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ABSTRACT

From the ancient times, exploration of the unknown has been the
intrinsic nature of Mankind, which is also one of the core principles of fun-
damental research in basic sciences. To explore the nature of the Universe,
an engineering marvel, “Large Hadron Collider (LHC)” was built at CERN,
Geneva. One of the main goals of the LHC is to study the matter at high
temperature and density where quantum chromodynamics (QCD) predicts
the existence of quark-gluon plasma (QGP) in ultra-relativistic heavy-ion
collisions. In central heavy-ion collisions, nucleons in the overlap regions
(participants) undergo multiple collisions. These central events produce a
large number of particles. Even though many of the observed particles are
just the result of the fragmentations of pieces of the two nuclei which release
some of the bound nucleons, at high incident energies considerable amount
of particle creation occurs. 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, historically
the pp collisions were considered as a baseline for the formation of QGP
in heavy-ion collisions due to their significantly smaller system size com-
pared to heavy-ion collisions. In pp collisions, it was expected that the final
state particles are only the result of the fragmentations of pieces of the two
protons. Recent multiplicity dependent measurements of identified parti-
cle production from the experiments at the LHC have revealed surprising
discovery of QGP-like behavior, such as strangeness enhancement, flow-
like pattern and double ridge structure in high multiplicity proton+proton
(pp) collisions, which raise concerns whether pp collisions can be used as
a proper benchmark for comparison with heavy-ion results to understand
the formation of a medium with high temperature/energy density. These
behaviours have important consequences in understanding the data from
heavy-ion collisions at the LHC energies as one should consider the con-
tribution of QGP-like effects in small systems. They open new directions
for theoretical and experimental studies of small collision systems. While

hydrodynamic calculations describe data qualitatively, other approaches



suggest that these can be initial state effects. To understand the recent
measurements, it is important to perform double differential studies of pp
collisions with event shape observables and charged-particle multiplicity.
Event shape observables like transverse spherocity, allow the possibility to
separate the high and low number of MPI events to isolate the behavior of
particles inside jets (hard processes) and pertaining to the soft processes.
This result can help to understand more on the jet production, identi-
fied particle ratios (baryon to meson and strange to non-strange), double
ridge structure and the steep rise of mean transverse-momenta of charged
particles in small systems compared to large systems. A comprehensive dif-
ferential study using event shapes would reveal interesting features, which

could be exploited to improve models as well.

Study of resonances containing strange quarks as a function of
charged-particle multiplicity, would provide important contribution to the
origin of QGP-like effects in pp collisions. Resonances are usually referred
as the particles, which have higher mass than the corresponding ground
state particle(s) with similar quark content. As hadronic resonances decay
strongly, they have very short lifetime, 7 ~ few fm/c. Before decaying,
these particles can only travel upto few femto-meters, which is about the
diameter of proton. The width (T') and lifetime (7) of the resonances are
related by the Heisenberg’s uncertainty relation, i.e. I'r = h. As the broad
resonance states decay very shortly after their production, it can only be
measured by reconstruction of their decay daughters in a detector. The typ-
ical lifetime of experimentally measured hadronic resonances ranges from
1.1 fm/c to 46 fm/c. Hadronic resonances are produced in the bulk of the
expanding medium in heavy-ion collisions and they can decay while still
traversing in the medium. The decay daughters may interact with other
particles in the medium, which would result in suppression of resonances
while their reconstruction, as the invariant mass of the daughters may not
match that of the parent particle. This process is known as re-scattering.
In other way, resonances can be regenerated as a consequence of pseudo-

elastic collisions in the hadronic phase of the medium, which would result
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in enhancement of resonances. Resonances, with relatively higher life-time,
might not go through any of the above mentioned processes. It may also
happen that the re-scattering and re-generation processes compensate each
other. Thus, the interplay of these processes makes the study of resonances
in heavy-ion collisions more fascinating. Also resonances like, K*(892)? and
¢(1020) contain strange (or anti-strange) quarks, they can be used for a
systematic study of the particle species dependence of the partonic energy
loss in the medium. Also, recent results from LHC suggest that ¢ behaves
like a particle with net strangeness of 1 or 2 in small systems. These ob-
servations open new directions for theoretical and experimental studies of
pp collisions. So far, none of the models explain the recently discovered

behaviors satisfactorily.

The major objectives of the thesis are to understand the processes
discussed above with the double differential (Event shape and Multiplic-
ity) study of ¢ meson production with ALICE at the LHC. Also, we phe-
nomenologically attempt to formulate a model to characterize the heavy-ion
collisions using relativistic kinetic theory in the form of Boltzmann Trans-

port equation using relaxation time approximation.

The organization of the thesis is as follows:

e Chapter 1 gives a general and brief introduction on standard
model and Quantum chromodynamics (QCD). Then the Quark gluon
plasma (QGP) and its indirect signatures are briefly discussed. Then,
the role of hadronic resonances as a probe of hadronic phase of the
system formed in heavy-ion collisions is discussed. In addition, the
unique and peculiar property of ¢ meson in strangeness sector is
discussed in the context of recent results from the LHC. We also
briefly introduce event generators like AMPT and PYTHIAS along
with their usage in LHC era. Finally, short notes on Tsallis non-
extensive statistics and Boltzmann Transport equation is presented

in this chapter, making a stage for their use in subsequent chapters.
e Chapter 2 gives an overview of the ALICE experiment, with a de-
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tailed description of central barrel detectors which are used for the
data analysis of ¢ meson production in this thesis. In addition, we
provide short notes on all other detectors in ALICE experiments.
Also, we discuss about the ALICE online and trigger system, offline
computing and reconstruction system based on the GRID framework

briefly.

Chapter 3 is devoted the detailed methodology of invariant mass
reconstruction of ¢ meson production in minimum bias pp collisions
with ALICE at the LHC is discussed and the results are compared

with different collision energies.

In chapter 4, we have presented the double differential study of
¢ meson production pp collisions as a function of event shape and
charged particle multiplicity with ALICE at the LHC. We have also
shown the identified particle production in pp collisions as a func-
tion of transverse spherocity and charged-particle multiplicity using

PYTHIAS event generator.

In chapter 5, we phenomenologically attempt to formulate a model
to characterize the heavy-ion collisions using relativistic kinetic the-
ory in the form of Boltzmann Transport equation using relaxation
time approximation. We have also studied the transport proper-
ties using Tsallis non-extensive statistics with the help of relativistic
Boltzmann Transport equation. Also, we have given predictions of
the elliptic flow (vq) of produced particles in Xe 4+ Xe collisions at
VSNN = 5.44 TeV using A Multi-Phase Transport model (AMPT)

with string melting version.

Finally, the conclusions drawn from the current studies have been

presented in chapter 6.
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Chapter 1

Introduction

“Let noble thoughts come to us from every direction of the Universe.”

— Rig Veda, 1-89-1

The objective of high-energy nuclear and particle physics is to under-
stand the basic structure and laws in nature, from the largest dimensions
of the universe (like galaxy, stars etc.) to all the way down to the smallest
dimensions of micro-organisms. Today, the field of ultra-relativistic heavy-
ion collisions is one of the flourishing research areas on experimental as
well as theoretical side. Study of heavy-ion collisions help us to probe the
matter formed in extreme conditions such as high temperature and high
energy density. Quantum Chromo-Dynamics (QCD), which describe the
strong interactions, predicts that the nuclear matter at such extreme con-
ditions undergoes a phase transition to a deconfined state of quarks and
gluons, which is termed as Quark Gluon Plasma (QGP). The study of ultra-
relativistic heavy-ion collisions already has a history of around 35 years
with experiments from AGS at BNL, SPS at CERN, Relativistic Heavy
ion Collider (RHIC) at BNL to current Large Hadron Collider (LHC) at
CERN where the center of mass collision energy reaches upto 13 TeV. In
this chapter, to introduce the physics motivation behind the ALICE exper-
iment, the QCD theory is briefly presented and few relevant measurements
from ALICE is shown. As classification is the first and foremost stage in
the development of any science, we begin with classification of elementary
particles which is known as Standard Model. 1t is followed briefly by discus-

sions on Quantum Chromodynamics (QCD). The third section would give

1



an insight on Quark Gluon Plasma (QGP) and ultra-relativistic heavy-ion
collisions with its thermodynamics and QCD phase transition. Also, we
discuss the “Little Bang” at the LHC in one of the section followed by the
signatures of the QGP from experiments in another section. A section is
dedicated to the study of resonances production as probe for the evolution
stages of the medium along with the speciality of ¢ meson. The last section

briefly discusses about the motivation of the thesis.

1.1 Standard Model

Since the discovery of electron by J. J. Thompson in 1897, many theories
and experiments resulted in remarkable insights and heroic triumphs into
the fundamental structure of matter. In the next few decades, many new
particles were proposed theoretically and discovered experimentally. Till
1961, there were no classification of huge number of particles. In early
1970’s, Gell-Mann for the first time introduced the Eight-fold way to clas-
sify the hadrons based on the electric charge and net strangeness content
following Mendelev’s way of classification of elements, which resulted in
periodic table of elements. However, the quark model has superseded the
Eight-fold way, when Gell-Mann and Zweig independently proposed that
all the hadrons are in fact composed of quarks [2]. The Standard model
is a theory, proposed by Glashow, Salam and Wienberg in 1970, which is
successful in explaining experimental results of elementary particles with
high precision [3-5]. In a more general way, the Standard model is a quan-
tum field theory based on the gauge symmetry SU(3)¢ x SU(2) x U(1)y.
The elementary particles are characterized by quantum numbers such as
the spin (S), electric charge (Q), baryon (B) and lepton (L) numbers etc.

The schematic representation of the standard model is depicted in Fig. 1.1.

According to the standard model, the elementary particles which con-
stitute all the visible matter in the Universe, are classified into quarks, lep-
tons, gauge bosons and Higgs boson. There are six flavors of quarks namely

up (u), down (d), strange (s), charm (c), bottom (b) and top (t). The first
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Figure 1.1: The representation of standard model. Figure has been taken
from [1].

generation of quarks consist of lightest and the most stable particles and
the second and third generation consist of heavier and less stable particles.
As of quarks, there are 6 types of leptons namely electron (e), electron-
neutrino (v,), muons (x), muon-neutrino (v,), tau (7) and tau-neutrino
(v;). Quark and leptons are spin-1/2 particles and they follow Fermi-
Dirac statistics and Pauli’s exclusion principle. Thus, they are known as
fermions. Quarks combine together to form hadrons. A hadron consisting
quark-antiquark pair is called as meson while three quarks combining to
form hadron is called as baryon. Due to Pauli’s exclusion principle, all the
three quarks inside a baryon cannot be identical. Thus, a new quantum
number, color charge was introduced. Each quark carry a color charge (red,
blue or green) along with a fractional electric charge. The gauge bosons
are the carriers of the fundamental forces at work in the Universe. The
fundamental forces are the strong force, the weak force, the electromag-
netic force and the gravitational force. Electromagnetic and gravitational
forces have infinite range while strong and weak forces have short range
and are effective only at sub-atomic levels. The strong force is mediated by
the exchange of gluons (g), the weak force is mediated by the exchange of

W= and Z bosons and the electromagnetic force is carried by the photon



(7). Gluons also carry the color charge and have got self-interaction. After
the discovery of Higgs boson at the Large Hadron Collider (LHC), CERN,
Geneva, which is responsible for generation of mass in elementary particles,
the Standard Model in its prescribed form stands complete. However, the
postulated carrier for the gravitational force, Graviton is yet to be discov-
ered. The quantum field theory (QFT) which governs the electromagnetic
interaction is known as Quantum electrodynamics (QED) and the unified
weak and electromagnetic force is governed by Electroweak (EW) theory.
Quantum Chromodynamics (QCD) governs the strong interaction, which

will be briefly discussed in next section.

1.2 Quantum Chromodynamics (QCD)

QCD is responsible for the confinement of quarks inside hadrons and nucle-
ons inside nuclei. In QCD, the color charge allows a SU(3) symmetry and it
is conserved in all strong interactions. To obtain a perfect color symmetry,
the color singlet state of a gluon is not allowed and there are only eight
types of gluons. The QED coupling of fermions and photons is similar to
the gluon interaction with quarks in QCD. Gluon can interact with each
other, unlike photons, which allows more complex QCD processes. The

QCD effective potential between partons is given as,

4a
Vaoen(r) = —575 + kr. (1.1)

Here, ag is the strong coupling constant, also called as running coupling
constant as it explicitly depends on the scale of momentum transfer. £ is
the color string tension constant which equals to 0.85 GeV fm™! [6] and
r is the distance between interacting partons. QCD has two characteristic
features called confinement and asymptotic freedom, which are discussed

below.



1.2.1 Confinement

The QCD potential indicates that the quarks exhibit the property of color
confinement, which means a quark cannot be found in isolation. The first
term of Eq. 1.1 is similar to Coulomb potential, arises from single gluon
exchange and dominates at small . As the distance between the two
color charges increases, the linear term dominates. Thus nearly infinite
energy is required to get free quarks. When the separation between two
quarks increases, the color field lines are attracted to form a string due to
the gluon self-coupling. At a large distance, the potential energy becomes
high enough to creates quark-antiquark pair instead of producing two free

quarks. Thus, the quarks are always confined inside hadrons [6].

1.2.2 Asymptotic Freedom

Asymptotic freedom is one of the unique features of QCD, which states that
the strength of interaction between quarks and gluons become smaller when
distance between them become shorter or the energy density gets higher.
The Nobel Prize in Physics 2004 was awarded jointly to David J. Gross, H.
David Politzer and Frank Wilczek “for the discovery of asymptotic freedom
in the theory of the strong interaction” [7]. This can be understood in

following way.

The coupling constant («g) in Eq. 1.1 is not really a constant but
a function of four momentum transfer. This property is called running
coupling in QCD. It is an outcome of vacuum polarization of gluon or
quark pairs. Similar to a molecule can be polarized by an electric charge
in a dielectric medium, the quark-antiquark pair created and annihilated
in the vacuum can be polarized by the color charge. In QCD, the quark
polarization screens the color charge which is pretty much similar to electric
charge screening in QED. However, the gluon self-interaction smear the

color charge of quarks and create an anti-screening effect. The running



coupling constant as a function of momentum transfer (Q?) is given as,

127
(11n — 2np)In(Q? /Ao ep)

as(@*) = (1.2)

Here, ny is the number of quark flavours and Agcp is the non-perturbative
QCD scale parameter. Above Agep =~ 200 MeV, the perturbative QCD is
applicable. When, we go low in values of Q, as(Q?) grows and perturbation
theory breaks down around the scale comparable to the masses of light
hadrons, i.e. around 1 GeV/c?. However, if 11n becomes higher than 2n;
then anti-screening will dominate and the strong coupling constant will
decrease with an increase of momentum transfer. At very short distances, in
high momentum transfer, the value of ag(Q?) becomes small, the coupling
becomes weak. When Q? tends to oo, the coupling strength becomes almost
negligible and eventually quarks and gluons behave as free particles inside
the QCD vacuum. This property is called as “asymptotic freedom” [9]. As
the coupling becomes small, in this case perturbative QCD is applicable.

Fig. 1.2 shows the value of ag(Q?) estimated by different systems.
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Figure 1.2: ag as a function of momentum transfer (Q) [8].



1.3 The Quark-Gluon Plasma and QCD

phase transition

QCD calculations and thermodynamic considerations suggest that strongly
interacting matter can exist in different phases, based on the temperature
and the density of the system. A phase transition characterised by a spe-
cific critical temperature and baryo-chemical potential brings a system of
deconfined quarks and gluons (QGP) into a confined state where partons
are confined inside hadrons. This QQCD phase transition can be investi-
gated in laboratory by reproducing the similar temperature, pressure and
energy density conditions that lead to the QGP formation with the help of
ultra-relativistic heavy-ion collisions. In heavy-ion (A-A) collisions, large
number of nucleon-nucleon collisions takes place in a very small spatial re-
gion which provides enough energy density to allow the transition to the
QGP state. If the collision energy is sufficient for the QCD phase transition
to deconfined matter, then the initial state is made up of strongly interact-
ing quarks and gluons which later hadronise, when the system cools down
below the critical temperature. This evolution of the system (fireball) af-
ter heavy-ion collisions is believed to reproduce the evolution stages of the
early Universe after the electro-weak phase transition from the partonic
deconfined matter to confined hadrons nearly 1us after the Big bang. Due

to this, heavy-ion collisions are often referred as “Little Bang”.

1.3.1 Thermodynamics of QCD

As summarised by the phase diagram of QCD in Fig. 1.3, strongly inter-
acting matter can exist in different phases characterized by temperatures
and densities. The baryon chemical potential (up) is defined as the energy
needed to increase one unity of the total number of baryons and anti-
baryons (Np) in a system, pup = i—i. It is introduced due to the fact that
at relativistic energies the particle (baryon) number in a system may not

be conserved due to particle annihilation and creation processes at the mi-
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Figure 1.3: Sketch of QCD phase diagram with boundaries for various
states of QCD matter [11].

croscopic level. Low baryon chemical potential (up ~ m, ~ 1 GeV) in the
diagram correspond to the nuclear matter in its ordinary state. By moving
towards higher temperature or higher chemical potential, one can reach a
hadronic phase (HG). The pressure of HG as a function of temperature can
be expressed by the Stefan-Boltzmann law:
™,
Pye = g%T . (1.3)
Here, g is the degeneration factor that accounts system degrees of freedom
(for pion gas, g = 3). QGP is predicted to be reached by further increasing
the temperature and the energy density, so that the partons interact with-
out being confined into hadrons. The degrees of freedom in QGP increases
to include bosonic (2 spin x 8 colour states for gluons) and fermionic (3
colors x Ny flavours x 2 spin states) degrees of freedom. Now, the pressure
is given as,

Puag = g7r—2T4 — B. (1.4)
90

Here, B is the bag constant [9] and B~"/* ~ 0.2 GeV. It acts as an ex-
ternal pressure and is equivalent to some sort of latent heat defined as the

difference in energy density per unit volume between the two phases of the



QCD matter.

It is believed that, the matter produced in Big Bang in the early Uni-
verse evolved from very high temperature to hadronisation featuring only a
small quark—antiquark excess of nearly 10~ which is up ~ 0. In heavy ion-
collisions at the LHC, the nuclear matter is heated and compressed enough
in the collision to undergo the transition to QGP, at low baryon chemical
potential (up ~ 0). Neutron star could represent a case of very high bary-
onic density induced by the gravitational collapse of a star, for very low
temperatures. However, for extreme values of chemical potential (up), the
nuclear matter would be in conditions of quark—colour superconductivity.
The order of any phase transition is governed by how fast the free energy
of the system varies in a neighbourhood of the transition/critical temper-
ature. A first order transition occurs when the first derivative of the free
energy is discontinuous and it is accompanied by a discontinuous variation
of entropy and the presence of latent heat. Second order transition occurs
when the second derivative of the free energy is discontinuous. If a phase
transition occurs without any discontinuity of free energy of the system,
it is called a “crossover”. Critical points are temperatures in which the
process becomes from first order to second order transition. Two states
of matters can coexist at the critical point. The QCD phase transition is

expected to be of the first order until the critical end point is reached.
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Figure 1.4: Lattice QCD predictions of /7% as a function of temperature
normalized by the critical temperature (7¢) and the horizontal arrows show
the Stefan-Boltzmann limit [12].



The lattice QCD predicts a transition from a hadronic phase to QGP
at a temperature of about 154-170 MeV [12, 13]. Fig. 1.4 show the energy
density of the system as a function of its temperature from lattice calcu-
lation with up = 0 and for 2 and 3 light (u and d) quarks considered, or
with 2 lights and 1 heavier (strange quark). The “2+1” case would be the
closest to the physically realized quark mass spectrum. The steep trend of
this ratio reflects the increase of the degrees of freedom of the system when

in the deconfined phase.

1.3.2 Chiral symmetry and the QCD vacuum

The phase transition can be characterized at the microscopic level by
changes in the symmetry of the system, besides looking at macroscopic
or thermodynamic approach. An “order parameter” is required to quan-
tify the order of phase transition and to identify a broken symmetry in a

phase transition.

Let us begin with Dirac equation for the u and d quarks represented
by the ¢; spinor [14]:
(iv"0, — my)q; = 0. (1.5)

The isospin currents can be expressed as:

Ou(uytd) = i(m,, — mg)ud, (1.6)

(' vysd) = i(my, + mq)uysd. (1.7)

Here, m, and my are the quark masses. The first isospin current is con-
served, as the QCD Lagrangian is invariant with respect to the SU(2) group.
Another global symmetry also holds in the limit of massless quarks, which

can be represented by the following transformation:

1.
4 — €$p(—i04150]75)% (1.8)
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where, ¢/ are the Pauli matrices. In the above case the left-handed
and right-handed components of the spinors can be decoupled as, qr; =
(14 v5)g. In the chiral limit when m, is zero, the gg  are conserved ow-
ing to SU(2),xSU(2)g symmetry of the Lagrangian. This suggests that
the left and right handed quarks should be separately conserved in QCD.
As, this degeneration is not seen in the hadrons hierarchy and quarks are
massive particles, the chiral symmetry has to be spontaneously broken.
It can be shown that only the sum of left and right-handed quarks is a
conserved quantum number related to the symmetry, not separately. A
left-handed quark, propagating through the vacuum can be annihilated by
its anti-quark. The coupled anti-right-handed quark of the QCD vacuum
can then create its anti-quark with the same momentum of the first. Here,
the QCD vacuum is considered to be unstable with respect to the formation
of a tightly bound ¢g condensate. Due to the spontaneous chiral symme-
try breaking, a large value for the QCD vacuum is reflected into a large
constituent mass with respect to the intrinsic mass of the quarks. This
happens due to the dynamical mass generation. For example, the intrinsic
masses of the constituent quarks in a proton (uud) accounts for less than
6% of the proton mass. During the phase transition between the hadronic
phase of the nuclear matter and the deconfined state, the chiral symmetry
should be restored. With this the independent conservation on left and
right handed quarks takes place. As quarks are deconfined now, the quark
masses go back to the bare values which is few MeV for light quarks and
around 150 MeV for strange quarks. This is usually referred to as “partial
restoration of chiral symmetry”, as the masses do not go exactly to zero.
Two order parameters are associated to this QCD phase transition: the
Polyakov loop and the chiral condensate. The Polyakov loop is related to
the free energy of quarks at large distances or the confinement while the
chiral condensate refers to the chiral symmetry breaking or restoration. At
the transition/critical temperature, the rapid decrease of the chiral conden-
sate and the increase in the Polyakov loop takes place. This suggests the

passage between the confined and deconfined phase is also accompanied
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by a chiral transition. The temperature range for this to happen is 160-
180 MeV, which is compatible to the temperature at which the interacting

potential between quarks vanishes. [16, 17]

1.4 The “Little Bang” at the LHC

-
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Figure 1.5: Schematic picture of ultra-relativistic heavy ion collisions [18].

At LHC, heavy nuclei are accelerated at ultra-relativistic energies,
which appear as Lorentz contracted pancakes while travelling along the
beam axis (Fig. 1.5). Their transverse dimension becomes larger than lon-
gitudinal dimension. Thus, their collision can be considered as the superpo-
sition of binary nucleon-nucleon collisions. The nucleons which participate
in the collisions are defined “participants” (Npq+ ) and those that do not
interact are called “spectators” (Ngpeet = 2A — Npare, A being the mass
number). The geometry of the heavy-ion collision is shown in next subsec-

tion.

1.4.1 Geometry of heavy-ion collision

Fig. 1.6 shows a schematic picture of transverse plane in collision of two
symmetric heavy-ions. Generally, the beam axis is considered as z-axis.
The impact parameter(b) is defined as the perpendicular distance between
the centres of the two nuclei in the transverse plane and it quantifies the

overlap region of the colliding nuclei. Central collisions are characterized

12



Figure 1.6: The transverse plane of ultra-relativistic heavy ion colli-
sions [14].

by a small impact parameter, which suggests that the collision is almost
head-on and most of the nucleons interact in the collision with each other.
Thus, the central collisions would have maximum final state multiplicity.
On the other hand, peripheral collision has large impact parameter and
a few nucleons participate in the collision. Fig. 1.7 shows the correlation
of the final state charged particle multiplicity with impact parameter and
number of participants. Generally, centrality classes are defined in terms
of percentiles of the nucleus-nucleus cross section. Centrality selection and
finding the number of participants and spectators in heavy-ion collisions
are quite crucial because they are needed to normalise the other measured
observables prior to the comparison with other collision systems (relatively
smaller systems like pp and p-Pb collisions). Centrality selection can be
done in the following ways [14]: 1. From the correlation between centrality
and the number of final state charged particles in the collision and, 2.
from the measurement of the number of spectators in the collision. The
first method relies on the choice of a geometrical model for the hadronic
processes while the latter exploits the measurement of the energy of the
spectator nucleons in the forward calorimeters/detectors. A similar method
based on final state multiplicity is used for dividing the events in small

collision systems like pp and p-Pb collisions. The detailed methods are

13



12 10 8 6 4 2 0 <b(fm)>

:I T T T T T T
g - 50 100 150 200 250 300 350 <Npart>
S T T T T T T
5t
210" In|<1
©
102

S S R A

1012 18 8 {818

SR S i D

- m : o — E N o

L I : ; I

50 70 80 9 9

ofotot (%) \

10-4 Hl‘lHl‘HH‘lHl‘HH‘HH‘HH‘HH‘HH‘ L1l

0 400 800 1200 1600 2000

Nch

Figure 1.7: Cartoon showing the correlation of the final state charged par-
ticle multiplicity with impact parameter and number of participants [15].

discussed in the subsequent chapters. Event plane in heavy-ion collisions is
defined by the event plane angle (Vg) and the impact parameter (b) vector
as depicted in Fig. 1.6. Thus, to determine the event plane of a collision,

the impact parameter vector is required.

1.4.2 Space-time evolution

The schematic diagram of the space-time evolution of relativistic nucleus-
nucleus collision with and without a deconfined state is shown in Fig. 1.8.
Let us start at 2 = 0 and ¢t = 0, a collision between two heavy-ions takes

place. For a central heavy-ion collision, a very hot and dense matter is
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Figure 1.8: A schematic diagram of the space-time evolution of relativistic
nucleus-nucleus collision [19].

expected to be produced, which is depicted in the right side of Fig. 1.8.

e Pre-equilibrium stage: The interaction among partons (quarks
and gluons) gives rise to an abundant production of de-confined
quarks and gluons at t < 1 fm/c. Particles with very high mo-

mentum are mostly produced in this stage.

e QGP evolution: After the fireball reaches the critical energy den-
sity and temperature, a the local equilibrium is reached. Then, the
fully deconfined state of partons form QGP. Lattice QCD calcula-
tions indicate that QGP is formed beyond a critical energy density
of 1 GeV/fm? or beyond the critical temperature. The elastic and
inelastic interactions between quarks and gluons in QGP lead to the

thermalization phase. Due to the inelastic interactions, the flavor
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composition of the partons of the system changes. Because of the
high internal pressure and temperature, the system begins to expand
rapidly. When the system cools down, QGP starts converting into a

hadron gas. This is known as the mixed phase.

e Hadron gas phase and Freeze-out: There could be two possible
mechanisms of hadronization from QGP, namely fragmentation and
coalescence. Hadronization from fragmentation dominates at high en-
ergy which happens when a high-pr parton fragments into lower pr
hadrons. Coalescence occurs through which lower momenta partons
combine to form higher pr hadrons. After hadronization, hadrons
continue to interact with each other via elastic and inelastic interac-
tions until they reach freeze-out. When the inelastic collisions ceases
the system reaches chemical freeze-out and the corresponding tem-
perature is called as chemical freeze-out temperature (7,,). This is
the phase where the stable particle ratios gets frozen. But, still the
elastic collision takes place at this stage. When the mean free path
gets high enough, the elastic collisions among the hadrons cease and
the kinetic/thermal freeze-out is reached and the corresponding tem-
perature is called as kinetic freeze-out temperature (7%,). This is the
phase where the transverse momentum spectral shape of a particle
gets frozen. After the freeze-out, all the particles fly towards the

detector.

However, another scenario of space-time evolution could also be pos-
sible when the matter produced in the heavy-ion or hadronic collisions do
not meet the high temperature/energy density criteria. It is depicted in the
left side of Fig. 1.8. In this case, the system is left with hadronic degrees of
freedom only. Just after the collisions a pre-hadronic phase is created. Then
the nucleons can recombine into new hadrons and the produced hadrons

can be detected after the hadron gas phase freeze-out.
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1.4.3 Kinematic variables in heavy-ion collisions

It is convenient to use the kinematic variables which are invariant or take
simple form under the Lorentz transformation from one frame to another
frame of reference. The kinematic variables which are frequently used in

heavy-ion collisions are listed below and they are discussed briefly.

Natural units

In high-energy physics, all the physical quantities are usually expressed in
natural units i.e. A = ¢ = kg = 1. All the SI units are converted into
natural units using the conversion, hc = 0.1975 GeV fm. Thus the length
and time are expressed in terms of GeV~!. The strong interaction lifetime
of 10723 sec., which is of the order of 1 fermi, and proton mass being order
of 1 GeV supports the central idea of using natural units in this length

scale.

Center-of-mass energy

Center-of-mass energy is the square of sum of four momentum of the two
incoming particles in a two body collision process. It is Lorentz invariant

and it is expressed as:

s=(p1+p2)’=(E1+Ex)?— (pi + pb)° = (E1 + E»)?, (1.9)

s is the Mandelstam variable. Here, p; and py are the four-momenta of the
colliding particles and FE;, Es, p; and p> are the energy and momentum
of the particles. If the mass of two colliding particles are the same and in
center of mass frame, Fy = EFy and p; = —p,. Thus the center-of-mass

energy becomes /s = FEy + Ey = 2F.

17



Rapidity

Rapidity is a kinematic variable which has advantage over velocity due to

its additive property under a Lorentz boost. It is defined as:

L (E+p.\ _ 1 (140
) () o

Here p, is the longitudinal momentum and g is the longitudinal velocity

along the z-axis. In the non-relativistic limits, rapidity is equivalent to

velocity.

Pseudo-rapidity

At experiments like RHIC and LHC, the mass of the particles cannot be
measured directly in an experiment, which makes impossible to measure
energy (E) simultaneously with the momentum (p). Thus, pseudo-rapidity

is preferred over rapidity which is given by:

1 P+pz)
= —In = —In(tanf/2). 1.11
n 9 ( Z ( / ) ( )

Here, 0 = tan='(p/p.) is the angle of a particle emitted to the beam axis.
The pseudo-rapidity is a Lorentz invariant quantity. As, it only requires
6, it is convenient to use n in experiments as its use does not warrant
particle identification. In relativistic limits, pseudo-rapidity is equivalent

to rapidity.

Azimuthal angle

In relativistic heavy-ion collisions, the co-ordinate system is represented by

(pr,n, ¢). The azimuthal angle (¢) is defined as:

¢ = tan™ <@) (1.12)

Pz
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This is the angle between total momentum vector and one of the axis (x-

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

Invariant yield

The invariant yield is given by F ‘%;7, is a Lorentz invariant quantity, where

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

terms of experimentally measurable quantities this could be expressed as

Ed*c 1 d*N
dp? mr dmpdody
1 d’>N
21 mp dmpdy
1 d’N
= . 1.13
27 pr dprdy (1.13)

As, it is expressed as a function of pr(mr), it is usually called as the
pr(mr)-spectra of a particle. This in addition, encodes various dynamics of
particle production, which include: temperature, radial flow, the domains
of hard and soft physics in particle production. Most of the results in this
thesis begin with the pr-spectra.

1.5 Signatures of QGP and experimental

probes

Due to very short lifetime of QGP (few fm/c), there is no direct observ-
ables for the detection of the QGP, unlike the ordinary electromagnetic
plasma. If QGP medium is formed, it expands, cools down and hadronize
to form final state hadrons. It is not possible to observe each stage sepa-
rately in the experiment. Rather, we can measure the time integrated final
state quantities like charged particle multiplicities, multiplicities of pho-
tons or leptons, particle transverse momentum spectra, energy, anisotropic
flow etc. However, different processes during the time evolution of fireball

resulting in final state observables preserve some information in time. Var-
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ious signatures of QQGP include Strangeness enhancement, anisotropic flow,

J/1 suppression, jet quenching etc., which are discussed below.

1.5.1 Strangeness Enhancement

The enhanced production of strange particle could signal to the forma-
tion of QGP, as the strange quarks are absent in the colliding matter [20].
To quantify the strangeness enhancement, one needs to compare the abun-
dance of strangeness between QGP and hadronic phases as the strange par-
ticle production mechanism and production rates are different in a hadron
gas as compared to QGP medium. The formation of s5 pair in QGP from
the channel gg — s§ dominates over annihilation of light quarks, gg — ss
channel due to higher gluon density. However in minimum bias pp col-
lisions, where QGP medium formation is not expected, annihilation of
light quarks to strange quark is the main channel for the production of

strangeness. The enhancement factor (F) is defined as,

9 M| o
E= dy T (1.14)
Ty [ G
Here (Npu) is the number of participants. %b:ﬁ and %\yzo are

the integrated yields in heavy-ion and pp collisions, respectively. Fig. 1.9
shows the yield of hyperons enhancement factor (£) as a function of cen-
trality Npare [21-23].The observed enhanced production of strange particle
in Pb-Pb with respect to small collision systems indicate the formation of
deconfined state of matter in LHC energies. It is also observed that the en-
hancement factor is higher for particles containing more number of strange
quarksie. E(A) < E(Z) < E(Q) [21-23]. Surprisingly, the measurements
reported by ALICE in 2017 [2] provide one of the strongest evidences to
validate that QGP-like conditions are also created in pp collisions, which
is shown in Fig. 1.10. ALICE has observed enhanced production of strange
particles in high-multiplicity pp collisions, which was historically considered

to be one of the manifestations of QGP formation [24].
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Figure 1.9: The yield of multi-strange hadrons in Pb-Pb relative to pp
collisions measured in ALICE (left) and NA57, STAR (right) as function
of (Npart)) [21-23].

