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Abstract

The main goal of studying nucleus-nucleus collisions at ultra-relativistic is to char-
acterize the dynamical processes by which QGP (Quark Gluon Plasma) like system is
produced and to study the properties this hot and dense matter exhibits. However, experi-
mentally, it is very challenging to study the QCD matter at high temperature and density
because of very short spatio-temporal dimensions of the system produced. The study of
bulk matter properties requires a very good understanding of the dynamics and chem-
istry of the collision, which can only be acquired by coordinated analysis of experimental
data and theory. The ALICE (A Large Ion Collider Experiment) experiment at the LHC
(Large Hadron collider) at CERN is a dedicated experiment to study the hot and dense
matter created in ultra-relativistic Heavy Ion Collisions. It provides an opportunity to
study the properties of the equilibrated system of de-confined state of quarks and gluons
known as Quark Gluon Plasma via various experimental probes. The tool to character-
ize the spatio-temporal properties of the collision region at femtometer scale is known
as Femtoscopy and this study is essential to address the dynamical equilibration process
through which the QCD matter proceeds. The correlations of two final-state particles at
small relative momentum are the best source to provide the direct link to the size and
lifetime of the smaller system. The work in this thesis presents the first ever measurement
of the emission asymmetry at the LHC energies using the ALICE detector. The study
has been performed using the data collected by ALICE experiment at the LHC in Pb—Pb
collisions at 4/syny= 2.76 TeV. The analysis was carried out in different centrality classes
namely 0-5%, 5-10%, 10-20%, 20-30%, 30-40% and 40-50%. The thesis describes the
detailed steps of the femtoscopic technique required to determine the size of the homo-
geneity region of pion-kaon emission and the emission asymmetry. The analysis reported
in this thesis was performed with the cartesian coordinate formalism. The method in-
volved the construction of correlation function and the Double Ratio of the pion-kaon
pairs. The pions and kaons were identified by the combined information provided by
the TPC and the TOF detector in different momentum ranges. The selected pairs were
corrected for the two-track merging effects due to detector resolution and y conversions.
The correlation functions and double ratios were obtained for all charge combinations
of pion-kaon pairs in different centrality classes. The obtained correlation function was
also corrected for the background pairs, originating from non-femtoscopic sources like
elliptic flow, resonance decay etc. The relevant parameters of the source, namely the

size and the emission asymmetry was extracted by fitting the correlation function using
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the CorrFit software. The double ratio deviated from unity in the Out direction for all
combinations of pion-kaon pairs. This observation suggested that the space-time position
of pion and kaon emissions are not same and the pions are emitted closer to the centre
of the source compared to kaons. The kaons are emitted earlier than pions. The aver-
age size of the pion-kaon homogeneity region and the emission asymmetry was found
to decrease for all charge combinations from most central to peripheral collisions. This
observation was consistent with the previous measurements of source size using identi-
cal particle femtoscopy. The value of emission asymmetry in Out direction decreased
from most central collisions to peripheral collisions and the trend of emission asymmetry
with respect to centrality is consistent with the previous observation at RHIC energies.
The obtained results are also compared to the expectations of Therminator2 event gener-
ator coupled with (3+1)-dimensional viscous hydrodynamic calculations. The pion-kaon
emission asymmetry obtained with the model agreed with the experimental observation
when an additional time delay of 2.1 fm/c was introduced for kaons. The results obtained
in this analysis are consistent with the hydrodynamic-induced evolution of the system cre-
ated in heavy ion collisions which favors a strong radial flow in central collisions. The
origin of emission asymmetry can be understood by the strong radial flow hypothesis and
the interplay between the collective and thermal movement of the dense matter created in

collisions of heavy ions.
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Chapter 1
Introduction

“In modern physics, there is no such thing as ‘nothing’. Even in a perfect vacuum,
pairs of virtual particles are constantly being created and destroyed. The existence
of these particles is no mathematical fiction. Though they cannot be directly ob-
served, the effects they create are quite real. The assumption that they exist leads to
predictions that have been confirmed by experiment to a high degree of accuracy.”

— Richard Morris

Abstract: This chapter presents a brief overview of the particle interactions
and fundamental forces. The discussion is followed by introduction of heavy-
ion physics and the experimental signatures of the formation of strongly in-
teracting matter called Quark Gluon Plasma (QGP). The thesis topic is briefly
introduced in one of the signatures followed by the scope and organization of

the thesis.

1.1 Science

A normal human being when born starts crying just after birth and the reasons could
be hunger, attention or many more. The initial way of communicating thoughts is via
crying. As the human being grows, and starts to see things happening around, the daily
events are questioned and thoughts are analysed. This inquisitive and curious nature of
the human mind has made human beings different from other animal species around. The
evolution of the humankind is attributed to this curious and thinking mind. Whenever,
someone tries to study any phenomenon or event in a systematic and organized way,
which can be tested experimentally, we call the study as science. The word “science”,
derived from a Latin word “scientia”’, meaning knowledge [1]. Science has in many ways

impacted our daily life and it will not be an exaggeration, if we state that science is playing
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a definitive role in our daily lives. Science has given us medicines, vehicles, quality food,
internet, entertainment and almost everything necessary for an enriched quality of life on
this planet. The modern science can be divided into many branches depending on the
subject of interest. The branches of science (known as the basic sciences) are Physics,

Chemistry and Biology which are briefly discussed in following sections:

1.1.1 Biology

The word biology, came from the Greek word Biog (bios), “life” and the suffix -
Aoyia (-logia), “study of” [2]]. This means, biology is the branch of science which studies
the life and physical structure, chemical processes, molecular interactions, physiologi-
cal mechanisms, development and evolution of living organism. In biology, the ‘cell’ is
treated as the fundamental unit of life. All living organisms are made up of either a single
cell or many cells. Cells arise from pre-existing cells by the process of cellular division.
The theory of evolution, suggests that all living organisms on the Earth have common
ancestral origin. It is believed that life appeared on Earth approximately 3.5 billion years

ago.

1.1.2 Chemistry
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Figure 1.1: Periodic Table of the Elements [3]].
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Chemistry is the branch of science, which involves the study of
molecules/compound, composed of atoms or elements (Figure [[.I), by means of
its composition, structure, properties, behavior and the reactions with other compounds
[4]. This includes the interactions of atoms and molecules via chemical bonds to form
new chemical compounds. The atoms and molecules can interact by four types of

chemical bonding:

e Covalent bonds — In covalent bonding, sharing of one or more electron(s) takes

place.

e Ionic bonds — In ionic bonding, one atom donates one or more electrons to another

atom forming ions.

e Hydrogen bonds — It is formed as a result of partial electrostatic attraction between
a hydrogen atom (H) bound to a more electronegative atom and another adjacent
atom bearing a lone pair of electrons. It can occur at both intermolecular and in-

tramolecular level.

e Van der Waals bonds — It is a distance dependent interaction between atoms or
molecules. These attractions are comparatively weaker and cease to exist at longer

distances between interacting molecules.

1.1.3 Physics

Physics is the oldest branch of natural science that studies matter by means of its
motion and behavior through space and time. The word physics is derived from Greek
word puoki) (Emotiun ) meaning ‘knowledge of nature’ [S]]. Basically, it aims to study
nature and the way it behaves. The study includes the origin, composition and evolution
of the universe. The building blocks of the universe i.e. the fundamental particles and

their interactions are briefly discussed in subsequent sections.

1.2 States of Matter

The visible matterlllis formed as a result of varied interactions between the elemen-

tary particles, of which it is composed of. Matter can exist in four different states:

e Solid — It is the state of matter where the composite particles are tightly packed

together [6} [7]. They have a definite shape and volume. In solids, the electrons

'Matter is anything which has mass and occupies some volume in space.
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of each atom are in motion and the atoms exhibit small vibrational motion, while

being fixed in their position.

e Liquid — It is the state of matter which takes the shape of its container but the
volume remains constant over a wide range of pressure at constant temperature

[657]. A liquid is almost an incompressible fluid.

e Gas — A gas has no definite shape or volume. It is a compressible fluid. The gas
molecules have enough kinetic energy and the effect of intermolecular forces is
small (zero for ideal gases) [6; [7]. The mean free path of gas molecules is very

large compared to molecular dimensions.

e Plasma — Plasma may be the most common state of matter in the universe [6} 7].
It consists of unbound positive and negative particles. Any movement of a charged
plasma particle affects and is affected by the fields created by the other charges.
Plasmas do not have well defined shape or volume but plasmas are electrically con-

ductive.

1.3 Fundamental Interactions

The different states of matter and their properties can be studied by studying the fun-
damental composition of matter and the interactions between them. The most elementary
particles which constitute the visible universe are quarks and leptons. Universe also con-
tains dark matter and energy . It is important to understand how the elementary particles
come together to form matter and the way they interact among themselves. The differ-
ent ways by which fundamental particles interact with each other are called fundamental

interactions. There are four known fundamental interactions.

1.3.1 Gravitational Interaction

The term gravitation originates from the latin word gravitas which means weight.
Gravitational interaction is one of the fundamental interactions which acts on particles
having mass and energy [8]]. It is the weakest among the four fundamental interactions,
approximately 10 times weaker than the strong force (section[1.3.4), 10% times weaker
than the electromagnetic force (section and 10% times weaker than the weak force
(section [I.3.3). It is always attractive in nature. Although gravitational force has an

infinite range, it becomes weaker for objects at farther distances. The force equation is
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Property Gravitation Weak Electromagnetic | Strong
Affects Mass/Energy Flavor Electric charge Color charge
Affected All particles Gauge Dbosons | Electrically Quarks, gluons

and leptons charged
Force carriers Graviton  (not | W=*,Z° 0% Gluons
observed)
Relative 1 10% 10%7 10%
strength
Range (m) 00 10717 00 10-14
Table 1.1: Four fundamental forces and their properties [8]]

the following:

F=G"" (L.1)
r

where F is the gravitational force, m; and m,: masses of the interacting objects, r : dis-

tance between the centers of the objects and G i1s the gravitational constant. In SI unit, G
has a value 6.674 x 10~'! N/kg?m?.

The long range and mass dependence of gravitational force makes it responsible

for large scale phenomena like planetary motion, structure of galaxies, black holes and

expansion of universe. The universal theory of gravitation given by Newton is a good

approximation for phenomena like planetary motion but accurate description in terms of

geometry of space-time is given by General Theory of Relativity. The merging of General

Theory of Relativity with quantum mechanics is called theory of "quantum gravity" which
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Figure 1.2: Newton’s law of universal gravitation [9].

is applicable at temperature T ~ 10°GeV ~ 10°2K. This was the initial temperature of
universe at the time of Big-Bang. The mediator particle of gravity is known as Graviton

but it is not yet experimentally discovered.

1.3.2 Electromagnetic Interaction

The electrically charged particles interact through Electromagnetic force which
is repulsive for same kind of charges and attractive for oppositely charged particles
[8]. The word Electromagnetism has emanated from compound form of two Greek
words, ndektpov élektron, “amber”, and uayvntis magnétis lithos, meaning “Magne-
sian stone”which is an iron ore. This is an infinite range interaction and is responsible for
most of the physical processes we see around us like friction, motion of electrons inside
atom etc. Electromagnetic interaction is studied under the theory of Electrodynamics. For

charged particles at rest, the electrostatic potential V varies with distance r as:
1
V(r) ~ - (1.2)
r

When the charged particles move with respect to each other, the combined effect of elec-
tric and magnetic forces acts between them. Electrical and magnetic forces were believed
to be different in ancient times. In 19th century, James Clerk Maxwell discovered that
electricity and magnetism are not different interactions but two aspects of the same fun-

damental interaction. Maxwell’s equations quantified and unified both the interactions
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[10]]. The constant speed of light in vacuum (c) derived from Maxwell’s equations is con-
sistent with the ¢, coming from the theory of special relativity proposed by Albert Einstein
in 1905.

The mediating particle for electromagnetic interaction is photon( y). It has zero
charge, zero rest mass and spin 1.The Feynman’s diagram for a typical electromagnetic

interaction is shown in Figure. [I.3]

electron electron

photon

electron electron

Figure 1.3: Feynman’s diagram for electromagnetic interaction

1.3.3 Weak Interaction

The weak interaction or weak nuclear force is the interaction between sub-atomic
particles. It is responsible for S decay and hence, plays essential role in nuclear fission

reactions [8]].

