (independently emitting sources

of particles) has been introduced for a given value of Npart and Ncoll. The number

of ancestors can be parametrized by a two-component model given by [73, 74],

Nancestors = fNpart + (1� f)Ncoll (4.32)
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The two-component model divides the parton-parton collisions into soft and

hard interactions: the multiplicity of particles produced by soft interaction is

proportional to Npart and hard interaction is proportional to Ncoll. As negative

binomial distribution (NBD) is able to well reproduce the charged-particle dis-

tribution in pp collisions [75], we use the two-parameter NBD to calculate the

probability of producing n particles per ancestor:

P (n; n̄, k) =
�(n+ k)

�(k)�(n+ 1)



n̄

k + n̄

�n 
k

k + n̄

�k

, (4.33)

where n̄ is the average multiplicity and k characterizes the width of the distri-

bution. By the use of di↵erent combination of f (Eq. 4.32), n̄ and k ( Eq. 4.33)

we have repeated the process of obtaining the multiplicity distribution for a large

sample of events, until our model simulates the experimental multiplicity distri-

bution. We have also calculated the ratio of Nch obtained from our model to

that of experimental value [76] and is represented in Fig. 4.3 for pp collisions at
p
s = 7 TeV. The best agreement for Nch distribution obtained by our model with

experimental data is found for f = 0.85, n̄ = 8 and k = 0.13. From Fig. 4.3, it

can be seen that our model well describes the data in the mid multiplicity region

( 15 < Nch < 90 ), with 5%-10% discrepancy. However, towards the low and high

multiplicity it is unable to reproduce the experimental measurement. The inabil-

ity of the model to explain the extreme low and high multiplicity region might be

due to the lower probability of collision impact parameter, when derived in the

Monte Carlo model from a Gaussian distribution.

4.1.2.3 Centrality estimation

The centrality is usually expressed as a percentage of the total interaction cross

section, � [77]. Impact parameter distribution is taken as input to our current

model. So, the centrality percentile of a pp collision with b is defined by integrating
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Figure 4.3: (Color online) Upper panel: Comparison of charged multiplicity dis-

tribution obtained from present work and ALICE experiment for pp collisions

at
p
s = 7 TeV [76]. Black dots represents ALICE data and red dots repre-

sent present work. Lower panel: Ratio of this work to the ALICE experimental

data [63].

the impact parameter distribution as,

c1 =

R b1

0
(dN/db) db

R1
0
(dN/db) db

, c2 =

R b2

b1
(dN/db) db

R1
0
(dN/db) db

, ....... (4.34)

where c1, c2,...., are the percentile bins and b1, b2,..., are the impact parameters.

More clearly, the c1 percentage of total number of events of impact parameter

distribution fall in the interval (b1, b2) and so on. For the current analysis, a

Gaussian distribution with mean 1 and standard deviation of 0.32 has been used
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as an input impact parameter distribution, which is shown in Fig. 4.4, so that

the distribution function vanishes beyond the proton radius (⇡ 1 fm).
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Figure 4.4: (Color online) Input impact parameter (b) profile for pp collisions [63].

We have also tested di↵erent forms of impact parameter distributions, but the

Gaussian distribution is found to be a suitable choice to describe the charged-

particle multiplicity distribution. Once, we get the ranges of the impact parame-

ter corresponding to each centrality, we have projected it to Nch, Npart and Ncoll

to calculate hNchi, hNparti and hNcolli corresponding to each b-ranges. Fig. 4.5

represents the multiplicity distribution for each percentile bin. Table 4.1 shows

the value of hNchi, hNparti, and hNcolli, obtained by using our model along with

hNchi value of ALICE for pp collisions at
p
s = 7 TeV.

It can be clearly seen that the calculated hdNch/d⌘i is well consistent with

experimental value, except for the high and low multiplicity regions. This is be-

cause of the artifact of incapability of our model to describe the charged-particle
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Figure 4.5: (Color online) Charged-particle multiplicity distribution in di↵erent

percentile bins for pp collisions at
p
s = 7 TeV [63].

distribution in that region (Fig. 4.3). However, it is to be noted that the input

�inel
gg = 0.43 ± 0.06 fm2 contain 14% uncertainty and the same amount of un-

certainty (14%) is associated with each hdNch/d⌘i. From our model, we found

hdNch/d⌘i = 7.47 for minimum bias (0-100%) collisions, which is a little higher

from the experimental value, hdNch/d⌘i = 6.01 ± 0.01+0.20
�0.12 [76]. This discrepancy

needs to be understood.

4.1.2.4 The ratio, RHL for high to low multiplicity events

In order to understand the possibility of a formation of a medium in high-

multiplicity events in pp collisions, we define a variable as:

RHL(pT ) =
d2N/dpTd⌘|

HM

d2N/dpTd⌘|LM
⇥ hNLM

coll i
hNHM

coll i
, (4.35)
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Table 4.1: Geometric properties (b,Nch, Npart, Ncoll) of pp collisions for di↵erent

multiplicity classes using the Glauber Monte Carlo calculation along with a neg-

ative binomial distribution fit to a charged-particle multiplicity distribution at
p
s = 7 TeV for the ALICE experiment at the LHC [63].

Multiplicity (%) b� range(fm) hdNch/dηiglauber hdNch/dηiexpt hNparti hNcolli

0-1 0 - 0.25534 19.69 28.82+0.86
�0.84 13.142 31.156

1-5 0.25535 - 0.46909 16.24 20.34+0.58
�0.57 11.164 24.815

5-10 0.46909 - 0.58484 13.37 15.80+0.34
�0.32 9.244 19.478

10-15 0.58484 - 0.66430 11.61 13.07+0.24
�0.22 8.037 16.153

15-20 0.66431 - 0.72766 10.28 11.25+0.19
�0.18 7.131 13.818

20- 30 0.72767 - 0.83026 8.94 9.21+0.15
�0.14 6.116 11.326

30-40 0.83027 - 0.91819 7.48 7.13+0.12
�0.11 5.268 9.215

40-50 0.91820 - 1.00117 6.49 5.65+0.11
�0.09 4.418 7.340

50-70 1.00118 - 1.17163 5.12 3.81+0.07
�0.06 3.395 5.208

70-100 1.17164 - 2.54998 3.66 1.66+0.05
�0.04 1.968 2.591

which is similar to the nuclear modification factor RAA in heavy-ion collisions.

Here, d2N/d⌘dpT |
HM , d2N/d⌘dpT |

LM , and hNLM
coll i (hNHM

coll i) are charged particle

yields in high-multiplicity, low-multiplicity pp collisions at
p
s = 7 TeV [78], the

mean number of binary collisions in low (high) multiplicity pp events, respectively.

The upper panel of Fig. 4.6 shows the transverse momentum spectra of charged

particles in high-multiplicity (VOM I), second high multiplicity (VOM II), and

low multiplicity (VOM X) events obtained from Ref. [78]. And the lower panel

shows the RHL defined in Eq. 4.35. For such a definition of RHL, it is observed

for all charged particles for pT < 1 GeV/c, value of RHL < 1 and for pT > 1

GeV/c , it is greater than 1. However, it tends to reduce at very high pT . And

for pT >1 GeV, the value of the factor is higher for higher multiplicities.
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Figure 4.6: (Color online) Upper panel: Transverse momentum spectra of charged

particle in pp collisional at
p
s = 7 TeV [78] for VOM multiplicity classes,

viz., highest (HM), second highest (second HM) and lowest multiplicity (LM)

class. Lower Panel: RHL obtained from the ratio of di↵erential yield at high-

multiplicity and second high multiplicity classes with low multiplicity class scaled

by hNcolli [63].

Fig. 4.7 shows results of RHL for identified particles, pion (⇡+ + ⇡�), kaon

(K+ + K�), proton (p + p̄) for pp collisions at
p
s = 7 TeV. It is found that

RHL < 1 for a proton for pT < 1 GeV, which is the same as observed in the case

of charged particles. However, for pion and kaon RHL < 1 for pT < 0.8 GeV.

It is also observed that for pT < 1.9 GeV, these identified particles have almost
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the same value of RHL and for pT > 1.9 GeV, the value is almost the same for

the pion and kaon but the value for the proton is larger and increases with pT

sharply up to pT = 5 GeV, and then saturates within uncertainties. But for the

pion and kaon, the factor increases monotonically with a decreasing slope from

pT > 1.9 GeV, where the trend splits for the proton and the other two hadrons.
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Figure 4.7: (Color online) Nuclear modification-like factor obtained from Eq. 4.35

for pion, Kaon and proton in pp collisional at
p
s = 7 TeV [78] [63].

It is reported in ref. [79] that the proton shows a distinct behavior in this

regard other than the hadrons produced in p-Pb collisions. Also for p-Pb colli-

sions, it is reported that the factor, RpPb > 1, for all charged particles for pT >

2.5 GeV [79, 80]. For p-Pb, RpPb saturates to unity for pT > 2 GeV, and it is

also found that for pp, RHL shows an almost similar trend but with a larger value

of the factor with saturationlike behavior starting after pT = 2 GeV. We note

143



Chapter: 4

that the RHL values above unity for pT > 1 GeV may be qualitatively similar to

other observed enhancements due to the Cronin e↵ect and radial flow in pA and

dA systems [81, 82], as conjectured for a similar behavior of RpPb [80], where the

moderate excess at high pT is suggestive of anti-shadowing e↵ects in the nuclear

parton distribution function [83].

4.1.2.5 Estimation of Elliptic-flow

For a long time, pp collisions were considered as the baseline measurements for

the determination of the deconfined state of matter, i.e., QGP formed in a nuclear

collision. A recent observation of pp collisions at LHC energies hints toward a

collective e↵ect; thus, it becomes imperative to review the earlier view. In this

regard, we have also calculated eccentricity (✏) using the present approach. The

asymmetry ratio between semiaxis dimensions of the overlap region weighted by

Ncoll at a particular b can be used to obtain ✏ as [71]:

✏(b) =

R

(y2 � x2)Ncoll(x, y, b)dxdy
R

(y2 + x2)Ncoll(x, y, b)dxdy
, (4.36)

whereNcoll(x, y, b) = �ggTa(x� b
2
, y)Tb(x+

b
2
, y) represents the impact plane binary

collision density. We have calculated ✏(b) by using Eq. 4.36 by considering a sum

of four components, namely quark-quark, quark-gluon, gluon-quark and gluon-

gluon. Fig. 4.8 shows the eccentricity for the pp collision at
p
s = 7 TeV obtained

using Eq. 4.36 and it is observed to increase with b and seems to saturate towards

larger b.

Using ✏, we have obtained the elliptic flow (v2) as a function of b by considering

the scaling: v2 = ⌦✏, where ⌦ = 0.3 ± 0.02 [70]. Although we have considered

a linear scaling to understand the variation of v2 with multiplicity, as a matter

of fact v2 should be calculated by using relativistic hydrodynamics with relevant

initial conditions and equation of state as inputs.

By geometry, v2(b) will follow the general trend of ✏(b). It is found that the

overlap of two hard spheres with infinitely sharp edges yields artificially large
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Figure 4.8: (Color online) Eccentricity (✏) and elliptic-flow (v2) as a function of

impact parameter in pp collisions at
p
s = 7 TeV [63].

eccentricities [84].