1.5.2 Anisotropic flow

Elliptic flow is an important observable to understand initial condition
and the collective behavior of the system. The collective expansion of
matter created in peripheral ultra-relativistic collisions results in spatial
anisotropy of the initial density profile resulting in final state momentum
anisotropy due to presence of pressure gradients. This phenomenon is called
as anisotropic flow. This can be quantified using the azimuthal momentum
anisotropy, which is defined as the fourier expansion in the azimuthal angle

¢ as [27, 28],

N dN
prdprdody  2mprdprdody

1+2 Z vpcos[n(¢ — vr)l|, (1.15)

where v,,’s are various order of flow harmonics, vy, vo and v3 being the
directed, elliptic and triangular flow, respectively. g is the event plane
angle. The elliptic flow of charged particles presented in Fig. 1.11 shows
that, the dense media produced at RHIC and LHC are of similar nature.
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particle multiplicities for different collision systems [24].

The 30% higher value of vy at LHC is due to availability of larger phase

space and larger re-scattering among partons. This also indicates an early

thermalization of

high-pr partons compared to RHIC.

1.5.3 Jet quenching

The discovery of suppression in the production of high transverse momen-

tum (pr) mesons

a hint of QGP medium formation. In relativistic heavy-ion collisions, par-

tons with very high-pr are produced which fly off to all possible directions

is one of the exciting results obtained at RHIC which is
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Figure 1.11: Elliptic flow of charged particles in Pb + Pb collisions at /sy x
= 2.76 TeV are compared to Au+Au collisions at /syy = 200 GeV, which
are in shaded regions [26].

from the collision points and finally fragment into narrow cones of hadrons,
called jets. These highly energetic shower of secondary partons are com-
monly referred as a jet. When these jets enter in the thermalized QGP
medium, they interact with the particles in the medium and loose energies
and eventually their momenta before hadronizing. Thus, the suppression is
observed in nucleus-nucleus collisions compared to corresponding data from
pp collisions scaled with the number of binary collisions [29, 30]. This phe-
nomena is called as the jet quenching. The suppression of high-pr particles

are usually expressed in terms of the nuclear modification factor (Ra4),

Raa(pr) = <ij) X [((zqzjii:l (1.16)

R4 is the ratio between the invariant yield in heavy-ion (A-A) collisions
to that of pp collisions scaled with the average nuclear overlap function,
(T'aa) = (Neot)/Tinet, where (Neo) and 0y, are number of binary collisions
and inelastic pp cross section, respectively. R 4 = 1, suggests that the
heavy-ion collisions are simply linear superposition of pp collisions and
thus there is no QGP medium formation. However, any deviation from the
unity value at high-p7 is an indication of quenching/enhancement in high-

density medium. Fig. 1.12 shows the results of R4 for charged hadrons
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Figure 1.12: Raa(pr) for charged hadrons (h*) and neutral pions (7°) in
central heavy-ion collisions at SPS, RHIC and the LHC [26].

(h*) and neutral pions (7°) in Au+Au and Pb+Pb collisions. The high-py
suppression of hadrons in dense QGP medium could be seen in both RHIC
and LHC energies.

1.5.4 J/v suppression
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Figure 1.13: Raa of J/1 as function of centrality in Pb-Pb collisions at
VSN = 2.76 and 5.02 TeV and Au+Au collisions at /syy = 200 GeV.

The bound state of charm quark and its anti-quark, c¢ (J/v) is ex-

pected to be formed at the early stages of the hadronic and nuclear col-
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lisions. Thus, the J/1¢ becomes an excellent probe to study the early dy-
namics of the medium formed in heavy-ion collisions. Theoretical models
suggest that the production of J/v¢ in heavy-ion collisions is expected to
be suppressed as compared to pp collisions [34]. The QGP screens the
color charge of the quarks which reduces the J/¢ production. Significant
J /1 suppression is observed in heavy-ion collisions, whereas the disassoci-
ated charm quarks at the same time increases the open charm production
(D°, D#*). The J/v suppression is first observed in SPS [35] and then in
RHIC [36, 37] energies, which confirms the QGP formation. Figure 1.13
shows the nuclear modification factor (Raa) of J/¢ in Pb-Pb collisions at
Vsnny = 2.76 and 5.02 TeV and Au+Au collisions at \/syn = 200 GeV as
a function of centrality. The suppression in LHC energies is found to be
less compared to RHIC and SPS energies [36]. This enhancement in the
J/1 yield at LHC is explained by the recombination/coalescence of charm

quarks during the hadronization process.

1.5.5 Electromagnetic Probes

Photons and di-leptons are the electromagnetic probes, which helps get
more information about the QGP properties [38-40]. As they do not
have strong final state interactions, they act as ideal penetrating probe
of strongly-interacting QCD matter [41]. In the heavy-ion collisions the
photons and di-leptons can be produced in the initial hard scattering by

the processes like: anmihilation (¢§ — ~v¢,9¢ — ~7y), Bremsstrahlung

(g9 — 99" — qvg), fragmentation (qgg — qg* — ¢yX), compton (g9 — vq)

and pair production (¢g — [l). Also, they can be radiated from the partons
and hadrons in thermal equilibrium or via the decay of hadrons. Except
the decay photons, others photons are called direct/prompt photons. The
high-pr photons which directly come from initial hard-scattering can be
used for calculation of the momentum of the associated partons, which al-
lows to study the parton energy loss in the medium. Hence they can be

used as probes of gluon saturation. The thermal photons are emitted in
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the dense matter and they carry the information on temperature of QGP.

Proton-Proton collisions are not usually expected to form a decon-
fined medium of partons and hence they are very useful in serving as a
baseline measurement for nuclear collisions. After a brief discussions on the
important signatures of QGP, we now focus on pp collisions at the LHC.
Study of resonances containing strange quarks as a function of charged-
particle multiplicity, would provide important contribution to explore the
origin of QGP-like effects in pp collisions, which is discussed in the next
section. To be specific, in this thesis we have looked into the production of

¢ mesons in pp collisions.

1.6 Resonance production in pp collisions

QGP

T (fmic)

Figure 1.14: Depiction of re-scattering and regeneration processes in
hadronic phase in heavy-ion collisions. [42]

Resonances are usually referred as the particles, which have higher
mass than the corresponding ground state particle(s) with similar quark
content. As hadronic resonances decay strongly, they have very short life-
time, 7 ~ few fm/c. Before decaying, these particles can only travel upto
few femto-meters, which is about the diameter of proton. The width (T")

and lifetime (7) of the resonances are related by the Heisenberg’s uncer-
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tainty relation, i.e. I'T = h. As the broad resonance states decay very
shortly after their production, it can only be measured by reconstruction of
their decay daughters in a detector. The typical lifetime of experimentally
measured hadronic resonances ranges from 1.1 fm/c to 46 fm/c. Hadronic
resonances are produced in the bulk of the expanding medium in heavy-ion
collisions and they can decay while still traversing in the medium. The
decay daughters may interact with other particles in the medium, which
would result in suppression of resonances while their reconstruction, as the
invariant mass of the daughters may not match that of the parent particle.
This process is known as re-scattering. In other way, resonances can be
regenerated as a consequence of pseudo-elastic collisions in the hadronic
phase of the medium, which would result in enhancement of resonances.
Resonances, with relatively higher life-time, might not go through any of
the above mentioned processes. It may also happen that the re-scattering
and re-generation processes compensate each other. Thus, the interplay
of these processes makes the study of resonances in heavy-ion collisions
(Fig. 1.14) more fascinating. Also resonances like, K*(892)% and ¢(1020)
contain strange (or anti-strange) quarks, they can be used for a systematic
study of the particle species dependence of the partonic energy loss in the
medium. Also, recent results from LHC [25] suggest that ¢ behaves like
a particle with net strangeness of 1 or 2 in small systems. These obser-
vations open new directions for theoretical and experimental studies of pp

collisions.

1.7 Thesis motivation

The major objectives of the thesis are to understand the processes discussed
above with the double differential (Event shape and Multiplicity, discussed
in subsequent chapters) study of ¢ meson production with ALICE at the
LHC. Also, we phenomenologically attempt to formulate a model to charac-
terize the heavy-ion collisions using relativistic kinetic theory in the form of

Boltzmann Transport equation using relaxation time approximation. The
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objectives of the thesis are briefly discussed below.

1.7.1 ¢ meson production in minimum bias pp

collisions

In this thesis, the first measurements of ¢ meson in pp collisions at
Vs = 5.02 TeV with ALICE at the LHC is shown. The results include
the invariant mass plots, peak fits, fitting parameters and the corrected

pr-spectra with reconstruction efficiencies.

1.7.2 Event shape and multiplicity dependence of ¢

meson production in pp collisions

The first measurements of ¢ meson in pp collisions at /s = 5.02 TeV as a
function of charged particle multiplicity and transverse spherocity is shown.
The results include the invariant mass plots, peak fits, fitting parameters

and the corrected pr spectra with reconstruction efficiencies.

We have also made an extensive study of various observables taking
spherocity and event multiplicity in pp collisions at /s = 13 TeV using
the pQCD inspired PYTHIA 8 model. The aim of the present study is to
understand the high-multiplicity pp events at the highest LHC energy in
view of a possible formation of QGP-droplets in pp collisions. In view of
QGP-like bahaviors observed in the LHC pp collisions and the fact that
pp no longer serves as a baseline to understand a possible nuclear medium
formation in heavy-ion collisions at the LHC energies, it is crucial to un-
derstand the mechanism of particle production in these high-multiplicity
events. Through these simulation studies, we invoke the explicit inclusion
of Multi-Partonic Interactions (MPI) and Color Reconnection (CR) effects
responsible for particle production in pp collisions and then through trans-
verse spherocity and multiplicity dependent analysis we try to understand

various aspects of identified particle production in LHC pp collisions.

28



1.7.3 Azimuthal anisotropy in Xe-Xe collisions at
VSyy = 5.44 TeV using a multiphase

transport model

Xe-Xe collision may provide us with a partonic system whose size is ap-
proximately in between those produced by pp and Pb-Pb collisions. The
experimental results on anisotropic flow in Xe-Xe and Pb-Pb collisions
should provide us with an opportunity to study system size dependence of
vo at the approximately same collision energies. In the present work, we
have used A Multi-Phase Transport (AMPT) model to calculate charged
particles’ v, for Xe-Xe collisions at /syn=>5.44 TeV at mid-rapidity region
In| <0.81in 0 < pr < 2.7 GeV/c.

1.7.4 Nuclear Modification Factor and azimuthal

anisotropy using non-extensive statistics

We have used Boltzmann transport equation in relaxation time approxi-
mation with non-extensive Tsallis statistics for the first time to estimate
nuclear modification factor and elliptic flow for the identified hadrons in

Pb+PDb collisions at /syy = 2.76 TeV.

1.7.5 Transport properties of Hot and Dense

Hadron Gas using Non-extensive Statistics

We have studied the transport coefficients using the relativistic non-
extensive Boltzmann transport equation (NBTE), where we employ the
relaxation time approximation for the collision integral. Here, we have ex-
tended the approach using Tsallis non-extensive statistics as g-equilibrium
distribution function (¢ being the non-extensive parameter) and calculated
shear and bulk viscosity to the entropy density ratios. We have also calcu-
lated isothermal compressibility and squared speed of sound using Tsallis

statistics at finite baryon chemical potential for different q.
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Chapter 2

A Large Ion Collider
Experiment at the LHC

“We shall not cease from exploration. And the end of all our exploring will

be to arrive where we started and know the place for the first time”.

— T. §. Eliot

From the ancient times, exploration of the unknown has been the
intrinsic nature of Mankind, which is also one of the core principles of
fundamental research in basic sciences. To explore the nature of the Uni-
verse, an engineering marvel, “Large Hadron Collider (LHC)” was built at
CERN, Geneva. Currently, the LHC is the most powerful and the largest
particle accelerator in the world. One of the major experiments at the
LHC, A Large Ion Collider Experiment (ALICE), has been taking data of
hadronic and nuclear collisions from the commence of the LHC run on 23
November 2009. ALICE has been optimised to study the high-multiplicity
environment of nucleon-nucleon and heavy-ion collisions. It has got excel-

lent tracking and particle identification performance.

This chapter discusses the overview of the LHC and its major exper-
iments. A brief description of the experimental setup in ALICE along with
the primary focus to the particle identification technique is also discussed
in this chapter. A short description on the ALICE online and trigger sys-
tem is also given. The last part of the chapter is dedicated to the offline

computing and reconstruction system based on the GRID framework.
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2.1 Overview of Large Hadron Collider

The LHC is installed in a 27 km long underground tunnel across Switzer-
land and France border at a depth of about 50-150 m. It is a double-ring-
superconducting hadron accelerator and collider which hosted the LEP
machine and it completes the CERN accelerator complex together with
the Proton Synchrotron (PS) and Super Proton Synchrotron (SPS) rings,
among the others shown in Fig. 2.1. Along the circumference of the LHC,
four main experiments are located in the four interaction points. AT-
LAS and CMS are multi-purpose detectors built to discover Higgs Boson
and hints of physics beyond standard model. LHCD is dedicated to flavor
physics, which focuses on CP violation studies using B meson decay chan-
nels. On the contrary, ALICE is dedicated to explore the dynamics of the
infant Universe through the Quark Gluon Plasma in heavy-ion collisions.

ALICE also explores QGP-like scenario is pp collisions.
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Figure 2.1: CERN accelerator complex showing the four main LHC ex-
periments (ALICE, ATLAS, CMS and LHCb) around the LHC ring, the
PS (Proton Synchrotron) and SPS (Super Proton Synchrotron) rings at
Switzerland-France border [1].

Each machine in the accelerator complex boosts the energy of a beam
of particles, prior to injecting in the next machine in the sequence. Staring

from a simple bottle of hydrogen gas as proton source, an electric field is
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used to strip the hydrogen atoms of their electrons. The first accelerator
in the chain, LINAC 2, accelerates the protons to an energy of 50 MeV.
Then the protons are injected to the PS Booster (PSB), which accelerates
the protons to 1.4 GeV. Then the beam is injected to PS, which pushes
the beam to 25 GeV, followed by the SPS. SPS accelerates protons to 450
GeV. The beam is finally transferred to the LHC both in a clockwise and
anticlockwise direction, where they are accelerated for 20 minutes to 6.5
TeV. The beams are circulated for many hours inside the LHC beam pipes
under normal operating conditions. Along with accelerating protons, the

CERN accelerator complex can also accelerate lead ions.

Besides energy, another important accelerator parameter is the in-
stantaneous luminosity (L). It is a proportionality factor between the event

rate R and the interaction cross section (o, ):

R = LO'Z'mg (21)

The instantaneous luminosity can be determined with the help of

colliding beam parameters.

N2nf7
L= F 2.2
4de* ’ ( )

where N and n are the number of particles per bunch and number of
bunches in a beam, respectively. € is the normalized transverse beam emit-
tance, f is the revolution frequency, 7 is the relativistic gamma factor. The
£* and F' respectively are the amplitude functions at the interaction point
(IP) and the geometrical reduction factor that accounts for the crossing

angle the IP.

The LHC was initially designed to provide collisions of proton-proton
(pp) at the energy /s = 14 TeV and Pb-Pb collisions at /syy = 5.5 TeV.
However due to the technical incident of quenching of a magnet in 2008 [2],

in the first phase of LHC Run from 2009 to 2013 (Run 1), it run at nearly

half of the design energy, thus providing pp collisions at y/s = 7 and 8 TeV
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and Pb-Pb collisions at /sy = 2.76 TeV. Special short periods of pp
collisions at lower energies of 0.9 and 2.76 TeV and p-Pb collisions at
Vsnn = 5.02 TeV were also provided by the LHC. In the Run 2 from 2015
to 2018, LHC has provided pp collisions at /s = 5.02 and 13 TeV, p-Pb
collisions at /sy = 5.02 TeV and Pb-Pb collisions at /sy = 5.02 TeV.
Special one day run of Xe-Xe collisions was also provided by the LHC
at \/sny = 95.44 TeV. Currently, LHC is undergoing a major upgrade in
the long shut-down period of 2019-2020 to fulfil the main physics goal of

increasing the luminosity in Run 3.

2.2 The ALICE detector

ALICE is a 26m long, 16m wide and 16m high detector which weighs around
10,000 tonnes [3], situated in a vast cavern 56m below the ground in the
territory of Sergy in France border. ALICE is optimized to study heavy-ion
and nucleon-nucleon collisions at ultra-relativistic energies provided by the
LHC. The heavy-ion collisions provide experimental conditions to produce
Quark Gluon Plasma (QGP), which is believed to have existed up to a few
millionths of a second after the Big Bang before quarks and gluons were
bound together to form protons and neutrons. One of the major goals of
ALICE is to recreate this primordial state of matter in the laboratory and
understand its time evolution, which will allow to shed light on questions
about how matter is organized and the mechanisms that confine quarks
and gluons. The main features of the ALICE detector are its excellent
capability of particle identification by the help of specific energy loss, time
of flight, transition and Cherenkov radiation, electromagnetic calorimetry

and muon spectrometry.

ALICE consists of 19 detector subsystems (Fig. 2.2) that can be cat-
egorized into three groups namely central barrel detectors, muon spec-
trometer and forward detectors. ALICE has wide pseudorapidity coverage,
which is shown in Fig. 2.3 with each detector acceptance. The acceptance

in pesudorapidity, azimuth, the position and the main purposes of these
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detectors are listed in Table 2.1. The detailed description of these detectors

are discussed in the following sections.
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Figure 2.2: Schematic layout of ALICE detector [4].
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Figure 2.3: Pseudo-rapidity coverage of ALICE sub-detectors [5]

37

b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VO and TO
e



Table 2.1: Summary of sub-detector systems in ALICE [6].

Detector Acceptance (n) Acceptance (¢) Position Purpose
SPD +2.0 full r=39cm 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 =239 cm tracking, PID
SSD +1.0 full r =38 cm tracking, PID
+1.0 full r =43 cm tracking, PID
TPC +0.9 full 85 < r/em < 247 tracking, PID
TRD +0.8 full 290 < r/em < 368 tracking, e* id
TOF +0.9 full 370 < r/em < 399 PID
PHOS +0.12 2200 — 320° 460 < r/cm < 478 photons
EMCal +0.7 800 — 1879 430 < r/cm < 455 photons and jets
HMPID +0.6 10 — 599 7 =490 cm PID
ACORDE +1.3 300 — 1500 r = 850 cm cosmics
PMD 2.3—-3.9 full z =367 cm photons
FMD 3.6 —-5.0 full z =320 cm charged particles
1.7-3.7 full z =80 cm charged particles
(—3.4) — (—-1.7) full z=—70 cm charged particles
Vo 2.8 -5.1 full z =329 cm charged particles
(=3.7) — (—1.7) full z = —88 cm charged particles
TO 46—-49 full z =370 cm time, vertex
(—3.3) = (—3.0) full z=—70 cm time, vertex
ZDC > 8.8 full z==2113 m forward neutrons
6.5—7.5 ¢ < 100 z==%113 m forward protons
4.8 -5.7 2¢ < 320 z=73m photons
MCH (—4.0—) — (—2.5) full —-142<z/m< —-54 muon tracking
MTR (—4.0) — (—2.5) full —171 < z/m < —16.1 muon trigger

2.3 Central Barrel detectors

The central barrel is embedded in a large solenoidal magnet (L3 mag-
net, taken from LEP experiment), which provides 0.5 T magnetic field
and it covers pseudo-rapidity interval of -0.9 < n < 0.9 (polar an-
gle 459 to 135%) and full azimuth. Central barrel comprises of Inner
Tracking System (ITS) [7], Time Projection Chamber (TPC) [8], Tran-
sition Radiation Detector (TRD) [9], Time of Flight (TOF) [10] detec-
tor, Cherenkov counter (HMPID) [11], Photon Spectrometer (PHOS) [12],
Electro-magnetic calorimeter (EMCAL) [13] and the ALICE Cosmic Ray
Detector (ACORDE) [14]. The central detectors are mainly used for track-
ing, vertex reconstruction, particle identification and measurement of track
momentum. The details of the central barrel detectors are discussed in the
following sub-sections. Special emphasis is given to I'TS, TPC and TOF
detectors, as the ALICE data analyses in the thesis use these detectors

extensively.
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2.3.1 Inner Tracking System (ITS)

SPD

SDD

87.2 cm

Figure 2.4: Schematic layout of Inner Tracking System (ITS) [7]

The ITS comprises of six cylindrical layers of silicon detectors, which
encircles the interaction point and covers full azimuth. The geometric lay-
out is shown in Fig. 2.4. The main purpose of ITS is the precise determina-
tion of primary and secondary vertices. In addition, it is essential to reach
a high two-track resolution and momentum resolution of the tracks along
with the track impact parameter (the distance of closest approach to the

primary vertex).

Silicon Pixel Detector (SPD), the innermost detector in the ITS, plays
an important role in the determination of primary and secondary vertices.
It can operate at high radiation levels and at very high track densities about
50 tracks/cm?. The main components of SPD are the hybrid silicon pixels
in the form of a two dimensional matrix of reverse-biased silicon detector
diodes. The diodes are connected through a conductive solder bump to
contacts on a read out chips which correspond to the input of readout
cells. The SPD contains 107 cells and 1200 readout pixel chips. Each pixel
chip of SPD also provides a Fast-OR digital pulse whenever a pixel or a

group of them detects a particle signal above the threshold, which makes
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SPD capable of generating a prompt trigger.

Silicon Drift Detector (SDD) are the intermediate layers (3rd and
4th) of the ITS. These layers are assembled with ladders and modules in
order to ensure full angular coverage. SDD provides very high precision
position information with position resolution of 35 um. It also provides
the information of the energy loss (dF/dz), which can be used for particle

identification.

Silicon Strip Detector (SSD), the outermost layers in the ITS, is cru-
cial in matching the tracks in ITS and TPC. It comprises of 698 modules
and each module consists of a 1536 strip double sided silicon sensor con-
nected through a aluminium kapton micro-cables to the front end electron-
ics. It provides a two dimensional measurement of the track position along

with the dF/dx information.

2.3.2 Time Projection Chamber (TPC)

The TPC is the main tracking detector among the central barrel detec-
tors, which is optimised to measure the momentum of charged particles
with good two-track separation. The schematic layout of TPC is shown
in Fig. 2.5. TPC covers the pseudo-rapidity range |n| < 0.9 and full az-
imuthal angle. TPC is cylindrical in shape with an inner radius of 80 cm
and an outer radius of 250 cm. It occupies an active volume of 88 m?
covering length of 500 cm along the beam axis. During the data taking
from the summer 2008 (cosmics) until the end of 2010, the TPC was filled
with Ne : CO5 : Ny gas in the proportion of 90 : 10 : 5. Afterwards N, was
removed from the gas mixture. A cylindrical conducting electrode is placed

at the centre to maintain a uniform axial electrostatic field of 400 V/cm.

The working principle of TPC is the following, which is also shown
schematically in Fig. 2.6. When a charged particle traverses through the
gas volume, it excites and ionizes gas atoms along its track. As a conse-
quence, the charged particle loses an amount of energy per unit track length

(dE/dx) which is different for each particle type. The free electrons drift
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Figure 2.5: Schematic layout of Time Projection Chamber (TPC) [8, 15]

towards the endplates of the cylinder under the influence of the electric
field and the ions drift towards the high voltage cathode placed at the cen-
tre of the TPC. The magnetic field is oriented parallel to the electric field
such that the drifting electrons are not influenced by it. At the end of drift
path of the electrons, they are amplified by an avalanche process around
the anode wires. For the readout of the signal the Multi-Wire Proportional
Chambers (MWPCs) at the end plates are used. There are two endplates
and each endplate has 36 readout chambers arranged in 18 sectors. Each
sector contains an Outer Readout Chamber (OROC) and an Inner Readout
Chamber (IROC).

From 3D space points, the tracks are reconstructed in TPC and the
transverse momentum (pr) can be obtained from the curvature of the track.
TPC can reconstruct a primary track of momentum (p) from 100 MeV /c
up to 100 GeV/c. The Fig. 2.7 shows the tracks reconstructed inside TPC
in Pb-Pb collisions at /syy = 5.02 TeV during 2015. Apart from track
reconstruction, TPC is crucial for particle identification. The particle iden-
tification in the TPC is performed by the simultaneous measurement of the
charge, momentum and specific energy loss of each particle that traverses

through the chamber.
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Figure 2.6: The schematic illustration of the working principle and the
read-out chambers of the TPC [16].

Run: 244918
Time: 2015-11-25 10:36:18
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ALICE Collision energy: 5.02 TeV

Figure 2.7: Event display of the tracks reconstructed inside TPC in Pb-Pb
collisions at \/syy = 5.02 TeV during 2015 [18].

Bethe-Bloch formula describes the energy loss in TPC which is param-
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Figure 2.8: Specific energy loss (dE/dx) of the tracks as a function of
momentum using TPC in Pb—PDb collisions at \/syy = 2.76 TeV [21]

eterized by a function originally proposed by ALEPH collaboration [19, 20).

Py
BPs

(P1 — B —In(Ps + #)). (2.3)

Here  is the particle velocity and ~ is the Lorentz factor. The pa-
rameters P; to P5 are the fit parameters extracted for each data taking
period [16]. In the low-velocity region, the energy loss decreases and at a
relativistic limit the ionization value becomes minimum. At this region,
the particles are called minimum ionization particles (MIP). Fig. 2.8 shows
specific energy loss (dF/dx) of the tracks as a function of momentum us-
ing TPC in Pb-Pb collisions at \/syy = 2.76 TeV [21]. The solid line
represents the expectations from Bethe-Bloch formula. At low momentum,
the particles can be identified on a track-by-track basis. On the other
hand, at higher momentum particles can be separated on a statistical basis
via multi-Gaussian fits to the difference between the dF/dx measured and
dE/dx parameterized by Eq. 2.3. Another important approach to identify

particles is via no cut, where ¢ is the resolution. no is defined in the
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following way.

. dE/dxmeasured - dE/dzexpECtEd

PID
OrpC

no

(2.4)

Here, dFE/dxeqsurea 18 the energy loss of the tracks measured in TPC,
dE /dxegpectea 15 the expected energy loss of the tracks using a parameterza-
tion of modified Bethe Bloch function and of52 is the PID resolution of

the TPC.

The analyses done in the thesis uses the No method extensively.

2.3.3 Transition Radiation Detector (TRD)

The TRD is located in the radial position 2.9 < r < 3.7 m from the
interaction point. It covers full azimuthal angle and pseudo-rapidity region,
—0.84 < |n| < 0.84. Tt is comprised of six layers of radiators followed by a
drift chamber.
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Figure 2.9: Schematic cross-sectional view of a module and working prin-
ciple of TRD [17]

The TRD is dedicated for the electron identification for pr > 1
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GeV/c, where the TPC cannot identify the electrons via the dE/dx mea-
surements. When the charged particles pass the interface of two media of
different dielectric constant, transition radiation is emitted, with photons
in the KeV range. The electrons above threshold momentum radiate dif-
ferently with respect to pions. So the TRD can extend the pion rejection
capability of the TPC up to very high momenta. The electron identifica-
tion is essential for the study of electron spectra and study of light and
heavy vector meson resonances via their leptonic decay channel. Fig. 2.9

shows the schematic cross-sectional view of a module and working principle

of TRD [17].

2.3.4 Time Of Flight (TOF) detector

The TOF detector is a gaseous cylindrical detector comprises of Multi-
gap Resistive Plate Chamber (MRPC). It is placed around the TRD at a
radial distance of 2.70-3.99 m covering polar angles 45" to 135° within || <
0.9. The main purpose of TOF is to identify particles in the intermediate
momentum region, where TPC cannot discriminate the hadrons by dE£/dx
measurement. When a charged particle passes through the detector, it
ionizes the gas and the high electric field amplifies the ionization through
electron avalanche, which are stopped due to the resistive plates. TOF
detector has an ability to detect particles with 99.9% efficiency and a time
resolution about 85 ps for Pb—Pb and 120 ps in pp collisions. The charged
particles can be identified by the no cut, which is defined by,

tmeasured - te:v ected
no = b (2.5)

PID
OroF

Here, t,casurea 1S the flight time of the particle measured by an algo-
rithm of TOF and TO detector, teypected is the flight time computed during
the central tracking procedure and o252 is the PID resolution of the TOF

detector.
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2.3.5 High Momentum Particle Identification
Detector (HMPID)

The HMPID is based on proximity-focusing Ring Imaging Cherenkov
(RICH) counters with a radiator liquid CsF4 (perflurohexane). The major
goal of HMPID is to extend track-by-track charged hadron identification at
high-pr in ALICE, which is beyond the momentum interval achievable by
ionization energy loss in ITS and TPC and time of flight measurements in
TOEF. When a charged particle passes through the detector the electromag-
netic radiation is emitted in a cone and the Cherenkov photons emitted by
a fast charged particle traversing the radiator, are detected by a photon

counter consists of 10 m? of active CsI photo-cathode area.

2.3.6 Photon Spectrometer (PHOS)

PHOS

Figure 2.10: ALICE setup with PHOS, EMCAL and PMD [22]

PHOS is a high resolution electro-magnetic calorimeter and the ma-
jor physics goals are to study the properties of the initial phase of the
collision, study probes for de-confinement like jet quenching and validating

the pQCD results. These studies are performed via the measurements of
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direct and thermal photons, neutral pions and 7 mesons. It is located at a
radial distance of 4.6 m with pseudo-rapidity acceptance of |n| < 0.12 and
azimuthal acceptance of 220°-320°. It has 5 modules with 3584 tungsten
crystals (PbWOy) in each module. The position of PHOS in ALICE is
shown in Fig. 2.10. The Charged Particle Veto (CPV), a set of MWPCs,
is placed in front of PHOS to reject charged particles.

2.3.7 Electro Magnetic Calorimeter (EMCAL)

The major goals of EMCAL are to enhance the measurement of jets and
high-pt photons and electron identification. It is located opposite to the
PHOS with radial distance of 4.5 m from the beam line. It’s a coverage
of azimuthal angle between 80° to 187° and pseudo-rapidity range of |n| <
0.7. The acceptance of EMCAL is larger than PHOS but it has lower
granularity and resolution. EMCal produces an electromagnetic shower
when the electrons and photons enter to the EMCAL. They deposit their
energy in the EMCal towers, which is reconstructed using cluster finding
algorithms. It provides the measurement of transverse energy in the region
from 100 MeV to 100 GeV. For hard jets, photons and electrons, EMCAL
provides a fast and efficient trigger. The position of EMCAL in ALICE is
shown in Fig. 2.10.

2.3.8 ALICE Cosmic Ray Detector (ACORDE)

As the name suggests, the ACORDE [23] provides a trigger for the cosmic
rays. It is located at a radial distance of 8.5 m over the azimuthal angle
-60° to 60° and pseudo-rapidity range of |n| < 1.3. It consists of an array of
60 plastic scintillators placed on the top of L.3 magnet. It acts as a crucial
detector as it provides a fast L0 trigger signal during the calibration and

alignment of some ALICE tracking detectors.
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2.4 Muon Spectrometer

The Forward Muon Spectrometer has been designed to identify heavy
flavour vector mesons as well as the ¢-meson at forward rapidity, through
their leptonic decay to muon pairs. The different states of quarkonia ex-
hibit invariant mass peaks very close to each other, which require a good
mass resolution of the detector. The simultaneous measurement of all the
quarkonia species allows a direct comparison of their production rate. The
muon spectrometer is located exterior to the central barrel and covers the
pseudorapidity region —4.0 < |n| < — 2.5 and full azimuth. A 3.5 m long
carbon conic-shaped absorber has been placed in front of the spectrometer
to screen the detector from most of the primary and secondary particles
produced in the interaction point. The cut-off of muon pairs pr > 4 GeV/c
is due to the fact that muons have to pass through the front absorber made
of carbon, concrete and steel. The muons are measured by five tracking
stations with two planes each made up of very highly granular cathode strip
tracking stations. To reconstruct the momenta of muons, a dipole magnet
is placed outside the L3 magnet. An iron wall of 1.2 m acts as a further
muon filter after which two trigger stations are located. Finally an inner
beam shield protects the muon spectrometer from secondaries produced at

large rapidity.

2.5 Forward Detectors

The forward detectors comprises of VZERO (V0) detector [24], TZERO
(T0) detector [24], Zero Degree Calorimeter (ZDC) [29], Photon Multiplic-
ity Detector (PMD) [26] and Forward Multiplicity Detector (FMD) [24].
The brief description of these detectors are discussed below. A special em-
phasis on VO detector is given as V0 is used as trigger and multiplicity

estimator in the ALICE data analyses in the thesis.
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2.5.1 VZERO (VO0) detector
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Figure 2.11: Position of the two VZERO arrays within the general layout
of the ALICE [27].

VO detectors are the plastic scintillators located both sides of the
interaction point. The one in forward direction is called as VZERO-A (V0-
A) and the one is backward direction is called as VZERO-C (V0-C). Both
of them cover full azimuth while the pseudo-rapidity coverage for V0-A
is 2.8 < |p| < 5.1 and is —3.7 < |n| < —1.7 for VO-C. The detectors
are segmented in 4 rings and each ring is divided into 8 sectors, which is
segmented in 32 counters. Position of the two VO arrays within the general

layout of the ALICE is shown in Fig. 2.11.