Figure 1.4: The radioactive beta decay due to weak interaction [11]].
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The mediating Gauge bosons?| (section for weak interaction are W* and Z°
bosons. The weak interaction takes place only at small subatomic distances, lesser than
the diameter of a proton. The range of this force is 107'®m and the long range behavior is
given by the following :

1
F ~ —emar (1.3)
r

where my,z 1s the mass of mediating boson. There are two kinds of weak interactions :
charged mediated by W* bosons and neutral mediated by Z bosons. Quarks and leptons
participate in weak interactions. The Feynman diagram for charged and neutral weak

interactions are shown in Figure[I.5|and [L.6] respectively.

e A%

U R
W Q,

Figure 1.5: Feynman’s diagram for charged weak interaction

The weak interaction has some unique properties, like:

e The weak interaction is the only interaction in which, flavor of quarks can be
changed i.e. one type of quark can be changed to another type (Figure [I.5]). This
implies that flavor is not conserved in weak interaction and hence the theory of

weak interaction is also called Flavordynamics.
e [t is the only interaction where violation of parity-symmetry (P) takes place.

e Itis also the only interaction where violation of charge-parity (C-parity) symmetry

takes place.

%In the Standard Model (section|1.4)), force carriers that mediated the electromagnetic, weak and strong

fundamental interactions are known as Gauge bosons.
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e V
ZCJ

e- v

Figure 1.6: Feynman’s diagram for neutral weak interaction

e The mediators of the weak force have significant masses (Figure [I.8))

1.3.4 Strong Interaction

Figure 1.7: Feynman’s diagram for strong interaction

The strong interaction is the strongest interaction but it is not felt in daily life be-
cause it’s range is very small (of the order of 10~'3m) [8]]. It bounds nucleons i.e. protons
and neutrons inside the nucleus and quarks inside the hadrons. This interaction is medi-
ated by Gluons which has zero mass, zero electric charge and spin 1. Gluons like quarks
contain color charge and therefore they can interact with each other. This self-interaction
makes the study of strong interaction very complicated and interesting compared to other
interactions. As the strong interaction acts between colored objects like quarks and glu-

ons, the theory under which strong interaction is studied is called Chromodynamics. The
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theory is briefly described in section [[.5] The interaction potential of strong interaction

varies with distance as following:

V(l") N _a's(r)

+or (1.4)

a; — 0 asr — 0 The Feynman diagram for a typical strong interaction has been shown in

Figure

1.4 Standard Model

One of the major aims of physicists around the world is to unify these known in-
teractions so that one can have an integrated theory of everything we observe in this
universe. The properties and comparison of the four interactions is shown in Table It
is clear that the gravitational force is very weak compared to other forces, and its effect
on smaller particles is very small. So in general, gravity can be excluded, while study-
ing particle physicsE] In 1961, Sheldon Glashow discovered a way to combine weak and
electromagnetic interactions. This was the first step towards the Standard Model. Steven
Weinberg and Abdus Salam gave it, its modern form in 1967 by incorporating the Higgs
mechanism into Glashow’s electroweak interaction. It is believed that all elementary par-
ticles in the Standard Model i.e. fermions (quarks and leptons) and W, Z bosons get their
masses through the Higgs mechanisnﬂ The electroweak theory became well accepted af-
ter CERN discovered the neutral weak current caused by Z boson in 1973. This discovery
won the 1979 Nobel Prize in Physics which was shared by Glashow, Salam and Weinberg.
Later, in 1983, W* and Z° boson were discovered and their mass ratio was found to be
consistent with the predictions of the Standard Model. The Standard Model (SM) of
the particle physics is the theory which classifies all known elementary particles (Figure
as well as unifies the electromagnetic, weak, and strong interactions, excluding the

gravitational force in the universe. The SM was developed by many scientists around the

3Particle physics or high energy physics is the branch of physics which basically investigates the smallest

detectable particles and their interactions.
“The Standard Model incorporates an interesting property known as “symmetry” (another fundamental

property of nature). The symmetry implies that the Lagrangian of these three interactions should be invari-
ant under certain transformations. This study is done by gauge theory and the field is called gauge field
and gauge bosons are the quantum of gauge field. In mathematical language, Standard Model is a non-
abelian gauge theory with U(1)xSU(2)xSU(3) symmetry group with twelve gauge bosons- photon, three
weak bosons and eight gluons [[12} [13]]. These group symmetries imply that the gauge bosons should be
massless. But after the discovery of W and Z bosons as massive bosons in 1973, Higgs mechanism was

adopted to explain the origin of mass.
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mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
charge - 2/3 u 2/3 C 2/3 t 0 0
spin > 1/2 1/2 1/2 1 9 0
Higgs
up charm top gluon boson
=4.8 MeV/c? =95 MeV/c? =~4.18 GeVI/c? 0
113 d 113 S 173 b 0
112 1/2 12 1 &
down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeVic?
-1 ] -1 0
112 e 1/2 u 12 T 1 ;
electron muon tau Z boson
<2.2 eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
0 0 0 +1
112 .I)e 1/2 .I)ll 1/2 ])T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 1.8: The fundamental particles of Standard Model and the force mediating bosons.

world from mid 20" century. The current formulation was finalized in the mid-1970s af-
ter experimental confirmation of the existence of quarks. It became a more trusted theory
after the experimental observation of the top quark (1995), the T neutrino (2000) and the
Higgs boson (2012). Various properties of the W and Z bosons and weak neutral currents
have been also predicted by SM with great accuracy. SM has successfully predicted many
things which have been experimentally observed and it is believed to be theoretically self-
consistent but it is unable to explain many phenomena and hence, not a complete theory of
fundamental interactions. SM does not explain baryon asymmetry, excludes the theory of
gravitation described by general relativity, does not incorporate neutrino oscillations and
their non-zero masses etc. Abraham Pais and Sam Treiman first coined the term ““‘Stan-
dard Model” in 1975. Our visible universe is composed of 12 fermions (spin % particles)
in which 6 are known as quarks : up, down, charm, strange, top and bottom quarks and
remaining 6 are known as leptons: electron, muon, tau and their associated neutrinos.

The charge, mass and other properties of these particles can be found in Figure|[1.8]

1.5 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the theory of fundamental interactions be-
tween quarks and gluons, the basic building block of matter. It is a non-abelian gauge

theory obeying SU(3) symmetry [13]. The Color charge is the QCD analog of electric
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charge. There are three color charges in QCD, namely, red, green, blue and three anti-
color charges: anti-red, anti-green and anti-blue (Figure [I.9). Quarks and Gluons both
carry color charges and hence the name of the theory is chromodynamics (chromo means
color).

red

Antired I

blue green

Figure 1.9: Types of color charges in QCD [14]

The force carrier of QCD are gluons. There are 8 gluons (based on all color com-
binations), 6 quarks and 6 anti-quarks in QCD (Figure[1.§). Both quarks and gluons are
called partons. Hadrons, which are color singlet entities, are formed by either a quark-
antiquark pair (mesons e.g. pion, kaon), or by combining three quarks (baryon e.g. proton,

neutron), as illustrated in Figurel.10]

meson baryon

Figure 1.10: Quark compositions of meson and baryon [14]]

The gauge invariant QCD Lagrangian, which governs, the dynamics of the quarks

and gluons, is given by the following expression:

T (s 1 a v
Locp = Yii(yDy)ij — méirj — ZG,WGZ (L.5)

where ;(x) is the space-time quark field, D, is the gauge covariant derivative, and

y* are Dirac matrices. 4Gy, is the gauge invariant gluon field strength tensor and is given
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by
Go, = 0,A% — 0,A% + gf ™AL A (1.6)

where A¢ are the gluon fields and are dynamical function of space-time. f,. is the SU(3)

structure constant, m and g are the quark mass and coupling, respectively.

1.5.1 Color confinement and Asymptotic freedom

Quarks contain fractional electric charge but Millikan’s oil drop experiment gives
negative result for fractional charges. The experimental fact that quarks (fractional
charges) are not observed in isolation, was accommodated in the theory by postulating
quark confinement or color confinement or simply confinement. Due to color confine-
ment, quarks are never found in isolation. This observation is a direct consequence of
the strong force between two color charges which increases as the distance between the
color charges increases. As a result, a large amount of energy is required to increase the
separation between the two quarks within a hadron. Eventually, instead of producing an
isolated color charge, this energy produces a quark-antiquark pair and a new hadron is
formed.

QCD has another remarkable property- Asymptotic freedom, which means that
at very short distances or very large momentum transfer, the strong interaction strength
decreases [15]. This implies that, the strong interaction coupling constant becomes very
weak at high energy regime. This prediction of QCD was first discovered in the early
1970s by David Politzer and by Frank Wilczek and David Gross [16]. They were awarded
the 2004 Nobel Prize in Physics for this spectacular theory.

The Asymptotic freedom can be understood from the expression of strong interac-

tion coupling constant as, given by

as (Az)
1+ as(A)( T n&

127 Az

as(Q?) =

(1.7)

where, Q is the momentum exchanged, A is the QCD length scaling parameter and Ny
is the number of flavors. Figure m shows, the values of ag calculated from QCD and

obtained from different experiments.
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Figure 1.11: The summary of measurement of QCD coupling constant as(Q) as a function
of the respective energy scale Q. Open and filled symbols indicate NLO and NNLO
QCD calculations used in the respective analysis. The curves are the results obtained
from the QCD predictions for the combined world average value of as(My), in 4-loop
approximation and using 3-loop threshold matching at the heavy quark pole masses M, =
1.5 GeV and M, = 4.7 GeV [17].

1.5.2 Perturbative QCD

Perturbative QCD (pQCD) is a subfield of QCD in which study of strong interactions
is carried out by using the fact that ag is vanishingly small in very high energy regime
or very short distance interactions [[15]. Thus, one can apply perturbative calculations in
the theory accurately in very high energy experiments. However, most strong interaction
reactions can not be directly calculated with pQCD, because for low momentum transfer

regions, as — 1 (Q* ~ 1GeV/c?, Ay, ~ 1fm) where free quarks and free gluons can
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not be observed due to color confinement. In this scenario, one has to depend on non-

perturbative calculations and modelling.

1.5.3 Lattice QCD

Lattice QCD is the most successful, well established non-perturbative theory which
provides a mathematical framework to investigate the non-perturbative phenomena like
confinement and the formation of the deconfined quark-gluon plasma state [[18;19]. Lat-
tice QCD is a lattice gauge theory which is formulated on discrete set of space-time points
called the ‘lattice’. The continuum QCD can be recovered by considering the size of the
lattice to be infinitely large and its sites to be infinitesimally close to each other. It is al-
most impossible to obtain perturbative solutions at low momentum transfer region due to
the highly non-linear behavior of strong force. Lattice QCD formulation is discrete (not
continuous) space-time and hence, introduces a cut-off in momentum. This momentum
cut-off has an order 1/a, where “a” represents the lattice spacing. This regularizes the
theory and makes lattice QCD mathematically a well defined theory.

In Lattice QCD, lattice sites are the fields representing quarks and on the links con-
necting neighboring sites, the gluons fields are defined. The computational cost of numer-
ical solutions increase drastically as the lattice space decreases. Therefore, to extrapolate
results at “a = 07, repeated calculations are performed at different lattice spacing. The
fastest supercomputers are required for numerical lattice QCD calculations using Monte
Carlo methods. Many lattice QCD results have been successfully matched with results
from many experiments. The determination of the proton mass theoretically with an error
of less than two percent is one of the examples. The framework of Lattice QCD is based
on Feynman’s path integral approach. The use of path integral formulation of quantum
field theory, enables to establish connection with statistical mechanics and thermodynam-
ics. There are many interesting predictions by Lattice QCD calculations. One of the lattice
QCD calculations predicts deconfinement of quarks from confined state to a deconfined
state of quarks and gluons at high energies and at zero baryon-chemical potentia/ﬂ (4B)-
The QCD phase transition properties, at zero pp or vanishing baryon number, depend on
the number of quark flavors and their masses (Figure [I.12).

Figure shows the variation of energy density (e/T*) ﬂ with respect to the ratio of
temperature i.e T/ T¢ for different quark flavors as predicted by Lattice QCD calculations.
It can be seen that there is an abrupt jump in the value of €/T* to ~ 80 % of the ideal gas

limit at a critical temperature T, from the lower hadronic value and keeps rising until T ~

SBaryon-chemical potential is change in energy of system when a baryon is added to it.
%It can be scaled with pressure too.
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Figure 1.12: Variation of energy density scaled by T* as a function of temperature of
hadronic matter at zero baryo-chemical potential, calculated from lattice QCD at finite

temperature [19].

2T, where it saturates. The energy density is below the ideal gas limit at T, which implies
that there exists a substantial interaction among the quarks and gluons in that phase. The
number of flavors taken in lattice calculation also affects the change in energy density.
This clearly indicates the phase transition of hadronic colorless phase to a deconfined
phase known as Quark-Gluon Plasma (QGP) phase. In QGP phase, degrees of freedom of
quarks and gluons are basic degrees of freedom. The lattice QCD calculations predict the
temperature and energy density corresponding to this hadronic to QGP phase transition to
be ~ 170 MeV and ~ 0.7 GeV/fm?, respectively. The following section briefly describes

the experimental formation of such a conjectured state of matter.