In Fig. 4.9, we have compared our estimation of the variation of v2 with the

charged-particle multiplicity for pp collision at
p
s = 7 TeV with the experimental

result at
p
s = 13 TeV [85]. This is due to the fact that the data for collisions

at
p
s = 13 TeV were not available at the time of the reporting of this work

to constrain our model. That does not prevent us from the comparison, since

in Ref. [86], it is reported that the value of v2 for collisions at
p
s = 2.76 TeV

and
p
s = 13 TeV are almost the same when measured for di↵erent transverse

momenta, indicating that the collision energy dependence of v2 is weak. It is

observed that for Nch & 8, our estimation of v2 with linear response to initial

geometry reproduces the value obtained from the experiment within the error

bars. However, for lower multiplicities, our estimation with a linear response
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to the initial eccentricity falls short of that obtained from experimental data.

This may be due to e↵ects other than the collective linear response or final state

e↵ects. Though the charged-particle multiplicity variation of v2 for pp collisions

at
p
s = 7 TeV is not available, the elliptic flow coe�cient extracted from the

CMS Collaboration data at
p
s =7 TeV is 0.04� 0.08 [87] and our estimation of

v2 falls within this range. We also note that this model gives v2 similar to that of

the IP-Glasma model as presented in Ref [88] for low multiplicity region (< 8).
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Figure 4.9: (Color online) Elliptic-flow, v2 as a function of multiplicity in pp

collisions at LHC energies [63].
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4.2 Study of QCD dynamics in small system us-

ing ALICE data

Having seen the geometric approach in exploring the collisions of a small system

like pp in the previous section, the aim of this section2 is to study the charged-

particle multiplicity, system size and collision energy dependence of the ther-

modynamic quantities like, heat capacity (CV ), conformal symmetry breaking

measure (CSBM) and speed of sound (cs) for a small system. These quantities

have been chosen because CV is one of the most basic and commonly used quanti-

ties which records the response of the system subjected to temperature stimulus.

It is estimated via temperature fluctuations, which characterizes the equation of

the state of the system. Similarly, cs provides the information on the equation

of state of a thermal medium and it is used to quantify the softest point of the

phase transition along with the location of the critical point [89]. The CSBM

plays an important role for QCD dynamics and phase transition, which can be

expressed in terms of energy density (✏), pressure (P ) and temperature (T ) as

CSBM = (✏ � 3P )/T 4 (see [90, 91] for details). In this context the variation

of hpT i of the hadrons with multiplicity connected to the temperature and en-

tropy of a thermal system respectively will also be discuss. As there is no way

to directly probe, the spectra of produced hadrons are used to gain insight about

the possible partonic phase. The ALICE data for pp collisions at
p
s = 7 TeV

have been used to obtain CV , CSBM and cs and the results have been contrasted

with PYTHIA8. The analysis using PYTHIA8 shows some degree of success in

explaining some of the observations made in pp and p-Pb collisions, such as sat-

uration of hpT i of J/ [92, 93] and that of charged particles [94], as a function

of charged-particle multiplicity [95]. Though variation of heat capacity with col-

lision energy has been investigated [96, 97] through temperature fluctuations for

2S. Deb, G. Sarwar, R. Sahoo and J. e. Alam, Eur. Phys. J. A 57, 195 (2021).
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systems formed in RHICE, we are not aware of any studies in literature similar

to the present one for small systems formed in pp collisions for understanding

thermalization.

4.2.1 Formalism

We will recall some of the well-known thermodynamic relations in this section.

The system formed at the LHC energies at the central rapidity region will be

dominated by gluons, which neither carry electric nor baryonic charges. Such a

system can be described by one single thermodynamic variable, the temperature

(T ).

Now we would like to quote the standard thermodynamic expressions [98]

for CV , c
2
s and entropy density (s) below for a system with vanishing chemical

potential as:

CV =

✓

@✏

@T

◆

V

, (4.37)

s =

✓

@P

@T

◆

V

, (4.38)

c2s =

✓

@P

@✏

◆

s

= s/CV , (4.39)

where V is the volume of the system. Now it is clear that to estimate the thermo-

dynamic quantities of our interest we need to know energy density (✏), pressure

(P ), s, etc and these quantities can be calculated by using the phase space distri-

bution functions (f(E)) [99]. At kinetic freeze-out, the momentum distribution of

the final state particles is frozen. Thus, these thermodynamical quantities could

be estimated from the moments of the momentum distribution at the freeze-out.

Interestingly, f(E) for di↵erent hadrons can be measured experimentally by de-

tecting their momentum distribution functions which allows us to connect data

with CV , cs, CSBM etc.
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4.2 Study of QCD dynamics in small system using ALICE data

In the present work the Tsallis non-extensive statistics [100] is used to re-

produce the pT -spectra of hadrons at kinetic freeze-out [101–103]. The Tsallis-

Boltzmann (TB) distribution function [104–106] has been widely used to describe

the results from RHICE. The TB distribution which is given by [107]

f(E) ⌘ 1

expq(
E
T
)

(4.40)

where,

expq(x) ⌘

8

>

<

>

:

[1 + (q � 1)x]
1

q�1 if x > 0

[1 + (1� q)x]
1

1�q if x  0

(4.41)

where x = E/T , E is the energy (E =
p

p2 +m2), p and m are momentum and

mass of the particle, respectively. It is important to note that in the limit, q ! 1,

Eq. (4.41) reduces to the standard exponential function,

lim
q!1

expq(x) ! exp(x).

T and q appearing in TB distribution are extracted by fitting experimental

data on hadronic pT -spectra with this distribution. The parameter q is called

the non-extensive parameter which is a measure of degree of deviation from

Boltzmann-Gibbs (BG) statistics and T appearing in this formalism obeys the

fundamental thermodynamic relation:

T =
@U

@S

�

�

�

�

N,V

, (4.42)

where U is the internal thermal energy, S is the total entropy (= sV ), N is

the number of particles and hence, the parameter T can be called temperature,

even though the system obeys the Tsallis and not the BG statistics.

The calculation of the number density (n), ✏, P from the thermal phase space

density, f(E) is straight forward [99]. These are given by, n = g/(2⇡)3
R

d3pf(E),

✏ = g/(2⇡)3
R

d3pEf(E) and P = g/(2⇡)3
R

d3p p2

3E
f(E). Analogously ✏, P , etc
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can be estimated for TB distribution by inserting f(E) from Eq. 4.40. The

expression for energy density (✏) then reads as [107, 108]:

✏ =
g

2⇡2

Z

dp p2
p

(p2 +m2)⇥ [1 +
(q � 1)

p

(p2 +m2)

T
]

�q

q�1 , (4.43)

where, g is the degeneracy factor.

Similarly the expression for pressure (P ) is given by [107, 108]:

P =
g

2⇡2

Z

dp p4
1

3
p

(p2 +m2)
⇥ [1 +

(q � 1)
p

(p2 +m2)

T
]

�q

q�1 , (4.44)

The expression for CV as given in Eq. 4.37 can be obtained from Eq. 4.43 as:

CV =
qg

2⇡2T 2

Z

dp p2(p2 +m2)⇥ [1 +
(q � 1)

p

(p2 +m2)

T
]
1�2q

q�1 , (4.45)

The dimensionless quantity I/T 4, where I = ✏�3P called the trace anomaly [90,

91] or CSBM can be expressed as:

I

T 4
=

g

2⇡2T 4

Z

dp p2
p

(p2 +m2) [1� p2

(p2 +m2)
]⇥ [1 +

(q � 1)
p

(p2 +m2)

T
]

�q

q�1 ,

(4.46)

The squared velocity of sound (c2s) in QGP is given by:

c2s =
gq

6⇡2T 2

R

dp p4 ⇥ [1 +
(q�1)

p
(p2+m2)

T
]
1�2q

q�1

CV

(4.47)

and finally, the hpT i for the TB distribution can be estimated from the fol-

lowing expression:

hpT i =
R

dpT p2Tf(E)q
R

dpT pTf(E)q
. (4.48)

i.e.

hpT i =
R

dpT p2T [1 + (q � 1)

p
(p2

T
+m2)

T
]

�q

q�1

R

dpT pT [1 + (q � 1)

p
(p2

T
+m2)

T
]

�q

q�1

. (4.49)
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4.2 Study of QCD dynamics in small system using ALICE data

4.2.2 Event generation and Analysis Methodology

In order to make a comparative study, results obtained in this work using ALICE

data are compared with pQCD-inspired Monte-Carlo generator PYTHIA8, which

is a amalgam of various physics mechanisms like hard and soft interactions, initial

and final-state parton showers, fragmentation, multipartonic interactions, color

reconnection, rope hadronization etc [109]. This model is used in this study

to simulate pp collisions at ultra-relativistic energies. Detailed explanation on

PYTHIA8 physics processes and their implementation can be found in Ref.[62].

We have used 8.215 version of PYTHIA, which includes multi-partonic inter-

action (MPI). MPI is crucial to explain the underlying events multiplicity distri-

butions. Also, this version includes color reconnection (CR) which mimics the

flow-like e↵ects in pp collisions [110]. It is crucial to mention here that PYTHIA8

does not have in-built thermalization. However, as reported in Ref. [110], the

CR mechanism along with the MPI in PYTHIA8 produces the properties which

mimics thermalization of a system such as radial flow and mass dependent rise of

mean transverse momentum. Apparently the PYTHIA8 with MPI and CR has

the ability to produce the features similar to thermalization.

QCD processes in PYTHIA8 are categorised as soft and hard QCD processes,

where production of heavy quarks are included in the latter. We have simulated

the inelastic, non-di↵ractive component of the total cross-section for all the soft

QCD process (SoftQCD:all = on) and Hard QCD process (HardQCD:all = 0) sep-

arately. MPI based scheme of color reconnection (ColorReconnection:reconnect

=0) are also included. We have generated 100 million events with 4C tune

(Tune:pp=5) [111], which give su�cient statistics to obtain pT -spectra even in

high-multiplicity events. To check the compatibility of tunes used in this work,

we have compared simulated results obtained from hard and soft QCD tune of

PYTHIA8 with the experimental data [112] as shown in Fig. 4.10. Here, we have

compared PYTHIA8 simulated data with ATLAS data [112] as at the time of this
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work, there is no mini-biased ALICE data available for transverse momentum dis-

tribution of charged particles in pp collisions at
p
s = 7 TeV. The motivation to

contrast the PYTHIA8 generated results with the experimental data is to show

that the soft processes fit the data reasonably well as shown in Fig 4.10. This

comparison makes it clear that softQCD tune of the PYTHIA8 is suitable for the

present work.
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Figure 4.10: (Color online) The upper panel shows the comparison of experimen-

tal data [112], HardQCD and SoftQCD tunes of PYTHIA8 for pp collisions at
p
s

= 7 TeV. The black open circles are experimental data, red stars and blue solid

circles are PYTHIA8 simulated data with SoftQCD and HardQCD tunes, respec-

tively. The lower panel shows the ratio of PYTHIA8 to experimental data for

both softQCD and hardQCD cases. The vertical lines indicate the error bars [64].

The generated events are categorised into seven multiplicity bins as (0-2),
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4.2 Study of QCD dynamics in small system using ALICE data

(2-4), (4-8), (8-11), (11-14), (14-18), (18-24) from which charged-particle pseudo-

rapidity densities (hdNch/d⌘i) at mid-rapidity are obtained. The pT distribution

generated by PYTHIA8 for di↵erent multiplicity bins are now fitted with the

following expression having T and q as fitting parameter [113]:

1

pT

d2N

dpTdy

�

�

�

�

y=0

=
gV mT

(2⇡)2

h

1 + (q � 1)
mT

T

i� q

q�1

, (4.50)

where mT =
p

p2T +m2. The fitting parameters, T and q depends on the mass

of the hadrons.