VO detector has several functions. It is used as minimum bias trigger
for central barrel detectors. The particles originating from initial originat-
ing from initial collisions and from secondary interactions in the vacuum
chamber elements, provide the trigger information for central barrel detec-
tors. The dependence between the number of registered particles on the VO
arrays and the number of primary emitted particles is monotonic. Thus,
the VO serves as an indicator of the centrality of the collision via the mul-
tiplicity recorded in the event. Cuts on the total charge and the number

of fired counters can be applied to achieve rough centrality triggers [31].
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There are three such triggers namely, the multiplicity, semi-central and

central triggers.
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Figure 2.12: Timing criteria to discriminate beam-beam and beam-gas
events using the average time response correlation of VO detectors [27].

The interaction of proton and residual gas in the vacuum chamber can
generate tracks in the detectors and these false events can be eliminated by
using the Minimum Bias p-Gas trigger (PG). The timing criteria is used
to discriminate beam-beam and beam-gas events using the average time
response correlation of VO detectors, which is shown in Fig. 2.12. The
large part of the false muon trigger can also be rejected by using the VO-C.
The VO detector takes part in luminosity measurement in pp collisions with
a precision of 10%. V0 detector also provides an early wake-up signal for

the TRD, prior to the level 0 trigger.

2.5.2 TZERO (TO0) detector

TO detector comprises of two arrays of Cherenkov counters, called as T0O-A
and TO-C. TO-A detector is located opposite to the Muon spectrometer,

at a distance of 3.75 m from the interaction point. It covers the range
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of 4.61 < |n| < 5.92. T0-C is located on the opposite side of T0O-A at a
distance of 7.27 m from the interaction point with pseudo-rapidity coverage
—3.28 < |n| < —2.97. TO has high time resolution which can measure the
collision time with a precision of 25 ps. This collision time is used as a
reference time for Time of Flight detector. The TO can also send a pre-
trigger to the TRD and can also generate minimum bias and multiplicity

triggers.

2.5.3 Zero Degree Calorimeter (ZDC)

participants

before collision after collision

Figure 2.13: Left: Two heavy ions before collision, Right: Spectators and
participants after collision [28].

In the heavy-ion collisions the nucleons which are involved in the col-
lisions are called participants and the nucleons which fly along the beam
line without participating in the collisions are called spectators. Partici-
pants and spectators in heavy-ion collisions are shown in Fig. 2.13. ZDCs
are the detectors, which measure the energy of spectator nucleon to deter-
mine the overlap region of the colliding nuclei. The ZDCs are located on
either sides of the interaction point at a distance of 116 m. It is placed
along the beam pipe at 0° relative to the LHC. Thus, it is called as Zero
Degree Calorimeter. The positions of ZDCs are depicted in Fig. 2.14. The
hadronic ZDC consists of two type of detectors namely, neutron detector
(ZN) and the proton detector (ZP). Typically, the colliding beams are de-

flected via two separation dipoles at a certain distance from the interaction
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Figure 2.14: Position of the two ZDCs (highlighted in red) within the
general layout of the ALICE [29].

point (IP). These magnets will also deflect the spectator protons as they
are charged particles. This also separates them from the spectator neu-
trons, which fly away at 0°. Thus, the calorimeter ZN and ZP are placed
in different positions: ZN is positioned between the two beams to intercept
the spectator neutrons while ZP is placed external to the outgoing beam,
to collect the spectator protons [30]. The ZDCs are made up matrix of
quartz fibres and of heavy metal plates. The heavy metal plates for neu-
trons are made of tungsten and for protons they are made up of brass. The
material of the metal plate is called passive material. When neutrons and
protons traverse through the passive material, a shower of particles is cre-
ated. When particle with high enough energy, crosses the fibre it produces
the light via Cherenkov effect. The generated light in the fibre is converted
to electric signals via photomultipliers. The amplitude of electric signal is
proportional to the energy of incoming neutrons and protons, which allows

to estimate the size of the overlap region of the two colliding nuclei.

2.5.4 Photon Multiplicity Detector (PMD)

The main physics goal of PMD is to measure the multiplicity of photons
produced in pp and Pb-Pb collisions in the forward rapidity. It is also used
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for the determination of the reaction plane.

173cm

Figure 2.15: The position of PMD in ALICE [17].

The PMD is located in the forward region of ALICE at 3.67 m from
the interaction point. It covers pseudo-rapidity range 2.3 < |n| < 3.9 and
full azimuth. The position of PMD in ALICE shown in Fig. 2.15. The
PMD is a pre-shower detector, where lead converter is sandwiched between
two planes of gaseous proportional counters. The thickness of convertor
and the granularity of the gaseous proportional chambers are optimized for
high particle density. The PMD has 40 modules in two planes (CPV and
pre-shower), which consists of 184320 honeycomb structured gas cells. The
charged particle veto (CPV) plane in the PMD registers charged particle
hits, whereas photons do not leave any signature in CPV. Photons passing
through the converter produce electromagnetic shower in the pre-shower
plane, which leads to a large signal spread over many cells. The signal
from a charged particle is confined to a single cell in PMD, which along
with the CPV information, is used to reject the charged-particle tracks. It
measures the multiplicity and spatial distribution of photons in an event-

by-event basis.
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2.5.5 Forward Multiplicity Detector (FMD)

The FMD is located at forward and backward rapidities —3.4 < |n| < —1.7
and 1.7 < |n| < 5.0 with full azimuthal coverage. It is used to determine
the multiplicity of the charged particles and also used to determine the
reaction plane. Common phase space of FMD and PMD allows to study
charged-neutral particle fluctuations and correlations. It is placed away
from the interaction point opposite to the muon spectrometer, which is to

extend the charged particle multiplicity coverage.

2.6 Online and Trigger

The data taking activities in ALICE are controlled by the central online
systems. The Detector Control System (DCS) allows to operate the de-
tector hardware from a central interface. The Data AcQuisition (DAQ)
system is responsible for defining the configuration of the detectors dur-
ing data taking. It is interfaced with the Trigger (TRG) and High-Level
Trigger (HLT) systems. All the operations of the central systems (DAQ,
TRG and HLT) are coordinated by the Experiment Control System (ECS).
The detectors can operate individually which is known as standalone mode.
Standalone mode is used to perform commissioning, calibration and debug-
ging activities. During the physics data taking, the detectors are grouped
in partitions which can operate concurrently with a given set of trigger

inputs.

2.6.1 Central Trigger Processor (CTP)

The ALICE trigger system comprises of Central Trigger Processor (CTP)
and a High Level Trigger (HLT) [32, 33]. For each detector, the CTP
consists of 24 Local Trigger Units (LTU). The first level trigger is called
the LO and the second level is called L1. LO is delivered after 1.2 ps and
L1 is delivered after 6.5 us. The final trigger, L2, is delivered after 100 us.
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After the L2 trigger the event is stored and the output of the CTP goes to
the LTUs of each detectors. Then the output is transferred to the front end
electronics of the detector via Low Voltage Differential Signalling (LVDS)

cables and optical fibres.

2.6.2 High Level Trigger (HLT)

To select interesting events, HLT permits a firmware and software via filter-
ing mechanism. HLT receives the raw data via Detector Data Links (DDL).
Then it extracts hits and clusters and performs the basic calibration. Then
the event is reconstructed for each detector individually and the selection
of event is performed with the reconstructed physics observables. HLT also

performs data compression.

2.6.3 Data Acquisition (DAQ)

The DAQ system handles the data flow from the electronics of the detector
to the permanent storage. The Local Data Concentrators (LDCs) read
out the events from the optical DDLs. The LDC assembles the data into
the sub-events and they are shipped to Global Data Collectors (GDCs).
The GDCs records the events to Transient Data Storage (TDS). Then it is

migrated to the tape (PDS) in the storage.

2.7 Offline and Computing

The offline project is dedicated to the development of the framework of

data processing.

2.7.1 ALICE Grid and ALIEN

To handle and process huge amount of data distributed among computing

resources, the concept of ALICE Grid was introduced. In ALICE Grid, the
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data processing is distributed to several computing centres located world-
wide. The distributed computing infrastructure, which is used in the LHC
experimental program, is managed under Worldwide LHC Computing Grid
(WLCG) project. The ALICE grid uses Models of networked analysis at
regional centres (MONARC) model, which is classified into different stages
and tiers. All real data originate from CERN, which is called Tier-0. Tier-
1, which are large regional computing centres, share with CERN for the
role of a safe storage of the data. Tier-2 are the smaller centres which
are logically clustered around Tier-1. The main function for Tier-2 is to
perform Monte-Carlo simulations and user analysis tasks. ALICE Offline
project also develops ALIce Environment (ALIEN), which allows ALICE

users to have transparent access to grid computing and storage resources.

2.7.2 AliRoot Framework

ALICE uses ROOT framework [34], which is a scientific software frame-
work. ROOT is primarily C++ based while other languages such as R
and Python are also integrated to ROOT. It includes all the functionality
required for big data processing, statistical analysis and storage of physics
analysis. In addition to the package for physics analysis, the software for
the simulation of events and detector is required. To fulfil all requirements
AliRoot [35] framework was developed, which is based on ROOT. AliRoot
also uses different Monte-Carlo softwares like GEANT3 [36], GEANT4 [37],
and FLUKA [38] to simulate the interaction of particles with detector ma-
terial. For simulation of events for pp and heavy-ion collisions, different

event generators are used.
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Chapter 3

Measurement of ¢ meson in

minimum bias pp collisions

“Science is a way of thinking much more than it is a body of knowledge”.

— Carl Sagan

Resonances are usually referred as the particles, which have higher
mass than the corresponding ground state particle(s) with similar quark
content. As hadronic resonances decay strongly, they have very short life-
time, 7 ~ few fm/c. Before decaying, these particles can only travel upto
few femto-meters, which is about the diameter of the proton. The width
(I') and lifetime (7) of the resonances are related by the Heisenberg’s un-
certainty relation, i.e. I'T = h. As the broad resonance states decay very
shortly after their production, it can only be measured by reconstruction of
their decay daughters in a detector. The typical lifetime of experimentally
measured hadronic resonances ranges from 1.1 fm/c to 46 fm/c. Hadronic
resonances are produced in the bulk of the expanding medium in the heavy-
ion collisions and they can decay while still traversing in the medium. The
decay daughters may interact with other particles in the medium, which
would result in suppression of resonances while their reconstruction, as the
invariant mass of the daughters may not match that of the parent particle.
This process is known as re-scattering. In other way, resonances can be
regenerated as a consequence of pseudo-elastic collisions in the hadronic
phase of the medium, which would result in enhancement of resonances.

Resonances, with relatively higher life-time, might not go through any of
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the above mentioned processes. It may also happen that the re-scattering
and re-generation processes compensate each other. Thus, the interplay
of these processes makes the study of resonances in heavy-ion collisions
(Fig. 3.1) more fascinating. Also resonances like, K*(892)% and ¢(1020)
contain strange (or anti-strange) quarks, they can be used for a systematic
study of the particle species dependence of the partonic energy loss in the

medium.

QGP

-out T (fr:nlc)
shapes

Figure 3.1: Depiction of re-scattering and regeneration processes in
hadronic phase in heavy-ion collisions. [1]

Measurements reported by ALICE in 2017 [2] provide one of the
strongest evidences to validate that QGP-like conditions are also created in
pp collisions. ALICE has observed enhanced production of strange particles
in high-multiplicity pp collisions, which was historically considered to be
one of the manifestations of QGP formation [2]. Also, recent results from
LHC [13] suggest that ¢ behaves like a particle with net strangeness of 1 or
2 in small systems. These observations open new directions for theoretical
and experimental studies of pp collisions. So far, none of the models ex-
plain the recently discovered behaviors satisfactorily. Study of resonances
containing strange quarks as a function of charged-particle multiplicity,
would provide important contribution to the origin of QGP-like effects in

pp collisions. A new observable for the LHC era, transverse spherocity is
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also an important observable which can isolate events on the basis of its ge-
ometrical shape. A double differential study of resonance production using
multiplicity and spherocity would give more insight into the particle pro-
duction in high multiplicity pp collisions. The measurement of resonances
in minimum bias pp collisions also set the baseline to which heavy-ion col-
lisions are compared as well as contribute to the understanding of particle
production mechanisms through comparison with different model predic-

tions.

This chapter describes the detailed methodology and results for mea-
surement of ¢ meson production in minimum bias pp collisions at different
collision energies. The results will be mainly focused on ¢ meson production
in minimum bias pp collisions at /s = 5.02 TeV and the final results will
be compared with other collision energies. The next chapter will be dedi-
cated to discuss the results from multiplicity and spherocity dependence ¢

meson production in pp collisions at /s = 5.02 and 13 TeV.

3.1 Introduction

The existence of ¢-meson was first postulated by Prof. J. J. Sakurai in
1962, which is a resonance state between K° and KO [4]. Later it was dis-
covered in a 20-inch hydrogen bubble chamber at the Alternative Gradient
Synchrotron (AGS) in Brookhaven National Laboratory (BNL), USA in
the same year [5]. It was naively expected that the most energetic decay
channel of ¢ would be decaying into 3 pions. However, it was instead ob-
served from experiments that the ¢ decays to kaons more frequently [6].
Later in the years between 1963 to 1966, Susumu Okubo, George Zweig
and Jugoro lizuka, independently proposed a rule to account for the ob-
served suppression of the 3 pion decay [7-9]. This rule is known as OZI
rule, a consequence of quantum chromodynamics (QCD), which states that
strongly occurring process will be suppressed if its Feynman diagram can
be separated into two disconnected diagrams via only the removal of the in-

ternal gluon lines. This is shown in Fig. 3.2 in terms of Feynman diagrams.
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This rule also explains the unusually long lifetime of J/¢-meson. In this
thesis, the hadronic decay channel to 2 kaons is used for the reconstruction

of ¢. The basic analysis flow is shown in Fig. 3.3.

Figure 3.2: Depiction of preferred decay channel of ¢ as per the OZI rule [6,
10]. The left diagram is more preferred while the right one is significantly
suppressed.

Figure 3.3: Data analysis flow chart.
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3.2 Dataset and Event selection

The production of ¢ meson is measured at mid-rapidity (|y| < 0.5) in
minimum-bias pp collisions at /s = 5.02 TeV using ALICE detector [11].
For pp minimum-bias collision at /s = 5.02 TeV, the data were collected
during Run 2 operation at the LHC. The data were collected with a min-
imum bias trigger (trigger is an electronic system which makes a decision
whether the collision data are worth to save or not), which requires a hit in
both VZERO detectors (kINT7), in coincidence with the arrival of proton
bunches from both directions. The detailed method of event selection in
VZERO detectors is discussed in Sec. 2.5.1. The physics selection frame-
work is widely used within ALICE to select events satisfying certain 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 back-
ground, pileup events and poor quality events. The input to the trigger
system is taken from triggering detectors and the output from the trigger
system is sent to readout detectors which detect and save the collisions. In
this analysis, decays of ¢ mesons to charged kaons are reconstructed. The
yield of ¢ mesons is extracted from KK~ invariant-mass distributions as
a function of transverse momentum (pr). Then, the integrated yield and

mean-pr of ¢ mesons are obtained.
The following event-selection cuts were used for the analysis.
1. kINT7 trigger (requires a hit in both VZERO detectors)
2. Standard Physics Selection

3. IsIncompleteDAQ check is used to reject events for the cases which

the event building does not work
4. Pileup Rejection using AliAnalysisUtils::IsPileUpEvent ()

5. SPD Clusters VS. Tracklets Check
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Figure 3.4: Event statistics after implementing event-selection cuts. The
fourth bin shows the total number of accepted events for this analysis [11].

using AliAnalysisUtils::IsSPDClusterVsTrackletBG() with de-

fault parameters

6. Event has a track or SPD primary vertex identified

7. SPD vertex z resolution < 0.25 cm

8. SPD vertex dispersion < 0.04

9. z-position difference between track and SPD vertex < 0.5 cm

10. Vertex z position: |v,| < 10 cm

After implementation of the above cuts, the total number of accepted
events are around ~105 M which is shown in the fourth bin of Fig. 3.4.
The last bin shows the total number of events which are not accepted due

to different event cuts listed above.
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3.3 Track Selection and Particle

Identification

3.3.1 Track Cuts

The ¢ mesons were identified by reconstructing their decays to charged

kaons (¢ — K~K™T), which has a branching ratio of 0.492 4+ 0.005 [33].

10.

11.

12.

13.

14.

15.

Charged tracks are selected for analysis by applying following cuts:

. minimum number of crossed rows in TPC: N, rpc > 70

. minimum ratio of number of crossed rows to number of findable clus-

ters in TPC: Rrpc > 0.8

. maximum x? per cluster in TPC: x2pq < 4
. reject kink daughters
. require ITS refits

. require TPC refits

minimum number of clusters in SPD: 1

(A1liESDtrackCuts: :SetClusterRequirementITS(kSPD, kAny))

. DCA,, pr formula: DCA,, < 0.0105 + 0.035p;"" (a 7-0 cut)

maximum y? in TPC-Constrained Global: 2 < 36
DCA, <2cm

AliESDtrackCuts: :SetDCAToVertex2D (kFALSE)
A1iESDtrackCuts: :SetRequireSigmaToVertex (kFALSE)
maximum x? per cluster in ITS: xipg < 36

PTtrack > 0.15 GeV/c

|77track| < 0.8
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16. For a pair of tracks to be considered as a ¢ candidate, its rapidity

was required to be within the range |ypai| < 0.5.

All of these cuts except the last three are included in the function

AliESDtrackCuts: :GetStandardITSTPCTrackCuts2011 (kTRUE,
1),

which implements the standard ITS/TPC track cuts from 2011.

3.3.2 Particle IDentification (PID) cuts

The kaons are identified through their energy loss in the TPC and their
time of flight in the TOF. As described in the Sections. 2.3.2 and 2.3.4,
we have followed the no method for the analyses described in the thesis.
Although the detailed method is described in the previous chapter, for the
sake of completeness we mention the definition of no method for TPC and

TOF here as well. noppc is defined in the following manner.

dE da:measure - dE d.’L’ex ecte

Here, dFE/dxyeqsurea 18 the energy loss of the tracks measured in TPC,
dE /dxegpectea 15 the expected energy loss of the tracks using a parameterza-
tion of modified Bethe Bloch function and of52 is the PID resolution of
the TPC. Also, the charged particles can be identified by the noror cut,
which is defined by,

tmeasured - te:c
pected
noror = PID . (32)

OroF

Here, t,,casureaq 1S the flight time of the particle measured by an algo-
rithm of TOF and TO detector, teypected is the flight time computed during
the central tracking procedure and o252 is the PID resolution of the TOF

detector.

Several independent iterations of the analysis are performed, with

each iteration using a different set of PID cuts. “TOF veto” means that
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Figure 3.5: noy, vs. p for different PID cut schemes. Left Panel: no PID
cuts applied. Right Panel: default PID cuts (the tpc2stofv3s scheme)
applied [11].

the TOF cut is applied only for cases where the track matches a hit in the

TOF; for tracks without matches, no TOF cut is applied. The veto cut on

TOF bears a special significance due to the fact that one does not have to

consider the TPC-TOF matching efficiency while using the veto cut.

noye < 2 with a TOF veto of noy,p < 3 (shorthand: tpc2stofv3s)
nowe < 2 (shorthand: tpc2s)

noye < 1.5 with a TOF veto of noy,r < 3 (shorthand: tpci5stofv3s)
noye < 2.5 with a TOF veto of noy,; < 3 (shorthand: tpc25stofv3s)

noye < 2 with a TOF veto of noy,; < 4 (shorthand: tpc2stofvés)

The analysis is also rerun with different track quality cuts (always

using the tpc2tofv3s PID cut set). The following cut sets are also used

(all other cuts are the same as in the list of track-quality cuts above):

errpe > 100 (shorthand: ncr100)
Nerrpe > 80 (shorthand: ncr80)
Rrpec > 0.9 (shorthand: rtpc9)
X2k < 2.3 (shorthand: x2track23)

XZaek < 3.5 (shorthand: x2track35)
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Figure 3.6: noss vs. p for two different PID cut schemes. Left Panel: no
PID cuts applied. Right Pannel: default PID cuts (the tpc2stofv3s
scheme) applied (with the aforementioned wider cuts at low momen-
tum) [11].

e DCA,, pr formula: DCA,, < 0.006 + 0.020p7 ! (a 4-0 cut, short-
hand: dcaxy4s)

e |[DCA,| < 0.2 cm (shorthand: dcaz02)

e |[DCA.| <1 cm (shorthand: dcazl)

Variations in ¢ meson yields, masses, widths, etc. due to the differ-
ent kaon-identification and track-quality cuts were incorporated into the

systematic uncertainties as described in Section 3.7.

3.4 Signal Extraction

Table 3.1 gives a list of the pr bins analyzed. To extract the yields of
¢ mesons in each pr bin, the following procedure is used. The invariant-
mass distribution of unlike-charge kaon pairs from the same event is com-
puted. When possible, this unlike-charge distribution is fitted directly with
a 2" order polynomial plus a peak. In addition, the combinatorial back-
ground is estimated and subtracted from the unlike-charge distribution.
The background-subtracted unlike-charge distribution is fitted with a com-
bined fit function: a residual background polynomial plus a peak. These

steps are described in more detail in the following sections.

70

‘ 10
p (GeV/c)



Table 3.1: List of pr bins analyzed (units of GeV/c).

’ bin \ minimum \ maximum H bin \ minimum \ maximum ‘

0 0.4 0.6 | 12 24 2.7
1 0.6 0.7 13 2.7 3.0
2 0.7 0.8 | 14 3.0 3.5
3 0.8 0.9 15 3.5 4.0
4 0.9 1| 16 4.0 4.5
) 1 1.1 17 4.5 5.0
6 1.1 1.2] 18 5.0 6.0
7 1.2 1.4 19 6.0 7.0
8 1.4 1.6 || 20 7.0 9.0
9 1.6 1.8 ] 21 9.0 12.0
10 1.8 2.1 | 22 12.0 16.0
11 2.1 24| 23 16.0 20.0

3.4.1 Combinatorial Background

The method in which the unlike-charge distribution is fitted directly is de-
noted ulfit. Two methods are used to estimate the combinatorial back-

ground. See Section 3.4.3 for an example plot.

1. Event Mixing: Invariant-mass distributions are calculated for pairs of
oppositely charged kaons from different events. Each event analyzed
is mixed with ~ 5 other events; for pairs of events, the difference in
vertex-z is required to be less than 1 cm, while the difference in the

multiplicity is required to be less than 5 (shorthand: event_miz).

The mixed event background is normalized so that it has the same
integral as the unlike-charge distribution in a given normalization

region.

Normalization Region 1: 0.995 < m < 1.005 GeV/c? (shorthand:
mix1)

Normalization Region 2: 1.04 < m < 1.06 GeV/c? (shorthand:
mix?2)

Normalization Region 3: 1.05 < m < 1.08 GeV/c? (shorthand:

mix3)
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Therefore, for the mixed-event combinatorial background, there are
three different background-subtracted invariant-mass distributions,

each of which is fitted independently.

2. Like Charge: Invariant-mass distributions are calculated using pairs
of kaons with the same charge from the same event. In each invariant-
mass bin, the value of the like-charge background is 2,/n-"ni,
where n__ (n,y) is the number of K"K~ (K*K™) pairs in the bin.
(shorthand: like sign)

3.4.2 Residual Background

After subtraction of the combinatorial background, a residual background
may still be present in the vicinity of the ¢ peak. When the unlike-charge
distribution is fitted directly, the peak sits on top of a smooth background
that can be parameterized by a polynomial. In this case, the background
will be called “residual” in the following discussion, even though this might
not be the right name for it. (This is just to avoid repeating the same dis-
cussion, since the procedure is exactly the same.) Five different fit regions

are used (units of GeV/c) :

Fit Region 0: 0.995 < m < 1.06 GeV/c? (shorthand: fr0)
Fit Region 1: 0.995 < m < 1.07 GeV/c? (shorthand: fr1)
Fit Region 2: 0.99 < m < 1.09 GeV/c? (shorthand: £r2)

Fit Region 3: 0.995 < m < 1.09 GeV/c? (shorthand: fr3)

Fit Region 4: 0.99 < m < 1.06 GeV/c? (shorthand: fr4)

Linear (shorthand: pol1l), quadratic (shorthand: pol2), and cubic
(shorthand: pol3) fits were performed to parameterize the residual back-
ground. Variations in ¢ meson yields are due to variations in the residual
background fit function and the boundaries of the fit region are incorpo-

rated into the systematic uncertainties (see Section 3.7). Note that the
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fits described in the section are only used as an estimate of the residual
background: these fits are used as a starting point for the fits described in
the next section (combined fits of residual background plus peak, during

which the residual background fit parameters are allowed to vary).

3.4.3 ¢ Peak Fits

After the residual background has been fit, the invariant-mass distributions
are fitted using a combined function: the residual background plus a peak.
Initially, the residual background parameters are fixed to the values from
the fits described in Section 3.4.2. However, in the final step of the fit
procedure, the residual background parameters are allowed to vary freely

along with the peak fit parameters.

A Voigtian fit function [39] (shorthand: voigtG), which is a convo-
lution of a Breit-Wigner peak to describe the ideal signal and a Gaussian
to account for detector resolution, is used to fit the ¢ peaks. The purpose
of using the Breit-Wigner fit function along with its derivation to describe
the signal, is shown in the appendix section 3.13. The functional form of

Voigtian function is the following:

dN Ar | (mxcx — m')? 1 ,
= — dm'. (3.3
dmgg — (27)3/20 / P [ 20? (m/ — M)* +T2/4 . (3:3)

Here, A is the normalization of the function (from 0 to co), M is a
fit parameter that gives the mass of the resonance, I' is a fit parameter
that gives the width of the resonance. Also, ¢ is the Gaussian width (pr-
dependent, generally between 1.3 and 2 MeV/c). The Voigtian function is
implemented using ROOT’s TMath: :Voigt function:

A - TMath: :Voigt(m — M, T, 0). (3.4)

Here, the width parameter is fixed to the vacuum value

73



500 & 400 T T T T T

o E | pp Vs = 5.02 TeV . F op 5= 5.02TeV |
3 450 +++ 04<p, <06 GeVic, | <05 3 350 £ 04<p <06GeVIC, <05
© 400F §oKK © 300 | 4-KK 3
2 350E TPC and TOF PID = 50 B TPG and TOF PID 3
Tk ¢ to. Unlike-sign pairs N 200 E « Data (stat. uncert.) E
@ 300 3 by o Mixed-event background 1) E — Voigtian peak fit
5 250;— ) ALICE Performance £ 150 E 4 Residual background E
§ 200f Pohy i oaLd: ALICE Performance
150F- yoo } %@W 50 £ E
i T
100 ;OW&OO&DOOW%O ) 0 & fu 3
50k R~ T TN DU TN T TN PN . -
1 101 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1 101 1.02 1.03 1.04 1.05 1.06 1.07 1.08

M (GeV/c?) M, (GeVic?)

Figure 3.7: Representative plot of Invariant-mass distribution for
tpc2stofv3s combination in one of the measured pr bins. Left: The black
solid marker shows the invariant-mass distribution of unlike-charge kaon
pairs. Red open marker shows the normalized event-mixing background.
Right: The red line shows Voigtian peak fit to the unlike signals after the
combinatorial background subtraction. The dotted line shows the residual
background [11].

4.26 MeV/c [33] and the resolution is allowed to vary freely. The fitting

procedure will be varied in later stage.

Left plot of Fig. 3.7 shows a representative plot of the unlike-charge
signal and the event-mixing combinatorial background for a measured pr
bin while the right plot of Fig. 3.7 shows the event-mixing background-
subtracted signals with residual background and peak fit. Similar proce-
dure is followed for all measured pr bins as shown in Table 3.1. The ¢ mass
as a function of pr is shown in Figure 3.8 and it is found to be consistent
with PDG value. The black solid marker shows the value of mass and o
parameter from real data and the red open marker shows from simulation.
They seem to be fairly consistent with each other. The mass parameter
seem to be consistent with the PDG mass of ¢ meson (red dotted line). o

is found to be ranging from 1-3 MeV /c?.

3.4.4 ¢ Yield

The yield is extracted by integrating the invariant-mass histogram over
the region I, < m < Inh.c and subtracting the integral of the residual

background portion of the fit function (divided by the bin width) over
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Figure 3.9: Raw Yield as a function of pr [11]. The errors reported are
statistical only.

that same interval. The yields for the regions 2M (K*) < m < I, and
m > I .y are extracted from the peak fit and added to the yield calculated
from the histogram. 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. Here,
Ipin = 1.01 GeV/c and Iy = 1.03 GeV/c. The raw yield normalized
to the total number of analysed events as a function of pr is shown in

Figure 3.9.
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3.5 Simulations

After obtaining the raw pr-spectra, one has to correct it with detector
efficiency and its acceptance. A simulated data set is analyzed in order
to extract the ¢ reconstruction efficiency x acceptance (this calculation is
described in Section 3.6.1) and estimate the ¢ mass resolution (which is

used as an input parameter for Voigtian fits of real ¢ peaks).

Particle production and decays are simulated using PYTHIA (the
Monash 2013 tune of PYTHIA 8 for LHC16h8a and the Perugia 2011 tune
of PYTHIA 6 for LHC16h8b), while particle interactions with the ALICE
detector are simulated using GEANT3 [13]. As mentioned in Section 2.7.2,
GEANTS is used to simulate the interaction of particles with detector ma-
terial. The simulated data set consists of 34 million events in the the
LHC16h8a production and 17 million events in the LHC16h8b production.
The same event selection and track quality cuts are used for the real and
simulated data. In the context of this section and Section 4.2.6, the par-
ticles produced by the event generator (without any detector effects) are
referred to as the “generated” particles. These particles are the input for
the GEANT3 detector simulation and the track and signal reconstruction
algorithms. The tracks which are identified by the reconstruction algo-
rithms and which pass the track selection and PID cuts are referred to as

“reconstructed” tracks.

3.5.1 Invariant-Mass Histograms

Histograms of the invariant mass of reconstructed ¢ mesons are fitted using
the function described in Section 3.4.3. The resolution of these peaks is
extracted using the voigtG fit, which was also used to fit the real data.

The fit region for these histograms is 1.01 < m < 1.03 GeV/c.
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3.6 Correction and Normalization of

Spectra

3.6.1 Reconstruction Efficiency X Acceptance

The reconstruction efficiency x acceptance, denoted as €., is calculated
using the same simulated data described in Section 3.5. In each transverse

momentum bin, €, is the ratio of two quantities

Denominator: Generated ¢: the number of generated ¢ mesons with

|Ygen| < 0.5 that decayed to two charged kaons

Numerator: Reconstructed ¢: the number of ¢ mesons with || < 0.5
for which both kaon decay daughters were reconstructed
Here, “y” is the rapidity of kaon pairs. The correction €, for different
PID, event and track selection cuts are shown in Figure 3.10. It has a strong

dependence on transverse momentum at low pr.

The uncertainty in €. is calculated using the Bayesian approach [20].
The standard deviation in an efficiency ¢ = k/n, where the numerator k is

a subset of the denominator n, is

E+1(k+2 Ek+1
Us_\/n+2(n+3_n+2)' (8:5)

The fractional statistical uncertainty in €, is added in quadrature

with the statistical uncertainty in the uncorrected ¢ yield to give the total

statistical uncertainty of the corrected ¢ yield.

Different €, are expected for different combinations due to different
set of track/event cuts, which is shown in Figure 3.10. The difference should
also be reflected in the real data and Figure 3.15 confirms that there is no
large deviation in the corrected spectra compared to the default for all the

combinations.
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Figure 3.10: Upper plot: ¢ meson reconstruction efficiency (€.c) as a
function of pr for different PID, event and track selection cuts. Bottom
plot: ratio of the €., values in the upper plot to default [11].

3.6.2 Signal-Loss Correction

The signal loss correction factor is calculated to account for the loss of ¢
mesons incurred by selecting events that satisfy only kINT7 trigger, rather
than all inelastic events. This is a pr-dependent correction factor which is
peaked at low pr, indicating that events that fail the kKINT7 selection have
softer ¢ pr-spectrum than the average inelastic event. This correction
is the ratio of the pr-spectrum in inelastic events to the pr-spectrum in
KINTT7 events. The correction factor is calculated using the two different
simulation productions, LHC16h8a (PYTHIA 8, Monash 2013 tune) and
LHC16h8b (PYTHIA 6, Perugia 2011 tune), which is shown in figure 3.11.
The PYTHIA 8 correction is used as the default. A systematic uncertainty
is assigned to the pr-spectrum due to the signal loss correction factor. Let
€srs be the PYTHIA 8 correction and egr6 be the PYTHIA 6 correction.

The systematic uncertainty is the greater of |esrs — €516| and %(ESLg —1).

3.6.3 Inelastic Normalization Factor

In order to normalize to the number of inelastic pp collisions, the inelastic

normalization factor (fnorm) is calculated. This is needed to convert a parti-
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Figure 3.11: Signal loss correction factor as a function of pr. The boxes
show the systematic uncertainties for each pt bin. The statistical uncer-
tainties are not shown [11].

cle yield normalized to the number of triggered events to a yield normalized
to the number of inelastic events. As there is no measurement done by AL-
ICE, the normalized value for this energy is calculated through the method
of interpolation which is described in the appendix section 3.14. The value
of inelastic normalization factor is found out to be 0.7574 4 0.0190 for /s
= 5.02 TeV.