1.6 Heavy Ion Collisions and Quark-Gluon Plasma

The running QCD coupling constant as(Q) (Figure[L.11) as a function of momentum

transfer, makes QCD a very complicated as well as an interesting theory. The asymptotic
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freedom property of QCD, predicts that at very large momentum exchange and at very
short distances, quarks and gluons interact very weakly with each other. Lattice QCD
predicts a phase transition from hadronic state to almost free quark-gluon state or quark-
gluon plasma (QGP), if the temperature and energy density of the system are ~ 170 MeV
and ~ 0.7 GeV/fm?, respectively (Figure . Additionally, Big-Bang theory also pre-
dicts the existence of QGP after few micro seconds of the Big Bang. It is also believed
that QGP can be now be found in the core of neutron stars due to extreme densities of

nuclear matter.
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Figure 1.13: Lattice QCD Phase Diagram [20].

Therefore, the study of this so called ‘novel state of matter’, i.e. QGP, can help us
to understand the evolution of universe as well as to understand the matter at extreme
densities and temperatures. As it is not yet possible to go back in time or inside the
neutron star to study such an exotic state, one must investigate to create such conditions
in laboratory. Huge particle accelerators and colliders have been constructed to collide
heavy ions experimentally to produce and study the QGP state. The Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC) are the two most powerful
particle colliders in the world. The collider experiment will be discussed in Chapter 3.
The heavy ion particle colliders basically collide heavy nuclei like Gold (Au), Lead (Pb)
at relativistic energies. In heavy ion collisions, two heavy nuclei like Pb%2* are allowed to
collide with each other at ultra-relativistic speed. A nuclei is made of nucleons i.e. protons
and neutrons which contain quarks and gluons. In a hadron, quarks are bound due to

strong interaction by exchanging gluons between them. However, when nucleon density



1.6 Heavy Ilon Collisions and Quark-Gluon Plasma 18

becomes very high, the hadrons start to penetrate into each other and the quarks inside
hadrons loose their identity. Due to screening of color charge, the quarks inside hadrons
do not remain confined inside hadrons and become free to move inside nuclear radius
rather than the nucleonic radius. Similar phenomena happen when two nuclei collide
head-on with ulta-relativistic energies. The kinetic energy of the nucleus gets transformed
into heat energy due to inelastic collisions and the hadrons melt. The deconfinement of
quarks takes place and a very hot and dense soup of quarks and gluons is formed. This

soup or new state of matter is called Quark-Gluon Plasma (QGP).
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Figure 1.14: Stages of relativistic heavy-ion collision [21].

Figure [1.14] shows the various stages of heavy-ion collisions. It is shown that two
Lorentz contracted nuclei in center of mass frame approach each other at ultra-relativistic
speed. After collision, nuclei lose their kinetic energy followed by the formation of a very
hot and dense fireball of quarks and gluons for a very short period of time. As the fireball
starts expanding due to its inner pressure, the temperature of fireball starts decreasing. As
the temperature decreases, free quarks start to combine in the form of doublets (meson)
and triplets (baryon) due to strong field of gluons, and thousands of new particles are
produced. The fireball continues expanding until the energy density becomes too low
to produce new particles. This is called chemical freeze out. After chemical freeze
out, fireball still continues to expand and the produced particles interact with each other

via elastic scattering. When mean free path of particles become equivalent to the size
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Figure 1.15: The space-time diagram for the evolution of matter produced in relativistic

heavy-ion collisions [22].

of fireball, elastic scattering of particles stop.This is called kinetic or thermal freeze
out. A space-time diagram for the evolution of matter produced in relativistic heavy-ion
collisions is shown in Figure [I.15] Particles move straight after kinetic freeze out and
most of them decay due to their short lifetime. Primarily, the pions, kaons, electrons
and protons get detected by the detectors. The properties of these detected particles are
studied using the information from various detectors, to study the properties of the QGP.
The QGP or system produced after heavy ion collisions can not be studied directly due
to its small size and lifetime. Many signatures are proposed to probe the QGP. These
signatures leave footprints of the early stage after collisions even after hadronization, and
are sensitive to the dynamics of QGP. Some of the signatures are discussed briefly in the

following sections.
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Figure 1.16: v,/n, as a function of pr/n, for identified hadrons in Pb—Pb collisions at
Vsan= 2.76 TeV for different centrality classes [23]].

In the heavy-ion collision process, the medium produced undergoes hydrodynamical
expansion due to large pressure gradient. The medium constituents try to achieve local
thermal equilibrium by interacting among themselves. In non-central collisions where
the impact parameter has non-zero value and the shape of the overlapping region of the
two nuclei represents an ellipsoid, a collective motion is built up by the conversion of
spatial anisotropy in the reaction zone to momentum anisotropy in the transverse momen-
tum space after sufficient interaction among the partons. The pressure gradient is more
along the minor axis than major axis and during expansion, the reaction zone attains sym-
metry. The hadrons contain the information about initial stages and it is reflected in the

transverse momentum spectra of the produced particles. Due to self-quenching nature
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of anisotropic flow, any non-trivial result is useful and can be a unique tool to probe the
medium produced in early stage. The anisotropic flow is measured experimentally by us-
ing the transverse momentum distribution of produced particles with respect to reaction
plan The momentum anisotropy can be written in terms of Fourier coefficient of triple

differential invariant distribution of produced particles:

&*N 1 &N

E = gm[l + 220,1COS[1’Z(¢ - ‘I’n)]],n = 1,2,3,... (18)
TOPT "

where v, and ¥, represent the flow harmonics and angle of the initial state spatial plane
of symmetry, respectively. The first right hand side term of the equation is the radial
flow. Radial flow is isotropic in nature. The first and second flow harmonics, v, and v,,
are referred as directed flow and elliptic flow, respectively. v, is believed to be sensi-
tive to early stage evolution, freeze-out conditions and equation of state of the medium
formed after heavy ion collisions. v, can also be theoretically connected with shear vis-
cosity to entropy ratio 7/s from ADS/CFT theory and hence, can inform about the bulk
properties of the medium created. The first sign of collectivity in heavy ion collisions
was observed at AGS and SPS energies followed by measurements at RHIC energies.
The results from ALICE collaboration at the LHC for Pb—Pb collisions at +/sxy= 2.76
TeV are shown in Figure [I.I6] The most interesting result was the scaling of v, with
number of constituent quarks. This observation implied that the collective phenomena is
developed at the partonic level. The comparison of these results with various theoretical
models which included hydrodynamical evolution of the medium formed suggested the
formation of an almost perfect fluid with strongly interacting matter. The study of v, at
the LHC energies is expected to provide a more precise measurement of 7/s, due to higher
multiplicity, which will be helpful to understand the contribution from partonic fluid. The
measurement of other higher order harmonics like v;, v4 and vs has also been useful to
put constraints on theoretical models and has helped to understand the matter created in

heavy-ion collisions.

1.8 Strangeness Enhancement

The strangeness enhancement in heavy-ion collisions has been predicted as one of
the key observables for the existence of the QGP as the initial colliding nuclei do not
have strange quarks [24]. This means strange quarks are produced in the hot QCD matter

in such collisions. The threshold energy for production of strange hadrons is ~300—-400

"The reaction plane is the plane which is spanned by impact parameter and beam direction
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MeV while the threshold for anti-baryon is smaller. The QGP lifetime is small for weak
decays and once produced, a strange quark can only be destroyed by annihilating with an
anti-strange quark. Thus, the number of strange particles observed can be expected to be
a good probe of QGP evolution. To know about the strangeness enhancement, study and
comparison of the abundance of strangeness between plasma and hadronic phase is nec-
essary. The high rate of gg —s5 (called flavor creation) contributes to the strangeness en-
hancement because of high gluon density. These processes have very small cross-section

in p—p collisions and are not present in the hadronic phase.
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Figure 1.17: Strangeness enhancement as a function of the mean number of participants
(<Npar>). The ALICE, results have been shown by full symbols while RHIC and SPS

results are shown by open symbols [24].

Figure|l.17|shows the measurement of multi-strange hadron production as a function
of the mean number of participants (<N,,.>) in Pb—Pb collisions at +/sxy= 2.76 TeV
as measured by ALICE experiment. The ALICE results are also compared with STAR
results for Au—Au collisions data at +/syn= 200 GeV and with NAS57 results for Pb—Pb
collisions at 4/sxy=17.2 GeV. It has been observed that enhancement is more for particles
with higher strange quark content which is consistent with previous measurements at
RHIC and SPS energies. This observation suggested the presence of large number of s§

quarks inside the hot and dense partonic medium. Figure [I.17]also shows the reduction
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in strangeness enhancement with increasing collision energies. This can be understood
by statistical hadronization models by taking into account the strangeness conservation
in canonical ensemble. In smaller system like p—p where charged-particle multiplicity
is lower, the quantum conservation laws including strangeness have to be applied locally
on an event-by-event basis. On the other hand, for high charged particle multiplicity
systems like the one produced in Pb—Pb collisions, the conservation laws can be applied
on an average basis and a grand canonical formalism can be used for the thermodynamical
description. The phase space available for particle production is reduced by the quantum
number conservation laws and these laws also tend to decrease the canonical suppression

factor with increasing center-of-mass energy of the collision.

1.9 Jet Quenching and Partonic Energy Loss

In the relativistic high energy collisions, the initial hard scattering among the par-
tons results in the production of two or more outgoing final state partons. The produced
partons split into quark-antiquark pairs and/or radiate gluons. At the end, these produced
partons fragment into a set of collimated spray of hadrons known as jets. The production
and propagation of these jets are different in heavy-ion collisions than those in elemen-
tary collisions (like p—p) due to the formation and presence of hot and dense medium
in heavy-ion collisions. The partons traversing through the medium loose their energy
in medium via gluon radiation. Consequently, these partons in colored dense medium
can fragment into hadrons whose transverse momentum is significantly reduced. This
phenomenon is known as jet quenching which is a final state effect. Jet quenching can
provide information like diffusion constant and transport coefficient of the medium pro-
duced by collisions. The first experimental evidence of jet quenching was observed in the
di-hadron correlation study in azimuthal plane at RHIC in Au—Au collisions at /s\n=
200 GeV [25]. Figure [I.1§]shows the experimental results from two-particle correlation
study in p—p and Pb—Pb collisions at 4/sxy= 2.76 TeV as measured by ALICE experi-
ment [26]. The measured correlation is shown as a function of azimuthal angle difference,
AP (Ad = Gussociatea — Prrigger) TOr a high pr trigger particles with respect to low pr asso-
ciated particles. The clearly visible double peak of the correlation function, in p—p and
peripheral Pb—Pb collisions where no dense medium is assumed to be formed, is consis-
tent with a di-jet event. However, in central Pb—Pb collisions, the away side peak is seen

to be strongly suppressed.
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Figure 1.18: (Upper panel) The azimuthal correlation (background not subtracted) for
central Pb—Pb collisions at +/s\y= 2.76 TeV as measured by ALICE experiment. The
middle panel shows the zoomed version of the same. (Lower panel) Comparison of the
background subtracted results from central collisions to peripheral Pb—Pb collisions and

p—p collisions at 2.76 TeV measured by ALICE experiment [26]].

This can be attributed to the final state effect of the energy loss of the jet while
passing through the medium.

The measurement of nuclear modification factor also provides a useful way of esti-
mating the effects of hot and dense medium created in heavy ion collisions compared to

that created in elementary collisions. The nuclear modification factor is defined as,

(1/N2HA* N4 [dndpr

evt

(Neon)(1/NLDANE, [dndpr”

evt

Raa(pr) = (L.9)
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Figure 1.19: (Left panel) R4, in central (0-5%) and peripheral (70-80%) Pb—Pb collisions
at +/s,, = 2.76 TeV as measured by ALICE experiment. (Right panel) Comparison of
Ry in central Pb—Pb collisions at the LHC to measurements at /s, = 200 GeV by the
PHENIX and STAR experiments at the RHIC [27].

where (N is the number of binary nucleon-nucleon collisions, d*N4* /dndpy is
the differential yield of charged particles per event in nucleus-nucleus (A—A) collisions
and d°N"" /dndpr is the differential cross section of charged particle production in p—p
collisions. The value of R4, is expected to be one in the absence of any medium effect in
A—A collisions (or nuclear collisions were mere superposition of nucleon-nucleon colli-
sions). Figure shows the measurement of R44 as a function of transverse momentum
in Pb—Pb collisions at +/sxy= 2.76 TeV as measured by ALICE experiment [27]. The
figure shows a clear suppression of high pr hadrons in central Pb—Pb collision compared
to the peripheral collisions. This clearly indicates the loss of energy of hard-scattered
partons due to interaction with colored dense medium produced in heavy-ion collisions.
The ALICE results are also compared (right panel) to the previous measurements at the
RHIC energies. It can be seen that the suppression is more at the LHC energies compared

to that at the RHIC energies.