The pT -spectra of ⇡
±, K±, K⇤0+K⇤0 and p+p from simulated data at the mid-

rapidity (|⌘| < 0.5) for di↵erent multiplicity bins in pp collisions at
p
s = 7 TeV

have been considered. The fitting of the PYTHIA8 generated spectra by Eq. 4.50

is displayed in Fig. 4.11. Figure 4.12 shows the quality of the fitting in terms

of �2/NDF as function of multiplicity which shows that the quality of fitting is

reasonably good for all the particles under consideration at all multiplicity classes

except for p+ p at low multiplicity class.

Figures 4.13 and 4.14 show the comparison of the parameters T and q ex-

tracted from the experimental data and the PYTHIA8 generated results for dif-

ferent charged-particle multiplicities [52, 114].

With the detailed analysis methodology and (T, q) values obtained from

PYTHIA8, we now move to discuss the results obtained by comparing ALICE

experimental data and simulated data in the next subsection.

4.2.3 Results and Discussions

The thermodynamic quantities, CV , CSBM, cs and hpT i can be estimated by

using Eqs. 4.45, 4.46, 4.47, and 4.49 with the values of T and q extracted by

parameterizing the pT spectra of identified hadrons using TB distribution. We

note that a similar kind of approach has been used to study the variation of CV
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Figure 4.11: (Color online) Fitting of PYTHIA8 generated pT-spectra of ⇡±, K±,

K⇤0 +K⇤0 and p+ p using Tsallis distribution (Eq. 4.50) for various multiplicity

classes at mid-rapidity for pp collisions at
p
s = 7 TeV. In the legend of the figure,

we have used a short notation Nch. The vertical lines indicate the error bars [64].

with
p
sNN at the freeze-out surfaces in the context of heavy-ion collisions [96].

The ALICE data on the pT -spectra originating from pp collisions at
p
s = 7

TeV collision energy [78] have been used to extract the values of T and q for

each multiplicity in Ref. [114]. It is found that the values of T and q depend

on hadronic species hinting at di↵erent decoupling or freeze out temperature for

di↵erent hadrons [52]. In general, the hadrons with higher inverse slope (of pT -

spectra) is expected to come either from early stage and/or su↵er more transverse

flow. In the present study, we consider hadronic spectra of pion (⇡±), kaon (K±),

neutral kstar (K⇤0 +K⇤0) and proton (p+ p).

The variation of CV , CV /hnii, (where i=⇡±, K±, K⇤0+K⇤0 and p+p), CV /T
3,

CV /(✏+P ), CSBM, c2s and hpT i with hdNch/d⌘i at mid-rapidity have been consid-

ered. Here < ni > (in GeV3) is the number density (number per unit volume) of

the hadron i, obtained by integrating Eq. 4.40 over three momentum and (✏+P )
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Figure 4.12: (Color online) �2/NDF for ⇡±, K±, K⇤0 + K⇤0 and p + p as a

function of charged-particle multiplicity obtained by fitting Tsallis distribution

(Eq. 4.40) [64].

is the enthalpy density. The values of hdNch/d⌘i obtained in the experiment for

di↵erent multiplicity classes tabulated in Table 4.2 (see Ref. [78] for details). We

also investigated whether finite system size alone can account for non-extensivity

observed in the spectra. To make a distinction between systems with and with-

out thermalization we contrast the results with the PYTHIA8 simulated outputs

under the same collision condition.

Table 4.2: Average charged-particle pseudorapidity densities corresponding to

di↵erent event multiplicity classes [78] [64].

Class name Mul1 Mul2 Mul3 Mul4 Mul5 Mul6 Mul7 Mul8 Mul9 Mul10
⌦

dNch

d⌘

↵

21.3±0.6 16.5±0.5 13.5±0.4 11.5±0.3 10.1±0.3 8.45±0.25 6.72±0.21 5.40±0.17 3.90±0.14 2.26±0.12
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7 TeV obtained by using Eq. 4.50 as a fitting function for the PYTHIA8 simulated
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4.2.3.1 Multiplicity dependence of heat capacity

As mentioned before, CV is one of the most fundamental quantities that gives

the response of a thermal system under the influence of temperature stimulus.

It gives the measure of how variation of temperature changes the entropy of a

system (�S =
R

CV

T
dT ). The change in entropy is a good observable for study-

ing the phase transition. In the context of heavy-ion collisions, entropy (S) per

unit rapidity (y), dS/dy can be connected to the the corresponding multiplicity

(dN/dy). Therefore, the heat capacity acts as bridging observable for experi-

mental measurement and theoretical models. For a strongly interacting system

su�cient heat energy should be supplied to overcome the ‘binding force’ caused

by the interaction to increase the temperature i.e. to supply adequate randomized

kinetic energy by the constituents of the system. In other words, the mechanism

of randomization to increase the temperature will require supply of more heat

energy for strongly interacting system compared to that needed for the weakly

interacting system. That is heat energy supplied to the strongly interacting sys-

tem will not be entirely utilized to increase the temperature, some amount will be

used to weaken the binding. Hence the increase in temperature in a strongly in-

teracting system will be less than a weakly interacting system for a given amount

of energy supplied to the system. Thus, the heat capacity bears the e↵ects of

strength of interaction among constituents of the system and represents the ease

of randomization for the particular phase of the matter. Therefore, for weakly

interacting gas increase of temperature has negligible e↵ects on change in in-

teraction strength. As a result its scaled value, CV /hnii will display a plateau.

This makes heat capacity a good observable to study how correlation and ran-

domization competes in the system. The variation of heat with multiplicity in

pp collision gives opportunities to better understand the randomization and the

change in the strength of correlation with number of constituents in the QCD

system.
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The variation of CV with hdNch/d⌘i for ⇡±, K±, K⇤0+K⇤0 and p+p extracted

from ALICE data has been displayed in Fig. 4.15. The result has been contrasted

with the output obtained from PYTHIA8 simulation at the same pp colliding

energy. It is observed that results from PYTHIA8 which do not contain medium

e↵ects di↵er from data. Also, it is noted that the heat capacity increases with

increase in multiplicity. If a thermalized medium is formed, then, in the ideal gas

limit, heat capacity varies linearly with number of particles (CV / hnii).
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Figure 4.15: (Color online) Heat capacity obtained using TB distribution as a

function of multiplicity. Dashed (solid) lines represent results obtained using AL-

ICE (PYTHIA8 simulated) data, respectively for pp collisions at
p
s = 7 TeV [64].

Therefore, in Fig. 4.16 we depict the variation of CV scaled by hnii extracted
from ALICE data as well as PYTHIA8 as a function of hdNch/d⌘i for ⇡±, K±,

K⇤0 +K⇤0 and p + p of ALICE data and results from PYTHIA8. It is observed

that CV /hnii, (where i = ⇡±, K±) tend to almost saturate for high-multiplicity,

however, a slow variation is observed for i = K⇤0 and p + p. It is important to

note that the pionic and kaonic matter (for hdNch/d⌘i > 8) have approximately

similar value of CV /hnii for both experimental and MC data.
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Figure 4.16: (Color online) Same as Fig. 4.15 showing the variation of CV / < ni >

with charged multiplicity [64].

The observed saturation in specific heat in its variation with multiplicity can

be attributed to the possibility of thermalization in the system. We also notice

that results from PYTHIA8 are not in good agreement with ALICE data for

heavier particles like K⇤0 + K⇤0 and p + p . Here hnii has a fractional value in

unit GeV3, this makes the value of CV /hnii greater than CV , as evident from the

results displayed in Figs. 4.15 and Fig 4.16.

Fig. 4.17 shows the variation of CV (scaled by T 3) with hdNch/d⌘i for ⇡±, K±,

K⇤0 +K⇤0 and p+ p extracted from ALICE data and PYTHIA8. It is observed

that CV /T
3 for ⇡±, K±, K⇤0 + K⇤0 increases with multiplicity and display a

saturation (within the error bars) when hdNch/d⌘i > 8, whereas p+p displays an

increasing trend with hdNch/d⌘i without any sign of saturation. This may be a

hint to the fact that lower mass particles like ⇡±, K± behave as weakly interacting

thermalized particles beyond certain multiplicity, whereas heavier mass particles

may not witness a thermalized medium. Here, also PYTHIA8 results are not in

good agreement with ALICE data.
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Figure 4.17: (Color online) Same as Fig. 4.15 showing the variation of CV /T
3

with charged multiplicity [64].

Fluid dynamical equation in non-relativistic limit (Euler equation in the limit

of small flow velocity (v) for ideal fluid) can be written as: (✏+P )@~v/@t = �~rP ,

where (✏ + P ) is the enthalpy density. Comparison of this equation with the

non-relativistic classical mechanical equation of a particle moving with velocity v

in a potential, �: md~v/dt = �~r�, indicates that enthalpy density plays the role

of mass (inertia) in fluid dynamics.

Since enthalpy density, (✏ + P ), acts as inertia for change in velocity for a

fluid cell in thermal equilibrium, we display the change in CV scaled by enthalpy

density as a function of multiplicity in Fig 4.18. The saturations of CV /(✏ + P )

and CV /hnii in their variations with multiplicity show an interesting trend in

which, at the saturation region, corresponding values for all the particle species

tend to converge. This means that with the increase in the number of particles

the system achieved randomization. This is expected when particles in the system

evolves collectively with common interaction environment.

The e↵ects of non-extensive parameter, q on heat capacity has been shown in
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Figure 4.18: (Color online) Same as Fig. 4.15 showing the variation of CV /(✏+P )

with charged multiplicity [64].

Fig 4.19 through the ratio, cv/cvq!1, where, cv = CV / < mini >, here, < mini >

is the mass density of the hadron i. It may be mentioned that the CV is obtained

here by fitting the TB distribution to the ALICE data, therefore, CV depends on q.

From Fig 4.19, the ratio seems to approach toward saturation for hdNch/d⌘i > 5,

implying that new environment of interaction is set-o↵ after hdNch/d⌘i ⇡ (4�6),

however, the ratio does not approach unity except for K±. This indicates that

the system has not achieved the state to be described by BG statistics.
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Figure 4.19: (Color online) Heat capacity scaled by the mass density is plotted as

a function of charged-particle multiplicity (see text). The errors are within the

marker size [64].

4.2.3.2 Multiplicity dependence of CSBM, speed of sound and mean

transverse momentum

The speed of sound is a useful quantity which helps in characterizing the nature

of interaction in a system e.g., whether it is strongly interacting or not, or how

much it di↵ers from ideal gas of massless particles. Interaction can cause change

in the e↵ective mass of constituents, thereby, changing the speed of sound in

the medium. CSBM gives the measure of deviation from masslessness of the

constituents (particle mass and temperature dependence of CSBM for weakly

interacting system is discussed in [115]). For massless particles, c2s = 1/3, however

for massive particles, c2s < 1/3. This is due to the fact that the massive particles

do not contribute to the change in pressure as much as they contribute to the

change in energy of the system. Variation of these quantities with multiplicity is

expected to capture the change in e↵ective interaction among constituents with

increase in number of constituents. Also the variation of hpT i of a system with

the number of constituents can capture the onset of thermalization in the system.
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Variation of CSBM, c2s and hpT i with multiplicity for pp collisions have been

estimated with the help of Eqs. 4.46, 4.47, 4.49 respectively.