3.6.4 Normalization

The ¢ meson spectra are normalized as follows. The normalized, uncor-

rected yield in a given pr bin (of width dpr) is

d°Nye  (raw counts)
dprdy  New - BR - dprdy

X fnorm X fvtxa (36)

where Ny is the number of events analyzed, BR is the branching
ratio (BR = 0.492 + 0.005), and dy = 1. The factor fy is also needed in

the normalization. It is a ratio with:

Denominator: the number of triggered events (after application of the

IsIncompleteDAQ cut and the pileup cuts)
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Numerator: the subset of the events in the denominator for which a
good vertex was found (i.e., it passes the vertex quality cuts, but

without the cut on the z-position of the vertex)

The vertex normalization for this analysis is found to be 0.958. This
is the ratio of number of events, so it doesn’t have associated systematic

uncertainty.
The corrected ¢ meson spectra are calculated as follows:

d2N _dQNmW €SI,

= 3.7
dedy dedy €rec ( )

3.6.5 Transverse Momentum Spectrum

Figure 3.12 shows the efficiency corrected and normalized pr spectrum. The
boxes show the systematic uncertainties in each pr bin which is calculated

in Section 3.7.
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Figure 3.12: Efficiency corrected and normalized ¢ spectrum. The bars and
boxes show the statistical and systematic uncertainties in each pr bin [11].
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3.7 Systematic Uncertainties of the

Spectrum

3.7.1 Introduction

In general, the analysis is performed many times, using every possible per-
mutation of analysis parameters (PID cuts, combinatorial background, etc.)
described in Section 3.4. This means that there are multiple measurements
of the yield for each transverse momentum bin. Broadly, the uncertainties

are calculated in 2 different groups.

1. Grouped Uncertainties

(a) Signal Extraction
(b) Background Subtraction method

(c) Track Selection Cuts
2. Other sources of Uncertainties

(a) Material Budget

(b) Hadronic interaction cross-section
(c) Signal Loss uncertainty

(d) Inelastic Normalization

(e) Branching Ratio

This procedure is illustrated explicitly for the ¢ yield in the following

section.

3.7.2 Calculation

For each transverse-momentum bin, there are several measurements of the
yield and its statistical uncertainty. The uncertainties are grouped in the

following way:
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1. Signal Extraction:

Event Mixing Normalization regions: 3 choices: mixed event
(event_miz) (with three different normalization regions: mix1,

mix2, or mix3)
Fit Region: 5 choices (fr0, frl, fr2, fr3, fr4)

Residual Background Fit: 3 choices: linear (poll), quadratic
(pol2), or cubic (pol3)

Peak Fit: 1 choice: voigtG

For each background subtraction method and track selection cut, the
above signal extraction variations are calculated. For these set of
variations the mean value is calculated. The standard deviation from
the set of measurements is the signal extraction systematic uncer-
tainty. Then the mean statistical uncertainty is obtained. After this
step, the mean value is the yield and mean statistical uncertainty is
the statistical error for the particular set of background subtraction
method and track selection cut. This procedure is repeated for each
track selection cut and background subtraction method. Figure 3.13
shows an example of different variations for signal extraction grouping

procedure.
2. Background Subtraction:

3 choices: no background subtraction (ulfit), like-charge

(like_sign), or mixed event (event mix)

For a particular track selection cut, the mean values from the
previous grouping are used. Now, for each track selection cut,
background subtraction techniques are varied. So, there will
be three measurements for each set. The standard deviation
from each set is taken as the background subtraction systematic
uncertainty. The mean value is the yield and mean statistical

uncertainty is the statistical error for the particular set of track
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Figure 3.13: Upper plot: Yield from tpc2stofv3s after varying differ-
ent signal extraction techniques, Lower plot: Ratio to default combina-
tion [11].

selection cut, and PID strategy. Figure 3.14 show the exam-
ple of different variations for background subtraction grouping

procedure.
3. Track Selection Cuts:

PID Cuts: 5 choices: 20rpc with 3oror veto (tpc2stofv3s),
1.50rpc with 3oror veto (tpclbstofv3s), 2.501pc with 3oroF
veto (tpc25stofv3s), 20rpc (tpc2s), or 20pc with 4oror veto

(tpc2stofvds)

Event/Track Selection Cuts: 10 choices (calcu-
lated with tpc2stofv3s PID cuts only): event |v,| < 8 cm
(vz8), event |v,| < 12 cm (vz12), Ny rpe > 100 (ncr100),
Nerrpe > 80 (ncr80), Rype > 0.9 (rtpc9), DCA,, < 4o
(dcaxy4s), DCA, < 1 cm (dcazl), xZ,. < 2.3 (shorthand:
x2track23), X2, < 3.5 (shorthand: x2track35)

There will be five TPC/TOF cuts and nine quality cuts variation
in this step. The standard deviation from these set of measure-

ments is taken as track selection systematic uncertainty. The
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Figure 3.14: Upper plot: Yield of tpc2stofv3s after varying different
background subtraction techniques, Lower plot: Ratio to default combi-
nation [11].

mean value is the yield and mean statistical uncertainty is the
final statistical error. Figure 3.15 shows the yield from differ-
ent PID cuts, event-selection cuts and track quality cuts. It
is found that for the tpc2s combination, the 1ike sign and
ulfit are outliers for the range 1.4 < pr < 2.8 GeV/c So, only
the event-mixing background subtraction are considered in the

range 1.4 < pr < 2.8 GeV/c.

4. Material Budget: The material budget systematic uncertainty is
estimated by using the pr dependent material budget uncertainty of
single kaons. Then the daughters are assigned an uncertainty cor-
responding to that pr bin. The systematic uncertainty due to un-
certainties in the ALICE material budget is taken from the analysis
of the ¢ mesons in p—Pb collisions [36, 37]. It is pr-dependent and

reaches a maximum value of a few percent.

5. Hadronic Interaction Cross-section: The systematic uncertainty
due to uncertainties in the ALICE hadronic interaction cross-section

is taken from the analysis of the ¢ mesons in p—Pb collisions [36, 37].
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Figure 3.15: Upper plot: Yield from different track cuts, Lower plot:
Ratio of all track cuts to default [11].

It is pr-dependent and reaches a maximum value of a few percent.

6. Signal Loss Uncertainty: The systematic uncertainty due to the
signal-loss correction factor is described in Section 3.6.2. It is pp-

dependent and reaches a maximum value of 1.5% at low pr.

7. Inelastic Normalization: The systematic uncertainty due to the
uncertainty in the factor fyomm (used to normalize to the number of

inelastic pp collisions) has a value of 2.5%.

8. Branching Ratio: The systematic uncertainty due to the uncer-

tainty in the branching ratio is 1% and independent of pr.

9. Tracking Uncertainty:

The tracking uncertainty, due to the uncertainty in I'TS-TPC match-
ing, is derived for the ¢ as follows. The one-particle uncertainty is
inherited from the analysis of unidentified charged hadron production
in the same collision system [43]. The two-particle (¢) uncertainty
is derived from the one-particle uncertainty through weighting. A
PYTHIA simulation (the LHC16h8a production) is used to find the

pr distributions of the ¢ decay daughters as functions of the ¢ trans-
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Figure 3.16: Tracking (ITS-TPC Matching) efficiency uncertainty for single
particles and for the ¢ (a two-particle decay). The two particle uncertainty
is considered 2% when the single particle uncertainty is below 1% [11].

verse momentum. These decay-daughter distributions are then used
to obtain the weighted average of the tracking uncertainty for each ¢
transverse-momentum bin. The calculation is also weighted so that

the simulated ¢ pr-spectrum has a realistic shape.

Let w(pry) be the ratio between the measured and generated ¢ pr-
spectra. Let u(pr) be the one-particle tracking uncertainty. Let pr;
and pro be the transverse momenta of the first and second decay
daughters of each simulated ¢ meson. Let N(pre,pr1,pr2) be the
number of ¢ with pr, that decay to kaons with pry and prs. The
two-particle tracking uncertainty is the ratio of two histograms (a

weighted average):

Numerator: the sum, for all generated ¢ mesons, of
N (prg, pr1, pra)w(prg) |u(pr1) + u(pre)
Denominator: the sum, for all generated ¢ mesons, of

N(qus, Pr1, pTQ)w(pT¢)

The calculation assumes that the tracking-efficiency uncertainties of

the two decay daughters are fully correlated.

10. Total Systematic uncertainty: The total systematic uncertainty
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is the sum in quadrature of the uncertainties from the sources listed

above.

3.7.3 Fractional Uncertainties

Figure 3.17 shows the fractional uncertainties from all the sources as a

function of pr.
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Figure 3.17: Fractional uncertainties from all the sources [11].

3.7.4 Consistency Checks

This analysis has been run many times with many different variations of
analysis parameters. However, it is necessary to ensure that the systematic
uncertainties are not simply accounting for statistical fluctuations. As de-
scribed in [40], the condition for consistency is not in agreement within the
statistical uncertainties: since the default and alternate measurements use
(mostly) overlapping data sets, agreement within the statistical uncertain-
ties is not sufficient. Instead, agreement within the difference in quadrature
of the statistical uncertainties is required. If two measurements are found
to be consistent within the quadrature difference of their statistical un-
certainties, then it is not necessary to account for the differences between

them in the systematic uncertainties.
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As an example, consider the alternate measurement using the track
selection method of extracting the ¢ yield. Figure 3.18 shows a consis-
tency check for this measurement. The distribution is A/o.., where A is
the difference between the default measurement (tpc2stofv3s) and all the
other measurements, and o is the difference in quadrature of the statisti-
cal uncertainties of these measurements. In general, if two measurements
are consistent, A should lie within a few multiples of o.. of zero. It is
expected that the distribution of A/o.. would have a mean near zero, a
standard deviation near one. Figure 3.18 shows the distribution of A/o.
for all pt bins for variation of different track selection techniques. Here, the
mean is shifted from zero and the standard deviation is greater than one.
Therefore, it appears that the measurements are not consistent with the
default measurement; it is necessary to account for the differences between

these measurements in the systematic uncertainties.
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Figure 3.18: Consistency checks for variations in track selection tech-
niques [11].

Figure 3.19 shows the distributions of A /o for the various alternate
analysis parameters. For the shown figures, there appear to be potential
inconsistencies between the default and alternate measurements: the dis-
tribution is not centered at zero or is much wider than ideal. Since these

alternate measurements do not pass the consistency check, it is necessary

88



to account for these differences in the systematic uncertainties.
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Figure 3.19: Consistency checks for variations in signal extraction tech-
niques [11].

3.8 Fits of the Spectrum

This section describes the procedure used to fit the ¢-meson pr-spectrum

and the quantities (AN /dy and (pr)) derived from the fits of the spectrum.

3.8.1 Procedure

The normalized, corrected ¢ meson spectrum is fitted with several different
functions (fo(pr)), which are listed below. One of the best fit is considered
as default fit while the others are used for systematic uncertainties. All the
functions are normalized such that the scale parameter A in the functions

gives their integral.
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1. An exponential function in mr

eM/T

= Ax (e7m/T) 5 —— :
fo(pr) = pr x A X (e ) X TP T (3.8)

Here, M is the mass of the ¢ meson, mt = \/M? + pA. For this fit
function, the histogram is only fit over the range 0.4 < pr < 1 GeV/c,

giving a better fit in the low-pr region.

2. An exponential function in pr

oM/T

_ A —pr/T .
folpr) =pr x Ax (e )><T2+TM

(3.9)

Here, M is the mass of the ¢ meson. For this fit function, the his-

togram is only fit over the range 0.4 < pr < 1 GeV/c.
3. A Boltzmann distribution:

eM/T

273 + 2T2M + TM?

folpr) = pr x Axmp x (e7™/7T) x (3.10)

As with the closely related mr exponential and the fit is only per-

formed over the range 0.4 < pr < 1 GeV/c.

4. Lévy-Tsallis function: The histogram is fit over the range the range
0.4 < pr < 2 GeV/c using a Lévy-Tsallis function [38, 39]. This is

used as the default function:

(3.11)

folpr) = pr % An—1)(n—2) ll+mT—M}"’

nT [nT + M(n — 2)] nT

The Lévy-Tsallis function fit is also done for different pt ranges
such as: 04 < pr < 1.5 GeV/e, 04 < pr < 2.5 GeV/c and
0.4 < pr < 3 GeV/c and they are included for the calculation of
systematic uncertainty in integrated yield and mean transverse mo-

mentum.
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Table 3.2: x?/ndf and Fitting parameters for fits

Functions | Fit range | x*/ndf | A n | T (GeV) |
Levy-Tsallis 0.4-2 0.107 | 0.0329 +0.003 | 3.697 £ 1.049 | 0.230 £ 0.043
Levy-Tsallis 0.4-1.5 0.085 0.038 £ 0.014 | 2.895 £ 1.263 | 0.201 £ 0.064
Levy-Tsallis 0.4-20 0.513 0.029 £0.001 | 7.644 £0.173 | 0.311 4+ 0.007

mp-exp 0.4-1 0.264 | 0.0236 £ 0.001 — 1 0.280 £ 0.037
pr-€Xp 0.4-2 0.116 | 0.0120 4+ 0.0004 — 1 0.519 £ 0.015
Boltzmann 0.4-1 0.261 | 0.0321 £0.003 — 1 0.280 £ 0.037
Bose-Einstein 0.4-1 0.253 | 0.1730 £ 0.0244 — 1 0.283 £0.039

5. Bose-Einstein distribution: The histogram is fit over the range

0.4 < pr < 1 GeV/c using a Bose-Einstein distribution:

1

fO(pT):pT X A X m X (6M/T—1). (3.12)

6. Power-law function: The histogram is fit for 2 < pr < 20 GeV/c

with a power-law function:

folpr) =pr x Ax (1 +pr/T)". (3.13)
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Figure 3.20: Corrected ¢ spectrum (open circle) with fits over the range
0 < pr <20 GeV/c [11].

Figure 3.20 shows the fitting of listed functions. Each fit is performed
twice. First, each spectrum is fit with the statistical and systematic uncer-

tainty for each point added in quadrature; collectively, this set of fits will
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be denoted f(pr). Second, each spectrum is fit using only its statistical
uncertainties; collectively, this set of fits will be denoted f’(pr). The set
f is the primary set of fits and will be used to extract dN/dy and (pr).
The set f’is used in the calculation of the statistical uncertainties of those

quantities, as explained in subsequent sections.

3.8.2 Total dN/dy

dN/dy is calculated by integrating the histogram (which spans the range
0.4 < pr < 20 GeV/c) and using the spectrum fit f(pr) described in
Section 3.8.1 to extrapolate the yield to the low and high-pt regions outside
the measured range. The central value is calculated using Lévy-Tsallis
function which spans the range 0.4 < pr < 2 GeV/c and the function is
extrapolated to 0 GeV/c. The extrapolated region accounts for 16.6% of
dN/dy .

It is very crucial and non-trivial to obtain the statistical and system-
atic uncertainty in the dN/dy as a fitting function does not contain an
uncertainty and one has to carefully obtain the uncertainty in extrapolated
region. The statistical and systematic uncertainties are evaluated using the

following method.

Low and high-pr extrapolation histograms with narrow bins
(0.05 GeV/c wide) are generated using the spectrum fit f’. The statis-
tical uncertainties of the bin contents of these histograms are determined
using ROOT’s TF1::IntegralError() function. A large number (1000)
of alternate histograms is randomly generated by shifting the points in the
measured and extrapolation histograms. A random factor k is generated
from a Gaussian with mean 0 and o = 1. Each of the measured bins is
shifted independently (i.e., a different k factor is generated for each bin).
All of the bins in the low-pr extrapolation histogram are shifted coherently
using the same k factor, and similarly for the high-pr extrapolation his-
togram. For each iteration, the three alternate (random) histograms are

integrated and the total dN /dy is stored. The mean () and standard
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deviation (o,)) of the set of 1000 alternate values are found. The statistical

uncertainty in the default value of of dN/dy is

o(dN/dy) = (dN/dy) x Zi (3.14)

The systematic uncertainties in dN/dy due to uncertainties in the
pr-spectrum are calculated using an extreme fit method. As an example,
the calculation of the material budget uncertainty will be described. Four
extreme histograms (extreme low, extreme high, extreme soft, and extreme
hard are generated by shifting the points of the pr-spectrum down or up
by their material budget uncertainties. These shifted spectra are fitted
and alternate dN /dy values are calculated. These values are compared
to the default value and the maximum difference is taken as the system-
atic uncertainty. The same procedure is repeated separately for all other

uncertainties in Section 3.7.

The systematic uncertainty due to the choice of spectrum fit function
(to find the yield in the extrapolation region) is calculated by comparing
dN/dy measured using the other fit scenarios (described in Section 3.8.1)
with Lévy-Tsallis function fit as a central value. Also, the Lévy-Tsallis
function fit is varied for different pr ranges. The maximum difference
due to different fits are considered as the systematic uncertainty due to

extrapolation, which is 1.9%.

All of the systematic uncertainties considered are added in quadra-
ture, giving the total systematic uncertainty in dN'/dy. The value of dN /dy
for ¢ mesons in minimum-bias pp collisions at /s = 5.02 TeV is measured

to be 0.030123 + 0.0002(stat.) £ 0.0025(sys.).
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3.8.3 Mean Transverse Momentum

In general, the mean transverse momentum, (pr) over a pr range A < pr <

B is

B
[ pr x f(pr)dpr
B A

(pr)la = (3.15)

f f(pr)dpr
A

Here, f(pr) is the distribution function (the best fit function to the
pr-spectra). The (pr) is calculated using only the spectrum fits (the “fit
method”, igF), using equation 3.15 with A = 0 and B = 20 GeV/c.

The statistical uncertainty of (pr) is calculated using a procedure
similar to the calculation for d/V/dy. The measured and extrapolated his-
tograms are shifted randomly (based on their statistical uncertainties) to
generate 1000 alternate histograms. The values of (pr) for these alternate
histograms are recorded and the mean and standard deviation of the alter-
nate set are found. The statistical uncertainty in the default value of (pr)
is

o({pr)) = (pr) x 72 (3.16)

The procedure used to evaluate the systematic uncertainties of (pr) is es-
sentially the same as the procedure described in Section 3.8.2. The sys-
tematic uncertainty due to extrapolation is 1.5%. All of the systematic
uncertainties considered are added in quadrature, giving the total system-

atic uncertainty in (pr).

The value of (pr) for ¢ mesons in pp collisions at /s = 5.02 TeV is
measured to be 1.1257 + 0.0047 (stat.) £ 0.0370 (sys.) GeV /c.

3.9 Comparison with other measurements

Figure 3.21 shows the comparison of ¢ spectrum at /s = 5.02 TeV with

other collisions energies. From the plot, it can be concluded that the bulk
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Figure 3.21: Comparison of ¢ spectrum /s = 5.02 TeV with other collisions
energies at the LHC [11].

production (which is governed by the low-pr particles) is independent of
collision energy. Also, the pr-spectra gets harder with increasing in col-
lision energy. In Table 3.3, the dN/dy and (pr) of ¢ is compared with
other energies. As expected, the dN/dy and (pr) increases with increasing

collision energy, which is also evident from Fig. 3.21.

Table 3.3: ALICE measurements of the ¢ meson at various energies.

| /s [TeV] || AN /dy | (pr) [GeV/c] | Ref.

0.9 0.021 £ 0.004 + 0.003 1.00 £ 0.14 £ 0.20 [42]

2.76 0.0260 + 0.0004 =+ 0.003 1.04 £ 0.01 £ 0.09 [24]
5.02 0.030123 = 0.0002 =+ 0.0025 1.1257 £ 0.0047 4 0.0370 | this work

7 0.0320 £ 0.0004 75 5035 1.070 £ 0.005 £ 0.03 [39]

13 0.0374 + 0.0004 + 0.0024 & 0.0016 | 1.234 4 0.009 + 0.032 [30]

3.10 Particle ratios

Fig. 3.22 shows the ratio of ¢/K is plotted as a function collision energy
in minimum bias pp collisions. In Fig. 3.23 the ratio of ¢/K is plotted as

a function of center-of-mass energy per nucleon pairs for different collision
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Figure 3.22: Particle ratio ¢/K presented for pp collisions as a function of
the collision energy. The values reported are 2¢/(K~+ K*) for the ALICE
pp measurement at 5.02 and 13 TeV. Bars (when present) represent sta-
tistical uncertainties. Boxes represent the total systematic uncertainties or
the total uncertainties for cases when separate statistical uncertainties were
not reported. The RHIC points at 200 GeV have been shifted horizontally
for visibility. [11]

systems. The ¢/K ratio is found to be independent of the collision energy
and of the colliding system. The behaviours of these ratios in pp collisions
agree with the predictions [46, 47] of a thermal model in the grand-canonical

limit.

3.11 Nuclear modification factor (R,p;) for

p-Pb collisions at ,/syy = 5.02 TeV

After obtaining the ¢ meson spectrum in pp collisions, the Rypy,
is calculated with the published result for ¢ in p-Pb collisions at
VSN = 5.02 TeV [37], using the following formula.

d*N, pr/ dydpr
Ncoll X dszp/dyde ‘

Rypb(pr) = (3.17)

Here, Ny is the number of the binary collisions for p-Pb collisions which

needs to be scaled for pp collisions. The value of N for minimum bias
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Figure 3.23: Particle ratio ¢/K presented for pp, high-multiplicity p-Pb,
central d-Au, and central A-A collisions as a function of the collision en-
ergy [28, 31-34, 36-42, 42-45]. The values reported are 2¢/(K~ + K*) for
the ALICE pp measurement at 5.02 and 13 TeV and Pb-Pb measurement at
5.02 TeV (0-10%). Bars (when present) represent statistical uncertainties.
Boxes represent the total systematic uncertainties or the total uncertainties
for cases when separate statistical uncertainties were not reported. Some
points at RHIC and LHC energies have been shifted horizontally for visibil-
ity. The value given by a grand-canonical thermal model with a chemical
freeze-out temperature of 156 MeV is also shown. [11]

p-Pb collisions is 6.87 £ 0.5. Figure 3.24 shows the R,p}, for minimum bias
p-Pb collisions at /sy = 5.02 TeV using the measured pp reference and
comparison with the published R,py, for charged particles. It is observed
that the nuclear modification factor in p-Pb collisions at \/sxy = 5.02 TeV

is similar for charged particles and ¢ meson.

3.12 Summary

In this chapter, the first measurements of ¢ meson in pp collisions at
Vs = 5.02 TeV is shown. The results include the invariant mass plots,
peak fits, fitting parameters and the corrected pr-spectra with reconstruc-
tion efficiencies. The efficiency-corrected pr-spectrum is compared with
the results from other energies and it has been observed that the bulk

production in minimum-bias pp collisions remains independent of collision
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Figure 3.24: R,py, for p-Pb collisions at /syx = 5.02 TeV using the mea-
sured pp reference and comparison with the published R,p1, for charged
particles [11].

energy. It is also observed that the pr-spectra gets harder with increasing
collision energy. The integrated yield and mean transverse momentum are
also calculated and compared with other energies. The ratio of the inte-
grated yield of ¢ to charged kaons are shown, which remains independent
of collision energy and colliding systems. Also, the nuclear modification
factor for ¢ mesons in p-Pb collisions at \/syny = 5.02 TeV is shown and

they are compared with that of the charged particles.
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3.13 Appendix-1: Fermis’s Golden Rule

and Breit-Wigner distribution

Transition rate of an unstable state to a continuum of other states can be

given by Fermi’s Golden rule [48],

2 dN
I = |Vy]P—, 3.18
Vil o5 (319)
where, Vy; is the matrix element of the Hamiltonian coupling of the initial
and final states and dN/dE/ is the density of the final states. Crudely, the

number of particles remaining at time ‘t’ is governed by the decay law,

dN

— =-IN 1

o (3.19)
— N(t) = Noe ' (3.20)

One can calculate a particle’s proper lifetime ‘7’ using the probability that

decay between ‘t’ to ‘t+dt’,
p(t)6t = ————6t = Te M6t (3.21)
t
[tp(t)dt  [tTe tidt
0

T=<t>=L == == (3.22)
[pt)dt  [Te-Ttdt
0

One should remember that if the particles are travelling relativistically, the
decay clocks will be dilated in time. So, the average number remaining
after some distance ‘x” will be,

N = Nye 2/Lo, (3.23)
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where, Ly = Byer and [ is the velocity, v is the Lorentz boost factor and

¢ is the speed of light. The time-energy uncertainty relation is given by,

AEAt ~ h (3.24)

h
— AE=—-=nhl (3.25)
T

Assuming A = 1 in natural units, AE = I'. This suggests that if we take
a set of identical unstable particles and measure the mass of each, we are

expected to get a range of values with width of order I'.

One can make the smearing of the energy more precise. If we require
that the probability of finding the particle decays with rate I', the amplitude
is given by

a(t) = el THE-Eo)t=1/20) (3.26)

After fourier transformation to the energy domain, the probability density

function is given as,

1
(B — Eo)* — (I'/2)*

p(E) x (3.27)

where, Fj is the rest mass of the particle and I' is the full width half maxi-
mum (FWHM) often called as width of the particle. Consider the following
process, where initial particles collide to form an unstable intermediate par-

ticle, which then decays to the final state.

A+B—-0—-C+D (3.28)

Assuming the width of the intermediate particle is not too large (I' <
E), the cross-section for the process is given by the famous Breit-Wigner

formula,

o= ) 3.29
K (E— B2+ 2 (3.29)
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where, I'; and I'y are the partial width of the resonance decay to the initial
and final state, respectively. I' is the full width of resonance. FE is the
centre-of-mass energy of the system and Ej is the characteristic rest mass
energy of the resonance. k is the wave-number of the incoming projectile

in the centre-of-mass frame.

More formally, one can obtain the Breit-Wigner distribution in the
context of the partial wave expansion in 3D scattering theory. When a
partial wave experiences a phase shift of §; at energy E near mass M, we
have a resonant scattering. For a [** partial wave, the amplitude is given
as,

. 1
a; = euslSZ?’Lél = m (330)
| —

Expanding the partial wave amplitude about the resonance energy yields,

E — E,
to(F) ~ — 3.31
cotd(E) =~ (331)
Now, the scattering cross-section is by Breit-Wigner formula,
20+ 1 2
T E 2D . (3.32)

K (E—- B2+ 2

One should remember that in this context, the Breit-Wigner formula is

clearly an approximation valid only near resonant peak.
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3.14 Appendix-2: Inelastic Normalization
Factors for pp collisions at

Vs = 5.02, 8, and 13 TeV

3.14.1 Introduction

In order to normalize the yield to the number of inelastic pp collisions,
an inelastic normalization factor (fuom) is calculated. This is needed to
convert a particle yield normalized to the number of triggered events to a
yield normalized to the number of inelastic events. The inelastic normal-
ization factor is the ratio of the VO visible cross section to the inelastic
cross section. As no measurement of the inelastic cross section has been
performed by ALICE for pp collisions at /s = 5.02, 8 and 13 TeV, we have
adopted values obtained from fits to measured data from other energies
and/or other experiments. The following sections discuss the VO visible
cross sections, the inelastic cross sections, and the inelastic normalization

factors derived from them.

3.14.2 VO Visible Cross Sections

In ALICE, the luminosity determination is based on the visible cross sec-
tions measured in van der Meer (vdM) scans [49, 50]. The visible cross
section oy seen by a given detector (or set of detectors) with a given trig-
ger condition is a fraction of the total inelastic interaction cross section
Oinel : OV0 = €0inel, Where € is the fraction of inelastic events that satisfy the
trigger condition. ALICE has measured the oyoanp values for /s = 5.02,
8, and 13 TeV for the determination of luminosity [50-52], which corre-
sponds to INT7 trigger. The values with their statistical and systematic

uncertainties are listed below.

1. ovoanp for pp collisions at /s = 5.02 TeV is 51.2 mb + 2.3%

2. ovoanp for pp collisions at /s = 8 TeV is 55.8 mb + 2.6%
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3. ovoanp for pp collisions at /s = 13 TeV is 57.8 mb + 2.2%

Here, the statistical uncertainties are negligible with respect to the
systematic ones. The systematic uncertainty includes the uncertainty due
to stability and consistency. The uncertainty due to stability and con-
sistency is assigned after comparing the trigger rates for all run numbers
for corresponding collision energy [50-52]. For pp collisions at /s = 13
TeV, the comparison of trigger rates are performed for all run numbers in

LHC15f period [52].

3.14.3 Inelastic Cross Sections

So far, ALICE has not measured the inelastic cross sections for pp col-
lisions at /s = 5.02, 8 and 13 TeV. Therefore, we have adopted values
taken from [53], which performs a fit using measured values from several
experiments, including ALICE, ATLAS, CMS, TOTEM, and others. The
resulting values of the inelastic cross sections for all three energies are listed

below.

1. oinel for pp collisions at /s = 5.02 TeV is (67.6 £+ 0.6) mb
2. Ojne for pp collisions at /s = 8 TeV is (72.3 + 0.5) mb

3. Oie for pp collisions at /s = 13 TeV is (77.6 + 1.0) mb

The experimental data were fitted using functions of the form o(s) =
A+ B 1In"s. The central value is extracted from the In%s fit (n = 2). The
uncertainties are estimated from the difference between the central values

and the results from the In s and In" s fits (n = 1 and n free, respectively).

3.14.4 Inelastic Normalization Factors

Inelastic normalization factor (fuom) is the ratio between the VO visible

cross section (oypanp) and the inelastic cross section (oy,e) for each energy.
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The uncertainties of the numerator and denominator cross sections are

uncorrelated. The values for f,,.m are listed below.

1. faorm for pp collisions at /s = 5.02 TeV is 0.7574 4+ 0.0190 (2.51%)
2. fuorm for pp collisions at /s = 8 TeV is 0.7718 & 0.02075 (2.69%)

3. fuorm for pp collisions at /s = 13 TeV is 0.7448 £+ 0.0190 (2.55%)

The quoted fuorm value for pp collisions at /s = 13 TeV is valid only
for LHC15f period. The proper normalization for other periods need more

refined studies.

Now the total number of inelastic events (Nj,e1) can be calculated as,

Oinel Nyoanp

Ninel = Nvoanp X (3.33)

OVOAND f norm

where, Nyoanp is the total number of events from VOAND.

As the raw pr spectrum is normalized with Nyoanp, we need to nor-
malize with the total number of inelastic events (Nine). Thus, from has to

be multiplied to the pr spectrum in order to normalize with Nj,q.
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3.15 Appendix-3: Barlow/Consistency
Checks

The most common way of finding systematic uncertainties (e.g., in a parti-
cle yield) is to perform the analysis many times to get many measurements.
Each measurements has to be performed with one or more analysis param-
eters changed (e.g. a fitting range, the form of a fitting function, PID cuts
etc.). The measurements are all obtained from the same data set so they
are not statistically independent. One measurement (or possibly an average
of all) is identified as the “default” measurement (the central value). The
“alternate” measurements are used to calculate the systematic uncertain-
ties by finding the differences between them and the default measurement.
However, an alternate measurement which is statistically consistent with
the default measurement should not be used in calculating a systematic
uncertainty. As the alternate and default measurements are not statisti-
cally independent, the question of whether they are consistent within their
statistical uncertainties does not have a trivial answer. As one cannot just
check to see if their uncertainties overlap, following method has been used
by ALICE and it is our attempt to implement the advice given by Barlow
in Ref. [40]. Due to this reason, such checks are often called as “Barlow

checks”.

Based on the Ref. [40], the difference between the alternate and de-
fault measurements is compared to the difference in quadrature of the un-
certainties of those measurements. Let D be the default measurement and
op be its statistical uncertainty. Let A be the alternate measurement and
o4 be its statistical uncertainty. The difference between the two measure-
ments is given by A ~ A-D. The difference in quadrature of the uncertain-
ties is given by,

Occ =1/ 0% — 03| (3.34)

It would be possible to simply check if A < .. and exclude such cases

from the systematic uncertainties. But, there can be statistical fluctuations
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for which A > ... We therefore follow a more complicated procedure ex-
plained below. The distribution of the ratio A/o,. is obtained, where each
entry is for a different pr bin and centrality /multiplicity /spherocity bin.
This is done separately for each alternate analysis parameter. If the varia-
tions between the default and alternate measurements are purely statistical,
the distribution of A/o.. should be almost a Gaussian with a mean of 0 and
o=1. Large deviations from the ideal behavior indicate that the variations
between the default and alternate measurements are not purely statistical

and they should be included in the systematic uncertainties.
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Chapter 4

Event shape and multiplicity
dependence of ¢ meson

production in pp collisions

“Success is a science; if you have the conditions, you get the result”.

— Oscar Wilde

4.1 Introduction

QGP, a deconfined state of quarks and gluons, is believed to be produced
in heavy-ion collisions at RHIC and LHC. Recent multiplicity dependent
measurements of identified particle production from the experiments at
the LHC have revealed QGP-like behavior, such as strangeness enhance-
ment [1] and double ridge structure [2] in high multiplicity proton-+proton
(pp) collisions, which raise concerns whether pp collisions can be used as
a proper benchmark for comparison with heavy-ion results to understand
the formation of a medium with high temperature/energy density. These
behaviours have important consequences in understanding the data from
heavy-ion collisions at the LHC energies as one should consider the contri-
bution of QGP-like effects in small systems. They open new directions for
theoretical and experimental studies of small collision systems. While hy-
drodynamic calculations [3, 4] describe data qualitatively, other approaches
suggest that these can be initial state effects [5, 6]. To understand the re-

cent measurements, it is important to perform double differential studies of
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pp collisions with event shape observables and charged-particle multiplic-
ity. Event shape observables like transverse spherocity, allow the possibility
to separate the high and low number of MPI events to isolate the behav-
ior of particles inside jets (hard processes) and pertaining to the soft pro-
cesses [7-9]. This result can help to understand more on the jet production,
identified particle ratios (baryon to meson and strange to non-strange),
double ridge structure and the steep rise of mean transverse-momenta of
charged particles in small systems compared to large systems [10]. A com-
prehensive differential study using event shapes would reveal interesting

features, which could be exploited to improve models as well.