1.10 Direct Photons

Direct photons are photons which do not originate from hadronic decays. As they
are produced in all stages of the heavy ion collisions and leave the fireball unaffected, they

act as an excellent tool to study the medium created in such collisions. The two types of
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Figure 1.20: (Left panel) The direct photon spectrum (with exponential fit) for 0-20%
central events in Pb—Pb collisions at /sxn=2.76 TeV ALICE experiment and in Au—Au
collisions at +/syy=200 GeV PHENIX. (Right panel) The direct photon spectra for dif-
ferent centrality classes are compared to theoretical calculations from different models.

The spectra are scaled appropriately for visibility [285 29].

direct photons often considered, are prompt photons and thermal photons. The former is
produced in initial hard partonic scatterings and provides information on distributions of
partons inside nuclei. The thermal photons are produced by the QGP and are also emitted
by the hadronic matter throughout the evolution of the fireball. They carry information
about the temperature, radial flow and the space-time evolution of the system. The low
pr ( pr < 4 GeV/c) spectrum of the direct photons predominantly contains information
about the temperature of the medium created. The direct photon spectrum for 0-20% most
central Pb—Pb events at +/syy= 2.76 TeV and Au—Au events at /sxy= 200 GeV are
shown in the left panel of Figure .20 In order to extract the respective slope parameters,
both spectra are fitted with an exponential function at low pr [28; 29]. The fit to the
spectrum from Au—Au collisions data gives a slope parameter of Ty = 239 + 25 + 7
MeV, while the ALICE Pb—Pb collisions data have a larger slope parameter of T.s = 304
+ 11 + 40 MeV which is consistent with a larger initial temperature of the medium at the

higher centre of mass energy.
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1.11 Femtoscopy

One requires a detailed understanding of the collision dynamics in order to obtain
the information on bulk matter produced in heavy ion collisions. Due to the small size
of the system produced and for its transient nature, it becomes difficult to perform direct
measurement of the size of the system and the time for which it exists. The femtoscopic
correlations arise from Bose-Einstein correlation (for identical bosons only) and final state
interaction (FSI). The measured femtoscopic correlation functions contain the contribu-
tion throughout the fireball expansion. The technique of obtaining femtoscopic correla-
tions between the emitted particles provides us a method to estimate the size and lifetime
of the system. The method primarily involves calculating the correlation function of a pair
of final state particles at small relative momentum. The pairs can be chosen to be identi-
cal particles or non-identical particles depending upon the physics message one wants to

extract from the correlation. This thesis reports about the pion-kaon femtoscopic studies
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Figure 1.21: The variation of source size (R;,,) as a function of average transverse mass
for three centrality classes for different particle pairs in Pb—Pb collisions at /sxn=2.76
TeV measured by ALICE experiment [30].

in Pb—Pb collisions at /syy=2.76 TeV. Therefore, the theoretical formalism, experimen-
tal methods with particular emphasis on non-identical particle femtoscopy is provided in

Chapter 2. Figure[I.21|shows the variation of source radii extracted from identical particle
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femtoscopy studies as a function of average transverse mass (my) in Pb—Pb collisions at
Vsnn=2.76 TeV as measured by ALICE experiment [30]. A gradual decrease of source

radii is observed with an increase of m7; which indicated the presence of collectivity.

1.12 Scope and organisation of the thesis

The aim of this thesis is to study the femtoscopic correlation between non-identical
charged particles produced in relativistic heavy-ion collisions. This study investigates the
pion-kaon femtoscopic correlation in Pb—Pb collisions at y/syy= 2.76 TeV using ALICE
detector. The study provides a unique opportunity to measure the convoluted source size
of the pion-kaon system at low relative momenta and emission asymmetries between the
produced particles of different mass. The Chapter 2 of the thesis provides an overview
of the formalism of femtoscopic measurements focusing on non-identical particle fem-
toscopy followed by a discussion on the Large Hadron Collider (LHC) collider facility
and the ALICE (A Large Ion Collider Experiment) experiment in Chapter 3. In Chapter
4, the details of the experimental data analysis is reported. The experimental results are

discussed in Chapter 5 while the investigation is summarized in Chapter 6.



Chapter 2
Two particle Femtoscopic Correlation

“I have tried to read philosophers of all ages and have found many illuminating
ideas but no steady progress toward deeper knowledge and understanding. Science,
however, gives me the feeling of steady progress: I am convinced that theoretical
physics is actual philosophy. It has revolutionized fundamental concepts, e.g., about
space and time (relativity), about causality (quantum theory), and about substance
and matter (atomistics), and it has taught us new methods of thinking (complemen-

tarity) which are applicable far beyond physics.” — Max Born

Abstract: This chapter describes the theoretical aspects of femtoscopy. The
basic idea of femtoscopic correlations have been discussed with a greater

emphasis on non-identical particle correlation.

2.1 Origin of Femtoscopy

The main goal of studying nucleus-nucleus collisions at ultra-relativistic is to char-
acterize the dynamical processes by which QGP like system is produced and to study the
properties this hot and dense matter exhibits. However, experimentally, it is very chal-
lenging to study the QCD matter at high temperature and density because of very short
spatio-temporal dimensions of the system produced. The tool to characterize the spatio-
temporal properties of the collision region at femtometer scale is know as Femtoscopy
and this study is essential to address the dynamical equilibration process through which
the QCD matter proceeds. Addressing the bulk matter properties requires a very good
understanding of the dynamics and chemistry of the collision, which can only be acquired
by coordinated analysis of experimental data and theory. Because the correlations from

identity interference or either interactions are stronger for smaller space-time separation,

29
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correlations of two final-state particles at small relative momentum are the best source to
provide the direct link to the size and lifetime of the smaller system.

The two particles interference from a chaotic source was first applied by Hanburry-
Brown and Twiss where photons were exploited to determine the source size of stars
[315132]]. In 1960, Goldhaber, Lee and Pais showed that the correlations of identical pions
are sensitive to source dimensions in p—p collisions [33]]. These methods were refined
by Kopylove, Pedgoretsky, Koonin and Gyulassy and it was shown that other class of
correlations such as Strong and Coulomb interactions are useful in source size measure-
ments. Although the theory is very different, still Heavy-Ion community often uses HBT
(Hanbury-Brown and Twiss Interferometry) for analysis related to size and shape of the

source, in reference to Hanbury-Brown and Twiss’s original work with photons.

2.2 Basic Formalism

The femtoscopic studies are generally done using momentum correlation functions
between two or more particles with small relative momenta. The general two-particle

correlation function is defined as:

P(Pa, Po)
C(pa, py) = — 2P Pr) 2.1
(PaPo) = 5 PipD) 1)

where P, is the conditional probability to observe a particle with momentum p, if a parti-
cle of momentum p, was also observed, while P, is the probability of observing a particle
with a given momentum.

In femtoscopy, two-particle correlation function is constructed as:

AN [(d’ p.d® pp)
C (P, , 2.2
B0 = N pant i) @2
(Pa—pPo) (Pa—py)- P
P = u , g'= — P“.
Pa t Db, ¢ 2 P2

where numerator is the measured experimental two-particle inclusive spectra while de-
nominator is the single particle inclusive spectra. There are two equations which relate
measured correlation function to the space-time emission function s(p, x). The first form

1s written as:

f d4xad4xbsa(paa xa)sb(pba xb)lly(q*7 I'*)|2
f d4xasa(pu’ -xu) f d4xbsb(Pb, xb)

In the above equation, s(p, x) describes the probability of emitting a particle with mo-

C*P,q) = (2.3)

mentum p from a space time point x and contains all the space-time information about
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Figure 2.1: A schematic of pair emission from a source

emission source. Superscript “*” denotes the quantities in the center of mass frame where
pair momentum P = 0. In calculations of correlation functions, |¥|* serves as weight and

the source function s, is evaluated at the momentum

Pa = m P/ (my + my), po = Ea(Pa)- (2.4)

The second equation is,

C*P,q) -1 = / d*rSp(r") [ ¥(q. 1) - 1], (2.5)

J d*xad* Xy 80 Pa> Xa) (s )5 (X° = X, + ;)

Sp(r™) =
p(r") [ d*xod*xp50(Pas Xa) 56 (Pps Xp)

In this form, [¥|? is a kernel using which one can transform from coordinate-space basis
to the relative-momentum basis. The function Sp(r*) represents the distribution of parti-
cles with similar velocities and total momentum pair P as they move in their asymptotic
state. This means correlations address the dimensions of the “region of homogeneity”
instead of measuring the size of entire source. In the case of central collisions where col-
lective expansion of the produced matter is strong, the size of the homogeneity region is

significantly smaller than the entire source size.
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The equations [2.3] and [2.5] are based on some assumptions which will be discussed

in the following [34]]. For single particle emission, in terms of 7-matrix elements,

E% = / d*x s(p,x) = ;l / d*xT g (x)e™ P, (2.6)
s(p,x) = Z / d*oxT}.(x + 6x/2)T - (x — 6x/2)e?* . (2.7)
=

where F* represents the state of all other particles in the system. All other interactions as
well as residual system are incorporated into the 7 matrix.

The first assumption in femtoscopy is that higher order symmetrization and anti-
symmetrization is neglected. equation [2.6] indicates that last interaction with the source
of all particles with momentum p had at some point x, which is indeed the case for distin-
guishable particles. Hence equation [2.6)does not represent an assumption for distinguish-
able particles. However, if there is more than one particle of a type a (N, > 1), then one
must consider T,(x; ---xy,). In this case, the evolution matrix is not just a phase factor
but also includes N,! interference terms. To obtain single-particle probability, one must

integrate over the N, - | momenta.

2

if a identical to b

Figure 2.2: A schematic diagram to represent the emission amplitude for two indepen-
dently emitted particles from grey-shaded source region. The particles interact with each

other in final states [34]].

The second assumption is that the particle emission process is independent for
each particle produced. Two-particle matrix is required to factorize in equation [2.6]
Tre(x4, xp) = sz(xa)TF;(xb), i.e., that the emission is independent. The two-particle

evolution operator factorizes into a center-of-mass and a relative operator when the
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multi-particle symmetrization is neglected. In the case of identical particles U =
e P2y (3 —x3) % (g (x;— X))/ V2 and for non-identical particles U(x,, Xp; pa» Pp) =
Uy (x; — x3) e Earal Min+Epin/Minv) (j]]ystrated in Figure 2.2). Then, the two-particle proba-

bility, in term terms of single-particle source functions, can be expressed as:

dN, . . ~ . ~
EaEbﬁ = /d4xad4xbd4qsa((Ea/Minv)P + q, xa)sb((Eh/Minv)P -9, xb)
d pad Pb
xd*or* e Uy (X, = Xp, + 01" [2)ug (x;, — x5, — 617 /2). (2.8)

It is very difficult to solve the equation [2.8|because it requires the knowledge of the
source function evaluated at off-shell. When the interaction between particles is only due

to identical particle interference,
g (X — Xp) = [€70T) 4 Q4 07R)] D (2.9)

In this case, analytical integration can be performed over g and 6r*,

dN g

EE,———
hd3pad3pb

/ d*x,d*xp {(Pas X2)s(Pp, Xp) (2.10)
+5(P/2, x4)s(P/2, xp) cos[(pa — pp) - (xa — xp)]} .

For non-zero g, Py/2 # E(P/2), the source functions in the interference term are eval-
uated off-shell. Due to smoothness approximation, s(P/2, x,)s(P/2, x,) is replaced by
S(E(P/2),P/2,x,)s(E(P/2),P/2, x;) leading to equation [2.5|or, by s(p,, x,)s(pp. xp) lead-
ing to equation [2.3]

The last assumption is equal time approximation which means all particles are as-
sumed to be created at same time and their interaction takes place just after they are
produced. The above assumptions are semi-classical and are described in reference [34]

in details.

2.2.1 Relevant Frame of Reference

It is useful to discuss the frame of references which are used in femtoscopic analysis.
Each particle used in the correlation can be described by its space-time position , x; and
four momentum, p; in the reference frame of the emitting source (CMS). When the two
particles are combined to form a pair, the three dimensional quantities of relevance on
which the correlation functions depend on are the total momentum of the pair P (= p; +
p2) and the relative momentum of the pair i.e q (= p; - p2). The femtoscopic analyses are
usually carried out in Longitudinally co-moving system (LCMS), a rest frame moving

along longitudinal (beam) direction where p;, = —p,_. and thus, P, = 0. The axes of the
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Figure 2.3: Out — Side — Long co-ordinate system

frame are defined in Out, Side and Long prescription where the longitudinal axis(Long

axis) is parallel to the beam and the Out axis is chosen in the direction of the average

momentum of the pair (k; = %). The Side axis is perpendicular to the Out and Long

axes. The Out-Side-Long coordinate system (also known as Bertsch-Pratt coordinate
system) is shown in Figure [2.3][35}36].