It may be noted here that (✏�3P ) is zero for massless ideal gas, therefore, its

non-zero value is a measure of interaction in the system. Fig. 4.20 shows variation

of CSBM [⇠ (✏ � 3P )/T 4] of ⇡±, K±, K⇤0 +K⇤0 and p + p with hdNch/d⌘i. It

is observed that the CSBM for pions slowly reduces and as multiplicity increases

while for kaons and K⇤ it shows almost remains constant for hdNch/d⌘i > 5

(within error bars). CSBM displays an increasing behavior with hdNch/d⌘i > 5.

In comparison with PYTHIA8 generated results, we observed that ⇡± and K±

trend underestimates the ALICE data while to some extent PYTHIA8 explains

K⇤0 +K⇤0 and p + p. It is expected that for a thermalized medium, the contri-

bution of a hadron of particular species to CSBM peaks when the temperature

of the system is half of its mass [115]. The value of T obtained from the present

analysis is less than 190 MeV [114]. Therefore, for pions the peak in CSBM can

be achieved for T � m⇡/2. However, all other hadrons can not achieve the peak

in CSBM as they are heavy and T < mH/2, where mH is mass of the hadrons

heavier than pion. The larger values of CSBM indicates significant amount of

interactions among hadrons or pressure is low in the non-relativistic limit.

Fig. 4.21 shows the variation of c2s (Eq. 4.47) of ⇡
±, K±, K⇤0 +K⇤0 and p+ p

as a function of hdNch/d⌘i. It is observed that as we move from low to high-

multiplicity of ALICE data, the c2s for ⇡± almost remains constant, while c2s for

K± increases upto hdNch/d⌘i ⇡ 4 and then saturates. c2s for K
⇤0+K⇤0 and p+ p

increase with multiplicity. It is also observed that PYTHIA8 overestimates the

ALICE data. As expected, low mass particles will have higher c2s than heavier

mass particles. The saturated value of c2s beyond hdNch/d⌘i ⇡ 6 follows the mass

ordering. The results obtained from PYTHIA8 data, however, is less than the

values obtained from experimental data.

Fig. 4.22 shows hpT i of ⇡±, K±, K⇤0+K⇤0 and p+p as a function of hdNch/d⌘i
for ALICE data and PYTHIA8 generated results estimated using Eq. 4.49 with
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Figure 4.20: (Color online) Variation of CSBM with hdNch/d⌘i is shown. Dashed
(solid) lines represent results obtained by using ALICE data (PYTHIA8 simula-

tion) for pp collisions at
p
s = 7 TeV [64].
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Figure 4.21: (Color online) Same as Fig. 4.20 for speed of sound [64].

lower limit of integration varying from 0.17 to 0.22 GeV/c to reproduce the hpT i
reported in Ref. [78] (this limit on integration is now used for all other calculations

for hpT i, which have no apparent e↵ect on other observables considered here). It
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is observed that hpT i of all hadrons increase very slowly as multiplicity increases.

The higher are the mass of hadrons, the higher are the values of hpT i. This may

be indicative of the presence of collectivity in the system through transverse flow

as higher mass hadrons get a↵ected by the flow more (pT ⇠ mvT where m is the

mass of the hadrons and vT is the transverse flow velocity).
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Figure 4.22: (Color online) Mean transverse momentum in GeV is presented as

a function of charged-particle multiplicity. Dashed (solid) lines are obtained by

using ALICE data (PYTHIA8 simulation) [64].

It is interesting to find that all of the above quantities for lighter hadrons show

saturation for hdNch/d⌘i � (4-6) in their variation with hdNch/d⌘i. This general
feature may be the hint of onset of their possible randomized collective nature.

This is more prominent in the variation of speed of sound and CSBM with multi-

plicity, where heavier hadrons show di↵erent trends from that of lighter hadrons.

Moreover, the saturation found here is vastly di↵erent from the saturation of hpT i
of all charged particles which occurs at hdNch/d⌘i ⇡ 20 as in Ref. [94]. This may

be due to the inclusion of heavier particles in calculation of hpT i. In fact, in

this work, it is found that heavier particles like proton shows di↵erent nature; for
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them instead of saturation, quantities considered here increases monotonically. It

is also interesting to note that heavier hadrons are described well by PYTHIA8.

It further emboldens the possibility of formation of strongly correlated but ran-

domized medium, as this can not be explained by color reconnection (CR) e↵ect

of final state which is included in PYTHIA8. This mismatch points out something

more than CR e↵ect is responsible for such saturation, hinting scope of presence

of collectivity in the system from which these particles originate.

4.2.3.3 Finite system size dependence of heat capacity

In case of RHICE, the thermal nature of produced particles is extensive type

(BG), but for pp collisions, Tsallis (TB) distribution fits the particle spectra very

well [116, 117]. The appearance of non-extensive statistics in a system may be for

several reasons e.g., finite size e↵ect, long-range interaction or correlation. For

this reason, in this work, it is investigated whether finite size e↵ect alone can

explain the deviation of the value of q from unity. We incorporate the finite-size

e↵ect by considering a lower momentum cuto↵, pmin = ⇡/R, in the momentum

integration, where, R is the radius of the system [118]. As the collision energy

is the same, large multiplicity events are expected to be originating from larger

overlap region in pp collisions. We have considered di↵erent radius (R) with each

multiplicity following the relation R⇠ hdNch/d⌘i1/3 [119–121]. The R dependence

of CV , CSBM, cs and hpT i have been extracted by fitting data from pp collision

at
p
s = 7 TeV to TB distribution with T and q as fitting parameters. The

data sets have also been studied by using BG statistics (in the limit q ! 1) with

the same value of T obtained from TB statistics, to check whether extensive TB

distribution with finite size e↵ect can account for the q-value extracted by fitting

experimental data.

In order to account for the e↵ects of system size, we have studied variation of

heat capacity, heat capacity scaled by average number of particles and T 3 with
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finite system size using Eq. 4.45. We find the lower limit of R as 1.3 fm and

the upper limit to be 2.7 fm. This is used to represent the available multiplicity

classes such that the values with q 6= 1 same as that of earlier plots showing

variation with multiplicity. Finite system size is also reflected through the value

of q > 1 in contrast to q ! 1.

Fig. 4.23 shows CV of ⇡±, K±, K⇤0+K⇤0 and p+p obtained by using ALICE

data as a function of system size. It is observed that the CV of ⇡±, K± and p+ p

increases with system size for q 6= 1. The slope of CV for ⇡± is less compared to

K± and p + p. Results with q ! 1 (corresponding to BG statistics) represented

by solid curves indicate that CV of K±, p + p are underestimated by PYTHIA8

unlike ⇡±.
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Figure 4.23: (Color online) Heat capacity obtained by using BG and TB distribu-

tion as a function of system size. Dashed (solid) lines represent results for q 6= 1

(q = 1)for pp collisions at
p
s = 7 TeV [64].

Fig. 4.24 shows CV scaled by T 3 for ⇡±, K±, K⇤0 +K⇤0 and p+ p extracted

from ALICE data as a function of system size. It is observed that CV /T
3 for ⇡±,

K±, K⇤0 +K⇤0 and p + p vary slowly with increasing system size for both with
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TB and BG statistics (except for p+ p).
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Figure 4.24: (Color online) Heat capacity obtained by using BG and TB distribu-

tion as a function of system size. Dashed (solid) lines represent results for q 6= 1

(q = 1)for pp collisions at
p
s = 7 TeV [64].

4.2.3.4 Finite system size dependence of CSBM and speed of sound

Fig. 4.25 shows CSBM of ⇡±, K± and p + p obtained from ALICE data as a

function of system size. Results with q 6= 1 represented by dashed lines, it is

observed that CSBM of ⇡± decreases slowly while CSBM of K± increases slightly

at small R. But p + p displays an increasing trend. Results for BG statistics

represented by solid curves show similar trend. It may be noted that the heavier

hadrons contribute more to the energy density than pressure through their rest

mass energy, therefore for proton (✏� 3P ) will be more than pions.

Fig. 4.26 shows c2s for ⇡±, K±, K⇤0 +K⇤0 and p + p extracted from ALICE

data as a function of system size. The c2s shows a plateau as a function of R both

for BG and TB statistics for all the hadronic species.

It is generally observed that the incorporation of finite size e↵ect in BG sta-

168



4.2 Study of QCD dynamics in small system using ALICE data

R (fm)
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

4
 -

3
P

)/
T

∈(

0

0.2

0.4

0.6

0.8  = 7 TeVspp, 

 1≠q 

 -π++π

-
+K

+
K

pp + 

q = 1

 -π++π

-
+K

+
K

pp + 

Figure 4.25: (Color online) Same as Fig. 4.23 showing variations of CSBM with

system size (R) [64].

tistical approach can not reproduce the value of the observables calculated with

non-extensivity parameter (q) extracted from the pp collisions. This may sug-

gest that the appearance of non-extensivity in pp collisions may not be com-

pletely explained by finite size e↵ect alone, thereby hinting the presence of other

physical e↵ects like long-range correlation that also contributes to the origin of

non-extensivity.

4.2.3.5 Energy dependence of CV , CSBM , c2s

The collision energy dependence of heat capacity scaled by average number of

particles and T 3 obtained from RHICE and ALICE pp data at di↵erent
p
s has

been studied by using the values of T and q extracted from the TB distribution

fit of the pT -spectra [122], where
p
s ranges from 0.0624 TeV to 13 TeV.

Fig. 4.27 shows CV scaled by the average density of charged pions (hn⇡i =

hn⇡+i + hn⇡�i) as a function of
p
s. Here, scaling by hn⇡i is considered as pro-

duction of (⇡+ and ⇡�) is abundant in relativistic collisions. It is observed that
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Figure 4.26: (Color online) Same as Fig. 4.23 for c2s [64].

CV /hn⇡i increases sharply upto
p
s = 1.5 TeV beyond which it increases very

slowly. In the same figure we also display the variations of CV /T
3 and CSBM

of charged particles obtained from RHICE and ALICE data as a function of
p
s.

Both the quantities tend to saturate (within error bars) for
p
s > 2 TeV. We find

that speed of sound seems to be almost constant (Fig. 4.27) for
p
s > 2 GeV.

Possibly for pp collisions with
p
s  2 TeV a thermal medium is formed with the

value of c2s ⇡ 0.24. Such a value of c2s is obtained in hadronic resonance gas model

calculation [115].

The general observation in this regard is that the thermodynamic quantities

considered here show a saturation starting for
p
s � 2 TeV. The nature of varia-

tion of CV /hn⇡i beyond
p
s ⇡ 2 TeV is similar to that found in heavy-ion collisions

at the chemical-freeze out surface as in Ref. [96]. Therefore, this may be taken as

a hint for the formation of medium similar in kind to that of heavy-ion collisions.

Indicating that for
p
s � 2 TeV su�cient number of particles are produced to

form QCD medium. It is interesting to further note that the average multiplicity

for
p
s ⇡ 1.5 lies between 3 to 7 as in Ref. [123]. This again puts weight to the
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possibility that the saturation e↵ect as observed in variation of above thermody-

namic quantities with multiplicity is potentially due to formation of a medium

in pp collisions for multiplicity, hdNch/d⌘i � 4 � 6. We note that for observing

saturation e↵ects in PYTHIA8 simulated results (in which CR is thought to be

responsible for the saturation), this kind of saturation starts at hdNch/d⌘i ⇡ 20.
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Figure 4.27: (Color online) Variation of heat capacity scaled by T 3 and average

charged pion density (hn⇡i), speed of sound and CSBM with
p
s for pp colli-

sions [64].