This chapter describes a double differential study of spherocity and
multiplicity dependence measurement of ¢ meson production at the LHC.
It is divided into three sections. The first section describes the production
of ¢ mesons in pp collisions at /s = 5.02 TeV as a function of the mul-
tiplicity (VOM) using the ALICE detectors. This study is essential as it
will be helpful in understanding the ¢ production in high multilplicity en-
vironment. The second section describes the identified particle production
in pp collisions as a function of transverse spherocity and charged-particle
multiplicity using PYTHIAS [11] event generator, which would help to
understand the effects of event shape and multiplicity on identified light-
flavored particle production in one of the popular event generators in the
current LHC era. The last section describes the production of ¢ mesons
in pp collisions at /s = 5.02 TeV as a function of the transverse sphe-
rocity and charged-particle multiplicity (VOM) using the ALICE detector.
Most of the analysis techniques along with the calculation of systematic
uncertainties are similar to the inelastic analysis at 1/s = 5.02 TeV, which
was already discussed in the previous chapter. Thus, here they are briefly

introduced.
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4.2 Multiplicity dependence of ¢
production in pp collisions at

/s = 5.02 TeV with ALICE

4.2.1 Event Selection

The data set used in this analysis is the same as mentioned in the previous
chapter. The analysis uses the Resonance Package available in ALIROOT

software. For this analysis, the following event-selection cuts were used:

1. kINT7 trigger (requires a hit in both VZERO detectors)

2. Standard Physics Selection

3. IsIncompleteDAQ check

4. Pileup rejection using AiIESDEvent::IsPileUpFromSPDInMultBins()
5. SPD clusters vs. tracklets check with standard parameters

6. SPD vertex z resolution < 0.25 cm

7. SPD vertex dispersion < 0.04

8. z-position difference between track and SPD vertex (v, (diff)|) <
0.5 cm

9. vertex z position: |v,| < 10 cm

Figure 4.1 shows the event statistics after implementing all the above
event-selection cuts for the multiplicity dependent analysis. The fourth bin
shows the total number of accepted minimum bias events for this analysis,
which is around 85 M events out of around 100 M events. The multiplicity
classes analysed along with the corresponding < dN,/dny > are shown in

Table 4.1.
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Figure 4.1: Event statistics after implementing event-selection cuts for mul-
tiplicity analysis. The fourth bin shows the total number of accepted events
(0-100)% VOM multiplicity class [26].

Table 4.1: List of multiplicity classes analyzed with their < dNg,/dn >
values [28].

| percentile (%) | < dNa,/dn > | Nomenclature |

0-1 ] 18.92 + 0.16 I
1-5 | 14.86 £ 0.12 IT
0-5 | 15.67 £ 0.13 I+I11
5-10 | 12.23 £ 0.10 I1I
10-15 | 10.57 £ 0.09 IV
15-20 9.36 £+ 0.08 \Y
20-30 7.97 £ 0.07 VI
30-40 6.53 £+ 0.06 VII
40-50 5.40 £ 0.05 VIII
50-70 4.13 £ 0.04 IX
70-100 2.67 £ 0.03 X
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Figure 4.2: (Color Online) noy, vs. p for different PID cut schemes.
Left Panel: no PID cuts applied. Right Panel: default PID cuts (the
tpc2stofv3s scheme) applied [26].

4.2.2 Track Selection and Particle Identification
Track selection cuts

The ¢ mesons were identified by reconstructing their decays to charged
kaons, which has a branching ratio of 0.492 4+ 0.005 [33]. The selection
criteria for kaon tracks are similar to the inelastic analysis which was listed

in the previous chapter.

Particle IDentification (PID) cuts

The kaons are identified through their energy loss in the TPC and their
time of flight in the TOF. Several independent iterations of the analysis
are performed, with each iteration using a different set of PID cuts. “TOF
veto” means that the TOF cut is applied only for cases where the track
matches a hit in the TOF; for tracks without matches, no TOF cut is

applied.

e n0oy,. < 2 with a TOF veto of noy,p < 3 (shorthand: tpc2stofv3s)
o noy,. < 1.5 with a TOF veto of noy,p < 3 (shorthand: tpcib5stofv3s)
o noy,. < 2.5 with a TOF veto of noy,p < 3 (shorthand: tpc25stofv3s)

o noy,. < 2 with a TOF veto of noy,p < 4 (shorthand: tpc2stofvés)
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Figure 4.3: (Color Online) noy,s vs. p for two different PID cut schemes.
Left Panel: no PID cuts applied. Right Panel: default PID cuts (the
tpc2stofv3s scheme) applied. (with the aforementioned wider cuts at low
momentum) [26].

For p(K*) < 0.3 GeV/c, a cut of |noy,.| < 6 is applied, while for
0.3 < p(K*) < 0.4 GeV/c, a cut of |noy.| < 4 is used. Figures 4.2
and 4.3 illustrate the TPC and TOF cuts used. The analysis is also rerun
with different track quality cuts (always using the tpc2tofv3 PID cut set).
Variations in ¢ meson yields, masses, widths, etc. due to the different kaon-
identification and track-quality cuts were incorporated into the systematic

uncertainties as described in Section 4.2.7.

4.2.3 Signal Extraction

Table 4.2 gives a list of the pr bins analyzed. To extract the yields of ¢
mesons in each pr bin, the following procedure is used. The invariant-mass
distribution of unlike-charge kaon pairs from the same event is computed.
In addition, the combinatorial background is estimated and subtracted from
the unlike-charge distribution. The background-subtracted unlike-charge
distribution is fitted with a combined fit function: a residual background
polynomial plus a peak. The peak is fitted with a Voigtian function and the
residual background is fitted with 2"¢ order polynomial. The description
of combinatorial background, residual background and the peak fits are
discussed in the previous chapter. Left figure of Figure 4.4 shows the rep-
resentative plot of unlike-charge signal and the event-mixing combinatorial

background for 0.5 < pr < 0.7 GeV/c in VOM multiplicity class VII. Right
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Table 4.2: List of pr bins analyzed (units of GeV/c).

’ bin \ minimum \ maximum H bin \ minimum \ maximum ‘
0 0.5 0.7 8 2.2 2.6
1 0.7 0.9 9 2.6 3.0
2 0.9 1.2 ] 10 3.0 3.5
3 1.2 141 11 3.5 4.0
4 1.4 1.6 | 12 4.0 5.0
5 1.6 1.8 | 13 5.0 8.0
6 1.8 20| 14 8.0 12.0
7 2.0 2.2 || 15 — —

figure of Figure 4.4 shows the event-mixing background-subtracted signals

with residual background. Similar procedure is followed for all measured

pr bins as listed in Table 4.2.
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Figure 4.4: (Color Online) Left Figure: Representative invariant-mass dis-
tribution for 0.5 < pr < 0.7 GeV/c in VOM multiplicity class VII. The
black marker shows the invariant-mass distribution of unlike-charge kaon
pairs. Red markers show the normalized event-mixing background. Right
Figure: Invariant-mass distribution after event-mixing background subtrac-
tion. The residual background is fitted with 2"¢ order polynomial which
is shown in dotted red line. Solid red line shows the fitting of signal +
residual background [26].

4.2.4 ¢ raw Yield

The yield is extracted by integrating the invariant-mass histogram over

the region I,,;, < m < I, and subtracting the integral of the residual

background portion of the fit function (divided by the bin width) over
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Figure 4.5: (Color Online) Raw Yield as a function of pr for different mul-
tiplicity classes. For distinct visualization, the spectrum in different multi-
plicity classes are scaled with a proportionality factor, which is mentioned
in the bracket of the legends [26].

that same interval. The yields for the regions 2M (K*) < m < I,,;, and
m > I .. are extracted from the peak fit and added to the yield calculated
from the histogram. 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. Here,
Lnin = 1.01 GeV/c? and [0, = 1.03 GeV/c? The raw yield as a function
of pr for different multiplicity classes are shown in Figure 4.5. The errors
reported in Figure 4.5 are statistical only. As these are raw counts, one has
to correct them with detector efficiency and acceptance along with other
normalization parameters, which are discussed in following sub-sections.
Although, some of these procedures are similar as in previous chapter, for

the sake of completeness they are repeated in this chapter as well.

4.2.5 Simulations

A simulated data set is analyzed in order to extract the ¢ reconstruction
efficiency x acceptance (this calculation is described in Section 4.2.6) and

estimate the ¢ mass resolution (which is used as an input parameter for
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Voigtian fits of real ¢ peaks). The simulated data set consists of 95 million
events in the the LHC16k5a and LHC16k5b production. Particle produc-
tion and decays are simulated using PYTHIA (the Monash 2013 tune of
PYTHIA 8 for LHC16k5a and the Perugia 2011 tune of PYTHIA 6 for
LHC16k5Db), while particle interactions with the ALICE detector are simu-
lated using GEANT3. The same event selection and track quality cuts are

used for the real and simulated data.

In the context of this section and Section 4.2.6, the particles produced
by the event generator (without any detector effects) are referred to as
the “generated” particles. These particles are the input for the GEANT3
detector simulation and, the track and signal reconstruction algorithms.
The tracks which are identified by the reconstruction algorithms and which
pass the track selection and PID cuts are referred to as “reconstructed”
tracks. Histograms of the invariant mass of reconstructed ¢ mesons are
fitted using the function described in Section 3.4.3. The resolutions of these
peaks are extracted using the voigtG fit, which was also used to fit the real
data. The fit region for these histograms is 1.01 < m < 1.03 GeV/c?
(shorthand: fri).

4.2.6 Correction and Normalization of Spectra
Reconstruction Efficiency X Acceptance

The reconstruction efficiency x acceptance, denoted as A Xe, is calcu-
lated using the same simulated data described in Section 4.2.5. In each
transverse-momentum bin, A Xxe is the ratio of the following two quanti-

ties:

Denominator: Generated ¢: the number of generated ¢ mesons with

|Ygen| < 0.5 that decayed to two charged kaons

Numerator: Reconstructed ¢: the number of ¢ mesons with || < 0.5

for which both kaon decay daughters were reconstructed
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The correction A xe for different PID, event and track selection cuts
are shown in Figure 4.6. It has a strong dependence on transverse momen-

tum at low pr.

The uncertainty in A xe is calculated using a Bayesian approach [35].
The standard deviation in an efficiency € = k/n, where the numerator k is

a subset of the denominator n, is

k+1/k+2 k+1
o, = - . (4.1)
n+2\n+3 n—+2

The fractional statistical uncertainty in A xe is added in quadrature

with the statistical uncertainty in the uncorrected ¢ yield to give the total

statistical uncertainty of the corrected ¢ yield.

Figure 4.6 shows the ¢ meson reconstruction efficiency (A xe¢) as a
function of pr for different multiplicity classes in tpc2stofv3s combina-
tion and their ratio of the A xe values in the top plot to the (0-100)%
multiplicity class. No multiplicity dependence of A xe is observed in all pr

bins. Thus the A xe of (0-100)% is used for all other multiplicity classes.

Signal-Loss Correction

The signal loss correction factor (egy) is calculated to account for the loss
of ¢ mesons incurred by selecting events that satisfy only kINT7 trigger,
rather than all INEL>0 events. This is a pp-dependent correction factor
which peaks at low pr. This correction is the ratio of the pt spectrum
in true INEL>0 events to the pr spectrum with standard event selec-
tions. The correction factor is calculated using the two different simulation
productions, LHC16k5a (PYTHIA 8, Monash 2013 tune) and LHC16k5b
(PYTHIA 6, Perugia 2011 tune), which is shown in figure 4.7 for 0-100%
multiplicity class. The PYTHIA 8 correction is used as the default. A
systematic uncertainty is assigned to the pr spectrum. Let egrs be the
PYTHIA 8 correction and egr be the PYTHIA 6 correction. The system-

atic uncertainty is the greater of |esrs — €sr6| and %(ESLg —1).
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Figure 4.6: (Color Online) Top plot: ¢ meson reconstruction efficiency
(A xe) as a function of pr for different multiplicity classes in tpc2stofv3s
combination. Bottom plot: ratio of the A xe values in the top plot to
the (0-100)% multiplicity class [26].

= 1.07 — r— 7T T T T T —
an E =
1.06 ——¢—— PYTHIA 8, Monash 2013 (LHC16k5a) Default
1.05 f_ ——¢—— PYTHIA6, Perugia 2011 (LHC16k5b) _f
1.04 £ 3
1.03 = this thesis 3
102 F 3
1.01 F —— E
e
099
E.
0 2 4 6 8 10 12
P, (GeVlc)

Figure 4.7: Signal loss correction factor as a function of pr for (0-100)%
VOM multiplicity class. The boxes show the systematic uncertainties for
each pr bin [26].
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Table 4.3: List of multiplicity classes analyzed with their f,..,, factor

| Percentile (%) | faorm |

0-5 | 0.998452
5-10 | 0.994840
10-15 | 0.990076
15-20 | 0.984323
20-30 | 0.971406
30-40 | 0.947951
40-50 | 0.917386
20-70 | 0.852545
70-100 | 0.516628

Normalization

The ¢ meson spectra are normalized as follows. The normalized and the
corrected ¢ meson spectra for a given multiplicity class is calculated as

follows:

d°N  (raw counts) y L €S
dprdy  New - BR-dprdy = "™ 7 A x €’

(4.2)

where N, is the number of events analyzed for a given multiplicity
class, BR is the branching ratio (BR = 0.492 4+ 0.005), and dy = 1. The
foorm factor is applied to normalize to the true number of INEL>0 events
in the given multiplicity class. This is the ratio between number of events
with standard event selections to the number of events in true INEL>0
sample. The values of the f,,., factor are given in Table 4.3. As it is the

ratio of events, there is no uncertainty associated with this factor.

Transverse Momentum Spectrum

Figure 4.8 shows the efficiency corrected and normalized pr spectra for
different multiplicity classes and their ratios to the (0-100)% multiplicity
class. The boxes show the systematic error in each pr bin which is cal-
culated in Section 4.2.7. Figure 4.8 shows that the corrected pr spectra
depends on charged particle multiplicity. The ratio of pt spectra in dif-

ferent multiplicity classes to the minimum bias spectrum shows that pr
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spectra (yield) increases with increasing charged particle multiplicity.

- 102 r -~ r - -1 1 1 ]
g | e ALICE Preliminary |
) i . pp, Vs = 5.02 TeV I
g I~ :.:=o=- +1," =
g - . o —-> KK,y <0.5 .
O 10_1 - “, ]
Q|_ i O@@@@© 1
© | Dy a@@ P —
s | [zex] @@ EQ:.:@:. -

C\IZ @@@ Cg::g: .
© — N e | =

= _— |

= 10 T E
~ =
— L [ Q

VOM Multiplicity Event Classes
L e lal(x2%) -V (x2H o VIl (x2?) : ¥ s
107 I (x 27) VI(x2%) olIX(x2 |
IV (x 2% VIE(x 2% o X E
| Uncertainties: stat. (bars), syst. (boxes) |
o —
A .
—
w
Zz s
(@] & u] o]
(o]
'..(_B. o) I (? =
o . . 3
6 8 10 12
P (GeV/c)

Figure 4.8: (Color Online) Efficiency corrected and normalized ¢ spectra
for different multiplicity classes and their ratios to the (0-100)% multiplicity
class. The boxes show the systematic error in each pr bin [26].

4.2.7 Systematic Uncertainties of the Spectrum
Introduction

In general, the analysis is performed many times, using every possible per-
mutation of analysis parameters (PID cuts, combinatorial background, etc.)
described in Section 4.2.3. This means that there are multiple measure-
ments of the yield for each transverse momentum bin. Broadly, the uncer-

tainties are calculated in two different groups.

1. Grouped Uncertainties
(a) Signal Extraction
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(b) Background Subtraction method

(c¢) Track Selection Cuts
2. Other sources

(a) Material Budget

(b) Hadronic interaction cross-section
(c) Signal Loss uncertainty

(d) Normalization

(e) Branching Ratio

3. Total Systematic Uncertainty

This procedure is illustrated explicitly for the ¢ yield in the following
section. These procedures are performed for different multiplicity classes

separately.

Calculation

For each transverse-momentum bin, there are several measurements of the
yield and its statistical uncertainty. In general, the yield is calculated for
every possible permutation of the analysis parameters (PID cuts, combina-
torial background, etc.) described in Section 4.2.3. The uncertainties are

grouped in the following way:

1. Signal Extraction:

Event Mixing Normalization regions: Three choices: mixed
event (event_mixz) (with three different normalization regions:
0.995 < m < 1.005 (shorthand: mix1), [Normalization Region
2:] 1.04 < m < 1.06 (shorthand: mix2), [Normalization Region
3:] 1.05 < m < 1.08 (shorthand: mix3))

Fit Region: Five choices (fr0, fr1, fr2, fr3, fr4)
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Figure 4.9: (Color Online) Upper plot: Yield from tpc2stofv3s after
varying different signal extraction techniques, Lower plot: Ratio to de-
fault combination [26].

Residual Background Fit: Three choices: linear  (poll),
quadratic (pol2), or cubic (pol3)

Peak Fit: One choice: voigtG

For each background subtraction method and track selection cut, the
above signal extraction variations are calculated. For these set of
variations the mean value is calculated. The standard deviation from
the set of measurements is the signal extraction systematic uncer-
tainty. Then the mean statistical uncertainty is obtained. After this
step, the mean value is the yield and mean statistical uncertainty is
the statistical error for the particular set of background subtraction
method and track selection cut. This procedure is repeated for each
track selection cut and background subtraction method. Figure 4.9
show the example of different variations for signal extraction grouping

procedure.
2. Background Subtraction:

3 choices: no background subtraction (ulfit), like-charge
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Figure 4.10: (Color Online) Upper plot: Yield of tpc2stofv3s after
varying different background subtraction techniques, Lower plot: Ratio
to default combination [26].

(like_sign), or mixed event (event mix)

For a particular track selection cut, the mean values from the
previous grouping are used. Now, for each track selection cut,
background subtraction techniques are varied. So, there will
be three measurements for each set. The standard deviation
from each set is taken as the background subtraction systematic
uncertainty. The mean value is the yield and mean statistical
uncertainty is the statistical error for the particular set of track
selection cut, and PID strategy. Figure 4.10 shows the exam-
ple of different variations for background subtraction grouping

procedure.
3. Track Selection Cuts:

PID Cuts: Four choices: 207pc with 3oror veto (tpc2stofv3s),
1.507pc with 3oror veto (tpclbstofv3s), 2.507rpc with 3oror

veto (tpc25stofv3s), or 207pc With 4doror veto (tpc2stofvés)

Event /Track Selection Cuts: Eight choices (calculated with
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Figure 4.11: (Color Online) Upper plot: Yield from different track cuts,
Lower plot: Ratio of all track cuts to tpc2stofv3s [26]

tpc2stofv3ds PID cuts only): event |v,|] < 8 cm (vz8),
Nerrpe > 100 (ncr100), Ne.rpe > 80 (ncr80), Rrpc > 0.9
(rtpc9), DCA,, < 40 (dcaxyds), DCA, < 1 cm (dcazl),
Xaek < 2.3 (shorthand: x2track23), xZ,. < 3.5 (shorthand:
x2track35)

There are four TPC/TOF cuts and eight quality cuts variations
in this step. The standard deviation from these set of measure-
ments is taken as track selection systematic uncertainty. The
mean value is the yield and mean statistical uncertainty is the
final statistical error. Figure 4.11 shows the yield from different

PID cuts, event-selection cuts and track quality cuts.

4. Hadronic Interaction Cross-section: The systematic uncertainty
due to uncertainties in the ALICE hadronic interaction cross-section
is taken from the analysis of the ¢ mesons in p—Pb collisions [36, 37].

It is pr-dependent and reaches a maximum value of a few percent.

5. Signal Loss Uncertainty: The systematic uncertainty due to the

signal-loss correction factor is described in Section 4.2.6.
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6. Branching Ratio: The systematic uncertainty due to the uncer-

tainty in the branching ratio is 1% and independent of pr.

7. Tracking Uncertainty: The tracking uncertainty, due to the un-
certainty in I'TS-TPC matching, is taken from the inelastic analysis
as shown in the previous chapter. The values of tracking uncertainty

as a function of pr is shown in Fig. 3.16 of the previous chapter.

8. Total Systematic uncertainty: The total systematic uncertainty
is the sum in quadrature of the uncertainties from the sources listed
above. The consistency checks (mentioned in the previous chapter)

is also performed for each multiplicity classes.

Fractional Uncertainties

Figure 4.12 shows the fractional uncertainties from all the sources as a
function of pr for different multiplicity classes. A smoothing procedure

was applied to smoothen the systematic uncertainties [24].

4.2.8 Fits of the Spectrum

This section describes the procedure used to fit the ¢-meson pr spectrum

and the quantities derived from fits of the spectrum.

Procedure

The normalized, corrected ¢ meson spectrum is fit with several different

functions (fo(pr)), which always include a multiplicative pre-factor of pr.

1. Lévy-Tsallis function (Default function): The histogram is fit
over the range 0.5 < pr < 3.3 GeV/c using a Lévy-Tsallis func-
tion [38, 39]. This is used as the default function:

R [1 pm =M

4.
XnT[nT—I—M(n—Q nT ] ’ (4:3)
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Figure 4.12: (Color Online) Fractional uncertainties from all the sources
a function of pr for different multiplicity classes [26].

as

The Lévy-Tsallis function fit is also done for different pr ranges such

as: 0.5 < pr < 3.3 GeV/c, 0.5 < pr < 3.5 GeV/c and 0.5 < pr <
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3.7 GeV/c and they are included for the calculation of systematic

uncertainty in integrated yield and mean transverse momentum.

. An exponential function in pr:

oeM/T

folpr) = pr x A x (e_pT/T) « T (4.4)

Here, M is the mass of the ¢ meson and the function is normalized
so that the scale parameter A gives its integral. For this fit function,
the histogram is only fit over the range 0.5 < pr < 2.0 GeV/c. This

is included as a systematic uncertainty.

. A Boltzmann distribution:

eM/T

273 + 2T2M + TM?"

folpr) = pr x A x mp x (e7™/T) x (4.5)

As with the closely related mr-exponential, this function is normal-
ized so that the scale parameter A gives its integral and the fit is only
performed over the range 0.5 < pp < 1.5 GeV/c. This is included as

a systematic uncertainty.

. An exponential function in mr:

eM/T

LT (4.6)

fo(pr) = pr x A X (e*mT/T) X

Here, M is the mass of the ¢ meson, mr = \/m and the
function is normalized so that the scale parameter A gives its integral.
For this fit function, the histogram is only fit over the range 0.5 <
pr < 1.5 GeV/c, giving a better fit in the low-pr region. This is

included as a systematic uncertainty.

. Bose-Einstein: The histogram is fit over the range 0.5 < pr <

1.5 GeV/c using a Bose-Einstein distribution:

1

Jolpr) =pr x Ax oo

o X (eMT 1), (4.7)
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Table 4.4: Fitting parameters for fits for (0-100)% multiplicity class.

’ Fit Functions \ Fit range \ A \ n T (GeV) ‘
Levy-Tsallis 0.5-3.3 | 0.0400 £ 0.0014 | 6.807 4+ 1.041 | 0.2990 £ 0.0234
Levy-Tsallis 0.5-3.7 | 0.0400 £ 0.0014 | 6.807 = 1.041 | 0.2990 £ 0.0234
Levy-Tsallis | 0.5-12.0 0.039 £ 0.001 | 7.569 £+ 0.281 | 0.3120 = 0.0101

my exponential 0.5-1.5 0.036 £+ 0.001 — 0.356 £ 0.019
pr exponential 0.5-2.0 | 0.0170 £ 0.0006 — 1 0.5130 £ 0.0164
Boltzmann 0.5-1.5 0.053 £ 0.002 — 0.356 +=0.019
Bose-Einstein 0.5-1.5 0.192 £ 0.016 — 1 0.3630 £ 0.0202

The function is normalized so that when the pre-factor of pr is re-
moved, each has a value of A at pr = 0. These fittings are included

as systematic uncertainty.

6. Power-law function: The histogram is fit for 3.0 < pr <

12.0 GeV/c with a power-law function:

folpr) =pr x Ax (1 +pr/T)". (4.8)

Figure 4.13 shows the fitting of listed functions to one of the multi-
plicity classes (0-100)% as an example. Each fit is performed twice. First,
each spectrum is fit with the statistical and systematic uncertainty for each
point added in quadrature; collectively, these set of fits will be denoted as
f(pr). Second, each spectrum is fit using only its statistical uncertainties;
collectively, this set of fits will be denoted f’(pr). The set f is the pri-
mary set of fits and will be used to extract dN/dy and (pr). The set f’ is
used in the calculation of the statistical uncertainties of those quantities,

as explained in subsequent sections.

Total AN /dy

dN/dy is calculated by integrating the histogram (which spans the range
0.5 < pr < 12 GeV/c) and using the spectrum fit f(pr) described in
Section 4.2.8 to extrapolate the yield to the low and high-pt regions outside
the measured range. The central value is calculated using Lévy-Tsallis

function which spans the range 0.5 < pr < 3.3 GeV/c and the function is
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Figure 4.13: (Color Online) Upper Plot: Corrected ¢ spectrum with
fits over the range 0 < pr < 12 GeV/c for (0-100)% multiplicity class,
Lower Plot: Corrected ¢ spectrum with default fitting ranges for (0-
100)% multiplicity class [26].

extrapolated to 0 GeV/c. The extrapolated region accounts for 24.7% of
dN/dy in (0-100)% multiplicity class.

The following methods are used to calculate the statistical uncer-
tainties. Low- and high-pr extrapolation histograms with narrow bins
(0.05 GeV/c wide) are generated using the spectrum fit f’. The statis-
tical uncertainties of the bin contents of these histograms are determined
using ROOTOs TF1: :IntegralError() function. A large number (1000)
of alternate histograms are randomly generated by shifting the points in
the measured and extrapolation histograms. A random factor k is gener-
ated from a Gaussian with mean 0 and ¢ = 1. Each of the measured bins
is shifted independently (i.e., a different & factor is generated for each bin).

All of the bins in the low-pr extrapolation histogram are shifted coherently
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using the same k factor, and similarly for the high-pr extrapolation his-
togram. For each iteration, the three alternate (random) histograms are
integrated and the total dN/dy is stored. The mean (u,;) and standard
deviation (o,y) of the set of 1000 alternate values are found. The statistical

uncertainty in the default value of of dN /dy is

o(dN/dy) = (AN/dy) x Zi (4.9)

The systematic uncertainties in dV/dy due to the uncertainties in
the pr spectrum are calculated using an extreme fit method. As an exam-
ple, the calculation of the material budget uncertainty will be described.
Four extreme histograms (extreme low, extreme high, extreme soft, and
extreme hard are generated by shifting the points of the pt spectrum down
or up by their material budget uncertainties. These shifted spectra are
fit and alternate d/N /dy values are calculated. These values are compared
to the default value and the maximum difference is taken as the system-
atic uncertainty. The same procedure is repeated separately for all other

uncertainties in Section 4.2.7.

The systematic uncertainty due to the choice of spectrum fit function
(to find the yield in the extrapolation region) is calculated by comparing
dN/dy measured using the other fit scenarios (described in Section 4.2.8)
with Lévy-Tsallis function fit as a central value. Also, the Lévy-Tsallis
function fit is also varied for different pr ranges. The maximum differ-
ence due to different fits are considered as the systematic uncertainty due
to extrapolation, which ranges from 15% to 40% of the total systematic

uncertainty.

All of the systematic uncertainties considered are added in quadra-
ture, giving the total systematic uncertainty in dN /dy. The value of dNV /dy
for ¢ mesons in pp collisions at /s = 5.02 TeV for different multiplicity

classes are shown in Table 4.5.

Fig 4.14 shows the integrated yield as a function of charged particle
multiplicity. It is observed that the the Integrated yield normalized to
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Figure 4.14: Integrated yield normalized to charged particle multiplicity as
a function of charged particle multiplicity compared with /s = 13 TeV.
The boxes show the systematic uncertainty and the bars are the statistical
uncertainties [26].

charged particle multiplicity is independent of charged particle multiplicity
and this is independent of collision energies. This indicates that the ¢

production at the LHC energies is driven by the final state multiplicity.

Mean Transverse Momentum

In general, the mean transverse momentum of the function f over the range

A<pr<Bis

]prT x f(pr)dpr
(pr)|f = 2 . (4.10)
Aff(PT)dPT

The (pr) is calculated using only the spectrum fits (the “fit method”,
igF), using equation 4.10 with A = 0 and B = 12 GeV/c. The default

function to calculate (pr) is Lévy-Tsallis function.

The statistical uncertainty of (pr) is calculated using a procedure

similar to the calculation for dN /dy. The measured and extrapolated his-
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tograms are shifted randomly (based on their statistical uncertainties) to
generate 1000 alternate histograms. The values of (pr) for these alternate
histograms are recorded and the mean and standard deviation of the alter-
nate set are found. The statistical uncertainty in the default value of (pr)

is

o({pr)) = ({p)) X o (4.11)

The procedure used to evaluate the systematic uncertainties of
(pr) is essentially the same as the procedure described in Section 4.2.8.
The systematic uncertainty due to extrapolation has been calculated and

it has been added to the total systematic uncertainty.

All of the systematic uncertainties considered are added in quadra-
ture, giving the total systematic uncertainty in (pr). The value of (pr) for
¢ mesons in pp collisions at /s = 5.02 TeV for different multiplicity classes
are shown in Table 4.5. Fig 4.15 shows the (pr) as a function of charged
particle multiplicity. It is observed that the (pr) for ¢ is independent of

collision energy within the uncertainties.
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Figure 4.15: (pr) as a function of charged particle multiplicity compared
with /s = 7 and 13 TeV. The boxes show the systematic uncertainty and
the bars are the statistical uncertainties [26].
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Table 4.5: AN /dy and (pr) of ¢ mesons in different multiplicity classes. The
first uncertainty is statistical and the second is systematic uncertainty.

| Multiplicity (%) || dN/dy

‘ (pr) (GeV/c)

0-5 0.1052 £ 0.0014 £ 0.0081 | 1.3540 £ 0.0103 £ 0.0580
5-10 0.0884 £ 0.0013 £ 0.0065 | 1.2940 &£ 0.0112 + 0.0560
10-15 0.0695 £ 0.0011 £ 0.0055 | 1.2390 £ 0.0119 + 0.0560
15-20 0.0643 £ 0.0011 £ 0.0052 | 1.2360 £ 0.0123 £ 0.0550
20-30 0.0537 £ 0.0007 £ 0.0045 | 1.1950 £ 0.0092 + 0.0560
30-40 0.0430 £ 0.0006 £ 0.0038 | 1.1310 £ 0.0100 = 0.0550
40-50 0.0337 £ 0.0006 £ 0.0036 | 1.0720 £ 0.0113 = 0.0570
50-70 0.0239 £ 0.0004 £ 0.0037 | 1.0050 £ 0.0090 £ 0.0560

70-100 0.0167 £ 0.0003 = 0.0031 | 0.8550 = 0.0093 £ 0.0550
0-100 0.0341 £ 0.0002 £ 0.0033 | 1.1470 £ 0.0044 £ 0.0570

4.3 Event shape and Multiplicity
dependence of identified particle

production in pp collisions with

PYTHIAS

4.3.1 Event Generation and Analysis Methodology

PYTHIA is an event generator used to simulate ultra-relativistic collision
events at high energies among the particles like e*, p, and p. It is in-
corporated with many models and theory relevant in physics like hard
and soft interactions, parton distributions, initial- and final-state parton
showers, multipartonic interactions, fragmentation, color reconnection and

decay [11].

In our present study, we have used PYTHIA 8.235, an advanced ver-
sion of PYTHIA 6 which includes the multi-partonic interaction (MPI) sce-
nario as one of the key improvements. In PYTHIA, MPI scenario is crucial
to explain the underlying events, multiplicity distributions and flow-like
patterns in terms of color reconnection. The detailed explanation of the
physics processes in PYTHIA 8.235 can be found in Ref. [11]. We have

implemented the inelastic, non-diffractive component of the total cross-
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section for all soft QCD processes (SoftQCD: all = on). This analysis is
carried out with 250 million events at /s = 13 TeV with Monash 2013
Tune (Tune:14) [14] and MPI based scheme of color reconnection (Col-
orReconnection:mode(0)). For the generated events we let all the reso-
nances to decay except the ones used in our study (HadronLevel:Decay =
on). The event selection criteria throughout the analysis is such that only
those events were chosen which have at-least 5 tracks (charged particles).
Charged particle multiplicities (/Ng,) have been chosen in the acceptance of
VO detector in ALICE at the LHC with pseudo-rapidity coverage of VOA
(2.8 <np<5.1)and VOC (—3.7 < n < —1.7) [21]. These events are catego-
rized in ten VO multiplicity (VOM) bins and we define VOM-I as the top 10
percent of events and VOM-X as the lowest 10 percent of events. The num-
ber of charged particle multiplicities in each event in different VOM classes
are listed in Table 4.6. The minimum bias events are those events where
no selection on charged particle multiplicity is applied. To disentangle the
jetty and isotropic events from the average-shaped events, we have applied
spherocity (defined in next section) cuts on generated events. In this anal-
ysis the spherocity distributions are selected in the pseudo-rapidity range
of |n| < 0.8 with a minimum constraint of 5 charged particles with pr >
0.15 GeV/c. The jetty events are those having 0 < Sy < 0.29 with lowest
20 percent and the isotropic events are those having 0.64 < Sy < 1 with
highest 20 percent of the total events [21].

Table 4.6: VOM multiplicity classes and the corresponding charged particle
multiplicities

VOM class I II 111 v \Y VI VII | VIII IX X
Nep, 50-140 | 42-49 | 36-41 | 31-35 | 27-30 | 23-26 | 19-22 | 15-18 | 10-14 | 0-9
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4.3.2 Transverse spherocity, Multi-partonic

interactions and Charged particle multiplicity

Transverse spherocity for an event is defined for a unit vector n(nr,0)

which minimizes the following ratio [7, 8, 17]:

2 /5 pp x A\
50:%<M) ' (4.12)

Ei Pr;

Isotropic (So— 1)

» X

v

Figure 4.16: Depiction of jetty and isotropic events in the transverse
plane [18].