Any four-vector W can be expressed in this coordinate system as follows :

Wiong = (PoW, — P.Wo)/Mr (2.11)
Wour = (P W, + P,W,)/Pr (2.12)
Wiige = (Pny - Pny)/PT (213)

where M7 = P{— P} and P} = P;+P;. The analysis presented in the thesis is carried
out in the Pair Rest Frame (PRF), where the centre of mass of the pair rests. Therefore,
the momenta of the two particles are equal and opposite. The variables are marked with

an asterik(*). The relative momentum in this frame can be quantified as k* = (p; — p»)/2.
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2.3 Origin of Emission Asymmetry

The evolution of the system created in heavy ion collisions can be modeled by
hydrodynamic evolution due to presence of strong radial flow. This suggests a strong
space-momentum correlation between the emitted particles.The velocity of particles of
the system can have two components: the fluid cell velocity, 85 and the thermal veloc-
ity component, S;,. This is represented in Figure The evolving system develops a
collective radial flow in the transverse direction and one can visualize that the matter is
collectively moving from the centre of source. The particles emitted from this fluid el-
ement will have same flow velocity, 8. The mean emission point of a particle whose
A

A

.....

Figure 2.4: Diagram of the particle’s velocity (8) decomposition into the flow velocity

(Bf) and thermal velocity (5;) components [37].

component is parallel to the velocity can be written as [37] :

Xy = x ﬁ _ ”(ﬁf + Bicos(¢; — ¢f)) (2.14)
B B

If one assumes a Gaussian density profile with radius r, for particles at fixed 8 and

having a linear transverse velocity profile, 55 = Bor/ro, the mean position can be written

as
(mBy)  _ roPoB

(B ey Fo+Timr

The pions and kaons emitted from the fluid element will have the same flow velocity

(Xour) = (2.15)

B but different momenta. The particles will also receive a momentum dependent random
thermal kick. The (rB;) is same for both pions and kaons and if we assume that the

spatial characteristics of both pion and kaon emission are the same, then (x,,,) for pions
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will be smaller than (x,,,) for kaons because T/m, component is smaller for kaons. Thus,
on an average, pions (lighter particle) are emitted closer to the center of the system than
kaons (heavier particles). One can define an emission asymmetry, u'%"""““*’ between the

non-identical particles with different masses as

light heavy

ligh — <rlight,heavy> — <xlight _ xheavy (216)

out out out

Therefore, hydrodynamical evolution predicts a negative asymmetry between particles of
different masses. Now there are various limits in equation [2.15] When there is no flow
in the system then, 8, = 0 and average emission point for all types of particles is zero.
This means all particles are emitted from the center of the source and there is no emission
asymmetry between different mass particles. If the temperature is very high, the ther-
mal velocity component of the particles dominate the flow velocity component, and the
average emission point for all types of particles is again zero. This shows, emission asym-

metry arises in a system where both thermal and flow velocity have similar magnitude.

2.3.1 Formalism : Non-identical particle Femtoscopy

Non-identical particle femtoscopy correlates two particles (say A and B) with differ-
ent masses. The experimental correlation function is a special form of equation [2.1]and is
expressed as:

- N—)aa_)(slz*_l_)*_—)*cp ad3 ]?F
c@y - | N(Ba Bp)SK" = 5(Fy = Py pad’py _ N(K) 217

[ D(Bas Br)5Gk = X(B = BB pudip, D)

where N(p,, pp) is the distribution of correlated pairs of particles type A and B which come
from same event and D(p,, p),) is the distribution of pairs when both particles come from
two different events(not correlated). Apart from femtoscopic correlation, this correlation
function contains all other event-wide correlations like elliptic flow (v,), global event
energy and momentum conservation, resonance decay correlations, residual correlations
and jets etc [37; 38]]. Therefore, one needs to correct for these non-femtoscopic effects
before comparing to models as the later computes the femtoscopic effects only. However,
the correction procedures are not very effective and depends on the experiment. In models,
the correlation function is defined in terms of single particle and two-particle emission

functions which are given by:
Sa(E, pr) = /S(Xl s P15 X25 P25 -y X5 PN)AX2dps...dXndpy (2.18)

S ap(X1, P, X, Pa) = /S(xl, Dis X2, P2y oo XN, pN)AX3dps..dxydpy  ,  (2.19)
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where S 4(¥1, 1) and S 3(X;, p1, X2, P) are probabilities to emit a particle and a particle
pair from a given space—time point and momentum, respectively. This means the cor-
relation function is a 14-dimensional object, 7 independent components per particle (4
space—time components and 3 momenta components). In order to simplify it, assump-
tions are made as described below. The source emission function S 45 should contain
all the physics aspects of the pair emission processes which includes the proper sym-
metrization for bosons and fermions together with the effects of the interactions (Final
State Interactions) between the particles of the pair. For sake of simplicity, most models
based on heavy-ion collisions assume that the interaction between two final-state particles
is independent from their emission process. Therefore, one can factorize the FSI and the

symmetrization of the two-particle wave function to write the correlation function as:

C(p1, o) = /SAB(ﬁl \X1, 2, X2) [Pasl” d*x1d*x,, (2.20)

where VW is the pair wave function. For non-identical particle correlations, the pair wave
function ¥ represents a particular physical scenario where the two particles A and B, after
being produced in collisions, interact through FSI (Coulomb and/or Strong) till freeze-out.
After the freeze-out, they stream towards the detector as plane-waves. W can be expressed
as the solution of scattering problem with the reversed time direction. The wave function
is factorized into two parts. The first part describes the motion of the pair as a whole and
the wave function is the function of pair total momentum and “average”emission point.
The second part describes the interaction between the pair particles which depends on
relative pair momentum k* and relative separation 7. The first part of the wave function
does not affect the modulus as it is an exponential function and contributes an additional
phase only. This part can be neglected and the pair wave function can be written as :

G(p 1)

YO () = Ac() |e % T F(=in, 1,i) + fo(kr) 2L 2.21)

where Ac is the Gamow factor, F is the confluent hypergeometric function, n=1/(k"ac),
{ = k'r*(1 + cos 6), G is the combination of the regular and singular s-wave Coulomb
functions and fc is the strong scattering amplitude, modified by the Coulomb interaction.
0" is the angle between the pair relative momentum k* and relative position r* in PRF
and ac is the Bohr radius of the pair and has values 248.52 fm, 83.59 fm and 222.56 fm
for pion-kaon, kaon-proton and pion-proton pairs respectively, and has negative values
for opposite-charged pairs. For identical bosons and fermions, ¥ must also be properly
symmetrized and anti-symmetrized, respectively. The expression for f¢ is given by:
1 -1

e 1 = 2 =, -, -,
fe(k*)y =|—+ —dok*2 — —h(k*ac) — ik"Ac(k")| (2.22)
fo 2 ac
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where the fy = 0.137 fm for like-sign pair of pion-kaon, —0.071 fm for unlike-sign pair
of pion-kaon, —0.148 fm for like-sign pair of pion-proton, 0.112 fm for unlike-sign pair
of pion-proton, —0.360 fm for like-sign pair of kaon-proton pair, dj is the effective radius
and taken to O for above mentioned pairs at small k* where the 1/ f; term dominates. The

expression for F' is given by:
F(a,1,2) =1 +az+ala+ 1)Z%/2)7 + ... (2.23)

Emission function The FSI interaction shown in equation depends only on k* and
7* of the pair. The term S 45 from equation can be simplified in terms of k* and 7 as:

Pmax
Saplk’,r") = // S a(X1, P1, X2, P2) X 6(k* — 1/2(F} — P5))d’ p1d°pa
Pmin
XS — (%) — B))d*x,d* x, (2.24)

where the integration over space is to be done over full variable range and the mea-
surable particle momenta has boundary P,,;,, and P,,.

The equation [2.20| can be rewritten as:

2 dr (2.25)

AB o x
POAB

C(k*) = / S a(k", )

In the case where emission process of each particle is assumed to be independent,
the two-particle emission function S 45 can be written in terms of single particle emission

function via a convolution:

7 = — e 1 — — *
Saplk’,r") = /SA(Pl, X1)S p(P2,X2) X 6(K" — E(pl + P2))o(r' — X1 +X3)
xd*x1d*),d° pd° p>. (2.26)

In the second case where a model of discretely producing particles exists, equation

[2.25]is evaluated via the Monte-Carlo procedure using the expression:

Zpairs 5(k;uir - k*)
Zpairs 5(k;air - k*)

AB /o x
POAB (ry

2

C(k*) =

(2.27)

Correlation function and asymmetry signal As shown in equation [2.20} the correla-
tion function is a pair wave function averaged over the source. The simplified version of
this which contains Coulomb correlation only and is averaged over pairs, can be written
as:

C(k*) =Ac(m[l +2(r*(1 + cos %)) Ja. + ...], (2.28)

In this part, like-sign pion-kaon pairs have been considered to illustrate the origins of

the asymmetry where Ac is negative and a.. is positive. r*(1 + cos ) is always positive as
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per definition. The overall correlation effect (R = |C — 1]) will be 1 -A for r* = 0 (a point
source). The correlation effect R decreases as the size of the system and r* increase. For
the pion-kaon pairs, 2 (r*(1 + cos %)) /a. > 0 and Ac — 1 < 0, so they compete each other.
This shows that the correlation function is sensitive to the source size. It is important to
consider that the correlation function becomes less sensitive to the system size as the size
increases which implies that the method is useful to measure the source size precisely
when the system is not very large.

As discussed above, a non-zero mean value of the separation vector (r*) can be
yielded by the two-particle emission function. To observe this in experimental data, equa-
tionm shows that the correlation function depends on the angle (6*) between K* and 7.
When cos 6 > 0 i.e. both the particles are aligned, the correlation effect is smaller than
when both the particles are not aligned( cos 8* < 0). When cos 8" > 0, it indicates a sce-
nario where the particles are moving away from each other after being produced whereas
they approach each other when cos 6* < 0. Even if " can not be accessed in experiments
but it affects the R. The relative momentum k* and pair total momentum K for the veloc-
ity U can be calculated using experimental data of measured momenta. In the transverse
plane, the correlation function can be divided into two groups: C+gy corresponds to the
case where lighter mass particles are faster i.e. FZ._U) > 0 and C—,, When the heavier
particles are faster i.e. Ez._v) <0, Figure For k* — 0, higher terms of1/ac or 1/k* can

be neglected and we have:
1Y 1Y\
dc k*

F=1+21 4227
dc *ac

+ 0 + O + ... (2.29)

which implies:

Cli- =(AcF'F) = Ac [1 + 2ﬂ + ZQ} (2.30)
ac k*ac
One should also consider that
<l?*17’*> = (k) o + k117 cOS(O" —¥)) = k" cosy (7). (2.31)
where
W =0+ ¢. (2.32)

and ¢ is the angle between the pair velocity ¢ and 7. Considering for a fixed k* and

cos(y):

C(k*,cosy) =Ac|1+2

r*) <r:;ut>) ’ (2.33)

+ 2cosyy——
dc dac
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Figure 2.5: (Left) The blue arrow shows the heavier particle which is emitted first and the

purple arrow represents the lighter mass particle. (Right) The schematic variation of C+,

C- and C+/C- with respect to k*.

The uniformity of cos ¢ distribution for uncorrelated particles at k* — 0, we have:

1 . .
Cc, = Ac/ C(cosw)dcos:,b:l.pzﬁ_l_ﬁ
0 ac ac
0 ) .
c. = Ac/ C(cosy)dcosy = 1 + 2@ _ (Tour
-1 aC aC
oy = 1428, (2.34)
C_ ac

Figure 2.6 and show the pion-kaon femtoscpoy results from Au—Au collisions at

Vsnn= 130 GeV. It can be seen that the double ratio for unlike-sign charged pairs is

above unity and the same is below unity for like-sign charged pairs. This indicates that

kaons leave the system earlier than pions.
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Figure 2.6: (Upper panels) pion-kaon correlation functions C(k*) (the average of C, (k")
and C_(k")) as a function of k* in Au—Au collisions at /syny= 130 GeV. (Middle and
and k7

long 3 @ function

lower panels) The projection of double ratio (C+/C-) in k},,,, k7, ,
of k* [39].

Spherical harmonics representation of Correlation Function The correlation func-
tion can also be studied very effectively by decomposing it in terms of Spherical Harmon-
ics (SH). In SH representation, the 3-dimensional correlation function is represented as

an infinite set of 1-dimensional components defined as:

C{n(k?‘) = \/% /dgod(cosQ)C(k*,Q, ©)Y"(6, ), (2.35)
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Figure 2.7: Comparison of the pion-kaon correlation functions (Upper panel) and double

ratios (lower panel) in Au—Au collisions at v/sxy= 130 GeV with different models [39]]

where C|" are the components the correlation function and ¥|" are the spherical harmonics

given by the following equation:

Q21 + 1)1 — m)!