The summary of the important results from this section is given in Section 4.4.

Let us now continue with the exploration of thermalised medium formation in

a small system using thermodynamical approach but in the light of the event

topology and the final state multiplicity in the next section.
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4.3 Deciphering QCD dynamics in small col-

lision systems using event shape and final

state multiplicity at the Large Hadron Col-

lider

The aim of this work3 is to study the event shape and multiplicity dependence

of specific heat capacity, conformal symmetry breaking measure and speed of

sound in pp collisions. The non-availability of event topology dependent experi-

mental data for pp collisions at
p
s = 13 TeV on the spectra of non-strange and

strange hadrons constrains us to use the PYTHIA8 simulated numbers to extract

temperature-like parameters.

4.3.1 Formalism

In this work, we have followed the similar formalism as mentioned in section 4.2.

In brief, we have used thermodynamically consistent Tsallis distribution func-

tion [107], to extract T and q by fitting Tsallis distribution function to pT spectra

of identified particles produced in pp collisions at
p
s = 13 TeV. Using Tsallis dis-

tribution function, we have obtained the mathematical form for the energy den-

sity (✏), pressure (P), heat capacity (CV ), conformal symmetry breaking ( ✏�3P
T 4 ),

squared speed of sound (c2s) as shown in Eqs. 4.43, 4.44, 4.45, 4.46 and 4.43.

4.3.2 Event generation and Analysis methodology

For this analysis, PYTHIA8 event generator is used to simulate ultra-relativistic

pp collisions. It is a blend of many-body physics/theoretical models relevant for

hard and soft interactions, initial and final-state parton showers, fragmentation,

3S. Deb, S. Tripathy, G. Sarwar, R. Sahoo and J. e. Alam, Eur. Phys. J. A 56, 252 (2020).
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multipartonic interactions, color reconnection and decay [109]. We use 8.235

version of PYTHIA [62], which includes multipartonic interaction (MPI). MPI is

crucial to explain the underlying events, multiplicity distributions and charmonia

production [124–126]. Also, this version includes color reconnection which mimics

the flow-like e↵ects in pp collisions. It is note worthy that PYTHIA8 does not have

inbuilt thermalization. However, as discussed in Ref. [110], the color reconnection

(CR) mechanism along with the multipartonic interactions (MPI) in PYTHIA8

produces features those arise from thermalization of a system such as radial flow

and mass dependent rise of mean transverse momentum. In the pQCD-based

PYTHIA model, a single string connecting two partons follows the movement of

the partonic endpoints and this movement gives a common boost to the string

fragments, which become the final state hadrons. CR along with MPI enables

two partons from independent hard scatterings to reconnect and increase the

transverse boost. This microscopic treatment of final state particle production

is quite similar to a macroscopic picture via hydrodynamical description of high-

energy collisions. Thus, it is apparent to conclude that PYTHIA8 model with

MPI and CR, has the ability to mimic the features of thermalization, which

is confirmed in the flow-like phenomena in small collision systems [110]. This

represents a consistent picture because enhanced MPI leads to thermalization.

We have generated around 250 million pp collision events at
p
s = 13 TeV

with Monash 2013 Tune (Tune:14) [127]. We have implemented the inelastic, non-

di↵ractive component of the total cross-section for all soft QCD processes using

the switch SoftQCD:all=on and we use MPI based scheme of color reconnection

(ColorReconnection:mode(0)). In our analysis, the minimum bias events are those

events where no selection on charged-particle multiplicity and spherocity (defined

later) is applied. For the generated events, all the hadrons are allowed to decay

except the ones used in our study (HadronLevel:Decay = on). Here the event

selection criteria is such that only those events were chosen which have at-least

5 tracks (charged particles). The classes based on charged particle multiplicities

173



Chapter: 4

(Nch) have been chosen in the acceptance of V0 detector with pseudorapidity

range of V0A (2.8 < ⌘ < 5.1) and V0C (�3.7 < ⌘ < �1.7) [128] to match with

experimental conditions in ALICE at the LHC. The events generated using these

cuts are divided in ten multiplicity (V0M) classes, each class containing 10% of

total events, which is tabulated in Table 4.3.

Table 4.3: V0M multiplicity classes and the charged particle multiplicities in each

multiplicity class [65].

V0M class I II III IV V VI VII VIII IX X

Nch 50-140 42-49 36-41 31-35 27-30 23-26 19-22 15-18 10-14 0-9

Transverse spherocity is defined for an unit vector n̂(nT , 0) which minimizes

the following quantity [129, 130]:

S0 =
⇡2

4

✓

⌃i |~pTi
⇥ n̂|

⌃i pTi

◆2

. (4.51)

The events whether they are isotropic or jetty in transverse plane are coupled

to the extreme limits of spherocity, which varies from 0 to 1. In the spherocity

distribution, the events limiting towards unity are isotropic events while towards

zero are jetty ones. The isotropic events are the consequence of soft processes

while the jetty events are of hard pQCD processes. Schematic pictures of jetty and

isotropic events are shown in chapter 3. The spherocity distribution is selected

in the pseudorapidity range of |⌘| < 0.8 to match the experimental conditions of

ALICE at the LHC and all events have minimum constraint of 5 charged particles

with pT> 0.15 GeV/c [43]. For minimum bias events (0-100% V0M class), we

consider the jetty events are those having 0  S0 < 0.29 with lowest 20 percent of

total events and the isotropic events are those having 0.64 < S0  1 with highest

20 percent of the total events. As shown in our previous work [47], spherocity

distribution also depends on event multiplicity. Thus, we have considered di↵erent

spherocity ranges for jetty and isotropic events in di↵erent multiplicity classes,

which are shown in Table 4.4.
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With the detailed formalism and analysis methodology, we now move to dis-

cuss the results in the next subsection.

Table 4.4: Spherocity ranges for jetty and isotropic events for di↵erent multiplicity

classes [65].

V0M Classes S0 range

Jetty events Isotropic events

0� 9 0� 0.20 0.56� 1

10� 14 0� 0.22 0.58� 1

15� 18 0� 0.24 0.60� 1

19� 22 0� 0.26 0.62� 1

23� 26 0� 0.28 0.64� 1

27� 30 0� 0.30 0.66� 1

31� 35 0� 0.32 0.66� 1

36� 41 0� 0.34 0.68� 1

42� 49 0� 0.38 0.70� 1

50� 140 0� 0.42 0.74� 1

4.3.3 Results and Discussion

In a hydrodynamically expanding scenario, the produced fireball in ultra-relativistic

hadronic and nuclear collisions, expands and cools down, resulting in a temper-

ature profile as a function of space-time. The spacetime evolution of hadronic

and heavy-ion collisions at the LHC energies could be thought of following such

an expansion governed by relativistic hydrodynamics. Di↵erent identified parti-

cles decouple from di↵erent evolution stages of the fireball because of the di↵erent

interaction cross sections of the hadrons of di↵erent masses. Therefore, the freeze-

out temperature in hadronic and heavy-ion collisions should be species dependent.
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Table 4.5: The extracted Tsallis parameters (T , q) for identified particles in

di↵erent multiplicity and spherocity classes [65].

Particles V0M classes

I II III IV V VI VII VIII IX X

⇡+ + ⇡�

T (GeV)

S0-int 0.136 ± 0.005 0.133 ± 0.005 0.129 ± 0.005 0.126 ± 0.004 0.122 ± 0.004 0.119 ± 0.004 0.116 ± 0.004 0.113 ± 0.003 0.112 ± 0.003 0.113 ± 0.003

Jetty 0.092 ± 0.004 0.094 ± 0.004 0.096 ± 0.004 0.096 ± 0.004 0.097 ± 0.004 0.099 ± 0.001 0.100 ± 0.004 0.101 ± 0.004 0.106 ± 0.004 0.112 ± 0.004

Iso 0.167 ± 0.007 0.166 ± 0.006 0.161 ± 0.006 0.156 ± 0.005 0.153 ± 0.005 0.149 ± 0.004 0.144 ± 0.004 0.141 ± 0.004 0.137 ± 0.003 0.136 ± 0.003

q

S0-int 1.153 ± 0.001 1.151 ± 0.003 1.150 ± 0.003 1.150 ± 0.003 1.150 ± 0.003 1.150 ± 0.003 1.150 ± 0.003 1.151 ± 0.003 1.151 ± 0.003 1.150 ± 0.003

Jetty 1.220 ± 0.004 1.121 ± 0.004 1.1206 ± 0.004 1.202 ± 0.004 1.197 ± 0.004 1.193 ± 0.003 1.189 ± 0.003 1.186 ± 0.003 1.181 ± 0.003 1.174 ± 0.003

Iso 1.121 ± 0.004 1.113 ± 0.003 1.112 ± 0.003 1.110 ± 0.003 1.107 ± 0.003 1.104 ± 0.003 1.101 ± 0.003 1.097 ± 0.003 1.093 ± 0.003 1.084 ± 0.003

K+ +K�

T (GeV)

S0-int 0.140 ± 0.009 0.132 ± 0.008 0.125 ± 0.008 0.116 ± 0.007 0.108 ± 0.007 0.102 ± 0.007 0.093 ± 0.006 0.088 ± 0.006 0.085 ± 0.006 0.086 ± 0.006

Jetty 0.054 ± 0.010 0.058 ± 0.009 0.060 ± 0.009 0.0062 ± 0.009 0.061 ± 0.009 0.062 ± 0.008 0.063 ± 0.008 0.067 ± 0.008 0.075 ± 0.008 0.087 ± 0.007

Iso 0.181 ± 0.009 0.177 ± 0.009 0.170 ± 0.008 0.160 ± 0.007 0.157 ± 0.007 0.150 ± 0.007 0.136 ± 0.006 0.129 ± 0.006 0.125 ± 0.006 0.124 ± 0.005

q

S0-int 1.155 ± 0.005 1.155 ± 0.005 1.156 ± 0.004 1.159 ± 0.004 1.161 ± 0.004 1.162 ± 0.004 1.166 ± 0.004 1.167 ± 0.004 1.169 ± 0.004 1.167 ± 0.004

Jetty 1.244 ± 0.007 1.234 ± 0.007 1.229 ± 0.009 1.223 ± 0.006 1.220 ± 0.006 1.217 ± 0.006 1.213 ± 0.006 1.208 ± 0.005 1.201 ± 0.005 1.192 ± 0.005

Iso 1.121 ± 0.004 1.114 ± 0.004 1.113 ± 0.004 1.113 ± 0.004 1.108 ± 0.004 1.106 ± 0.004 1.110 ± 0.004 1.107 ± 0.004 1.102 ± 0.004 1.092 ± 0.004

p+ p

T (GeV)

S0-int 0.156 ± 0.014 0.139 ± 0.014 0.117 ± 0.013 0.103 ± 0.013 0.083 ± 0.012 0.069 ± 0.012 0.055 ± 0.011 0.038 ± 0.010 0.031 ± 0.012 0.030 ± 0.010