By restricting it to transverse plane, spherocity becomes infrared and
collinear safe [19]. By construction, the extreme limits of spherocity are
related to specific configurations of events in transverse plane. The limit
of spherocity is in between 0 to 1. Spherocity becoming 0 would mean
that the events are pencil-like (back-to-back structure) while 1 would mean
the events are isotropic. The pencil-like events are hard events while the
isotropic events are the result of soft processes. Figure 4.16 depicts the

jetty and isotropic events in the transverse plane.

Left (Right) panel of fig. 4.17 shows the correlation between the sphe-
rocity (nMPT) with charged particle multiplicity. A clear charged particle
multiplicity dependence of spherocity and nMPI distributions is observed.
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Figure 4.17: (Color Online) Spherocity (Left panel) and nMPI (Right
Panel) distributions for different charged particle multiplicity in pp col-
lisions at /s = 13 TeV. Different line styles and colors are for different
multiplicity classes [18].

As we move from low to high multiplicity events, the peak of the spherocity
distribution shifts towards right. This indicates that the high multiplicity
pp collisions are dominated by isotropic events while the low multiplicity
events are dominated by the jetty ones. The nMPI distributions suggest
that large number of multi-partonic interactions occur for high multiplicity
pp collisions. From fig. 4.17 one observes that the width of the nMPT distri-
bution increases from lower to higher multiplicity classes making it squat,
whereas the height goes down. For all multiplicity classes the distribution
seems to be positively skewed. For a given class of multiplicity, as nMPI
follows a distribution and towards high-multiplicity it shows a saturation
behaviour [8], event multiplicity and nMPI can’t be used uniquely to clas-
sify events in pp collisions. We observe larger number of average nMPIs for
isotropic events than the jetty events. It is evident from event shape anal-
ysis that spherocity along with the charged particle multiplicity (which is
correlated with nMPT) should be preferred for a better selectivity of events.
We use the spherocity distribution shown in fig. 4.17 to make a clear dis-
tinction between isotropic and jetty events. Further combining spherocity
with event multiplicity, we study various observables as discussed in the

following section to understand the dynamics of particle production in pp

collisions at /s = 13 TeV.
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4.3.3 Results and Discussion

As discussed in the previous section, we use spherocity as a tool to dis-
tinguish the isotropic and jetty events for each multiplicity class. We
study the pr-spectra, integrated yield, mean transverse momentum for
(7t 4+ 77), (Kt + K7), K, (p + D), ¢, (A + A) as a function of spheroc-
ity and charged particle multiplicity. We also study the pr-differential and
pr-integrated particle ratios to (7+ 4+ 77) and (K* +K™) and (p+p) to ¢
ratio as a function of spherocity for high multiplicity pp collisions. From
here onwards, (7+ + 77), (KT + K7), (p+p) and (A + A) are denoted as
pion (), kaon (K), proton (p) and A, respectively.

pr-spectra

)

)

g ]z
> 't 1 3
S 1 €
> - § E >
Un— [ 1 Un—
o2 ﬁ%% 4 o>
3 | = == 3
NZ [ Multiplicity Classes = NZ
2 F ol % VI i 2
z° B AN %V 4 Z°
g O VIl 1 =
107 v IX ] 10
FoxvV + X E
C 1 1 1 1 |
2 ) 8
p. (GeVic)

o7
o7

ev

1/N_)d®N/dp_dy(GeV/c)'
v

1/N_)d®N/dp_dy(GeV/c)'

Figure 4.18: (Color online) pr-spectra for light-flavor hadrons like pion,
kaon, K*° proton, ¢, and A at mid-rapidity (|n| < 0.5) as a function of
charged particle multiplicity for pp collisions at /s = 13 TeV. Different
markers and colors correspond to different multiplicity classes [18].
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Figure 4.19: (Color online) Left Panel: pp-spectra for pion, kaon, K*°,
proton, ¢, and A for minimum bias pp collisions as a function of spherocity.
The blue squares are for isotropic events and red triangles are for jetty
events and open circles are for Sy integrated events. Right Panel: Ratio
of pr-spectra for isotropic and jetty events to the spherocity integrated
events [18].

Figure. 4.18 shows the pr-spectra for pion, kaon, K*°, proton, ¢ and A
at mid-rapidity (|n| < 0.5) for different multiplicity classes in pp collisions
at /s = 13 TeV. We observe a clear multiplicity dependence of the spectral
shapes. As we move from low to high charged particle multiplicity, we
observe hardening of pr-spectra while the bulk production is similar for all
the multiplicity classes. This trend is similar to that in experimental data
from ALICE [20] for multiplicity dependence study in pp collisions at /s
=7 TeV.

Left panel of Fig. 4.19 shows the spherocity dependence of pr-spectra
of identified particles for minimum bias pp collisions. The right panel shows
the ratio of pr-spectra for isotropic and jetty events to the spherocity in-
tegrated events. We observe the crossing of the ratios for pions, kaons and
protons at around 3 GeV /c while for other particles we do not observe the
crossing of ratios till 6 GeV/c. This suggests that for minimum bias pp
collisions, the production of pions, kaons and protons at low pr are domi-

nated by isotropic events while after 3 GeV/c, the production is dominated
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Figure 4.20: (Color online) Ratio of pp-spectra for isotropic and jetty events
to the spherocity integrated events for VOM-I (left) and VOM-X (right)
multiplicity class. The blue squares are for isotropic events and red triangles
are for jetty events [18].

by jetty events. For resonances (K** and ¢) and A, the production is dom-
inated by isotropic events till 5 GeV /¢, which indicate different production
mechanisms for resonances and heavier particles compared to pions, kaons

and protons.

Figure 4.20 shows the ratio of pp-spectra for isotropic and jetty events
to the spherocity integrated events for VOM-I (left) and VOM-X (right)
multiplicity classes. To see the effect of multiplicity on the crossing point
of jetty and isotropic events, we have taken the lowest (VOM-X) and the
highest (VOM-I) multiplicity classes for a comparison. For stable particles
like, 7w, K and p, the crossing point moves towards high-pr, while going from
low (~ 1 GeV/c) to high multiplicity classes (~ 3 GeV/c). This indicates
that particle production in high-multiplicity collisions are dominated by
isotropic events whereas in low multiplicity it is dominated by jetty events.
The preliminary results from ALICE [21] shows a mass dependence of the
crossing points for high multiplicity pp collisions which could be attributed
to flow-like behavior. Although the color reconnection in PYTHIA mimics
a flow-like behavior [22], we do not observe mass dependence of crossing

points with the default color reconnection setting. Similar to the results
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from minimum bias pp collisions, we observe crossing points for resonances
and A at higher-pr (around 6 GeV/c) for VOM-I class. However, we observe
the crossing point for low multiplicity pp collisions (VOM-X class) is similar

for all particles, i.e. around 1 GeV/c.

Integrated yields (dN/dy)

Figure 4.21 shows the dN/dy of pions, kaons, K**, protons, ¢, and A at
mid-rapidity (|n| < 0.5) as a function of charged particle multiplicity for
isotropic, jetty and spherocity integrated events for pp collisions at /s = 13
TeV. Pion being the lightest particle, the integrated yield is the maximum
compared to other particles. The mass and charged particle multiplicity
dependence of integrated yield for spherocity integrated events is similar to
the experimental data from ALICE [20] for multiplicity dependence study
in pp collisions at /s = 7 TeV. As it appears, in low-multiplicity classes,
the effect of spherocity is minimal, whereas towards higher-multiplicity
classes, it starts playing a role in making a separation of jetty to isotropic
events for all identified particles. The contribution to integrated yield is
always dominated by the isotropic events but we observe significant con-
tributions from jetty events as well. As we have observed in the left panel
of fig. 4.17, the contribution to dN/dy from jetty events decreases with
charged particle multiplicity. The right panel of fig 4.21 shows the sphe-
rocity integrated-scaled yield as a function of minimum-bias-scaled charged
particle multiplicity. Slowly towards higher multiplicity classes, a clear sep-
aration of jetty to isotropic events is observed. The separation however is

the highest for the lightest meson, .

Mean Transverse Momentum ({pr))

The (pr) of pions, kaons, K*| protons, ¢, and A at mid-rapidity (|n| <
0.5) as a function of charged particle multiplicity for isotropic, jetty and
spherocity integrated events are shown in fig. 4.22. For pions, kaons and

protons we observe that the (pr) is higher for jetty events compared to the
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Figure 4.21: (Color online) Left: Integrated yield (dN/dy) of pions,
kaons, K*°, protons, ¢, and A at mid-rapidity (|n|] < 0.5) as a func-
tion of charged particle multiplicity for isotropic (blue squares), jetty
(red triangles) and spherocity integrated (open circles) events. Right:
The spherocity-integrated-scaled yield showing a separation of jetty and
isotropic events towards high multiplicity classes in pp collisions [18].

isotropic events for all the multiplicity classes. This is one of the reasons
that one should use spherocity as a selective parameter along with the
charged particle multiplicity. However, we see significant differences in (pr)
for other particles at only low multiplicity classes but the (pr) remains
spherocity independent for high multiplicity pp collisions for resonances

and A.

After studying these observables in details, let us now focus on the
highest multiplicity class, which is of special importance to us, for under-

standing the spherocity dependent prp-differential particle ratios.

Particle Ratios

Figure 4.23 shows the pp-differential particle ratio to pions for high mul-
tiplicity pp collisions in isotropic, jetty and spherocity integrated events.
The trend of particle ratios involving K** and ¢ for Sy-integrated events are
similar to that of experimental data in pp collisions at /s = 13 TeV [23].
The kaon to pion and proton to pion ratios seem to be independent of
spherocity classes but we observe a clear spherocity dependence of K*°,

¢ and A to pion ratio as a function of py. This effect could be due to
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Figure 4.22: Mean transverse momentum ({pr)) of pions, kaons, K*°, pro-
tons, ¢, and A at mid-rapidity (|n| < 0.5) as a function of charged particle
multiplicity for isotropic (blue squares), jetty (red triangles) and spherocity
integrated (open circles) events [18].

color reconnection (CR), as lower mass strings are produced more which
are less likely to have enough energy during fragmentation to create mas-
sive hadrons like resonances. At low-pt, the dependence on spherocity is
negligible for all identified particles. However, at high-pt the ratios of K*°,
¢ and A to pion are higher for isotropic events as compared to jetty events.
Considering kaon to pion ratio as a measure of strangeness enhancement,
although we see a pr-dependent strangeness production, this seems to be
independent of event spherocity. Further the proton to pion ratio, which
is a measure of baryon to meson ratio, is independent of event spherocity.
This ratio increases up to pr ~ 3-4 GeV/c and then decreases towards
higher-pp making the high-pr domain meson rich. This is similar to the
experimental observations [28, 29]. For the ratios of K**, ¢ and A to pi-

ons, the spherocity integrated events show a pr-independent behavior after
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around 2 GeV /c, whereas for isotropic events these ratios show a sharp rise.
These observations open up new domain of studies, which may shed light
on particle production mechanisms taking event multiplicity, spherocity

and pr-differential particle ratios.

The pr-differential particle ratios to kaons for high multiplicity pp
collisions in isotropic, jetty and spherocity integrated events are shown in
fig. 4.24. The proton to kaon ratio seems to be independent of spherocity
classes up to pr ~ 9 GeV/c. But we observe a clear spherocity dependence
of K*, ¢ and A to kaon ratios as a function of pr. At low-pr, the K*, ¢
and A to kaon ratios are higher for jetty events and also lower for isotropic
events compared to the spherocity-integrated events. However, at high pr
a complete opposite behavior is observed. And this behavior is similar to

particle ratio with respect to pions.
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Figure 4.24: (Color Online) pr-differential particle ratio to kaons for high
multiplicity pp collisions in isotropic (blue squares), jetty (red triangles)
and spherocity integrated (open circles) events [18].

Figure 4.25 shows the pr-differential particle ratio of proton to ¢ for
minimum bias (left panel) and high multiplicity (right panel) pp collisions
in isotropic, jetty and spherocity integrated events. Assuming QGP-like
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Figure 4.23: (Color Online) pr-differential particle ratio to pions for high
multiplicity pp collisions in isotropic (blue squares), jetty (red triangles)
and spherocity integrated (open circles) events [18].

behavior is driven by hydrodynamics, one would expect similar shape of
pr spectra at low-pr for proton and ¢ due to their similar masses [44].
A comparison of p/¢ ratio in minimum bias and high multiplicity pp col-
lisions shows a flatness at low-pr in isotropic events for high-multiplicity
pp collisions. This hints to the QGP-like behavior in high multiplicity pp
collisions, which might be produced due to the CR in Pythia. It is worth
noticing that at low-pr the p/¢ ratio for isotropic events are more flatter
compared to the Sy-integrated ones. This leads to an interesting finding
that while comparing the experimental p/¢ ratio from high multiplicity pp
collisions to the heavy-ion data [45], one should separate jetty events from

all the events.

To have a direct comparison to experimental measurements, let us
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Figure 4.25: (Color Online) pr-differential particle ratio of proton to ¢ for
minimum bias (left panel) and high multiplicity (right panel) pp collisions
in isotropic (blue squares), jetty (red triangles) and spherocity integrated
(open circles) events [18].

now consider the pr-integrated particle ratios with respect to pions and
kaons as a function of spherocity classes and charged particle multiplicity.
Left (Right) panel of fig. 4.26 shows pr-integrated particle ratio to pions
(kaons) for high multiplicity pp collisions in isotropic, jetty and spherocity
integrated events. Although, we observe significant spherocity dependence
of integrated yield of different particles (fig. 4.21), we do not observe any
large dependence of pr-integrated particle ratios to pions and kaons. This
suggests that the relative increase in integrated yield for different particles
as a function of spherocity are similar, while indicating that the domain of
transverse momentum is very crucial for the nature of particle production.
As expected, the ratios of particles with respect to lighter mass particle
seem to increase with charged particle multiplicity. The slight increasing
trend of K/7, K*/7 and A/ suggests strangeness enhancement in high
multiplicity pp collisions [1]. The trend of pr-integrated particle ratios for
¢ to m and ¢ to K in Sp-integrated events is similar to that of experimental
data in pp collisions at /s = 13 TeV [30]. Due to possible re-scattering
effects, the experimental data for K*°/K decreases with charged particle
multiplicity [30]. But we do not observe the same trend, which indicates
that PYTHIA fails to explain the possible re-scattering effects. While

comparing the upper and lower panel of fig. 4.26, one can observe that
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although the spherocity dependence on the particle ratio is not high but the
dependence seem to be opposite compared to integrated yield in fig. 4.21.
For all the identified particle ratios to pions and kaons, the contribution
from jetty events are higher compared to the isotropic ones. This leads to
the conclusion that while studying the QGP-like behavior in pp collisions,

one should separate the jetty events from the total events.
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Figure 4.26: (Color Online) pr-integrated particle ratio to pions (left panel)
and kaons (right panel) for high multiplicity pp collisions in isotropic
(blue squares), jetty (red triangles) and spherocity integrated (open cir-
cles) events [18].

As one can observe throughout the studies discussed here, the reso-
nance particles, namely K*°, ¢ behave differently for all the observables.
This hints for further investigation related to the production mechanism of

resonances both in pp and heavy-ion collisions.

The present studies in view of the high-multiplicity era of pp col-
lisions at the LHC energies bear high-level of importance in view of a
possible QGP-like medium formation in pp collisions, while giving enough
differential information about particle production mechanism taking into
account event multiplicity, event spherocity, the transverse momentum and
multi-partonic interactions. Availability of experimental data in near future
would help us having a better understanding of underlying physics behind
the high-multiplicity pp collisions at the LHC energies. In addition, these
studies should help in fine-tuning the pQCD based event generators, while
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comparing similar findings in experimental data. Keeping this in mind, we
try to understand the ¢ production as a function of transverse spherocity

and charged-particle multiplicity in the next section.

4.4 Event shape dependence of ¢
production in pp collisions at

/5 = 5.02 TeV with ALICE

As discussed in the first section, we have ten charged-particle multiplicity
classes. But to ensure we have decent statistics for spherocity dependent
studies, here (0-10)%, (10-30)%, (30-60)% and (60-100)% VOM multiplicity

classes are used.

4.5 Spherocity Selection

Figure 4.27 shows the event statistics after implementing all the above
event-selection cuts for the spherocity dependent analysis. The fourth bin
shows the total number of accepted events for this analysis, which is around

105 M events out of 120 M events.

Following cuts were used for spherocity calculation, which is similar to
the analysis of charged particle production as a function of spherocity in pp
collisions at /s = 13 TeV [31] and analysis of identified particle production
as a function of spherocity in pp collisions at /s = 13 TeV [32]. For this
analysis, the minimum number of required tracks for spherocity calculation

are 3. The track cuts for the spherocity calculations are listed below.

1. minimum number of clusters in TPC: 50
2. maximum x? per cluster in TPC: x3pq < 4

3. reject kink daughters
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Figure 4.27: Event statistics after implementing event-selection cuts for the
spherocity analysis. The fourth bin shows the total number of accepted
events [27].

Table 4.7: Range for jetty and isotropic events in spherocity distribution
in pp collisions at /s = 5.02 TeV

| Multiplicity (VOM) | Isotropic | Jetty |
(0-10)% [ 0.73< S, <1[0< S, <0.43
(10-30)% [ 068 < Sy <1[0< Sy <0.32
(30-60)% | 062 < Sy <1|0< S5, <0.24
(60-100)% | 0.56 < Sy < 1[0 < Sy <0.18
(0-100)% [ 064 < S, <1|0< S, <0.25

4. require ITS refits

5. require TPC refits

6. |[DCA,| <3.2cm

7. |DCA,y| < 2.4 cm

8. AliESDtrackCuts: :SetDCAToVertex2D (kKFALSE)
9. PTtrack > 0.15 GeV/c

10 |77track| < 08

The events which have lowest 20% spherocity events are called as jetty

events, while the ones having highest 20% spherocity events are called as
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Figure 4.28: (Color Online) Spherocity distribution for different multiplic-
ity classes in pp collisions at /s = 5.02 TeV [27].

isotropic events. The spherocity ranges for the jetty and isotropic events are
shown in Table 4.7. Figure 4.28 shows spherocity distribution for different
multiplicity classes in pp collisions at /s = 5.02 TeV. 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.

Figure 4.29 shows one of the representative invariant mass plots,
where the event-mixing background-subtracted signals with residual back-
ground and peak fits in isotropic events for pr bins ranging from 0.5 <
pr < 2.6 GeV/c in pp collisions at /s = 5.02 TeV. Similar procedure has

been followed for other spherocity and multiplicity classes.

Figure 4.30 shows the raw yield as a function of pt for different sphe-
rocity classes for (0-100)% (upper left), (0-10)% (upper right), (10-30)%
(middle left), (30-60)% (middle right), (60-100)% (lower) in pp collisions
at /s = 5.02 TeV. The errors reported in the plots are statistical only. The
behavior of the raw pr spectra in spherocity integrated, isotropic and jetty
events are similar to the one seen in the multiplicity dependent analysis.

The comparison of the particle spectra in isotropic, jetty and spherocity
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Figure 4.29: (Color Online) Invariant-mass distributions and fits for pr
bins ranging from 0.5 < pr < 2.6 GeV/c after event-mixing background
subtraction for isotropic events for (0-100)% (upper 9 plots) and (0-10)%
(lower 9 plots) multiplicity classes in pp collisions at /s = 5.02 TeV. The
residual background is fitted with 2"® order polynomial. Blue line shows
the fitting of signal + residual background. Dotted red line shows the signal
and dotted black line shows residual background separately [27].

integrated classes for different multiplicity classes shows that the crossing
point of the ratios to spherocity integrated class for isotropic and jetty

events depends on the multiplicity. These results can shed light to explore
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Figure 4.30: (Color Online) Raw Yield as a function of pr for different sphe-
rocity classes for (0-100)% (upper left), (0-10)% (upper right), (10-30)%
(middle left), (30-60)% (middle right), (60-100)% (lower) in pp collisions
at /s = 5.02 TeV [27].

the QGP-like conditions in high-multiplicity pp collisions. However, for the
final conclusion one should look into the corrected pr spectra for different

spherocity and multiplicity classes.
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4.6 Summary

The first measurements of ¢ meson in pp collisions at /s = 5.02 TeV as a
function of charged particle multiplicity and transverse spherocity is shown.
The results include the invariant mass plots, peak fits, fitting parameters
and the corrected pt spectra with reconstruction efficiencies. The corrected
pr spectra depends on charged particle multiplicity. The ratio of pr spec-
tra in different multiplicity classes to the minimum bias spectrum shows
that the yield increases with increasing charged particle multiplicity. The
integrated yield and mean transverse momentum are also calculated and
compared with other energies. It is observed that the integrated yield and
mean transverse momentum are independent of collision energies and they

are solely dependent on the charged-particle multiplicity.

We have made an extensive study of various observables taking sphe-
rocity and event multiplicity in pp collisions at /s = 13 TeV using the
pQCD inspired PYTHIA 8 model. The aim of the present study is to
understand the high-multiplicity pp events at the highest LHC energy in
view of a possible formation of QQGP-droplet in pp collisions. In view of
QGP-like behaviors observed in the LHC pp collisions and the fact that
pp no longer serves as a baseline to understand a possible nuclear medium
formation in heavy-ion collisions at the LHC energies, it is crucial to un-
derstand the mechanism of particle production in these high-multiplicity
events. Through these simulation studies, we invoke the explicit inclusion
of MPI and CR effects responsible for particle production in pp collisions
and then through transverse spherocity and multiplicity dependent analy-
sis we try to understand various aspects of identified particle production

in LHC pp collisions.

The behavior of the raw pr spectra in spherocity integrated, isotropic
and jetty events are similar to the one seen in the multiplicity dependent
analysis. The comparison of the particle spectra in isotropic, jetty and
spherocity integrated classes for different multiplicity classes show that the

crossing point of the ratios to spherocity integrated class for isotropic and
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jetty events depends on the multiplicity. These results can shed light to
explore the QGP-like conditions in high-multiplicity pp collisions. How-
ever, for the final conclusion one should look into the corrected pr spectra
for different spherocity and multiplicity classes, which will be reported in
future. The presented results of the last section, should serve as a outlook

of the ongoing studies.
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Chapter 5

Characterization of Heavy-ion
collisions using Relativistic

Kinetic Theory

“Scientific knowledge is a body of statements of varying degrees of certainty

— some most unsure, some nearly sure, none absolutely certain.”

— Dr. Richard P. Feynman

The main goal of ultra-relativistic heavy-ion collisions is to study the
matter at high temperature and density where quantum chromodynam-
ics predict the existence of the quark-gluon plasma (QGP) [1] under such
extreme conditions. 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 focused to understand the properties of QGP. In
central heavy-ion collisions, nucleons in the overlap regions (participants)
undergo multiple collisions. These high multiplicity events produce a large
number of particles. Even though many of the observed particles are just
the result of the fragmentations of pieces of the two nuclei which release
some of the bound nucleons, at high incident energies considerable amount
of particle creation occurs. 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. The complexity of a
heavy-ion collision is not only apparent in the composition of the outgo-
ing fragments, but it is also apparent in the kinematical structure of the

event [2]. To understand better the outcome of a collision of two heavy
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nuclei, it is worthwhile pursuing the simplest picture first. The motiva-
tions for investigating simple models in heavy-ion collisions comes from
the history of models in particle physics. Specifically, in high energy par-
ticle collisions, Fermi [3], Landau [4], Pomeranchuk [5] and Hagedorn [6]
proposed several equilibrium statistical concepts to explain the multiple
formation of particles. The main idea in these pictures is that, owing to
the strong interactions that exist between hadronic particles, the distribu-
tion of these particles maybe governed by statistical laws only rather than
by any specific theory of the detailed dynamics of the process. Such a
statistical description of transverse momentum (pr) of final state particles
produced in high-energy collisions has been proposed to follow a thermal-
ized Boltzmann-Gibbs (BG) distribution. But, a finite degree of deviation
from the equilibrium statistical description of py spectra has been observed

by experiments at RHIC [7, 8] and Large Hadron Collider (LHC) [9-12].

Anisotropic flow as an observable of QGP, is caused by the initial
asymmetries in the geometry of the system produced in any non-central
collision, and plays an important role to understand the collective motion
and bulk property of the QGP. The elliptic flow or azimuthal anisotropy
(v9), which is defined as the second-order Fourier component of the par-
ticle azimuthal distribution provides information about the equation of
state, initial geometrical anisotropy and the transport properties of cre-
ated QGP [13]. The anisotropic flow can be characterized by the coeffi-
cients (vy,), which are obtained from a Fourier expansion of the momentum

distribution of the charged particles and is given by,

3N d*N ( -
E = 1+2 v cosin(¢ — Yy, ), 5.1
By = Trpedprdy 1+ 220 tnosln(0 = o) (5.1)
where ¢ is the azimuthal angle in the transverse momentum plane and 1,
is the n'" harmonic event plane angle [14]. In the current work, elliptic
flow is calculated with respect to the reaction plane by taking 1, = 0,
which implies event plane coincides with the reaction plane. Taking n =

2 gives the second order harmonics in the expansion and its coefficient,
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Vo is calculated to provide the measure of the elliptic flow or azimuthal

anisotropy. For a given rapidity window the vy is defined as:

vg = (cos(2¢)) (5.2)

For non-central collisions the v, should be a non-zero finite quantity. The
elliptic flow has been intensively studied at RHIC and LHC for different
systems like Au + Au, Cu + Cu and Pb + Pb at different center of mass
energies from 7.7 GeV to 5.02 TeV. From many of the measurements from
these previous experiments we have seen that vs has contributed signifi-
cantly to the characterization of the system created in heavy-ion collisions
as it is sensitive to the properties of the system at an early time of its evo-
lution. Earlier RHIC experiments show that at low transverse momentum
(pr) region (pr < 2 GeV/c), vy follows the mass ordering i.e. higher mass
particles having lower vy values [15-22]. Another important feature of vy
is the the number of constituent quark (NCQ) scaling, where v, and pr of
identified hadrons are divided by the number of constituent quarks (n,):
3 for baryons and 2 for mesons, showing a scaling behavior in v,. This
scaling interprets the dominance of the quark degrees of freedom at early
stages of the collision. Recently LHC shows similar mass ordering of v,
at low-pr but it seems that vy does not follow the NCQ scaling at LHC
energies [23, 24] for intermediate or high momentum. It would be very
interesting to study these properties of vy in QGP medium with varying
spatial configurations and densities etc. of partons, which can be achieved
by relativistic collisions of different species of ions with a large variation
of mass number at same centre of mass energy. In the first section of this
chapter, we have discussed the vy of produced particles in Xe + Xe colli-
sions at \/sSyy = 5.44 TeV using A Multi-Phase Transport model (AMPT)

with string melting version [25, 26].

The bulk properties of QGP are governed by light quarks and glu-
ons. The heavy quarks act as probes for QGP properties due to the fact

that they witness the entire plasma evolution as they are produced in the
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initial hard scattering and endure until hadronization. Also, as their time
scale of thermalization is longer than that of light quarks, they can retain
the entire interaction history more effectively. Similarly, the energy loss
of light quarks becomes important to study the flavor dependence of the
energy loss in heavy-ion collisions. The energy loss is more for high-pr
heavy and light quark flavors [27-30] due to interaction with the medium.
Finally they appear as constituents of hadrons. The propagation of en-
ergetic quarks through the medium has been treated as Brownian motion
which is described by means of Fokker-Planck equation. In this equation,
the interaction is encoded in drag and diffusion coefficients. Many theoret-
ical efforts have been made using Fokker-Planck equation to reproduce the
experimentally observed value of R4 of heavy and light quarks [31-39].
Also, there have been studies to elucidate the dominant mode of energy
loss [31] or the flavor dependence of energy loss [40, 41]. But, till date
the issues are far from being settled [42]. The nuclear modification factor
(Raa) is a measure of the modification of particle production due to the
medium effects. It can be represented as

Ras = ff"", (5.3)

where f;, is the distribution of the highly energetic particles immediately
after their formation and ff;, is the distribution of the particles after the

interaction with the medium.

R4 4 is defined as

(1/NG4)d?Na/dydpr
Ncoll>/05\qflze\§) x d*opp,/dydpr ’

RAA(pT) = (( <54)

where d?Na4/dydpr is the yield in A+A collisions, (N.y) is the number
of binary nucleon-nucleon collisions averaged over the impact parameter
range of the corresponding centrality bin calculated by Glauber Monte-
Carlo simulation [43]. o%¢ is the inelastic cross section and d?c,,/dydpr

is the differential cross section for inelastic p + p collisions. N¢% is the

number of events in A+A collisions. If, R44 = 1, this indicates that A+A
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collisions are mere superposition of scaled p + p collisions. A deviation of
Ra4 from unity indicates a medium modification. It has been observed
that high-pr particle yields in Au+Au and Pb+Pb collisions at RHIC and
LHC are suppressed as compared to p+ p collisions [44, 45], which suggests
the formation of a dense medium. In the second section of this chapter,
we represent the initial distribution of the energetic particles with the help
of Tsallis power law distribution parameterized by the Tsallis ¢ parameter
and the Tsallis temperature T', remembering the fact that their genesis is
due to very hard scatterings. We plug the initial distribution (f;,,) in Boltz-
mann Transport Equation (BTE) and solve it with the help of Relaxation
Time Approximation (RTA) of the collision term to find out the final dis-
tribution (ff:,). Then we proceed to calculate two of the above mentioned

observables (Ra4 and vy) using the proposed formalism.

The space-time evolution of a system formed in heavy-ion collisions
is governed by its dissipative properties such as shear viscosity (n), bulk
viscosity (¢) etc. The spatial anisotropy created in heavy-ion collisions gets
converted to the momentum anisotropy of the produced particles due to the
pressure gradient and the mutual interactions among the system quanta.
The equilibration of momentum anisotropy is governed by the shear vis-
cosity. The AdS/CFT calculation shows that there is a lower bound to
the value of shear viscosity to entropy density ratio (n/s) for any fluid
found in nature. The lower bound (known as the Kovtun-Son-Starinets
(KSS) bound) has been set to the value of 1/47 in natural units [46, 47].
The elliptic flow measurements at Relativistic Heavy-Ion Collider (RHIC)
experiment have found that the n/s is close to the KSS bound, which
developed intense interest in this ratio of the strongly interacting matter
described by quantum chromodynamics (QCD) [48, 49]. Also, a peak in
Bulk viscosity to entropy density ratio (¢/s) is expected near QCD critical
temperature (7,), where conformal symmetry breaking might be significant
as expected by various effective models [50-52]. Other interesting thermo-
dynamic properties are the isothermal compressibility (k7) and speed of

sound (cs), which are used to define the equation of state of the system
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and quantify the softest point of the phase transition along with the lo-
cation of the critical point [53]. Due to high multiplicities produced in
high-energy collisions, the statistical models are more suitable to describe
the particle production mechanism and to study the QCD thermodynamics.
In addition, the matter produced in high energy collisions evolves rapidly
in a non-homogeneous way. Hence, the spatial configuration of the matter
becomes non-uniform and the global equilibrium is not established [54-57].
As a consequence of which some of the observables become non-extensive
and develop a power-law tail in the spectra instead of exponential distribu-
tions. This also happens when there is local temperature fluctuation and
long-range correlations in the produced system [58]. In these cases, the use
of BG distribution is questionable [59-63]. Systems, where the usual ergod-
icity is violated, such as, the states in large systems involving long-range
forces between particles and metastable states in small systems where the
number of particles are relatively smaller, a generalized BG entropy has
been introduced by C. Tsallis [64, 65]. Recently, a growing attention has
been paid towards the possible non-extensive effects in thermodynamics
and statistical mechanics [66, 67] as well as to explain the particle spectra
in high-energy hadronic and heavy-ion collisions [68-73]. In the third sec-
tion of this chapter, we discuss various dissipative properties such as shear
and bulk viscosities using the relativistic non-extensive Boltzmann trans-
port equation (NBTE), where we employ the RTA for the collision term.
In NBTE, we assume that a non-equilibrium system, which dissipates en-
ergy and produces entropy, measured by the non-extensive parameter ¢,
relaxes to a local g-equilibrium after a certain relaxation time 7. A similar
approach has been employed in Ref. [74], where an extensive statistics is
used in BTE to calculate the transport coefficients. Here, we extend the
approach using Tsallis non-extensive statistics and calculate shear viscos-
ity, bulk viscosity and their ratios over entropy density. First time, we
quantify the isothermal compressibility for a hadronic matter using non-
extensive statistics. We also calculate the squared speed of sound of hadron

resonance gas at finite baryon chemical potential.
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We explain the works performed for characterizing heavy-ion colli-
sions using Boltzmann Transport Equation briefly. We try to be as in-
formative as possible. However, for the detailed analysis, the reader is
suggested to follow the Refs. [75-80]. The concise summary is listed in the

fourth section of the chapter.