109 = 0N =

1/2
] PP (cosB)e™, (2.36)

where P["(cos6) are associated Legendre polynomials. The polar angle 6 and the az-

imuthal angle ¢ are related to the Bertsch-Pratt coordinate system as:

k.. = |K*|sinfsineg, (2.37)
k. = |K|sinfcose, (2.38)

Kone = K |cOS0. (2.39)
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In this approach, C) reflects the overall system size, RC| is sensitive to the emission
asymmetry and vanishes if there is no emission asymmetry between pair of particles. The

components RC) and RC; give the size of the system in Out, S ide, and Long directions.



Chapter 3

The ALICE Experiment at LHC

“Without data you are just another person with an opinion.” — W. Edwards Deming

Abstract: This chapter describes the Large Hadron collider with specific

focus on ALICE experiment and its detector components.

The standard model has been proven quite successful in many experiments. This
theory treats twelve particles (and their antiparticles) as fundamental particles. These
particles interact with each other by four fundamental interactions. However, there are
many unanswered questions and our understanding of the universe is not complete without
understanding about the origin of mass of particles, composition of the invisible part of
the universe dark matter and dark energy, matter and anti-matter asymmetry observed in
the visible universe. The study of QGP can help us to understand the evolution of universe
as well as to understand matter at extreme density and temperature. In order to understand
and explore more about the aforementioned puzzles of the universe and its evolution via

experiments, the Large Hadron Collider (LHC) has been designed.

3.1 Large Hadron Collider (LHC)

The LHC is the biggest accelerator complex installed at CERN (Figure[3.1). LHC is
reusing the same tunne used for Large Electron-Positron collider (LEP) which is 27-km
in circumference [40]. The maximum attainable energy in a collider is the function of

accelerator size, radius of machine and the magnetic field strength which keeps particles

IThe tunnel was built underground because building a tunnel underground is cheaper than acquiring
land to build a 27 km circumference machine. Also, Earth’s crust protects it from radiation. The tunnel’s
depth is 100 m in terms of mean and varies between 50 m (towards Lake Geneva) and 175 m (under the

Jura). This is due to geological considerations which translates into cost.

44
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Figure 3.1: CERN accelerator complex [40]]

in their orbit. The circular colliders have extra advantage that when two oppositely circu-
lating beams collide, the collision energy is them of energies of two beams (E = Epeami +
Epeam2) While in fixed target accelerators E o¢ Epeam.

The LHC accelerates either protons or ions, which are hadrons. An accelerator can
only accelerate particles which are chargecﬂ and stable (except in special cases). In the
LHC like colliders, heavy particles like proton and ions have much lower energy loss due
to synchrotron radiation compared to lighter particles such as electrons. Therefore, in
order to achieve maximum beam energy, accelerating heavy particles is more effective.

The number of events per second in the LHC collisions is given by:

Nevens = LO event 3.1

%electromagnetic devices can only influence and accelerate charge particles
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where o ., 1 the cross section for the event under study and L is the machine luminosity.
L depends on the beam parameters and can be written as the following for a Gaussian

beam profile:

_ NZ"bﬁezf)’r

dre,B* (3-2)

where N, is the number of particles per bunch, n, is the number of bunches per beam,
freo 18 the revolution frequency, vy, is the relativistic gamma factor, g, is the normalized
transverse beam emittance, §* is the beta function at the collision point and F is the
geometric luminosity reduction factor due to the crossing angle at the interaction point
(IP). The expression of F is given by:

F=(1+ (@)2) . (3.3)

207

where, 6. is the full crossing angle at the IP. o, is the RMS bunch length and o is the
transverse RMS beam size at the IP.

An ultrahigh vacuum with the beam vacuum pressure ~ 107!% atm is maintained
inside the LHC beam pipe to avoid collisions with gas molecules. A large variety of
magnets (~ 9600 in total), like dipole magne quadrupole magnet, sextupole magnets
etc are used at LHC to optimize (to bend and focus) the beam trajectory. A list of the
important parameters for the LHC is provided in Table

3.1.1 Acceleration of Proton

In order to accelerate and collide protons at the LHC, electrons are stripped off
from hydrogen atoms to get protons in the first stage. These protons are then injected into
Proton Synchrotron Booster (PSB) at an energy of 50 MeV from Linac2 where the booster
accelerates them to 1.4 GeV. This is followed by the protons passing through the Proton
Synchrotron (PS) where the beam is accelerated to 25 GeV. They are further accelerated
to 450 GeV in the Super Proton Synchrotron (SPS). Finally, they are transferred from
SPS to the LHC beam pipe in both clockwise and anti-clockwise direction where they are

accelerated to the required nominal collision energy.

3The LHC dipoles use niobium-titanium (NbTi) cables. The LHC operates at 1.9 K (-271.3°C). A
current of 11,850 A flows in the dipoles, to create the high magnetic field of 8.33 T which required to bend
the 7 TeV beams around the 27-km ring of the LHC. The temperature of 1.9 K is reached by pumping super-

fluid helium into the magnet systems. Each dipole is 15 m long and weighs around 35 t.
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Quantity number
Circumference 26,659 m
Dipole operating temperature 1.9 K (-271.3°C)
Number of magnets 9593

Number of main dipoles 1232

Number of main quadrupoles 392

Number of RF cavities

8 per direction

Energy, protons

6.5 TeV (Design value: 7 TeV)

Energy, ions

2.56 TeV/u (Energy per nucleon)

Peak magnetic dipole field

7.74T

Distance between bunches

~7.5m

Peak Luminosity (protons)

~1.2x10* cm2s™!

No. of bunches per proton beam 2808
1.2 x 10"

~1x10* cm 27!

No. of protons per bunch (at start)

Peak Luminosity (ions)

No. of bunches per ion beam 592

No. of ions per bunch (at start) 7.0 x 107
Number of turns per second 11245
Number of collisions per second 1 billion

Table 3.1: LHC parameters [41]]

3.1.2 Acceleration of Pb Ions

The LHC can accelerate heavy ions like ‘Pb’(Lead). The Pb ions are produced from
a highly purified lead sample which is heated to a temperature of ~550°C. The lead va-
por is ionized by an electron current and in this process many different charged states of
Pb are produced with a maximum of Pb*?’. These ions are selected and accelerated to
4.2 MeV/nucleon before passing through a carbon foil, which strips most of the electrons
to create Pb™*. The Pb*>* beam is then accelerated to 72 MeV/nucleon in the Low En-
ergy lon Ring (LEIR), which transfers them to the PS. The PS accelerates the beam to 5.9
GeV/nucleon and sends it to the SPS after passing it through a second foil where it is fully
stripped to Pb™82. The SPS accelerates it to 177 GeV/nucleon then sends it to the LHC,
which accelerates it further to 2.76 TeV/nucleon. These two beams circulating in opposite
direction in the LHC ring collide at four interaction points. These interaction points are

equipped with four main different detector facilities— A Toroidal LHC ApparatuS (AT-
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LAS), Compact Muon Solenoid (CMS), A Large Ion Collider Experiment (ALICE) and
Large Hadron Collider beauty (LHCb) to record the collision data. The ATLAS and CMS
experiment are high luminosity experiments and, are situated at CERN Point 1 and CERN
Point 5 (diametrically opposite in the LHC ring), respectively. They are general purpose
detector to study the Higgs Boson and its properties, to search for new physics beyond
standard model like supersymmetry (SUSY) and extra-dimensions of the universe. These
detectors are designed to primarily record p—p collisions but they are also capable of
recording Pb—Pb collisions. The LHCb is dedicated to study the matter-antimatter puzzle
of the universe. It has been installed at CERN Point 8 and, records only p—p collisions
data. The ALICE experiment is also a general purpose detector designed specifically
to study the formation and evolution of QGP. The details of the ALICE experiment is

described briefly in the following section.

3.2 ALICE experiment

ACORDE

TRACKING
CHAMBERS

~116m from L.P,

ABSORBER

Figure 3.2: A Large Ion Collider Experiment at CERN [42]

A Large Ion Collider Experiment (ALICE), is one of the largest experiment at the
LHC at CERN. It is a detector dedicated to the study of the hot and dense matter created
in high energy heavy-ion collisions [42]. It is built by a collaboration of more than 1000
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members from about 30 countries. The experiment measures 16 X 16 x 26 m* and has a
weight of about 10000 tonnes.

The main goal of the ALICE experiment is to study the properties of strongly inter-
acting matter at extremely high temperatures and energy densities, where a novel phase
of quark-gluon plasma (QGP) is expected to be formed in heavy ion collisions. In addi-
tion, the analysis of p—p collisions at LHC energies provides valuable references for the
Pb—Pb observables and provides further insights in special topics where the ALICE mea-
surements can act as complementary measurement to the other LHC experiments. These
include minimum-bias measurements, observables requiring excellent particle identifica-
tion, and the physics observables at low-p7 and diffractive events. The main sub detectors
of ALICE (Figure[3.2) are introduced in the following sections. The detectors are broadly

divided into central and forward detectors.

Figure 3.3: General ALICE Cross-Section with L3 Magnet [42]
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3.3 Central detectors

ALICE consists of a central barrel with an n coverage of || < 0.9. The barrel is
enclosed in a solenoid (reused from the L3 experiment ) with a magnetic field of 0.5 T.

The central part is optimized for the detection of charged hadrons, electrons and photons.

3.3.1 The Inner Tracking System

The Inner Tracking System (ITS) is the closest detector to the interaction point[42
43]]. The main tasks of ITS are:

e localize the position of primary vertex with a resolution better than 100 um

e reconstruct the secondary vertices originating from the decays of hyperons and

mesons
o tracking and identifying particles with momentum lower than 200 MeV/cE]

e improve the momentum resolution for particles reconstructed by the Time-

Projection Chamber (TPC) and to reconstruct particles traversing dead regions of
the TPC.

SSD

SDD

SPD

R, =43.6 cm

Figure 3.4: Layout of the ALICE ITS [44]

The ITS is 98 cm long and spans from a radius of 4 cm to 43 cm. It is a six layer

cylindrical silicon detector surrounding the LHC beam pipe and its six layers are located

“Standalone tracking can detect very low-py particles down to 35 MeV/c that do not reach the other

detectors.
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at radii 4 cm, 7 cm , 15 cm, 24 cm, 39 cm and 44 cm from the interaction point. The
n coverage of ITS is from -0.9 to 0.9. A schematic layout of ITS is shown in Figure
3.4l The two innermost layers are called Silicon Pixel Detectors (SPD). These are made
of hybrid silicon pixels consisting of two-dimensional matrix of silicon diodes operating
in reverse-biased mode. Its readout chips have high radiation tolerance design which is
essential in the determination of position of the primary vertex and in the measurement
of impact parameter of secondary tracks. This is required because of expectation of very
high particle density produced in heavy-ion collisions at LHC (~ 50 particles per cm?).
The two middle layers of the ITS are equipped with Silicon Drift Detectors (SDD)

where particle density is expected to be ~ 7 particles per cm?

. It is made of 300 um
homogeneous high-resistivity Neutron Transmutation Doped (NTD) silicon. The working
principle of SDD is similar to a gaseous drift chamber. When a charged particle passes
through it, the electron-hole pairs are produced. The drift time of electrons collected by
the readouts determines the spatial position. The spatial precision of SDD is 35 um. The
two outermost layers of the ITS consists of Silicon Strip Detector (SSD) where the particle
density is expected to be ~ 1 particle per cm?. The SSDs are crucial for connection of
track from the ITS to the TPC. The four outer layers have analog readouts and hence, are
also useful in particle identification using the specific energy loss (dE/dx) measurement

in low momentum regime.

3.3.2 The Time-Projection Chamber

The Time-Projection Chamber (TPC) is the main tracking detector in ALICE cen-
tral barrel [42; 45]. It is designed to provide precise measurement of charged particle
momentum, particle identification and vertex determination. The TPC has full azimuthal
coverage with || < 0.9. It surrounds the ITS with an inner radius of 80 cm, and an outer
radius of 250 cm. Its length is 5 m and the active volume of 90 m®, which makes it the
largest TPC ever built.

It is made of a large cylindrical field cage which is filled with 90 m* of Ne/CO,/N,
(90/10/5) gas where the figures inside the bracket indicates the proportion. The TPC has
18 trapezoidal sectors with multi-wire proportional chambers (MWPC) at both ends (Fig-
ure 3.5). The readout of the signal is performed by the 570132 pads of 3 different sizes
which form the cathode of multi-wire proportional chambers located at the end. The field
cage design is based on a central high voltage electrode and two opposite axial potential
divider to create a highly uniform electrostatic field in common gas volume. The central
electrode voltage is 100 kV and the field cage operates at high voltage gradient (~ 400

V/cm) resulting in maximum drift time of about 90 us. The entire detector is kept at an
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Figure 3.5: Schematic 3D view of ALICE TPC [46]

uniform magnetic field of 0.5 T along the z-direction by the .3 magnet. The large radius
of the TPC as well as its fine granularity ensures a good tracking. Tracks with py ranging
from 150 MeV/c up to 100 GeV/c can be measured. The precise measurement of the spe-
cific energy-loss through ionization (dE/dx) (energy resolution of 5%) together with the
momentum measurement is used for identifying tracks. In the global tracking procedure,
the TPC information is combined with the information from the ITS and other detectors
to reconstruct global tracks. Using only TPC information for reconstruction (“TPC-only
tracks”) can ensure a uniform acceptance in azimuth but the momentum resolution might
not be as good as that of global tracks. Since the finite drift time of the charged ions of 90
us leads to a relatively slow read-out compared to other detectors, the TPC limits the rate

of events that can be read out and recorded.