Jetty 0.021 ± 0.002 0.031 ± 0.002 0.025 ± 0.003 0.030 ± 0.004 0.026 ± 0.002 0.026 ± 0.002 0.028 ± 0.002 0.024 ± 0.005 0.031 ± 0.007 0.045 ± 0.010

Iso 0.223 ± 0.014 0.207 ± 0.013 0.189 ± 0.013 0.173 ± 0.012 0.159 ± 0.012 0.135 ± 0.011 0.123 ± 0.010 0.110 ± 0.009 0.094 ± 0.009 0.099 ± 0.009

q

S0-int 1.132 ± 0.006 1.134 ± 0.006 1.141 ± 0.006 1.144 ± 0.006 1.151 ± 0.006 1.155 ± 0.006 1.159 ± 0.005 1.166 ± 0.005 1.170 ± 0.006 1.170 ± 0.005

Jetty 1.235 ± 0.002 1.221 ± 0.003 1.218 ± 0.003 1.210 ± 0.003 1.208 ± 0.002 1.205 ± 0.002 1.200 ± 0.002 1.199 ± 0.002 1.194 ± 0.004 1.186 ± 0.005

Iso 1.089 ± 0.006 1.087 ± 0.005 1.090 ± 0.005 1.090 ± 0.005 1.090 ± 0.005 1.097 ± 0.005 1.096 ± 0.005 1.096 ± 0.005 1.098 ± 0.005 1.084 ± 0.005

K⇤0 +K⇤0

T (GeV)

S0-int 0.163 ± 0.015 0.143 ± 0.015 0.125 ± 0.014 0.106 ± 0.013 0.092 ± 0.013 0.075 ± 0.012 0.058 ± 0.012 0.040 ± 0.012 0.030 ± 0.004 0.025 ± 0.002

Jetty 0.087 ± 0.017 0.081 ± 0.015 0.070 ± 0.016 0.057 ± 0.015 0.050 ± 0.015 0.041 ± 0.011 0.031 ± 0.011 0.023 ± 0.003 0.019 ± 0.002 0.019 ± 0.002

Iso 0.183 ± 0.016 0.165 ± 0.015 0.147 ± 0.014 0.125 ± 0.014 0.114 ± 0.014 0.095 ± 0.013 0.075 ± 0.013 0.062 ± 0.012 0.048 ± 0.012 0.027 ± 0.010

q

S0-int 1.144 ± 0.007 1.148 ± 0.007 1.153 ± 0.007 1.160 ± 0.006 1.163 ± 0.006 1.168 ± 0.006 1.175 ± 0.006 1.182 ± 0.006 1.188 ± 0.002 1.192 ± 0.002

Jetty 1.189 ± 0.009 1.185 ± 0.008 1.187 ± 0.008 1.191 ± 0.008 1.192 ± 0.008 1.194 ± 0.006 1.198 ± 0.006 1.202 ± 0.003 1.205 ± 0.002 1.209 ± 0.00

Iso 1.134 ± 0.007 1.137 ± 0.007 1.140 ± 0.007 1.148 ± 0.007 1.148 ± 0.007 1.154 ± 0.007 1.161 ± 0.007 1.163 ± 0.007 1.166 ± 0.007 1.175 ± 0.006

Λ
0 +Λ0

T (GeV)

S0-int 0.167 ± 0.020 0.143 ± 0.019 0.115 ± 0.019 0.091 ± 0.019 0.072 ± 0.017 0.049 ± 0.016 0.029 ± 0.004 0.021 ± 0.002 0.017 ± 0.001 0.016 ± 0.001

Jetty 0.053 ± 0.026 0.040 ± 0.002 0.026 ± 0.005 0.027 ± 0.003 0.020 ± 0.002 0.017 ± 0.001 0.017 ± 0.001 0.015 ± 0.001 0.014 ± 0.001 0.016 ± 0.001

Iso 0.196 ± 0.021 0.167 ± 0.020 0.152 ± 0.020 0.107 ± 0.021 0.097 ± 0.020 0.059 ± 0.019 0.047 ± 0.007 0.041± 0.003 0.036 ± 0.002 0.030 ± 0.002

q

S0-int 1.136±0.008 1.139 ±0.008 1.147 ±0.008 1.154 ± 0.008 1.159 ± 0.008 1.167 ±0.007 1.174 ± 0.002 1.176 ± 0.002 1.179 ±0.002 1.180 ±0.002

Jetty 1.195 ± 0.013 1.194 ± 0.003 1.197 ±0.003 1.192 ± 0.003 1.192 ± 0.002 1.191 ± 0.002 1.189 ± 0.002 1.190 ± 0.002 1.192 ± 0.002 1.193 ± 0.002

Iso 1.122 ± 0.008 1.128 ± 0.008 1.129 ± 0.008 1.145 ± 0.009 1.144 ± 0.009 1.160 ± 0.009 1.159 ± 0.004 1.157 ± 0.002 1.157 ± 0.002 1.155 ± 0.002
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This means hadrons with smaller cross sections will escape the system earlier than

hadrons with larger interaction cross sections. Hence, each hadron species will

measure di↵erent freeze-out temperature of the system analogous to the cosmo-

logical scenario, where di↵erent particles go out of equilibrium at di↵erent times

during the evolution of the universe. In this work, we have considered such a

scenario and have evaluated various quantities which are analogous to the ther-

modynamic quantities such as the heat capacity, scaled heat capacity, CSBM and

c2s at di↵erent decoupling points of final state particles from the produced fireball.

However, it is to be noted that this work uses simulated data from PYTHIA8

which lack thermalisation in true sense but mimics its features as explained in

section 4.3.2.

In such a scenario, let’s now proceed to calculate the heat capacity (defined

by Eq. 4.45), heat capacity scaled by number density of hadrons (< N > in GeV3

obtained by integrating Eq. 4.40 over three momentum) and scaled with T 3 as

a function of charged-particle multiplicity and transverse spherocity for pp col-

lisions at
p
s=13 TeV generated using PYTHIA8. The temperature parameter,

T and non-extensive parameter, q for di↵erent event multiplicity and spheroc-

ity classes are extracted by fitting Tsallis distribution function to pT spectra of

identified particles, which are tabulated in Table 4.5. It is to be noted that the

thermalization represents soft physics, therefore, in the present context, the low

pT sector of high multiplicity events (to ensure multiple interactions) will have

a greater possibility to achieve thermalization. The parameter extracted from

the inverse slope of the pT distributions provided by Tsallis distribution may be

realistically treated as the temperature for large multiplicity classes. Thus for

example from Table 4.5, the isotropic temperature of ⇤
0 particles, T ⇡ 0.196

GeV obtained for the range Nch = (50-140) with mean value, hNchi = 95 may be

sensibly considered as the temperature of the system. However, the value of T

⇡ 0.03 GeV retrieved from the inverse slope of the pT distribution for the range

Nch = (0-9) (with mean value,hNchi = 4.5) can not be treated as a realistic value
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of the temperature of the system. Because in the latter case (hNchi = 4.5), a

su�cient number of interactions may not take place to achieve thermalization as

opposed to the former case (hNchi = 95). However, for a systematic study as a

function of event multiplicity, we have taken all the multiplicity classes.

The pT-spectra and the reduced-�2 for di↵erent event types and multiplicity

classes are shown explicitly in Ref.[46]. Using the same formalism, we estimate

the conformal symmetry breaking measure and squared speed of sound, defined

by Eq. 4.46 and 4.47 respectively, for di↵erent particles as a function of event

multiplicity and spherocity. As the inputs to these equations, the values of T and

q are extracted after fitting the pT-spectra from simulated events using Tsallis

distribution given by Eq. 4.40. It is evident from Ref. [46] that di↵erent particles

have di↵erent T and q values. Thus, we consider di↵erential freeze-out scenario.

Higher mass particles decouple from the system early in time indicating a higher

Tsallis temperature parameter. These particles are expected to carry more initial

non-equilibrium e↵ects. The q-value for BG distribution of an equilibrated system

is unity and the observation of q > 1 in high-energy hadronic collisions is an

indication of the created system being away from equilibrium. In the present

study, we take light flavor identified particles like pions (⇡+ + ⇡�), kaons (K+ +

K�), protons (p + p), which have higher abundances in the system and heavier

strange/multi-strange particles like K⇤0 (K⇤0+K⇤0), and ⇤
0(⇤0 + ⇤0), which have

relatively smaller production rates .

4.3.3.1 Event shape and multiplicity dependence of heat capacity (CV )

Heat capacity of a system is the amount of heat energy required to raise the

temperature of the system by one unit. It can be measured experimentally by

measuring the energy supplied to the system and resultant change in temperature.

It gives the measure of how change in temperature changes the entropy of a system

(�S =
R

(CV /T ) dT ). The change in entropy is a good observable for studying

178



4.3 Deciphering QCD dynamics in small collision systems using event
shape and final state multiplicity at the Large Hadron Collider

the phase transition. In the context of heavy-ion collisions, it can be connected

to the rapidity (y) distribution (dN/dy ⇡ dS/dy). The heat capacity acts as a

bridging observable for experimental measurement and theoretical models, where

change in entropy can be estimated. The heat capacity represents the ease of

randomization for a particular phase of the matter in opposition to strength of

correlation. The scaled value, CV /hNi remains constant with temperature for an

ideal gas, since the increase of temperature has no e↵ect on change in interaction

strength and its range. The heat capacity will change with some macroscopic

conditions if that condition causes changes in the strength of correlation and

then ease of randomization. So heat capacity is a good observable to understand

how correlation and randomization compete over one another. Thus the study of

variation of heat capacity with multiplicity in pp collisions gives opportunities to

have a better understanding of how the ease of randomization and the strength

of correlation change with number of constituents in a QCD system.

As di↵erent event shapes have got di↵erent underlying physical mechanisms,

it is worth making a comprehensive study of some of the important thermody-

namic observables as a function of event topology through particle spectra in pp

collisions using PYTHIA8. Left panel of Fig. 4.28 shows the CV of pions, kaons

and protons obtained from Eq. 4.45 using PYTHIA8 simulated data as a function

of charged-particle multiplicity for di↵erent spherocity classes. The lighter mass

particles have higher heat capacity, which can be understood from the fact that

the production cross-section decreases as a function of particle mass. It is also

observed that the trend of CV for isotropic and spherocity integrated events are

similar and they tend to increase as a function of charged-particle multiplicity. At

low multiplicity classes, the trend of CV remain almost similar for di↵erent sphe-

rocity classes. However, the CV for jetty events are always less than the isotropic

and spherocity integrated events for high multiplicity classes. This behavior goes

inline with our general expectation for the following reasons. It is expected that

for the isotropic events, the number of produced particles would be higher com-

179



Chapter: 4

ch
N

10
2

10

)
3

 (
G

e
V

V
C

5−
10

4−
10

3−
10

2−
10

1−
10

Jetty
Isotropic

 integrated0S

-
π ++π

ch
N

10
2

10

)
3

 (
G

e
V

V
C

5−
10

4−
10

3−
10

2−
10

1−
10

-
 +K

+
K

ch
N

10
2

10

)
3

 (
G

e
V

V
C

5−
10

4−
10

3−
10

2−
10

1−
10

pp+

ch
N

10
2

10

/<
N

>
V

C

0

10

20

30

40 -
π ++π

ch
N

10
2

10

/<
N

>
V

C

0

50

100

150

-
 +K

+
K

ch
N

10
2

10

/<
N

>
V

C

0

200

400

pp+

ch
N

10
2

10

3
/T

V
C

0

5

10

15

20

-
π ++π

ch
N

10
2

10

3
/T

V
C

0

5

10

15

20
-

 +K
+

K

ch
N

10
2

10

3
/T

V
C

0

5

10 pp+

Figure 4.28: (Color Online) Heat Capacity (left), heat capacity scaled by average

number of particles (middle) and heat capacity scaled by T 3 of the system (right)

obtained using Eq. 4.45 as a function of average charged-particle multiplicity for

di↵erent event shapes for identified light flavor particles [65].