5.1 Azimuthal anisotropy in Xe-+Xe
collisions at /syy = 5.44 TeV using a

multiphase transport model

Recently LHC has collided Xe'? nuclei at /syy = 5.44 TeV. Since the

129 nuclei is roughly in the middle of proton and

mass number of the Xe
Pb?% nuclei, this can provide a unique opportunity to study the system-
size dependence of elliptic flow at LHC energies. According to the recent
hydrodynamical calculations [81], vy is found larger by 25% in Xe + Xe
than in Pb + Pb collisions in 0-5% centrality class but it is smaller by 10%
above 30% centrality classes. An earlier prediction from A Multi-Phase
Transport (AMPT) model suggests that the NCQ scaling will hold when
we consider much smaller system than Pb + Pb, which has shown that the
number of constituent quarks (NCQ), n, scaling holds for Si + Si collisions
at \/syy = 2.76 TeV much better than that of Pb + Pb collisions at the
same energy [82]. Hence, It is also expected that NCQ scaling will also hold
true for vy in Xe+Xe collisions. As expected, this may also indicate the
formation of partonic system in Xenon nuclei collisions similar to Au+Au
or Pb+Pb collisions. Therefore the study of vy will be very interesting at
LHC energies with colliding species of smaller system size. Here, we have
studied the v, of produced particles in Xe + Xe collisions at /syy = 5.44
TeV using A Multi-Phase Transport model (AMPT) with string melting
version [25, 26].
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5.1.1 A Multi-Phase Transport (AMPT) model

AMPT is a hybrid transport model which contains four components namely,
initialization of collisions, parton transport after initialization, hadroniza-
tion mechanism and hadron transport [83]. The initialization of the model
follows HIJING model [84] and calculates the differential cross-section of

the produced minijet particles in p+p collisions which is given by,

do
Y _ K 3 2 2
dp2T dy, dys ;xlf (ZL‘1,pT1) x2f2($27pT2)
dé—ab
BT 5.5
i (5.5)

where o is the cross-section of the produced particles and ¢ is the momen-
tum transfer during partonic interactions in p+p collisions. x;’s are the
momentum fraction of the mother protons which are carried by interacting
partons and f(x,p%)’s are the parton density functions (PDF). The pro-
duced partons calculated in p + p collisions are then converted into A + A
and p+ A collisions by incorporating parametrized shadowing function and
nuclear overlap function using inbuilt Glauber model within HIJING. Sim-
ilarly, initial low-momentum partons which are separated from high mo-
menta partons by a momentum cut-off, are produced from parametrized
coloured string fragmentation mechanisms. The produced particles are ini-
tiated into parton transport part, ZPC [85], which transport the quarks

and gluons using Boltzmann transport equation. This is given by,

p“auf(x,p, t) = C[f] (56)

The leading order equation showing interactions among partons is approx-

imately given by,
2

0y ,, _IMas (5.7)
di 20 — )

Here o4, is the gluon scattering cross-section, « is the strong coupling
constant used in the above equation, and p? is the cutoff used to avoid

infrared divergences which can occur if the momentum transfer, ¢, goes to
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zero during scattering. In the String Melting version of AMPT (AMPT-
SM), melting of coloured strings into low momentum partons also take place
at the start of the ZPC and are calculated using Lund FRITIOF model of
HIJING. This melting phenomenon depends upon spin and flavour of the
excited strings. The resulting partons undergo multiple scatterings which
take place when any two partons are within distance of minimum approach
which is given by d < \/m, where o is the scattering cross-section of
the partons. In AMPT-SM, the transported partons are finally hadronized
using coalescence mechanism [86], when two (or three) quarks sharing a
close phase-space combine to form a meson (or a baryon). As of present,
AMPT-SM uses three-momentum conservation and the invariant masses
of the coalescing partons. The coalescence takes place using the following

equation (for e.g. meson),

d*N
Ao

= QM/d3$1d3$2d3p1d3p2 fq(flaﬁl)fq(fzaﬁz)

(P — 1 — 2) fur (T — Ta, Pr — Po)- (5.8)

Here gy is the meson degeneracy factor, f,’s are the quark distributions
after the evolution, and fj; is the coalescing function commonly called

Wigner functions [87].

The produced hadrons further undergo evolution in ART mecha-
nism [88, 89] via meson-meson, meson-baryon and baryon-baryon inter-
actions, before final spectra can be observed. There is another default
version of AMPT known as AMPT-Def where instead of coalescing the
partons, fragmentation mechanism using Lund fragmentation parameters
a and b are used for hadronizing the transported partons. However, it
is believed that particle flow and spectra at the mid-pr regions are well
explained by quark coalescence mechanism for hadronization [90-92]. We
have used AMPT-SM mode for our calculations. We have used the AMPT
version 2.26t7 (released: 28/10/2016) in our current work.

Before we start discussing about vy, it is important to have a look

into the pr spectra of the produced particles such as 7, K,and p. Fig. 5.1
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Figure 5.1: (Color online) pr spectra of m, K and p for (0 - 5)% centrality
in Xe+Xe collisions. Circles are for pions, squares stand for kaons and
triangles represent protons. The vertical lines in data points show the
statistical uncertainties [75].

shows pr spectra of 7, K,andp for (0-5)% centrality. The error bars in
the data points are the statistical uncertainties. The spectra of pions and
kaons are multiplied by different constant factors to get a clear view of each
spectrum. This provides a very good baseline to study the pr spectra of

identified particles in experiment for Xe+Xe collisions.
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Figure 5.2: (Color online) Charged particles vy vs. transverse momentum,
pr (a), and pseudo-rapidity, n (b). Different symbols are for ¢,,=3 mb and
10 mb [75].

It is worthwhile to mention that earlier studies of particle vy in Pb+Pb
collisions with AMPT showed greater match with experimental data when
large partonic scattering cross-section (og4, =~ 10 mb) is taken [93]. In
Fig. 5.2, we have shown azimuthal anisotropy or elliptic flow of charged

particles, vs, as functions of transverse momentum, pr, and rapidity, n for

170



two values of scattering cross-sections, o4, = 3 mb and 10 mb. As expected,
results with 10 mb shows greater v, than 3 mb. In case of py as variable,
the flow increases more with transverse momentum in 10 mb scenario than
3 mb. While, taking rapidity, ), as the variable, the difference in 10 mb and
3 mb results can be seen as a constant multiplication factor, particularly
in the central rapidity region. In the present work we have fixed o, =
10 mb as cross-section for our calculations and calculated charged particle
vo. The Lund string fragmentation parameters a and b are kept fixed at
their default values of 2.2 and 0.5/GeV?, respectively. We will compare our
results with the experimental data when it becomes available and further

optimise the parameters.

5.1.2 Results and Discussions

We have calculated charged particles’ elliptic flow or azimuthal anisotropy,
v for various centralities, namely, (0-5)%, (10-20)%, (20-30)%, (50-60)%,
(60-70)% centrality classes. Results are presented for 0 < pr < 2.7 GeV/c
in midrapidity region (|n| < 0.8). It is believed that Xe nucleus is mod-
erately deformed. Earlier theoretical studies [81] on central collisions (=~
(0-15)%) of Xe nuclei have shown that incorporating deformation param-
eters cause about 15% deviation in vy compared to non-deformed cases.
Beyond 15% centrality, it is claimed that the deformity has no discernible
effects on particle spectra or other observables. In the present work as
the first approximation, we haven’t used any deformation for Xenon nu-
clei. Most of the results are shown for the above mentioned centralities for

Xe+Xe collisions at /syy = 5.44 TeV.

In Fig. 5.3, we have shown elliptic flow of charged particles for six
different centralities. For the most central collision (0-5%), the calculated
v is minimum. The elliptic flow increases as the centrality is increased
as evident from the next three centralities [(10-20)%, (20-30)% and (30-
40)%] shown in the figure. However we see that the difference between (20-
30)% and (30-40)% is small. In (50-60)% onwards, we have a decreasing
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Figure 5.3: (Color online) Charged particles v, as a function of transverse
momentum, pr for different centrality classes. Different sections of the

figure represent different centrality bins starting from (0-5)% (a) to (60-
70)% (f) [75].

trend in the flow and smaller vy, which continues to decrease for more
peripheral collisions. We feel that this might be due to formation of smaller
system in peripheral collisions at which although we have more geometrical
anisotropy, the medium density is very small and probability of formation

of collective motion decreases.
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Figure 5.4: (Color online) Charged particles vy vs. centrality for |n| <
0.8 [75)].
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Fig. 5.4 shows transverse momentum integrated v, with the central-
ity in the pr range mentioned above. As expected, a strong dependence
of vy with centrality is observed. It is quite evident from this figure that
Vo increases from most central to mid-central collisions. Beyond that, as
we move towards peripheral collisions the flow decreases rapidly. Similar
behaviour of the charged particle elliptic flow has also been observed for
Pb-Pb collisions at LHC energies [94]. Earlier calculations with hydrody-
namical models give similar pictures of elliptic low with centrality. How-
ever, our calculations underestimate the results of hydrodynamics roughly
by (13-30)% [81]. The vy shows a very small value at most peripheral col-
lisions in AMPT scenario. We feel that although the spatial anisotropy
is largest for the peripheral collisions, the medium density is too small to

provide any collective flow effects and the interactions among partons are

less.
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Figure 5.5: (Color online) Charged particles vy vs. transverse momentum,
pr for (50 - 60)% centrality of Pb+Pb and Xe+Xe collisions. Circles are
for Pb+Pb collisions at /syy = 5.02 TeV and squares are for Xe+Xe
collisions at \/syy = 5.44 TeV. The vertical lines in data points show the
statistical uncertainties [75].

In Fig. 5.5, we have compared vy of charged particles in Pb+Pb col-
lisions at /syy = 5.02 TeV with Xe+Xe collisions at /syy = 5.44 TeV
at midrapidity (|n| < 0.8) using same configurations in the AMPT model.
The available collision energies for these two different systems are close

to each other and hence we may be able to discern various properties of
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QGP which depend on system sizes. The dependence of elliptic flow on
the system size is quite evident from the plot, as vy from Xe+Xe is always
different from Pb+Pb collisions. For (50-60)% centrality, the anisotropic
flow is more in Pb system than that of Xe. The difference increases toward
higher pr and around 30% higher vy is observed in Pb system. We would
like to re-iterate that inclusion of intrinsic deformations for Xenon nuclei
in the calculations may change many of the above features of observables

and their comparative studies.
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Figure 5.6: (Color online) vy vs. transverse momentum, py of 7, K and p
for (50 - 60)% centrality in Xe+Xe collisions. Circles are for pions, squares
stand for kaons and triangles represent protons. The vertical lines in data
points show the statistical uncertainties [75].

CO'O.16_' A B BN B BN LR R CO'O.16 """"" LI BN BN BELENLENL
;N 0.14F AMPT-SM (a) 3 <\ 0.14 AMPT-SI\‘IIﬁ (b) E
F . _ 60)% E Xe-Xe @ |5, = 5.44 TeV (50-60)% E
0.12F ):epi);e; (@n+¥57NN 5.44 TeV (50-60)% 3 0.12 o Pion () NN 3
F mKaon (K E mKaon (K% ]
0.1 A Proton = 0.1 A Proton e
0.08F 3 0.08 . 3
o o ¥ s H t ] moUe © L o ¥ .
0.06 oo 4 = 0.06 - ° A =
u og" 4 4 E aoh A ]
oo4f  ,gult E 0.04F _m' 3
0.02F _ghs 3 0.02Fg? 3
e 3 3
O LNy TN RN TR SN S [T TR SN N (N TR ST T [T SR U N [ SN S N W'Y 0 (ST SR (N TN TR SR [T SN SR S T TR SR S (N S SR S N S S
0 0.2 04 0.6 0.8 1 1.2 0.2 0.4 0.6 0.8 1 1.2
pT/nq [GeV/c] (mT-mO)/nq [GeV/c]

Figure 5.7: (Color online) (a): vy/n, as a function of pr/n, for 7, K and
p. (b): va/n, as a function of (my —myg)/n, for 7, K and p. Both plots are
for 50-60% centrality bin and different symbols represent different particles.
The vertical lines in data points show the statistical uncertainties [75].

Fig. 5.6 shows vy for 7, K,and p upto pr = 2.7 GeV/c for (50-60)%
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centrality. A clear mass dependency of hadrons’ vy(pr) is observed for pr <
2 GeV/c as it has been observed in Pb-Pb collisions [23, 94| earlier. Lower
mass particles have higher vy. In particular, the pions and kaons show
slightly more flow than proton for pr < 2.0 GeV/c, whereas afterwards
proton takes over the pions and kaons. According to the hydrodynamical
calculations there is an interplay between radial and elliptic flow which may
play an important role in determining this mass-ordering of vy at low-pr.
For pr > 2 GeV/c, vy is separated according to baryons and mesons. The
quark-coalescence mechanisms, [90, 91] which is able to explain flow at the
intermediate or moderate pr ranges has been considered for hadronization

in AMPT-SM model used in our calculations.

Within AMPT mechanisms, when a quark and an anti-quark are close
in phase space with their momenta very close to each other, they coalesce
to form a meson. Similarly when three quarks come closer in phase space,
they recombine to form a baryon. Since we assume that coalescence mech-
anism should work in the intermediate pr region, the calculated elliptic
flow of charged hadrons when divided by their coalesced constituent quark
numbers, may exhibit n, scaling behaviour. In Fig. 5.7 (a), we have shown
number of constituent quarks, n,, scaling of vy for 7, K, and p for (50-60)%

centrality. In present work, it is calculated as,

vy (pr) = ng-v§(pr/ng) (5.9)

where n, is the number of constituent quarks for the charged hadrons con-
sidered in our work. However, the figure doesn’t demonstrate the n, scal-
ing behaviour. We observe that scaled vy for protons doesn’t match with
those of mesons, mand K. Such a violation of n, scaling has been observed
for charged particles vy in Pb+Pb collisions at the LHC energies [23]. In
Fig. 5.7 (b), we tried to demonstrate n, scaling of the particles flow, where
instead of pr along x-axis, we have (mq —mg)/n,, where mgy = \/p2 + m3.
We find that the vy /n, values as a function of (ms —my)/n, show a scaling

like behaviour which is similar to the observations for Pb+Pb collisions at
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LHC energies [14]. However, we can not state conclusively that n, scal-
ing is observed although something similar to my scaling can be seen at
low-momenta. The reason behind the failed n, scaling may be due to the
partons forming baryons occupying different phase space as compared to
partons forming mesons. The study of the correlation of the relaxation and
freeze-out times with the flow may shed some light on the difference in the
flow among quarks at the partonic level [95]. This calls for a more deeper

understanding of the relaxation of the bulk system of quarks and gluons.

5.1.3 Comparison with experimental data

Recently ALICE has published the vy measurements of charged particles in
Xe+Xe collisions at \/syny = 5.44 TeV [96] using two-particle correlations
based on cumulant method [97]. Fig. 5.8 shows the comparison of vy vs
pr between data and AMPT-SM model for 50-60% centrality bin. It is
found that AMPT result matches with data well at low pr region (pr < 1
GeV/c). Difference between data and AMPT increases as we go towards
higher py. As there was no experimental results available before, we took
the default parameter settings of AMPT-SM as it is mentioned in section II.
It seems that to reproduce these latest experimental results, particularly at
higher pr one needs to tune the parameters of AMPT-SM model. It should
be noted here that the methods adopted in this work and in the ALICE
experimental paper for the measurement /estimation of vy are different. We
have used the event plane method, whereas the experimental measurement
uses the cumulant method. However, as discussed in Ref. [97] both the

methods give similar vg-results.
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Figure 5.8: (Color online) vy vs transverse momentum, pr of charged par-
ticles for ALICE data [96] (circles) and AMPT-SM model (squares) [75].

5.2 Nuclear Modification Factor and
azimuthal anisotropy using

non-extensive statistics

5.2.1 Formalism

The evolution of the particle distribution owing to its interaction with the

medium particles can be studied through Boltzmann transport equation,

df(l’,pﬂf) _ af — - _
—xu o +U NV f+FV,f = Clf], (5.10)

where f(z,p,t) is the distribution of particles which depends on position,
momentum and time. v is the velocity and F is the external force. V,
and V,, are the partial derivatives with respect to position and momentum,
respectively. C[f] is the collision term which encodes the interaction of the
probe particles with the medium. The Boltzmann Transport Equation has
earlier also been used in relaxation time approximation to study the time

evolution of temperature fluctuation in a non-equilibrated system [98].

Assuming homogeneity of the system (V,f = 0) and absence of ex-

ternal force (F' = 0), the second and third terms of the above equation
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become zero and Eq. 5.10 becomes,

df (x,p,t) Of

Bl S (5.11)

In relaxation time approximation [99, 100], the collision term can be ex-

pressed as,

_f_feq

T

clf) = (5.12)

where f,, is Boltzmann local equilibrium distribution characterized by a
temperature T,. 7 is the relaxation time, the time taken by a non-
equilibrium system to reach equilibrium. With the ansatz in Eq. 5.12,

Eq. 5.11 becomes,

af f - feq
=L _ L J« 5.13
ot T ( )
Solving the above equation in view of initial conditionsi.e. att =0, f = f;,

and at t = ty, f = frin; leads to,

ffin = feq + (fm - feq)eitTf, (514)

where t; is the freeze-out time. Using Eq. 5.14, the nuclear modification

factor can be expressed as,

RAA:%:%+ (1—%) e (5.15)

Eq. 5.15 is the derived nuclear modification factor after incorporating relax-
ation time approximation, which is the basis of our analysis in the present
paper. It involves a (power law-like) initial distribution and the equilib-
rium distribution. In this analysis, the initial distribution is parameterized

using the thermodynamically consistent Tsallis distribution [101].

Tsallis statistics is widely used to analyse the detected particle spectra

+

in high-energy collisions starting from e*e™, p+ p to heavy-ions [73]. Also,

as the system stays away from thermal equilibrium during the formation
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of highly energetic particles immediately after the collision, the particle
distribution can be parameterized with the help of Tsallis distribution. A
thermodynamically consistent non-extensive Tsallis distribution function,

to be used as the initial distribution, is given by, [101]

q
mrl g1

7 , (5.16)

fin = %meT [1 +(¢—1)

which is used for studying the particle distribution stemming from the

proton-proton collisions as discussed in Ref. [101].

The Boltzmann equilibrium distribution is given by

gV —pr
Jfeq = amyEPrmre Teq (5.17)

Here, V' is the system volume, mp = \/m is the transverse
mass and ¢ is the non-extensive parameter, which measures the degree
of deviation from equilibrium. Using Eqs. 5.16 and 5.17 (both for mid-
rapidity and for zero chemical potential) nuclear modification factor can

be expressed as,

_mr
e Tea
RAA - mr —_q_ +
1+ (g—1%F)
_;zequ ty
1— € e (5.18)

(14 (g—1)2F) ot
This will be compared to experimental results in the next section.

We have also considered Boltzmann-Gibbs Blast Wave (BGBW) func-
tion as fey, which is widely used by heavy-ion physics community. The

distribution function is given by

Ro h inh
fog = D/ rdr Kl(mT cos p)10<pT s p), (5.19)
0 T T
gVmr . )
where D = 52 Here ¢ is the degeneracy factor, V is the system
T

mr coshp) d
——— ) an

volume, and mt = /p% + m? is the transverse mass, K 1( T
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Iy

inh
<p—T S%D P ) are the modified Bessel’s functions and are given by

h o h h
K%W) = /0 coshy exp( _ COSTy €08 p)dy, (5.20)

pr sinhp 1 [ pr sinhp cosg
pp(PShey L L[ (b eosdy g
T o /0 rp T dg (5:21)

where p is a parameter given by p = tanh™'f,, with 8, = 3, (f)n
[102, 103]. S is the maximum surface velocity and & = (r / R0>, with r as
the radial distance. This is similar to the Hubble expansion of the universe
(v = Hr, H is the Hubble constant). In the blast-wave model the particles
closer to the center of the fireball move slower than the ones at the edges.

The average of the transverse velocity can be evaluated as [104]

[ BgrEds 2
<= e <2+n>55‘ (5.22)

In our calculation we use a linear velocity profile, (n = 1) and Ry is the
maximum radius of the expanding source at freeze-out (0 < & < 1). In
this analysis, the initial distribution is parameterized using three different
distributions: (i) the pQCD motivated power-law distribution which is
given as,

9

fin = g w—ﬂ_ , (5.23)

(ii) the distribution proposed by Hagedorn, which is a combination of ex-
ponential distribution for low-p; and power-law distribution for high-p, is

expressed as,

gV mp] ™"
fin = 22" [1 + T—MJ : (5.24)

and (iii) the thermodynamically consistent non-extensive Tsallis distribu-

tion [101]
mr - qP;}il
T

pp

fin = g—V)2mT [1 + (g — 1) (5.25)

(27

Using all the above distributions, we have analyzed the R4, spectra and it
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is observed that the pQCD inspired power-law distribution could explain
the high transverse momentum part but fails in low momentum range.
Thus, we have used the Tsallis distribution to obtain the expression for the
final distribution and nuclear modification factor. The thermodynamically
consistent Tsallis distribution is used for studying the particle distributions
stemming from the proton-proton collisions as discussed in Ref. [101]. T},
is the Tsallis temperature and g, is the non-extensive parameter, which
measures the degree of deviation from equilibrium. Using Eqgs. 5.19 and

5.25, the final distribution can be expressed as,

Ro h inh
frin = D{/ rdr Kl(—mT - p>Io(p—T i p) +
0 T T

1 mr e Ro mq coshp pr sinhp ~tf
R I A C S UC I

pp

(5.26)

Using Eqgs. 5.19 and 5.26 (both for mid-rapidity and for zero chemical

potential) in Eq. 5.14, nuclear modification factor can be expressed as,

ff y fORO rdr Kl <mT ;oshp) ]0 (pT sjijnhp)
Raa = f = _ ‘Ippl +
mn m app—
% [1 + (gpp — 1)?7;} pp

Ry mr coshp pr sinhp
Sy dr g (mrgte ) gy (e »

dpp

ms | dpp—1
% [1 + (gpp — 1)T_pTJ "

1

Here, T,,, and g, are extracted from the best fit to the particle spectra
in p + p collisions. The Eqgs. 5.26 and 5.27 are used to fit the experimental

results as discussed in the following section.

For the calculation of elliptic flow (vs), p in the integrand is modified

by p = tanh™1B, + p, cos(2¢), with p, as the anisotropy parameter in the
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flow. The elliptic flow in the BTE-RTA framework is given by,

vy (pr) = g, (5.28)

where,
Ro my coshp pr sinhp
P = D/d¢cos2¢ / rdr Ky [ — I
( )[ o 1( T >°( T )

1 my “a Ro my coshp pr sinhp
) P . d K( )1( )
’ (2[+(q )TJ [ (e

Q = D/dcb[/oROrdr K1<mT ;?Sh/))[O(pT sTinhp>

'
e |,

(5.29)

1 mr ~1 Ro mq coshp pr sinhp —tr
S 14 (g—1 - dr K ( )I( ) =
+ (2 |: +((] )ES:| /0 rar ng T 0 T e

5.2.2 Results and Discussion

We now proceed to the more detailed analysis of the experimental data with
the model proposed above. Keeping all the parameters free, we fit the spec-
tra for different particles in different centralities for Pb+Pb and Au+Au
collisions using TMinuit class available in ROOT library [105] to get a con-
vergent solution. The convergent solution is obtained by x? minimization
technique. Here T, q, t¢/7, p, and < [, > are the fitting parameters for
the experimental data. The equilibrium temperature T, is fixed to 160

MeV throughout the analysis.

Fig. 5.9 shows pr-spectra for available identified particles for 0-5%
centrality in Pb+Pb collisions at /syy = 2.76 TeV [106-108]. Eq. 5.26
is fitted to the pr-spectra of different particles, which shows a very good

description using the present formalism.
Then we move towards fitting the R4 spectra using Eq. 5.18. In our
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Figure 5.9: (Color online) Transverse momentum distribution of identified
hadrons for 0-5% centrality in Pb+Pb collisions at \/syy = 2.76 TeV [106—
108]. Eq. 5.26 is fitted to the spectra of the identified particles [78].

analysis, it is observed that the fitting of low pr for light flavor particles
fails due to the reason that it involves different physical processes such as
regeneration, coalescence, shadowing etc., which are out for the scope of
present formalism. Also, for very high-pr, our model fails to explain the
increase in R 44. The derived expression for R4 4 fits the data in intermedi-
ate to high-pr range. In Fig. 5.10, we show the fitting of experimental data
for 7 + 7~ (upper left), K+ + K~ (upper right), K3 (lower left) and p+p
(lower right) in most central Pb+Pb collisions at /syy= 2.76 TeV. The

model considered here, fits the data from intermediate to high-pr range.
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Figure 5.10: (Color Online) Fitting of experimental data for nuclear mod-
ification factor with our proposed model (Eq. 5.18) for #° [109] (blue tri-
angles) in Au4Au collisions at /Syy= 200 GeV and 7F 4+ 7~ [106] (upper
left), K™+ K~ [106] (upper right), K2 (lower left) and p + p (lower right)
in Pb+Pb collisions at /syy= 2.76 TeV (blue dots). The solid red line
shows the fitting for blue triangles and the dotted red line shows the fitting
for blue dots [76].
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Figure 5.11: (Color online) Fitting of R4 spectra for pions in most cen-
tral Pb+Pb collisions at /syy = 2.76 TeV, using three different initial
distributions. The blue dotted line shows the fitting using the power-law
distribution (Eq. 5.23), the magenta dotted line shows the fitting using the
Hagedorn distribution (Eq. 5.24) and the blue line shows the fitting using
the thermodynamically consistent Tsallis distribution (Eq. 5.25) [77].
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Figure 5.12: (Color online) Fitting of Ra4 spectra for protons and ¢ me-
son in most central Pb+Pb collisions at /syn = 2.76 TeV, using three
different initial distributions. The blue line shows the fitting using the
thermodynamically consistent Tsallis distribution (Eq. 5.25) [77].

Then we move to fit the data with the formulation with BGBW as
equilibrium distribution function. Fig. 5.11 shows R4 as a function of
pr for pions in most central Pb-Pb collisions at \/syy = 2.76 TeV. Here,
we fit the experimental data by taking the various types of initial distri-
butions as mentioned above (Eqgs. 5.23, 5.24 and 5.25) in order to check
the suitability of the initial distributions used as f;, in the definition of
Raa. It is observed that the pQCD inspired power-law distribution could
explain the high transverse momentum part but fails in low momentum
range compared to other two distributions. This is expected as the high-pr
contribution mostly comes from hard scatterings, which are described by
pQCD. The distribution proposed by Hagedorn behaves as an exponential
distribution in low-py and the power-law distribution in high-p; domains,
explains R44 for the complete range of pr. The thermodynamically consis-
tent Tsallis distribution is also used to fit R 44 in comparison with the above
mentioned initial distributions. We find that using the thermodynamically
consistent Tsallis distribution as an initial distribution, the R 4 spectra
are explained successfully. So, considering the whole pr-range and taking
the non-extensive statistics as an initial distribution, we further proceed
towards studying R 44 of light flavours and resonances in Pb+Pb collisions
at \/snyy = 2.76 TeV at the LHC. We also notice that using the BGBW

function as f., in the definition of R44 gives a very good description in the
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whole pp-range, while our earlier version of R4, formulation, which uses
Boltzmann-Gibbs distribution as the equilibrium distribution, fails at the
low-pr domain. This suggests that the collective flow plays an important
role in the study of R4 spectra. Further, in the description of R4 spectra
of all other particles, we use the non-extensive Tsallis distribution function
as fi,. This is because, in addition to a better description of pr-spectra
in p 4 p collisions and the R 44-spectra in nucleus-nucleus collisions in the
present formalism, it also gives other thermodynamical properties of the
system, which are quite useful in characterizing the matter formed at this
energy. Figure 5.12 shows the Raa-spectra of p + p (left), and ¢ (right)
for the most central Pb+Pb collisions at \/syny = 2.76 TeV. The spectra
are fitted to the the function for R4 4 given by Eq. 5.27, which is obtained
in the present formalism of BTE with RTA and BGBW function as the

equilibrium distribution.
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Figure 5.13: (Color online) Elliptic flow of identified hadrons for 50-60%
centrality in Pb+Pb collisions at /sy = 2.76 TeV using only BGBW (Eq.
5.19) [78].

Now, let us look how the formalism works in explaining the experi-
mental data for elliptic flow. Fig. 5.13 shows elliptic flow of hadrons using

only BGBW formalism given by Eq. 5.19. BGBW formalism is valid when
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the system goes to complete local thermal equilibrium. In this figure, al-
though we find that BGBW agrees with experimental data at low-pp, it
deviates completely from data points beyond pr > 2 GeV/c. This indicates
that particles with lower momenta seem to show a tendency of equilibra-
tion. To have a complete description of vy in the available pp-range, we

proceed to use the present formalism in its full form.
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Figure 5.14: (Color online) Elliptic flow of identified particles for (0-5)%
and (50-60)% centralities [110]. Fitting functions are the expectations from
BTE-RTA formalism [78].

In Fig. 5.14, we have vy for hadrons using Tsallis distribution as input
and BGBW as equilibrium distribution in BTE. The parametrization for
the BGBW is taken at kinetic freeze-out surface which is identical to that
of freeze-out in (2+1)-d hydrodynamical calculations. The v, plots are for
most central (0-5%) and peripheral (50-60%) Pb+Pb collisions at \/syy =
2.76 TeV. For all of these, we have used Eq. 5.28 for the description of ellip-
tic flow using the present formalism. We observe that the BTE with Tsallis

distribution could explain the elliptic flow for all the measured hadrons at
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both the centralities. The vy curve rises till pr < 2 GeV/c and then it tends
to fall, which shows that particles in these two different regions of pr, have
a distinct and opposite medium effect on their flow pattern. Comparing
with a simple BGBW formalism, as shown in Fig. 5.13, one may infer
that the particles with lower momenta have a tendency of equilibration.
However as mentioned earlier, the freeze-out dynamics play a vital role in
determining the flow pattern of any particle. This is evident from Fig. 5.14.
The flow pattern included at the freeze-out surface gives the characteristic
increase in the elliptic flow at low pr region whereas, the non-extensivity
in the initial distribution has profound effect on the particles at the mid
and high pr. The detailed study of the set of parameters should give us an
indirect view of physics behind such a flow pattern and the extent of equili-
bration, effects of freeze-out dynamics on final hadron spectra. Let us now
move to our next set of results where we would discuss the parameters in
details. In upper left plot of Fig. 5.15, we have shown the parameter, ¢;/7
vs mass, m of the identified hadrons. The two sets in the figure are for two
different centralities. While 7 depicts relaxation time or equilibration time
for the particle, ¢; is the time when the particle finally stops interacting.
This particular ratio of parameters is interesting as it shows an interplay
between relaxation and freeze-out time. The assumption in our calculation
is that the equilibration time for the light flavours should always be less
than kinetic freeze-out time, so that the ratio, ¢;/7 is always greater than
unity. Similarly, for the heavy quarks or jet particles with lower degree
of drag and diffusion, this ratio might be less than unity [111, 112]. The
plot shows that the parameter, t¢/7 increases with the mass of the particle.
However, the rise in the values of ¢;/7 with mass or the slope is more in
central collisions as compared to peripheral collisions. This suggests more
rapid equilibration for the particles at the central collision. In the present
calculations, the hadrons having larger mass undergo a decrease in 7 or an
increase in ty. In either case the ratio should increase with the mass as
seen in our results. This leaves out further investigations to have a clear

understanding of the interplay between thermalization and freeze-out. In
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Figure 5.15: (Color online) The ratio of freeze-out time to relaxation time,
tr/T (upper left), average radial flow (upper right), anisotropy parameter
(lower left) and non-extensivity parameter (lower right) as a function of
identified particle mass [78].

upper right plot of Fig. 5.15, we have shown the dependency of radial flow
parameter, (3,) on the mass of hadrons. In our radial flow profile, we have
used n=1 assuming linear increase in the radial flow velocity. The radial
flow parameter does not show a clear mass dependence, which hints for
a collectivity in the system. However, the values for central collisions are
higher than that of peripheral collisions. This goes inline with the earlier
observations on centrality dependence of radial flow [113]. In lower left plot
of Fig. 5.15, we have shown the dependence of anisotropy parameter, p, on
mass of the hadrons. Apart from (,) discussed in last paragraph, p, is also
important as it shows the extent of anisotropy embedded in the transverse
rapidity, p. For the central collisions (0-5%), the parameter values do not
change much with the mass, while for peripheral collisions, p, seems mass
independent. Although this is clearly visible in the experimental data (see

Fig. 5.13) up to pr ~ 2 GeV/c, the pr-dependent dynamics dominated by

189



effects like recombination, jet-events, etc. take over for higher momentum
range. In addition, it is evident that with centrality the anisotropy in the
flow increases, which is expected. To make this statement more evident, the
flow in general, could be understood as an interplay of radial flow and the
elliptic flow, which arises from initial state momentum anisotropy. When
the radial flow is higher in central collisions compared to the peripheral
ones, the elliptic flow behaves differently. In lower right plot of Fig. 5.15,
we have shown the mass dependence of non-extensive parameter, g. The
parameter is an indirect measure of non-equilibration of any particle after
evolving through thermal bath. Therefore, it is evident from the figure
that different hadron species would show different ¢ values. From this fig-
ure we find that with increase in mass, the values of ¢ seem to decrease.
Earlier in the discussion, while referring to upper right plot of Fig. 5.15,
we found that the value of ¢;/7 increases with increase in mass. However,
in a scenario, where ¢ is chosen the same for all particles through a choice
of fixed kinetic freeze-out temperature, this translates to a lower value of
relaxation time for high mass particles. In a kinetic theory, this is an in-
dication that higher mass particles tend to equilibrate early in time. This
is truly reflected from lower right plot of Fig. 5.15, where we do observe
a decrease in the non-extensive parameter with increase of particle mass.
Furthermore, for a given mass, the ¢ values are higher for peripheral colli-
sions in comparison with central collisions. This is also an indication that
peripheral collisions have higher tendency to go out of equilibrium. This
behaviour of ¢ with centrality is in contrast with that of ¢;/7 in upper right

plot of Fig. 5.15.