3.3.3 Transition-Radiation Detector

Transition Radiation detector (TRD) is installed between the TPC and Time Of
Flight(TOF) detector [42; i47]. It spans its radial position from 2.9 m to 3.68 m from
interaction point. Its 7 coverage is || < 0.84 with full azimuthal acceptance. It consists of
18 super modules. Each super module consists 30 modules arranged in five stacks along
z-direction and 6 layers in radius. Every single layer consists of a radiator, a drift cham-

ber (contains Xe/CO2 in proportion of 85 : 15 as counting gas) and MWPC with readout
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electronics. A schematic of TRD is shown in Figure 3.6l The main goal of the transi-

TRD stack TRD supermodule

TRD chamber

el

TOF

Figure 3.6: Schematic of the TRD layout in the ALICE space frame [42]]

tion radiation detector (TRD) is to identify electrons above momenta 1 GeV/c because at
high momenta, it becomes difficult to distinguish electron and pions with a dE/dx mea-
surement. When a charged particle traverses between the boundary of two materials with
different dielectric constants, transition radiation is emitted. The amount of transition ra-
diation emitted is proportional to v = v/c. The different amount of transition radiation of
these particle species can be used to distinguish between electrons and pions. The TRD
acts as a fast trigger to high momentum charged particles. It is a part of Level 1 trigger
and can enhance the recorded yield of T, high-py J/\¥ etc. It can also be used as a tracker
to increase the momentum resolution in the central barrel using the tracklet information

from its layers.

3.3.4 Time-Of-Flight Detector

The Time Of Flight (TOF) detector is another very important detector in the ALICE
central barrel [42};48]]. It is installed in a cylindrical shell with inner and outer radii of 370
cm and 399 cm from the interaction point, respectively. It covers a pseudo-rapidity region

of 1 < 0.9. The TOF detector has a modular structure which consists of 18 sectors in ¢ and
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5 segments in z direction. Each sector has one supermodule which has 5 modules. A 10-
gap double-stack MRPCE strip is the basic unit of TOF detector. This strip is 122 cm long
and 13 cm wide with an active area of 120x7.4 cm?. The strips are placed (positioned
transversely to the z direction) inside five gas-tight modules which also act as Faraday
cages. The system of MRPCs achieves an overall time resolution of 100 ps. A schematic

of the detector is shown in Figure[3.7]

Custom crates<’

Figure 3.7: The schematic diagram of a single TOF supermodule consisting of 5 modules

[42]

The TOF can perform particle identification (PID) in the intermediate momentum
range, by the measurement of the time of flight of particles. It can distinguish pions,
kaons and protons by measuring their time of flight at intermediate py of 0.5-3.0 GeV/c.
The TOF can also be coupled with ITS and TPC for track and vertex reconstruction and
for measurements of dE/dx in the low momentum region up to 1 GeV/c, to provide event-

by-event identification of pions, kaons, and protons.

3.3.5 Specialized Detectors

A set of special purpose detectors, each covering a smaller range in azimuth than the

main detectors, are installed in the central barrel as described below:

Smulti-gap resistive plate chamber
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High-Momentum Particle Identification Detector The High-Momentum Particle
Identification Detector (HMPID) provides enhanced PID information of charged hadrons
at high momentum range (pr > 1 GeV/c) which is not attainable in ITS and TPC (through
energy loss measurements) and in TOF (through time of flight measurements) [42}; 49].
HMPID has very low acceptance ~ 5% in central barrel region. It has five modules that
extend from 1.2° to 58.8 in azimuth and have n coverage from -0.6 to 0.6. The design of
HMPID is based on proximity focusing Ring Imaging Cherenkov (RICH) counter. Lig-
uid perfluorohexane (C¢Fg) 1s used as the radiator. This radiator emits Cherenkov photons
when a charged particle passes through it. The emitted photons are detected by a thin layer
of Csl deposited onto the cathode pads of MWPC. CHy, is used as detector gas between
radiator and the MWPC.

PHOton Spectrometer The PHOton Spectrometer (PHOS) is an electromagnetic spec-
trometer which consists of scintillating crystals and lead-tungstate crystal elements
[42;150]]. It has high energy resolution and limited coverage. PHOS is installed at 460
cm from the interaction point at bottom part of ALICE detector. Its n coverage is -0.12
to 0.12 and azimuth coverage is upto 100°. The main goal of PHOS is to study neutral

mesons, like 7° and 7, via their decayed photons.

Electromagnetic Calorimeter The Electromagnetic Calorimeter (EMCal) is a large
Pb-scintillator sampling calorimeter with cylindrical geometry [42; 51]. EMCal is in-
stalled at 436 cm from the interaction point. Its  coverage is -0.7 to 0.7 and azimuthal
coverage is from 80° to 187°. The main physics goal of EMCal is to explore the physics

of direct photons, neutral pions and jet quenching.

Alice Cosmic Ray Detector The Alice Cosmic Ray Detector (ACORDE) is the ALICE
cosmic ray detector which is an array of plastic scintillators [42; [52]]. It is placed on the
upper surface of the L4 magnet. ACORDE is installed at 8.5 m from the interaction point.
Its 7 coverage is -1.3 to 1.3 and azimuthal coverage is from -60° to 60°. It consists of
60 modules. Each ACORDE module consists of two large scintillator counter (each with
effective area 190 x 20 cm?). Its main objective is to provide a fast (Level-0) trigger signal
which is useful in the detector calibration and alignment process and to measure single

atmospheric muons in combination with TPC, TRD and TOF.
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3.4 Forward Detectors

The forward detectors, installed in the forward region of ALICE, are some special-
ized small detector systems which are used for triggering events and to determine global

event characteristics like collision time, collision vertex, centrality and event plane.

34.1 VZERO

The VZERO (VO0) detector is used as a Level-0/minimum-bias trigger to reject events
that are not suitable for physics analysis, like reactions between beam and gas [42; 53]].
The measurement is performed by the measurement of the interaction time with a good
time resolution of 1 ns. It consists two arrays of scintillator counters which are placed on
either side of the interaction point. The VOA is positioned on the A side of the ALICE
with an 7 acceptance of at 2.8 < < 5.1 while VOC is located on C side with -3.7 < n
< -1.7. The amplitude of the signals from these two detectors are used to estimate the

centrality of the collision.

342 TO0

The TO detector system is similar to the VO detector and provides the timing signals
for Level O trigger by measuring the exact interaction time with a precision of 25 ps [42;
S3]]. It consists of two arrays of Cherenkov counters located on both sides of interaction
point. TOA is installed on the A side with an 1 coverage of 4.61 < 1 < 4.92 while TOC is
on C side of ALICE with -3.28 < 1 < -2.97. It also provides the reference time for TOF

and can be used to reject beam-gas events by estimating the vertex position.

3.4.3 Photon Multiplicity Detector

The Photon Multiplicity Detector (PMD) is built out of two gas proportional cham-
bers and a Pb converter in between [42}; |54]. It measures photon multiplicities at pseu-
dorapidities of 2.3 < n < 3.7. The active detector element consists of large array of
honeycomb structured gas proportional counters installed in two planes (Charge Plane
Veto: CPV and preshower planes) perpendicular to the beam pipe. Each plane of PMD
made up of 24 modules and each module consists of 4608 honeycomb cells. A lead con-
verter of thickness 1.5 is sandwiched between the two planes. When a charged particle
passes, it generally does not produce any electron shower and thus affects only one cell
but when a photon passes through the lead converter, it creates an electromagnetic shower
of electrons and positrons and affects many cells. The combined information of CPV and

preshower planes helps to identify the photons.
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3.4.4 Forward Multiplicity Detector

The Forward Multiplicity Detector (FMD) uses silicon strips to measure the
charged-particle multiplicity [42; [53]. The FMD consists of 5 rings which are classi-
fied into FMDI1, FMD2 and FMD3 based on different positions. These are installed on
either side of ITS detector. FMD1 is installed at 320 cm away from the IP and has an
coverage from 3.68 to 5.03. FMD?2 has an 5 coverage of 1.7 to 3.68 while FMD3 has an
n coverage of -1.7 to 3.68.

3.4.5 Zero Degree Calorimeter

The Zero Degree Calorimeter (ZDC) has been installed to measure the impact pa-
rameter (b) of the collision through measurement of the number of spectator nucleons
[42; 155]. It is made of one electromagnetic calorimeter, one neutron and one proton
calorimeter on both side of the interaction point at a distance of 116 m from the interac-

tion point.

3.4.6 The Muon Spectrometers

The Muon spectrometer is dedicated for muon detection [42]. It is installed in the
C side of ALICE. It is made up of an absorber which absorbs hadrons and photons. It
consists of 10 planes of highly granular tracking system, a passive muon-filter wall, four
planes of trigger chambers and a large dipole magnet. A front absorber, with length 4.13
m and radiation length ~ 60X, is placed inside the solenoid magnet which is 503 cm away
from interaction point in negative z-direction. There are five tracking stations with spatial
resolution of about 100 um which provides two-dimensional hit information. One of them
is placed inside and one of them is placed outside the dipole magnet. Each tracking system
consists of two chambers and every chamber consists two cathode planes. There is an iron
wall of 1.2 m which is used as muon filter. There are two trigger detectors too which are
placed in two planes made from RPC modules. Every trigger planes consists of 18 RPC
modules. The dipole magnet is placed at z = -9.94 m from IP, outside the L3 magnet
which allows reconstruction of muon momentum. Muon Spectrometer can detect muons
in the region -4.0 < 1 < -2.5. This makes possible to study vector meson resonances like
¢ meson to quarkonia through their u*u~ decay channels as well as to study the unlike
sign di-muon continuum up to masses of 10 GeV/c?.

The various ALICE sub-detectors are summarized in Table 3.2| The acceptance is

360° in azimuth otherwise specified.
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Detector Acceptance (17,0) Position (m) Dimension (m?)
ITS layer 1,2 (SPD) +2,+1.4 0.039, 0.076 0.21
ITS layer 3,4 (SDD) +0.9, +0.9 0.150, 0.239 1.31
ITS layer 5,6 (SSD) +97, £0.97 0.380, 0.430 5.0
TPC +0.9 at r=2.8 m 0.848, 2.466 readout 32.5
+1.5atr=1.4m Volume 90 m*
TRD +0.84 2.90,3.68 716
TOF +0.9 3.78 141
HMPID +0.6,1.2° < ¢ < 58.8° | 5.0 11
PHOS +0.12,220° < ¢ < 320° | 4.6 8.6
EMCal +0.7,80° < ¢ < 187° 4.36 44
ACORDE +1.3,-60° < ¢ < 60° 8.5 43
Muon Spectrometer
Tracking station 1 -2.5<n<-4.0 -5.36 4.7
Tracking station 2 -6.86 7.9
Tracking station 3 -9.83 14.4
Tracking station 4 -12.92 26.5
Tracking station 5 -14.22 41.8
Trigger station 1 -2.5<n<-4.0 -16.12 64.6
Trigger station 2 -17.12 73.1
ZDC:ZN Il < 8.8 +116 2 x 0.0049
ZDC:ZP 6.5<n<17.5, +116 2 x0.027
9.7 < ¢ <9.7°
ZDC:ZEM 48 <n <57, 7.25 2 x 0.0049
-16° < ¢ < 16° and
164° < ¢ < 196°
PMD 23<n<3.7 3.64 2.59
FMD disc 1 3.62 <1 <5.03 inner: 3.2
FMD disc 2 1.7<n<3.68 inner: 0.834 0.266
outer: 0.752 0.266
FMD disc 3 B4<n<-1.7 inner: -0.628
outer: -0.752
VOA 28<n<5.1 34 0.548
VOC -1.7<n<-3.7 -0.897 0.315
TOA 4.61 <n <492 3.75 0.0038
TOC -3.28 < <-2.97 -0.727 0.0038

Table 3.2: Summary of the ALICE detector subsystems [42]]