pared to that of the jetty events. Thus one would need higher energy to increase

one unit of temperature in isotropic events compared to that of jetty ones. As

heat capacity is a measure of the amount of energy/heat required to increase one

unit of temperature of the system, the isotropic events should have higher heat

capacity compared to the jetty ones. As the spherocity integrated events are the

average of both isotropic and jetty events, the heat capacity remains in between

of the isotropic and jetty events. As, the number of particles seems to play im-

portant role in heat capacity, it is worthwhile to look at heat capacity scaled with

average number of the corresponding particles under study, which is shown in the

middle panel of Fig. 4.28. In this case, we observe completely opposite behavior

of heat capacity for isotropic and jetty events. This confirms that the number of

180



4.3 Deciphering QCD dynamics in small collision systems using event
shape and final state multiplicity at the Large Hadron Collider

particles in a system plays a crucial role for the heat capacity. This behavior is

supported by the results of final state multiplicity driving the particle production

at the LHC energies [131, 132]. However, protons behave di↵erently at low mul-

tiplicity classes. The right panel of Fig. 4.28 shows heat capacity scaled with T 3,

which makes the quantity dimensionless. The CV /T
3 increases as a function of

charged-particle multiplicity for both isotropic and jetty events but the values for

pions and kaons are lower for isotropic compared to jetty events. This suggests

that the freeze-out temperature and average number of particles play significant

role in the values of heat capacity. However, for protons the CV /T
3 values seem

consistent with each other for di↵erent spherocity classes within uncertainties.

Let us now focus on the results from strange particles as it has major sig-

nificance due to the recent finding of strangeness enhancement in small collision

systems like pp and p-Pb collisions [12]. Figure 4.29 shows CV (left), CV / < N >

(middle) and CV /T
3 (right) of strange particles such as kaons, K⇤0 and ⇤

0 ob-

tained from Eq. 4.45 as a function of charged-particle multiplicity for di↵erent

spherocity classes. We have chosen these particles for our study due to the

fact that kaons are the lightest strange mesons, ⇤
0 particles are lightest strange

baryons and K⇤0 are the strange resonances which go through significant re-

scattering processes in hadronic phase of the heavy-ion collisions [132, 133]. The

behaviors of heat capacity for strange particles are similar to that observed for

pions and protons. However, when they are scaled with average number of par-

ticles, they show very di↵erent behavior compared to pions. The behavior of

K⇤0 and ⇤
0 are similar to that of protons. It is well known that, for a system

with finite flow would follow a mass dependent particle production and the ther-

modynamic observables would be mass dependent. Keeping this in mind, one

can expect the similar behaviors of scaled heat capacity with number of particles

or temperature for particles with similar masses. As protons, K⇤0 and ⇤
0 have

similar masses the behavior of scaled heat capacity seems to be similar for high

multiplicity pp collisions. As seen in the right panel of Fig. 4.29, the values of
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CV /T
3 for K⇤0 and ⇤

0 in di↵erent spherocity classes seem to be consistent with

each other within uncertainties.
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Figure 4.29: (Color Online) Heat Capacity (left), heat capacity scaled by average

number of particles (middle) and heat capacity scaled by T 3 of the system (right)

obtained using Eq. 4.45 as a function of average charged-particle multiplicity for

di↵erent event shapes for identified strange particles [65].

The (✏+ p), enthalpy density acts as inertia for change in velocity for a fluid

cell in thermal equilibrium. For completeness, we have also studied CV scaled by

enthalpy (✏ + p), which acts as a proxy to heat capacity i.e, CV per unit mass.

The specific heat for di↵erent spherocity classes as a function of multiplicity

for identified stable (left panel) and strange particles (right panel) are shown in

Fig 4.30. The specific heat seems to have opposite trend to that of heat capacity

for all the particles. Also, there is no significant di↵erences of specific heat for

di↵erent particles as a function of multiplicity and spherocity. It is to be noted

here that the behavior of heavier hadrons like proton, K⇤0 and ⇤
0 are quite
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similar except for jetty events in case of proton. These hadrons seem to have S0

and isotropic events overlap beyond Nch ' (20-30). This is expected as heavier

hadrons have relatively smaller abundances.
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Figure 4.30: (Color Online) Heat capacity scaled by inertial mass of respective

light flavor (left) and strange (right) particles as a function of event multiplicity

and spherocity [65].

4.3.3.2 Event shape and multiplicity dependence of CSBM, speed of

sound

Speed of sound in a system reveals about the strength of interactions of the

constituents of a medium. A comparison with the standard massless ideal gas

value would give a hint about the system dynamics. The e↵ective mass of the
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constituents can change in the presence of interaction, which changes the speed

of sound in a medium. The measure of deviation from masslessness of the con-

stituents is captured by CSBM (how particle mass and temperature contributes

to CSBM for non-interacting (ideal gas) system is discussed in Ref. [64, 115].

For massless particles, c2s = 1/3. However for massive particles, it is less than

this value. This is because, massive particles do not contribute to the pressure as

much as they contribute to the energy of a system. It is expected that the varia-

tion of these quantities with event multiplicity will capture the change in e↵ective

interaction among the constituents with increase in number of constituents. It

becomes important to study these quantities as a function of event topology, as

topology is a consequence of the underlying particle production mechanism.

Therefore, we have also studied the conformal symmetry breaking measure

(CSBM) and squared speed of sound (c2s) as a function of multiplicity and spheroc-

ity for identified particles in pp collisions, which can be obtained using equations

Eq. 4.46, 4.47. Figure 4.31 shows CSBM ( ✏�3P
T 4 ) of identified stable (left panel)

and strange (right panel) particles using T and q obtained from PYTHIA8 as a

function of charged-particle multiplicity for di↵erent spherocity classes. It is ob-

served that the CSBM increases with increase of mass. For spherocity integrated

events, the trace anomaly remains almost flat as a function of multiplicity for

pions and kaons while it increases for heavier mass particles like protons, K⇤0 and

⇤
0 particles. For pions and kaons the CSBM is higher for jetty events compared

to isotropic events throughout all the charged-particle multiplicity classes. How-

ever, for other heavier particles CSBM seems to be similar within uncertainties

for di↵erent spherocity classes in high multiplicity pp collisions.

Figure 4.32 shows the squared speed of sound, c2s of identified stable (left

panel) and strange (right panel) particles using T and q obtained from PYTHIA8

as a function of charged-particle multiplicity and spherocity. The c2s seems to be

mass dependent and decreases with increase in particle mass. Contrary to the

other observables, the trend of c2s for di↵erent spherocity classes as a function of
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Figure 4.31: (Color Online) CSBM (trace anomaly) for identified light (left) and

strange (right) hadrons as a function of event multiplicity and spherocity [65].

multiplicity for all the particles are similar and seems to approach the Stefan-

Boltzmann limit of 1/3, asymptotically. This behavior is consistent with our

earlier work [64].

For all the above discussed thermodynamic observables, a common feature ap-

pears, which is the threshold in final state event multiplicity. The system behavior

changes for the value of final state event multiplicity more than Nch ' (10� 20).

This is a confirmatory observation as a threshold final state event multiplicity

in high-multiplicity pp collisions. This goes inline with many such earlier ob-

servations of a threshold in final state event multiplicity after which MPI shows
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Figure 4.32: (Color Online) Squared speed of sound for identified light (left) and

strange (right) hadrons as a function of event multiplicity and spherocity [65].

substantial activity and explains charmonia production [124], thermodynamic

limit of all the statistical ensembles showing similar freeze-out properties [134]

and the saturation of non-extensive thermodynamical parameters [135]. Further

it should be noted here, that as an emerging area of final state multiplicity driv-

ing the multiparticle production processes in hadronic and nuclear collisions at

the LHC energies, although systematic study taking the final state multiplicity

becomes evident, so far the thermodynamics of the system is concerned, the phys-

ical interpretation of observables for smaller number density should be taken with

caution. We believe, the present work along with many others in the direction

of event topology dependent studies at the LHC energies are a way forward in
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understanding the heavy-ion-like features in high-multiplicity pp collisions and

a possible formation of QGP-droplets [136, 137]. These aspects should have an

experimental exploration, once the corresponding data become available. This

study, thus paves a way to understand the high-multiplicity pp collisions at the

LHC energies.

With the above findings, we finally summarize all the important results in the

next section.

4.4 Summary

Section 4.1: In this work, we have investigated predictions of the Glauber model

for the initial condition for pp collisions, which considers an anisotropic and in-

homogeneous proton density profile. The results have been contrasted with ex-

perimental data. This model for the density profile is inspired by the structure

function obtained from deep inelastic scattering. Instead of distributing the po-

sitions of valence quarks randomly by keeping the center of mass intact, we have

taken random orientations generated by random rotation around three spatial

axes, where the center of three quarks form a plane and connecting gluon tubes

always remain fixed in length. This prevents the overlap of two valence quarks in

space and possible placement of a quark out of the proton radius, where these two

can happen for the first kind of randomization with only the center of mass being

fixed [18], and the condition that may bring extra complications in the random-

ization process for not allowing it, generating ”spooky” correlations. However,

the present approach, apart from avoiding such complications, will give better

handle for future investigations.

With all these considerations, we have studied multiplicity distribution, to

obtain the impact parameter to multiplicity relation, multiplicity dependence of

initial eccentricity, and azimuthal flow harmonics (v2). It is found that this model

can well reproduce multiplicity distribution produced in pp events at ALICE,
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with the free parameter f = 0.85. With properly constraining our model with

experimental data and calibrating the range of b with the multiplicity percentile,

we have used the estimated hNparti to obtain a nuclear modificationlike factor

(RHL) for pp collisions. It is found that the defined factor < 1 for pT < 1 GeV,

and beyond this, the factor > 1. Moreover, it tends to reduce at very high pT ,

and for pT > 1 GeV, the value of the factor is higher for higher multiplicities. We

have also studied RHL for identified particles for pp collisions at
p
s = 7 TeV and

found that the trend for RHL is similar to that observed in the p-Pb system but

with an increased value. This behavior at higher pT may be due to noncollective

flow e↵ects, which needs further investigation.

The nonavailability of results from experiments which shows the variation of

eccentricity and v2 with multiplicity at
p
s = 7 TeV prevents us from compar-

ing our estimation with experimental data at
p
s = 7 TeV. However, we have

compared our result of v2 with that of pp collisions at
p
s = 13 TeV, as it is

observed that the collision energy dependence of v2 is weak. We found that the

result of v2 obtained from the present approach is in agreement with the result

obtained in IP-Glasma model in lower multiplicity region. Also, it is found that

the values of v2 obtained from present model for Nch & 8 are very close to that

of the experimental data for
p
s = 13 TeV.