The summary of the important results from this section is given in
Section 5.4. Let us now move towards a complete picture of BTE using

non-extensive statistics in the next section.
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5.3 Transport properties of Hot and Dense
Hadron Gas using Non-extensive

Statistics

The aim of this work is to study various dissipative properties such as shear
and bulk viscosities using the relativistic non-extensive Boltzmann trans-
port equation (NBTE), where we employ the RTA for the collision term. In
NBTE, we assume that a non-equilibrium system, which dissipates energy
and produces entropy, measured by the non-extensive parameter ¢, relaxes
to a local g-equilibrium after a certain relaxation time 7. The hadrons
are treated as classical Boltzmann particles and the elastic scattering pro-
cesses are taken into account. A similar approach has been employed in
Ref. [74], where an extensive statistics is used in BTE to calculate the trans-
port coefficients. Here, we extend the approach using Tsallis non-extensive
statistics and calculate shear viscosity, bulk viscosity and their ratios over
entropy density. First time, we quantify the isothermal compressibility for
a hadronic matter using non-extensive statistics. We also calculate the
squared speed of sound of hadron resonance gas at finite baryon chemical
potential. In view of high-multiplicity events at the LHC and the observa-
tion of increase of particle multiplicity driving the system towards thermo-
dynamic equilibrium [114], it becomes important to study these dissipative

properties of the systems which are away from equilibrium.

5.3.1 Formulation

We follow the approach mentioned in Ref. [74] to calculate the dissipative
properties such as shear and bulk viscosity for a hadronic matter using

non-extensive statistics. We start with the BTE given by,

Oy | iy piOfp _
or " aut T Evgy = 1)

(5.31)
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where U; is the velocity of i'" particle and F; is an external force acting on
i particle. I(f,) is the collision integral which gives the rate of change of
the non-equilibrium distribution function f, when the system approaches

g-equilibrium.

Assuming no external force and proceeding with the RTA, the colli-
sion integral can be approximated as,
)

I(fp) ~ B, (5.32)

where 7(E),) is the relaxation time or collision time. We take non-extensive
Tsallis distribution as f7 [115] near the local rest frame of the fluid, where
the system is described locally by T', up and fluid velocity, u, which change
slowly in space and time [116]. The thermodynamically consistent Tsallis

distribution, (fy) [117] in the Boltzmann’s approximation is given as,
1
fy = — (5.33)

R

where u is the fluid velocity. T" and p are temperature and chemical poten-
tial, respectively. u = bup+ sus, where b and s are baryon and strangeness
quantum numbers, respectively. up and pg are baryon and strange chemi-
cal potentials. For the sake of simplicity, we do not consider the strangeness

neutrality condition.

Now, the stress-energy tensor (T"”) can be written as,

TH = T 4+ T (5.34)

dissi?

where T§" is the ideal part and T/ . is the dissipative part of the stress-
energy tensor. In the hydrodynamical description of QCD, shear and bulk
viscosities enter in the dissipative part of the stress-energy tensor, which

can be written (in the local Lorentz frame) as [116],

y ou' o 2\ ou' ..
] - _ _ _ - )
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In terms of distribution function, this can be expressed as,

y ’p p'p’
1] —
Tdissi_/(2ﬂ_>3 Ep 6fp> (536)

where ¢f, is the deviation of the distribution function from the g¢-

equilibrium and is given by (from Egs. 5.31 and 5.32),

0 0
§f, = —7(E,) <8fp + v 8fp> : (5.37)

ot P Ot

Assuming a steady flow of the form u’ = (u,(y),0,0) and space-time inde-
pendent temperature, Eq. 5.35 simplifies to T*Y = —ndu,/dy. Now, from
Egs. 5.36 and 5.37, we get (using pu = 0),

Ty _ 1 d3p PxDy ? 0y 2= Ou,
™= {_T/@W)?;T(Ep) < Ep> a(fp) e } 9y (5.38)

Thus the coefficient of shear viscosity for a single component of hadronic

matter can be expressed as,

1 d*p AN

=17 (QW)?,T(Ep)qu( )

(5.39)

The bulk viscosity (¢) is related to the dissipation when the system is
uniformly compressed. We take the trace of Eq. 5.35 and get,

, ou’
Thissi)i = —3 - 5.40
(Tan)} = —3C5" (540
Using Eq. 5.36, the above equation modifies as,
) dgp p2

Now, using the conservation law for energy-momentum ¢.e. 9, 7" = 0, one

can obtain [116],
Oe

— = —wV. 42
Y wV.u, (5.42)
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and

=—-VP 4

where, w = ¢ + P is the enthalpy density, € is the energy density and P is
the pressure. Here, we cannot take steady flow. Thus, Eq. 5.37 takes the

form,

(2¢—1)

5y = —T(Ey) 7 (f3) Vau-@V)pw|, (544

pC’T

where Cy is the heat capacity at constant volume. Using Eqs 5.41 and 5.44
and manipulating with the help of conservation laws, the expression for (

is written as [116],

1 d3p ey (Bow E, m?\°
=1 [ ) (-2 g ) )

Now, using dP = sdT = wdT' /T, where s is the entropy density, the above

equation is reduced to,

1 d®p (2¢-1) P\’
=1 [ G (B - d) . s

Here, ¢? = s/Cy is the squared speed of sound at constant baryon density.

For a multi-component hadron gas at finite chemical potential, the shear

and bulk viscosities are written as,

d3 2q—1 — (2¢9—1
15TZ/ psgz (f°)< () )>, (5.47)

and,

Bp 2a-1) opP p* ]
Z/ 3 aq fo { aCy +(8n3> _3Ea

Bp (2q ) opP P

+—= Z/ 3 aq a |:EGC§ — (%> - 3Ea:| .

Here E? = p? + m?2 and the barred quantities represent the antiparticles.

(5.48)

0 is the distribution function for a*® particle. Now, the energy dependent
a gy
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relaxation time is given as,

&p d3 o
Z / ” P pd)3W(a,b—>c,d)fl?, (5.49)

where W (a,b — ¢, d) is the transition rate defined as,

2740 (pa + b — Pe —
9FE,2E,2F.2F,

W(a,b— c,d) = Pa) pq . (5.50)

Here | M| is the transition amplitude. In the center-of-mass frame, Eq. 5.49

can be simplified as,

Z/ Bpy s—4m2f0
)37 2E,2E, 7P
(5.51)
=3 [ G oant
= b (271_)3 abVabJp
where vy, is the relative velocity and /s is the center-of-mass energy. o,
is the total scattering cross-section in the process a(p,) + b(py) — a(p.) +
b(pg). For further simplification, 7(E,) can be approximated to averaged

relaxation time (7) [118] and it can be obtained from Eq. 5.51 by averaging

over [0 as,
dpa _

&Epa Lo
f( )f

f d Pa (C; p)b Uabvabfofb (552)
— zb: f d3p, fo
(2m)37¢

= Z nb<0abvab>a
b

d3
here n;, = / @ p)b f is the number density of b hadronic species. The
T

thermal average for the scattering of same species of particles with constant

cross-section at zero baryon density can be calculated as follows [74, 119,

195



120).

—E./T —E,/T
o [ Ppodpyvareq / €q o/

j‘ d3pad3pbet;Ea /Teq_Eb/T

<0abvab> =

(5.53)

Here e is the g-exponential which is defined as e\ = [1+ (¢ — 1)z]#/(@=D.

The momentum space volume elements can be written as,

dpad®py, = 8T papyd E,dEyd cos 6. (5.54)

The numerator in Eq. 5.53 is written as,

’ / Epadpyvae, e T = o / 872 puppd Ead Byl cos 0 ¢ o/ T e B0/ T

y \/(EaEb — PaPp c0s )2 — (mgmy)?
E,Ey — papy cos 0 '

(5.55)

and the denominator is written as,

/dspadgpbel;Ea/TegEb/T :/SﬂgpapdeadEb

X d cos QG;E“/TG;E*’/T. (5.56)

Now, using the generalized Tsallis non-extensive statistics for ¢-

equilibrium, the (o,v4) takes the following form,

9 —Eo/T —Ey)T _ \/(EaBy—papy cos0)2—(mamy)?
o [ 81 p.ppd E,dEyd cos eq eq X FoBy—papy 000

| 87*pappd E,dEyd cos 6 e;E“/Te;E”/T

(%b%b) =

(5.57)
Here o is the cross-section used as a parameter in the calculations. E, and
By, are integrated in the limit m, to oo and m; to oo, respectively. The
limit of integration for cosf is -1 to 1. The relaxation time is calculated

by using Eqgs. 5.52 and 5.57. The other thermodynamical quantities in
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non-extensive statistics are calculated as [117],

q

n= g/ (;l;])’g) {1 +(q— 1)%} o (5.58)
€= / (;i];gE [1 +(q— 1)?] o (5.59)
P g/ (52;35—; {1 + g 1)#} o (5.60)

n, € and P are the number density, energy density and pressure of hadrons,
respectively. The non-extensive entropy density, s can be calculated from

the above expression as,

e+ P —pun

= (5.61)

We use the basic expression for addition of entropies in non-extensive statis-
tics while calculating for the multi-component hadron gas, which is given
by,

s(A+ B) =s(A)+s(B)— (qg—1)s(A)s(B), (5.62)

where s(A + B) is the total entropy of A and B. s(A) and s(B) are the
entropies of A and B, respectively. We have also calculated the isothermal
compressibility for hadron gas using non-extensive statistics. The isother-

mal compressibility (kr) is defined as [121],

10V

—~ 35 (5.63)

R =

where V' is the volume of the system. Again in terms of fluctuation and

average number, isothermal compressibility can be expressed as [121, 122],

((N = (N))*) =var(N) = K. (5.64)

Since we use the thermodynamically consistent Tsallis statistics, the above
thermodynamical relation is valid in this case. Using the basic thermody-

namical relation {(N — (N))?) = VTa—n

BT Eq. 5.64 can further be expressed
1
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in terms of number density and compressibility as,

1 n,
— = — 5.65
oY e (5.69
o
Ng . .
where — is given as,
o
0 & E—plot
ng 99 P — et
— === [ — 11 —1)— : 5.66
o= [ ok [ - PR (5.66)

In hydrodynamics, speed of sound plays an important role in un-
derstanding the Equation of State (EoS) and hence, the associated phase
transition. This is because of the fact that speed of sound depends on the

properties of the medium. The squared speed of sound (c?) is defined as,

&2 = (%—f)sm. (5.67)

The expression of ¢? at finite baryon chemical potential is written as [123],

(57) + (35) ()
)+ (a5) (%)

The term CZL—]? can be calculated using the constant entropy per particle

co(T, pp) = (5.68)

A
S8 | SIS

(s/n) condition [123, 124], and given as,

(5.69)

5.3.2 Results and Discussions

In this section, we present the results and discussions of the dissipative
and thermodynamic properties of hadronic matter calculated in the NBTE
using relaxation time approximation, where non-extensive statistics is used
as the g-equilibrium distribution function. The non-extensive parameter,

q represents the degree of non-extensivity or in other words the tendency
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Figure 5.16: (Color online) n/7 (left) and (n/s)/7 (right) versus tempera-
ture for various mass cutoff at zero baryon chemical potential [79].

of the system to stay away from the thermodynamic equilibrium. The re-
laxation time of the system is thus correlated with the g-parameter. The
non-extensive parameter, q is related to local temperature fluctuation and
possible long-range correlation in the system [58], which is also responsible
for the deviation of the system being away from the thermodynamic equi-
librium. It has been reported that in the hadronic and elementary collisions
where the spectral analysis shows a deviation of the system from the BG
equilibrium, the g-value is 1.22 [125]. We study the response of the system
as a function of g-parameter. The present study will be very important in
view of the multiplicity dependent analysis done in p 4 p collisions at the
LHC. We have seen explicitly from the identified particle spectra in p + p
collisions that with higher multiplicity classes, the g-value goes towards
one [114]. We consider all hadrons and their resonances with a mass cutoff
of 2.0 GeV. First, we estimate various dissipative properties of hadron gas
such as shear viscosity (n), bulk viscosity (¢) and their ratios to entropy
density at zero baryon chemical potential (up = 0). We use Egs. 5.47
and 5.61 to estimate 1 and s, respectively for zero baryon chemical po-
tential. Here, we calculate the relaxation time () of @ hadron by using
Eq. 5.52, where a constant hadronic collision cross-section (o) = 11.3 mb is
taken [74]. In order to check the validity of formulations discussed above,

we have presented the calculation of n/7 for pion and various mass cutoffs
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at ¢ = 1.1 in left plot of Fig. 5.16. We observe that n/7 initially varies
very slowly with temperature and as temperature increases, it increases
rapidly. The results for pion exactly matches with those of presented in
Ref. [47], where the degeneracy (g) of pion is taken to be 1. As we add more
hadrons and their resonances into the system, 1/7 increases rapidly at a
lower T'. These findings suggest that the shear viscosity becomes large with
the increasing number of particles into the system. We have also shown
the variations of the ratio (n/s)/7 of pion with 7" at various ¢- values in
right plot of Fig. 5.16. Again, we find the same behaviour as observed in
Ref. [47] i.e. there is almost negligible effect of the non-extensive parameter
on this ratio particularly at higher temperature. This is due to the fact

that entropy density (s) also increases with the same amount as n/7 with

q.
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Figure 5.17: (Color online) Left panel shows 7/s versus temperature for
different g-values. Right panel presents the variations of /s with respect to
temperature at ¢ = 1.07 for various upper mass cutoff of hadron resonance
gas [79].

Left panel of Fig. 5.17 presents the variations of shear viscosity to
entropy density ratio (n/s) with respect to temperature at zero baryon
chemical potential, where different lines are for different g-values. Here,
solid horizontal line is the KSS bound. The general behaviour of 7/s is
similar to that observed in Ref. [74]. This ratio decreases with 7" at all

g-values due to rapid increase in entropy density. As the degree of non-
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extensivity, ¢ increases, the magnitude of 1/s decreases and goes below the
KSS bound at a higher 7. The temperature at which 7/s goes below the
KSS bound decreases with increasing q. This can be understood as the
drastic change in entropy density of multicomponent hadron gas with T,
which makes the value of the ratio, /s very small. This explanation has
been given as a counter-example to the KSS bound in Ref. [126]. Also, in
certain field theories [127-129] KSS bound has been shown to be violated.
This is a very important finding while understanding the dissipative prop-
erties, non-extensivity and the effect of temperature of the system. For
comparison, we have also shown the calculation of n/s for hadron gas at
zero baryon chemical potential using Boltzmann-Gibbs distribution func-
tion. This is shown by the grey solid line in the left panel of Fig. 5.17. n/s
as a function of temperature is presented in the right panel of the figure at
q = 1.07 for various upper mass cutoff of hadrons. Study of the response
of the system as a function of temperature for various mass cutoffs is a
requirement at higher collision energies. With increase of collision energies
heavier resonances are produced. We find that the magnitude of 7/s de-
creases with the increase of mass cutoff due to the contributions of heavier

resonances in entropy density of the system.
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Figure 5.18: (Color online) Comparison of n/s results estimated in various
theoretical models [79].
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In Fig. 5.18, we have shown the comparison of n/s as a function of
T obtained in different model calculations. Here, the red solid line with
solid circle is n/s for hadron gas calculated using parton-hadron-string dy-
namics (PHSD) [130], where RTA with Boltzmann-Gibbs distribution as
equilibrium distribution function is used. The blue line is the result taken
from Ref. [74], where BTE with RTA is used and BG distribution is taken
as the solution of BTE. The red dotted and black dash-dotted lines are
the estimations of the present work for ¢ = 1.01 and for extensive case
(¢ = 1), respectively. The difference between the PHSD and our results
for ¢ = 1.01(~1) is due to the difference in estimation of relaxation time.
Although we have followed a similar procedure as done in Ref. [74] using
non-extensive distribution function, for simplicity, we do not include the
excluded-volume correction in the estimation of thermodynamical observ-
ables such as number density, entropy density etc., as is done in Ref. [74].
We also see from the figure that when q—1, the results are closer to those

obtained for extensive case
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Figure 5.19: (Color online) Left panel shows (/s versus temperature for
different g-values. Right panel presents the variations of (/s with respect to
temperature at ¢ = 1.07 for various upper mass cutoff of hadron resonance
gas [79].

In Fig. 5.19, we discuss the results of bulk viscosity (¢) and its ratio to
entropy density (s) calculated by using Eqgs. 5.48 and 5.61 at zero baryon
chemical potential. Again, we take a constant value of hadronic cross-

section (o) equal to 11.3 mb while calculating the relaxation time (7).
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In the left panel of Fig. 5.19, we show the variations of bulk viscosity
to entropy density ratio (¢/s) at ugp = 0 for various ¢-values. We find
that (/s decreases rapidly with 7" for all ¢. The value of (/s is lower for
higher g-values. We also observe that (/s changes rapidly at a particular
T, which is found to be lower for higher g-values. These findings suggest
that the degree of approach towards an asymptotic value is sensitive to
the non-extensive parameter, q. This goes inline with the expectations of
dissipative properties of a system approaching thermal equilibrium. In the
right panel, we show the upper mass cutoff dependence of (/s for ¢ = 1.07.
We observe a similar effect of mass cutoff on this ratio as observed in the
case of n/s i.e. as we increase the upper mass cutoff of hadron resonance
gas its magnitude decreases, which is due to increase of entropy density

after adding the heavier resonances in the system.
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Figure 5.20: (Color online) Isothermal compressibility as a function of tem-
perature for different values of ¢, with ug = 0 (left) and pp = 0.5 GeV
(right) [79].

Next, we discuss one of the important thermodynamic observables
i.e. isothermal compressibility (xr), which has drawn considerable interest
in these days. It is very interesting to quantify this observable for a hot and
dense hadron gas formed in hadronic and heavy-ion collisions. In Ref. [53],
kr is first time estimated for hadrons produced in heavy-ion collisions in
extensive statistics using Hadron Resonance Gas (HRG) model. In this
work, we have used non-extensive statistics for the calculation of k7. In left

panel of Fig. 5.20, results of k7 as a function of temperature at up = 0 are
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Figure 5.21: (Color online) Isothermal compressibility as a function of tem-
perature for different mass cutoff, with up = 0.5 GeV and ¢ = 1.07 [79].
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Figure 5.22: (Color online) Left panel shows the estimation of squared
speed of sound (c¢?) at up = 0.0 GeV for different g-values. Right panel
presents ¢ at up = 0.5 GeV [79].

shown. It is observed that 7 initially decreases rapidly at low temperatures
and becomes constant at higher temperatures for all the ¢-values. The
temperature at which k7 becomes constant depends on the g-value. As ¢
increases the value of k1 decrease and the temperature at which it becomes
constant shifts towards the lower values, which suggests that there is a
strong dependence of k1 on non-extensivity. The right panel of Figure 5.20
describes the dependence of isothermal compressibility on temperature at
up = 0.5 GeV for various q. We find a similar behaviour of k¢ in this

case as observed for zero baryon chemical potential but comparatively has
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smaller values.

Further, in order to see the effect of upper mass cutoff of hadrons
on Ky, we proceed as follows. We calculate kr at ugp = 0.5 GeV for ¢
= 1.07, which is shown in the Fig. 5.21 as a function of temperature.
Again, a similar trend is obtained over all the temperatures as observed
in the previous plots and as the upper mass cutoff increases, values of kp
decrease. This effect is more pronounced upto mass cutoff of 1 GeV and
after that it gets weaker. K becomes independent of system temperature
when higher resonances are added to the system. Hence a system is driven
towards a critical behaviour, once we have resonances of higher masses as

the ingredients of the system.

Another important thermodynamical observable is speed of sound.
We use Tsallis statistics to calculate the squared speed of sound (c?) for
finite baryon chemical potential. In Ref. [131], the temperature and mass
cutoff dependence of ¢ for various g-values have been studied in Tsal-
lis statistics. It is noticed that the criticality in ¢?, which is seen as the
g-dependent peak in ¢?, when studied as a function of temperature, dis-
appears after ¢ = 1.13. We have shown ¢? as a function of temperature
at up = 0.5 GeV for different g-values in left panel of Fig. 5.22. We find
that ¢? initially increases with 7" and after reaching at a maximum value
it starts decreasing. The maximum in this observable, which is related to
the criticality shifts towards lower T as ¢ increases and disappears after
q = 1.13. These findings are same as observed for the case of ug = 0 in
Ref. [131]. In right panel of Fig. 5.22, the mass cutoff dependence of ¢?
is shown for ¢ = 1.13 and pup = 0.5 GeV. The criticality in ¢ disappears
when lower mass cutoff is reached, which advocates that criticality of the
system depends on the number of hadrons present in the system. Also,
we find that ¢? decreases with the mass cutoff, which goes in line with the

previous observations [131, 132].

With the above findings, we finally summarize all the important re-

sults in the next section.
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5.4 Summary

Section 1: Xe+Xe collision may provide us with a partonic system whose
size is approximately in between those produced by p+p and Pb+Pb colli-
sions. The experimental results on anisotropic flow in Xe+Xe and Pb+Pb
collisions should provide us with an opportunity to study system size de-
pendence of vy at the approximately same collision energies. In the present
work we have used AMPT-SM model to calculate charged particles” vy for
Xe+Xe collisions at \/syy=>5.44 TeV at mid-rapidity region |n| < 0.8 in 0
< pr < 2.7 GeV/c. A strong centrality dependence of the vy is observed.
pr differential v, is measured for identified particles such as, pions, kaons
and protons and a clear mass ordering is observed for pr < 2 GeV/c. We
have also tried to demonstrate the number of constituent quarks, n, of the
elliptic flow as a function of py/n, as well as with respect to (mqy—myg)/n,.
We find that n, scaling of v, is not observed for types of charged parti-
cles used for our studies. Also we haven’t used any intrinsic deformations
as a first approximation referring to earlier works, which suggest its small
influence on observed particle spectra and v, beyond 15% centrality colli-
sions. However, most of the results are presented for (50-60)% centrality
bin where we do not expect the effects due to deformations. AMPT-SM
underestimates the experimental results at higher pr (pr > 1 GeV/c) with
default parameters. It suggests that one needs to tune the parameters to
reproduce the experimental results. This study provides a baseline for the

recent experimental results.

Section 2: We have used Boltzmann transport equation in relaxation
time approximation with non-extensive Tsallis statistics for the first time
to estimate nuclear modification factor and elliptic flow for the identified
hadrons in Pb+Pb collisions at /syy = 2.76 TeV. The important findings

of this work could be summarized as follows:

1. In this formalism, we find that the final distribution function de-
scribes the transverse momentum spectra and the nuclear modifica-

tion factor of pions, kaons, protons, K*° and ¢ up to considerably

206



. The non-extensivity parameter, g,, is mass dependent and it de-
creases for higher mass particles. Higher mass particles have a ten-

dency of fast equilibration.

. The inclusion of radial flow, < 3, > in the theory, favours the non-

extensivity, as is expected intuitively.

. We have observed that a formalism with BGBW alone, could not
explain vy data beyond pr > 1.5 GeV/c. In order to improve upon
this to describe vy for higher pr values, we have incorporated non-
extensive Tsallis statistics as the particle distribution in p+p collisions
as an input to BTE and evolve it to final distribution with BGBW
as the equilibrium distribution. The present formalism could explain

vy data for identified hadrons up to pr = 5 GeV/c.

. The present formalism successfully connects the particle production

in hadronic collisions with nuclear collisions at the LHC energy.

. We have found a correlation between the radial and anisotropic part
of the transverse flow while explaining the vy spectra in different
centralities. In central collisions, the radial part is higher than the
anisotropic part whereas the reverse is observed in the peripheral

collisions.

. We have also observed that the ratio of freeze-out time to the relax-
ation time, t;/7 has a contrasting behaviour with the non-extensive

parameter, ¢ in different centralities.

. In heavy-ion collisions, the peripheral collisions, compared to the cen-
tral ones, have a higher tendency to go out of equilibrium. This is
inferred from the observation of the non-extensive parameter, ¢ in-
creasing towards peripheral collisions (deviating from the Boltzmann-

Gibbs equilibrium value of ¢ = 1).
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9. Hadrons with higher mass are found to have a greater tendency of
equilibration. This is evident from the observation of monotonically
decreasing relaxation time with particle mass. This is also paral-
lely supported by the observation of the non-extensive parameter, ¢

decreasing with the mass of the hadrons.

Section 3: In summary, we have studied the transport coefficients
using the relativistic non-extensive Boltzmann transport equation (NBTE),
where we employ the relaxation time approximation for the collision inte-
gral. Here, we have extended the approach using Tsallis non-extensive
statistics as g-equilibrium distribution function and calculated shear and
bulk viscosity to the entropy density ratios. We have also calculated isother-
mal compressibility and squared speed of sound using Tsallis statistics at
finite baryon chemical potential for different ¢. The important findings of

this work are summarized as follows:

1. We have found that the ratios of shear and bulk viscosity to entropy
density have a strong dependence on non-extensivity. Their values

decrease with the increasing g-parameter with the temperature.

2. We have observed the effect of mass cutoff on these ratios and as
mass cutoff increases the magnitudes of these ratios decrease. These

effects are more pronounced at higher values of temperature.

3. We have first time studied the effect of non-extensive parameter, ¢ on
isothermal compressibility. We have studied the temperature depen-
dence of isothermal compressibility for various ¢-values and observed
that it decreases rapidly with temperature and becomes constant at
higher temperatures. The temperature at which the isothermal com-
pressibility shows a saturation, may indicate an appearance of criti-
cality in the system, which is dependent on ¢ and shifts towards lower

values of temperatures for higher ¢-values.

4. While studying the temperature dependence of isothermal compress-

ibility for various ¢-values, it has been found that the values of k1 are
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smaller for higher ¢. It has also been found that, its values decrease
at finite baryon chemical potential in comparison to that obtained at

zero baryon chemical potential.

. We have found that, isothermal compressibility strongly depends on
the upper mass cutoff of hadron resonances and decreases with the in-
creasing mass cutoffs. It becomes independent of system temperature
when higher resonances are added to it. Hence a system is driven to-

wards a critical behaviour, once we have resonances of higher masses.

. It is observed that as the non-extensivity of the system increases the
criticality observed as a peak in the squared speed of sound versus
T plot shifts towards lower temperatures and disappears after ¢ =
1.13. We have also noticed a strong dependence of criticality on mass
cutoff. As upper mass cutoff decreases, the criticality of the system

disappears.
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Chapter 6

Summary and Outlook

“What we know is a drop, what we don’t know is an ocean.”

— Sir Issac Newton

The research works discussed in this PhD thesis has been carried out
at Indian Institute of Technology (IIT) Indore, India within the ALICE
collaboration at the LHC, CERN, Geneva. The PhD project comprises
of experimental data analysis as well as phenomenological study to under-
stand the medium formation in hadronic-hadronic and nuclear collisions at

ultra-relativistic energies.

In this thesis, the first measurements of ¢ meson in pp collisions at
Vs = 5.02 TeV with ALICE at the LHC along with the first measure-
ments of ¢ meson in pp collisions at /s = 5.02 TeV as a function of
charged particle multiplicity and transverse spherocity are reported. The
efficiency-corrected minimum bias pp-spectrum is compared with the re-
sults from other energies and it has been observed that the bulk produc-
tion in minimum-bias pp collisions remains independent of collision energy.
It is also observed that the pr-spectra gets harder with increasing colli-
sion energy. The ratio of pr spectra in different multiplicity classes to
the minimum bias spectrum shows that the yield increases with increas-
ing charged particle multiplicity. It is found that the integrated yield and
mean transverse momentum are independent of collision energies and they
solely depend on the charged-particle multiplicity. The comparison of the
particle spectra in isotropic, jetty and spherocity integrated classes for dif-

ferent multiplicity classes show that the crossing point of the ratios to
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spherocity integrated class for isotropic and jetty events depends on the
multiplicity. These results can shed light to explore the QGP-like condi-
tions in high-multiplicity pp collisions. However, for the final conclusion
one should look into the corrected pr spectra for different spherocity and
multiplicity classes, which will be reported in future. The presented results

on spherocity should serve as an outlook of the ongoing studies.

We have made an extensive study of various observables taking sphe-
rocity and event multiplicity in pp collisions at /s = 13 TeV using the
pQCD inspired PYTHIA 8 model. The aim of the present study is to
understand the high-multiplicity pp events at the highest LHC energy in
view of a possible formation of QGP-droplet in pp collisions. In view of
QGP-like bahaviors observed in the LHC pp collisions and the fact that
pp no longer serves as a baseline to understand a possible nuclear medium
formation in heavy-ion collisions at the LHC energies, it is crucial to un-
derstand the mechanism of particle production in these high-multiplicity
events. Through these simulation studies, we invoke the explicit inclusion
of MPI and CR effects responsible for particle production in pp collisions
and then through transverse spherocity and multiplicity dependent analy-
sis we try to understand various aspects of identified particle production

in LHC pp collisions.

In view of Xe-Xe collisions at the LHC bridging a multiplicity gap
between pp, p-Pb and Pb-Pb, we found that it would be interesting to look
into azimuthal anisotropy in Xe-Xe collisions. We have given predictions
of the elliptic flow (v2) of produced particles in Xe-Xe collisions at \/sSyn
= 5.44 TeV using A Multi-Phase Transport model (AMPT) with string
melting version. A strong centrality dependence of the v, is observed. pr
differential v, is measured for identified particles such as, pions, kaons and
protons and a clear mass ordering is observed for pr < 2 GeV/c. We have
also tried to demonstrate the number of constituent quarks, n, of the el-
liptic flow as a function of py/n, as well as with respect to (mqy —my)/n,.
We find that n, scaling of v, is not observed for types of charged parti-

cles used for our studies. Also we haven’t used any intrinsic deformations
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as a first approximation referring to earlier works, which suggest its small
influence on observed particle spectra and vy beyond 15% centrality colli-
sions. However, most of the results are presented for (50-60)% centrality
bin where we do not expect the effects due to deformations. AMPT-SM
underestimates the experimental results at higher pr (pr > 1 GeV/c) with
default parameters. It suggests that one needs to tune the parameters to
reproduce the experimental results. This study provides a baseline for the

recent experimental results.

Also, we phenomenologically attempt to formulate a model to charac-
terize the heavy-ion collisions using relativistic kinetic theory in the form of
Boltzmann Transport equation using relaxation time approximation. The
present formalism successfully connects the particle production in hadronic
collisions with nuclear collisions at the LHC energy. However, one should
note here that the formalism is the simplistic picture and still crude. It
can be modified to include more hadronization processes which is thought
to be happening in heavy-ion collisions. In this formalism, we find that
the final distribution function describes the transverse momentum spectra,
the nuclear modification factor and elliptic flow of pions, kaons, protons,
K*% and ¢ up to considerably high pr. We have observed that a formalism
with BGBW alone, could not explain v, data beyond pr > 1.5 GeV/c. In
order to improve upon this to describe vy for higher pr values, we have
incorporated non-extensive Tsallis statistics as the particle distribution in
p + p collisions as an input to BTE and evolve it to final distribution with
BGBW as the equilibrium distribution. The present formalism could ex-
plain v, data for identified hadrons up to pr = 5 GeV/c. Hadrons with
higher mass are found to have a greater tendency of equilibration. This is
evident from the observation of monotonically decreasing relaxation time
with particle mass. This is also parallely supported by the observation of
the non-extensive parameter, ¢ decreasing with the mass of the hadrons. In
heavy-ion collisions, the peripheral collisions, compared to the central ones,
have a higher tendency to go out of equilibrium. This is inferred from the

observation of the non-extensive parameter, ¢ increasing towards peripheral
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collisions (deviating from the Boltzmann-Gibbs equilibrium value of ¢ = 1).
We have also found a correlation between the radial and anisotropic part
of the transverse flow while explaining the vy spectra in different centrali-
ties. In central collisions, the radial part is higher than the anisotropic part
whereas the reverse is observed in the peripheral collisions. We will continue
our investigation on particles’ flow with other hadronization mechanisms
such as fragmentation and coalescence/recombination model, within the

framework of BTE-RTA mechanism.

In addition, we have also studied the transport coefficients using the
relativistic non-extensive Boltzmann transport equation (NBTE), where we
employ the relaxation time approximation for the collision integral. Here,
we have extended the approach using Tsallis non-extensive statistics as ¢-
equilibrium distribution function and calculated shear and bulk viscosity to
the entropy density ratios. We have also calculated isothermal compress-
ibility and squared speed of sound using Tsallis statistics at finite baryon
chemical potential for different q. We have observed the effect of mass
cutoff on these ratios and as mass cutoff increases the magnitudes of these
ratios decrease. These effects are more pronounced at higher values of tem-
perature. We have first time studied the effect of non-extensive parameter,
q on isothermal compressibility. We have studied the temperature depen-
dence of isothermal compressibility for various ¢-values and observed that
it decreases rapidly with temperature and becomes constant at higher tem-
peratures. The temperature at which the isothermal compressibility shows
a saturation, may indicate an appearance of criticality in the system, which
is dependent on ¢ and shifts towards lower values of temperatures for higher
g-values. We have found that, isothermal compressibility strongly depends
on the upper mass cutoff of hadron resonances and decreases with the in-
creasing mass cutoffs. It becomes independent of system temperature when
higher resonances are added to it. Hence a system is driven towards a crit-
ical behaviour, once we have resonances of higher masses. It is observed
that as the non-extensivity of the system increases the criticality observed

as a peak in the squared speed of sound versus T plot shifts towards lower

222



temperatures and disappears after ¢ = 1.13. We have also noticed a strong
dependence of criticality on mass cutoff. As upper mass cutoff decreases,

the criticality in the system disappears.

In the current scenario, with the discovery of QGP-like behavior in
pp collisions at the LHC, the study of resonances like ¢ meson will play an
important role in understanding the particle production mechanism in pp
collisions. The unique and peculiar property of ¢ meson in strangeness sec-
tor makes it even more interesting. The usage of event shape observables
like transverse spherocity along with charged particle multiplicity will allow
us to disentangle the collisions based on its geometrical shape. The present
attempt to formulate a model to characterize the heavy-ion collisions using
relativistic kinetic theory in the form of Boltzmann Transport equation us-
ing relaxation time approximation may help to connect hadronic collisions

to nucleus-nucleus collisions.
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