The elliptic flow, v2 measured through the anisotropic momentum distribu-

tion of the produced particle is generated by the hydrodynamic pressure gradient

resulted from the spatial anisotropy of the system formed initially. Therefore, v2

can be used to characterize the evolving medium, and to do that, any momentum

dependence resulting from other sources has to be subtracted out. The initial

conditions required to solve the hydrodynamic equations are quantities that de-

pend on the spatial coordinate but are momentum independent. Therefore, the

initial condition obtained in the present study will be relevant for studying the

evolving matter formed in pp collisions. The momentum dependent initial condi-

tion obtained in the IP-Glasma model (e.g. the work reported in Ref. [138]) can
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also be useful to study hydrodynamic evolution when the momentum dependence

is integrated out.

Section 4.2: We have used Tsallis Boltzmann distribution function to exact

temperature (T) and non-extensive parameter (q) in order to calculate specific

heat capacity, conformal symmetry breaking measure, speed of sound as a func-

tion of multiplicity, system size and collisions energies. The main findings of the

work based on the analysis of experimental data from pp collision at LHC energies

may be summarized as follows:

• We have analyzed how a system produced in pp collision at relativistic

energies evolves into a collective medium as the the number of produced

particles and collision energy increases. For the purpose of this analysis,

the thermodynamic quantities like CV , cs and CSBM have been chosen for

reasons explained in the text. We observe that CV achieves a plateau for

hdNch/d⌘i > (4 � 6). We also note that CV /hnii for pionic and kaonic

matter have similar values.

• We have also investigated how conformal symmetry breaking/trace anomaly

varies with the degrees of freedom in an environment of QCD many body

system. Similar to CV , a saturation in CSBM with hdNch/d⌘i and
p
s � 2

TeV is also observed.

• The importance of high-multiplicity (hdNch/d⌘i > (4 � 6)) for medium

formation in small systems is further endorsed by the observation of similar

kind of saturating behavior of the thermodynamic quantities considered

here with collision energies. This suggests that at collision energies,
p
s �

2 TeV, the sea quarks and gluons within the proton are large enough to

produce QCD medium.

• Comparisons of the results extracted from ALICE data with the results

obtained from PYTHIA8 simulation have been carried out. It is observed
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that PYTHIA8 (devoid of medium) explains scaled CV for heavy particles

approximately but it cannot explain the trend of lighter hadrons. This may

be a sign that lower mass particles originate from a thermalized medium.

• The deviation in the value of q from unity in TB statistics may indicate the

presence of long-range correlations as well as the finiteness of the system.

However, it is observed that finite size e↵ect alone cannot account for the

appearance of q 6= 1 value. This may suggest that the presence of e↵ects

other than finiteness e.g., correlations, in QCD system play important role

for giving rise to non-extensivity.

Section 4.3: In this work, we have made an attempt to study event topol-

ogy and event multiplicity dependence of some of the important thermodynamics

variables in pp collisions at
p
s = 13 TeV in view of the heavy-ion-like features ob-

served in high-multiplicity events. In the absence of transverse spherocity analysis

in experimental data, we have used pQCD inspired PYTHIA8 event generator

to simulate pp collisions at
p
s = 13 TeV. As the production dynamics of hard

QCD and soft processes contribute di↵erently to the event structures, we have

used transverse spherocity as an event topology analysis tool to separate jetty

and isotropic events, and then study some of the important thermodynamic ob-

servables. It is quite evident from the above observations that the results for

spherocity integrated events fall in between of isotropic and jetty events. This

suggests that the spherocity plays a significant role of separating events based on

their geometrical shapes. This also indicates that studying all the events without

looking at the geometrical shape of the events might not contain the entire infor-

mation about the possible flow-like medium and/or jets. Also, one can notice from

all the results that there is a threshold number of charged particles after which the

behavior of the observables changes significantly in isotropic, jetty and spherocity

integrated events. This threshold is found to be Nch ' (10-20), and becomes an

important and confirmatory finding over earlier such observations [124, 139]. In
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general, in a many particle system the lighter particles predominantly contribute

to its thermodynamic properties. In the present context, pions and kaons are

lighter as compared to other hadrons considered. Hence these particles govern

the thermodynamic behavior of the system with their higher abundances. The

variations of thermodynamical quantities considered in present work with Nch for

lighter hadrons like pions and kaons show a plateau which starts at a low value

of Nch. We find that a similar plateau-like behavior is also achieved for heavier

hadrons, like proton, K⇤0 and ⇤
0 for hNchi > 40, indicating a scenario where a

thermal bath has been formed with all these hadrons in equilibrium. As heav-

ier hadron are relatively less abundant, it is expected to form a thermal bath

for higher Nch than the lighter hadrons like pions and kaons. We believe such

a study based on pQCD inspired PYTHIA8 event generator using event topol-

ogy and multiplicity becomes important in exploring the production dynamics of

high-multiplicity pp collisions.

It should be noted here that in PYTHIA8, a partonic medium is not explicitly

invoked. Rather, MPI with color reconnection has been successful in describing

the collectivity observed in pp collisions at the LHC energies. The present obser-

vation of a threshold in the particle multiplicity indicating a dynamical behavior

in particle production and the thermodynamics of the produced system is a con-

sequence of MPI with color reconnection.
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Chapter 5

Summary

“Learn from yesterday, live for today, hope for tomorrow. The important thing is

not to stop questioning.”

- Albert Einstein

The research works discussed in this PhD thesis have been carried out at the

Indian Institute of Technology (IIT) Indore, India, within the ALICE collabora-

tion at the LHC, CERN, Geneva under the financial supports from ALICE Project

No. SR/MF/PS-01/2014-IITI(G) of Department of Science & Technology, Gov-

ernment of India.. This PhD project explores the pp collision via experimental

data analysis and phenomenological studies to understand the hadronic collision

at ultra-relativistic energies.

In this thesis, the first measurements of K⇤(892)± resonance production at

midrapidity in pp collisions at
p
s =13 TeV with ALICE at the LHC as a function

of transverse spherocity and charged-particle multiplicity are reported. Variation

on K⇤(892)± production because of di↵erent transverse spherocity quantiles is

also presented. From the transverse momentum spectra results, we observe K⇤±

are mainly produced in isotropic events in the measured pT interval, but for pT >

3.5 GeV/c in-jet production increases. It is observed that with the increase in

S
pT=1
0 quantiles, spherocity dependence of K⇤± production seems to less promi-
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nent. To understand the dynamics of particles with di↵erent quark content, mass,

etc., we have calculated the particle ratio of K⇤± with long-lived stable hadrons,

an important observation from these results is that the isotropic/integrated ratio

is higher and stays flat, while the jetty/integrated rises with pT, implying an in-

creasing relative contribution of hard processes with increasing pT. These results

can shed light on tuning the Monte Carlo (MC) models and helps to explore the

QGP-like conditions in high-multiplicity pp collisions.

The production dynamics of heavy-flavored hadrons (governed by hard-QCD

processes) and light-flavored hadrons (governed by soft-QCD processes) are dif-

ferent in nature. In contrast with light-flavored hadrons, we have extensively

studied transverse spherocity and final-state multiplicity dependence of heavy-

flavored hadrons production in pp collisions at
p
s = 13 TeV using the pQCD

inspired PYTHIA8 model. As the recent observations in high-multiplicity pp

collisions show heavy-ion-like features, the possible formation of QGP-droplets

in such small systems cannot be neglected. The novel observation from heavy-

flavored results hints at di↵erent production dynamics of open charm compared

to charmonia. MPIs with color reconnection mechanism play a significant role in

such behaviors in PYTHIA8. And the study of heavy-flavored hadrons pT -spectra

is one of the mail tools to disentangle collective e↵ects from trivial correlations.

In high-energy heavy-ion collisions, the interpretation of results relies on the

use of a model based on initial matter distribution resulting from the overlap of

the two colliding nuclei at a given impact parameter (b). Indeed, for estimating

quantities such as the number of binary nucleon-nucleon collisions, Ncoll(b) used

to derive the nuclear modification factor (RAA) from the ratio of AA over pp

spectra, the elliptic flow parameters (v2) normalized by the eccentricity (✏2(b))

of the overlap region, the average surface area, A(b) etc., knowing the nuclear

overlap function (TAA(b)) is important. And this overlap function depends on a

realistic model of the collision geometry. One such model is the Glauber model for

heavy-ion collisions, based on the assumption that the proton is a point particle.
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Motivated by the fact that at ultra-relativistic energies, this assumption might

not be true, we have formulated a Glauber-like model for pp collisions employing

spherically symmetric distribution densities for three e↵ective quarks from their

respective centers and cylindrically symmetric densities for the gluonic flux tubes

about the lines joining two adjacent quarks. In order to check the compatibility

of the model, we have compared the charged particle multiplicity distribution

obtained from the present work with the ALICE experiment for pp collisions at

7 TeV. And our model seems to describe the experimental results very well with

a 5% - 10% discrepancy. Having information about Ncoll(b) from our model,

we have estimated nuclear modification-like factor in pp collisions considering

Ncoll -scaled high and low multiplicity events. We have also calculated ✏2(b)

using the current approach. By considering a linear scaling of v2 with ✏2(b), we

have obtained v2 as a function of multiplicity and our results with the available

experimental results. We found a very good comparison within the error bars.

With the aim of ascertaining the possibility of the formation of a thermalized

medium in pp collisions, we have used Tsallis parameters obtained from the fitting

of experimental ALICE data in pp collisions at center-of-mass energy (
p
s) = 7

TeV, to calculate the marker of thermalization like heat capacity (CV ), conformal

symmetry breaking measure (CSBM) and speed of sound (cs) of the identified

charged particles, with the quantities like multiplicity, system size, and collision

energy. We found a threshold in charged particle multiplicity beyond which CV ,

CSBM, and c2s attain a plateau. We observe that such threshold in multiplicity

also appears in the study of these quantities for
p
s � 2 TeV. We further observed

that the nature of variation of these thermodynamical quantities is similar to that

found in heavy-ion collisions at the chemical-freeze-out surface. This observation

shows that there may be a hint for the formation of a medium similar to that of

heavy-ion collisions. We have also contrasted the obtained results with PYTHIA8

(assume no QGP formation), and it is found that PYTHIA8 is inadequate to

explain the features reflected in these quantities, thereby indicating the possibility
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Chapter: 5

of thermalization in such small systems.

In view of the production dynamics dependence of event topology, we have

used a thermodynamically consistent form of Tsallis non-extensive statistical dis-

tribution function, which nicely describes the pT-spectra in LHC pp collisions to

calculate the specific heat, CSBM, and speed of sound for small collision systems

like pp as a function of transverse spherocity and final-state multiplicity using

PYTHIA8 event generator. We have observed that the results for spherocity

integrated events fall between isotropic and jetty events. This observation sug-

gests that spherocity plays a significant role in separating events based on their

geometrical shapes. Further, this also indicates that studying all the events with-

out looking at the geometrical shape of the events might not contain complete

information about the possible flow-like medium and/or jets.

The discovery of pp collisions showing QGP-like behavior at the LHC, for

example, strangeness enhancement, collective-like phenomena, etc., has gener-

ated considerable interest in the scientific community. These developments have

significant consequences on the results obtained from heavy-ion collisions, as pp

collisions have been used as a benchmark for heavy-ion collisions to understand a

possible medium formation. These open up entirely new directions for theoretical

and experimental studies of characterizing QGP-like properties and understand-

ing the origin of such observations in small collisions systems. This thesis work

attempts to provide directions toward studying a thermalized medium formation

in small systems by providing tools/techniques/methods both phenomenological

and experimental.
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