3.5 Data Acquisition and Event Reconstruction 59

3.5 Data Acquisition and Event Reconstruction

In ALICE, the online processes are referred as the processes which have been done
in real time ( when the event is taking place) while offline processes are the activities
independent of the actual event time [42]]. The task of the data acquisition (DAQ)is to
build events by collecting and combining informations from several detectors for a given
event. The information about data taking conditions are also required.The system has
been designed to buffer events and export the information to a permanent storage known
as CASTOR. The ALICE DAQ system is able to handle a data rate of up to 1.25 GB/s.
A two-level trigger system decides whether an event is interesting enough to read out
all the sub-detectors and write it to storage. In the first step, a hardware trigger (Cen-
tral Trigger Processor (CTP)), provides a fast decision on three levels using the detector
signals. The decision time on the highest level (L2/Level-2) is comparable to the TPC
drift time. The CTP can be used to avoid problems due to pile-up can by allowing only a
certain number of high-multiplicity events in a certain time window. In the second step,
the High-Level Trigger (HLT), which is essentially a farm of about 1000 computers pro-
cessing the data in parallel, carries out an online event reconstruction per sub-detector.
It performs a fast analysis to allow for more sophisticated triggers( high-energy jets or
muon pairs). After the raw data produced by ALICE DAQ system is stored, the offline
reconstruction of events is followed. ALICE produces 10-15 Peta Byte data on an average
per year. The raw data size of a central Pb—Pb event is ~ 14 MB and the output data size
for an event is around 3 MB after reconstruction. The reconstruction and analysis of such
a huge amount of data requires highly efficient computing resources which can not be
provided at CERN only. This requirement led to the concept of grid which combines sev-
eral computing resources at different locations to be used in the ALICE. The ALICE grid
uses currently 53 computing center present in different collaborative countries. The so-
called GRID middle-ware used in the ALICE is ALICE Grid Environment (AliEn) which
provides a user interface and integration in ROOT framework to perform data analysis.
The framework used for reconstruction and analysis of the data recorded by ALICE as
well as for the simulation of Monte-Carlo events is called AliRoot. It is a software pack-
age based on ROOT and written in C++ programming language. During a Monte-Carlo
event simulations using AliRoot package, a collision is simulated by an event generator
which is interfaced with AliRoot software package. There are various event generators
like PHYTHIA, PHOJET etc for simulating p—p collision events, HIJING, Therminator
etc for simulating Pb—Pb collision events. The event generators produce a kinematics
tree which contains the full particle informations like PDG, momentum etc. The gen-

erated particles from event generators are propagated through modeled ALICE detector
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environment. This is done by simulation tools like Geant3, Geant4 or Fluka which are
modeled with ALICE detector system. The generated particles from the event generators
can interact with the detector material and may produce secondary particles emulating
the real collisions. These signals caused by interaction of particles with an active detector
region are called hits. The detector response to these hits is simulated resulting in digits
(ADC counts). At this point, the simulated detector response and the signals measured in
real collisions are comparable and hence the following steps are identical for both sim-
ulated and real collision data. The signals of detectors which are close in space and/or
time are combined to form clusters to reduce noise. This process is carried out for every
ALICE sub-detector individually. The cluster from all ALICE sub-detectors are com-
bined to tracks. This begins with the TPC using a Kalman-Filter procedure. The particle
momentum and identity are extracted from the extracted track curvature and the specific
energy-loss in the medium. The primary and secondary vertices are reconstructed from
the tracks or from several track segments.The extracted information from the reconstruc-
tion is stored as an Event Summary Data (ESD) object. The ESDs can be further filtered
based on specific analysis and can be stored in Analysis Object Data (AOD).



Chapter 4

Pion-kaon femtoscopy in Pb—Pb
collisions at /syn= 2.76 TeV measured
with ALICE at the LHC

“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are.

If it doesn’t agree with experiment, it’s wrong.” — Richard P. Feynman

Abstract: This chapter describes the experimental pion-kaon femtoscopy
analysis. It contains detailed information about the experimental data set,
analysis software, various event cuts, track cuts and PID cuts required to
carry out this analysis as well as background corrections necessary for get-
ting meaningful correlation function. This chapter briefly discusses the fitting

method and systematic error analysis.

4.1 Pion-kaon femtoscopic correlations

The main goal of heavy-ion collisions at LHC is to create and study QGP like
medium. The equation of state of such a system is not yet determined. The study of
bulk properties of matter produced in heavy-ion collisions can only be done by systematic
spatio-temporal analysis of the system, experimentally. The spatio-temporal information
of the system can be easily extracted using femtoscopic techniques [56]. The femtoscopic
studies of identical mesons provide insights about the dimension of the system produced
in heavy ion collisions. The non-identical particle femtoscopic studies give not only in-
formation about source dimension but also about the emission asymmetries (first moment
of the correlation function) between different particle species. The observation of such

an emission asymmetry can be related to the hydro-motivated collective evolution of the

61
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system created in heavy-ion collisions. The primary aim of this thesis is the measurement
of the femtoscopic correlations between charged pions and kaons in Pb—Pb collisions at
Vsnn= 2.76 TeV recorded by the ALICE detector at the LHC during 2011 data taking

period.

4.1.1 Experimental Data sample

The pion-kaon femtoscopy analysis was performed in Pb—Pb collisions at /snn=
2.76 TeV collected in 2011. The analysis was carried out for both positive and negative
polarity of the magnetic field. The events were selected on basis of a trigger configuration
which required the conincidence of the signals in the VZERO-A and VZERO-C detec-
tors. The timing information provided by the Zero Degree Calorimeter (ZDCs) and the
VZERO detectors was used to remove the beam gas events. The minimum-bias events
were triggered by the coincidence of signal in the VZERO detector and the Silicon Pixel
Detector (SPD) of the ITS detector. About 18.5 million events for positive magnetic field
polarity and 23.2 million events for negative magnetic field polarity have been analyzed
using the technical production LHC11h — pass2 by ALICE detector. The analysis has
been performed over three tupe of triggered events namely central, semi-central and pe-
ripheral collisions determined by the sum of the VZERO-A and VZERO-C amplitudes.
In terms of centrality percentile, the analysis has been performed in seven centrality bins-
0-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50% and 50-90%. The events, for which the
z position of reconstructed vertex was within 10.0 cm with respect to the nominal interac-
tion point of the ALICE detector, have been selected for analysis. The distribution of the
z position of the primary vertex is shown in Figure

4.1.2 Analysis Software

The ALICE software package which has been used for this particular analysis is
AliFemto package which is a part of AliRoot and AliPhysics framework. The code can
be found in the official repository of ALICE Collaboration codes used to perform specific
analysis.

https://github.com/alisw/AliPhysics/tree/master/PWGCF/
FEMTOSCOPY

The analysis has been run on the GRID using the CF_PbPb LEGO train with the
latest versions of AliRoot and AliPhysics. The LEGO trains can be found at: https:
//alimonitor.cern.ch/trains/ The configuration file can be found on the following
link:


https://github.com/alisw/AliPhysics/tree/master/PWGCF/FEMTOSCOPY
https://github.com/alisw/AliPhysics/tree/master/PWGCF/FEMTOSCOPY
https://alimonitor.cern.ch/trains/
https://alimonitor.cern.ch/trains/
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https://github.com/alisw/AliPhysics/tree/master/PWGCF/
FEMTOSCOPY/macros/Train/NonIdParticleFemto/PionKaonFemto
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Figure 4.1: The distribution of z position of primary vertex for negative polarity of mag-
netic field for Pb—Pb collisions at /sny= 2.76 TeV recorded by ALICE at the LHC.

4.1.3 Track selection

The track selection was based on charged tracks reconstructed using the TPC de-
tector only. The azimuthal angle (¢) distribution is not uniform for global tracks due to
acceptance holes in ITS detector. Therefore, TPC-only tracks were considered for this
analysis. The reconstructed tracks are required to have at least 50 reconstructed space
points (or clusters) out of a maximum of 159 in the TPC. A Kalman fit is performed
to these space points with an additional constraint that the track has to pass through the
primary vertex. The y?/ndf of the fit is required to be less than 4. The distance of
closest approach (DCA) of a track to the primary vertex in the transverse (DCA,,) and
longitudinal (DCA,) directions is required to be less than 2.4 cm and 3.2 cm respectively.
The DCA cuts are imposed to reduce the contamination from secondary tracks originat-
ing from weak decays and from interaction with the detector material. Tracks with 0.19
GeV/c < pr < 1.5 GeV/c (Figure 4.2 [4.3)) measured within the pseudo-rapidity range
Inl < 0.8 (Figure were accepted for the analysis. A low p7 cutoff is used to re-

duce event-by-event biases from smaller reconstruction efficiency at lower pr. The tracks


https://github.com/alisw/AliPhysics/tree/master/PWGCF/FEMTOSCOPY/macros/Train/NonIdParticleFemto/PionKaonFemto
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Pr [0.19, 1.5] GeV/c

n [-0.8, 0.8]

Bit 7 (128) TPC only tracks,constrained to SPD ver-
tex in the filter

Minimum number of TPC clusters 50 out of a maximum 159

x*/ndf of the fit <4

SetAcceptKinkDaughters kFALSE

DCA, <32

DCA,, <24 cm

SetDCAToVertex2D kTRUE

Table 4.1: Various track quality cuts used to select tracks for a selected event.

with kinks (the tracks that appear to change direction due to multiple scattering and decay)

are rejected. The details of the track-cuts can be found in Table 4.1].

4.1.4 Particle identification

In order to carry out the analysis, a reliable identification of tracks as pions and kaons
is very important. In the present analysis, the combined information of the TPC and TOF
detectors are used for particle identification. The particle identification is based on the
specific energy loss (dE/dx) of the particle in the TPC while the time of flight information
is used for the TOF detector. A track is identified as a pion or kaon depending on the value
of norpc;ror which is defined as the following for both TPC and TOF detectors:

The no for TPC is based on the specific energy loss

dE[dXpeqs — AE [dXex,
norpc = o (41)
TPC

Here, dE/dx,.qs 1s the specific energy loss measured in the TPC gas, dE/dx,,, is
the energy loss calculated using parametrized Bethe-Bloch formula and o7p¢ 1s the TPC
dE/dx resolution.

Similarly, the no for TOF is based on the time of flight measurement of the track

detected by TOF.

TOFmeas - TOFexp
noror = p 4.2)
TOF

The TOF,,cqs and T OF,,, corresponds to the measured and expected time of flight for a

given particle species, respectively while oror corresponds to the TOF resolution. The

detailed description of the particle identification is given in Ref. [57]
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Figure 4.2: pr distribution of charged pions for Pb—Pb collisions at +/syy= 2.76 TeV
recorded by ALICE at the LHC (0-5% central)

The variation of TPC dE /dx with momentum for pions and kaons is shown in Figure
4.6| and Figure 4.8] respectively. The TOF expected time distribution versus momentum
for pions and kaons is shown in Figure 4.7|. and Figure 4.9], respectively. The various

norpc and noror cuts used for selecting charged pions and kaons are given in Table 4.2]

4.1.5 Pair selection

The accepted tracks from each event are combined into pairs for all charge combi-
nations. The pairs formed out of tracks with small angular difference can be affected by
reconstruction effects. Hence, two-particle detector acceptance effects must be taken into
account in this procedure. The pair level selection is also necessary for the removal of
spurious correlations due to detector effects. In this analysis, two type of pair selection
cuts were found to be effective and were implemented. These cuts are described in the

following sections.

Removal of track pairs with merged TPC clusters The trajectories of the tracks used
in the analysis are reconstructed from sets of clusters in the TPC. A TPC cluster has a
typical size of 5 padrows in the r — ¢ direction, corresponding to 2.5 cm and 3 cm in

the inner and outer part of the TPC sector, respectively. When two clusters are spatially
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Figure 4.3: p; distribution of charged kaons for Pb—Pb collisions at /syn= 2.76 TeV
recorded by ALICE at the LHC (0-5% central)

close in the TPC volume, their signals may overlap. This may result in the inability to
reconstruct one of the tracks, or both of them. Such effect is called “merging”. The
ALICE tracking algorithm is designed to handle such cases. However if the two clusters
overlap, the reconstruction algorithm automatically rejects such clusters from any dE/dx
determination. As a result, even if the momenta of both tracks are correctly reproduced,
their d£/dx measurement may be distorted or of lesser quality, and such tracks can be

rejected by the track quality cuts.

Cut on fraction of shared clusters In general, for the high-multiplicity collisions, the
produced tracks can be very close to each other. As a result, the track cluster may be
merged affecting the particle reconstruction algorithm. As a result, some pairs of tracks
cannot be disentangled and they are reconstructed as one track. Therefore, a cut was ap-
plied to remove all such pairs of tracks which share more than 5% of their overall number

of registered hits in TPC. If the track reconstruction algorithm was not able to distinguish

ICluster is a region in TPC, where traversing particle induced a signal on a given padrow. In order
to induce a signal particle must produce a charge, which is higher than the threshold, and fulfil all other
necessary criteria. There are 159 padrows per TPC sector, so the maximum number of clusters that particle

can produce is 159.
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Figure 4.4: 7 distribution of charged pions for Pb—Pb collisions at +/syn= 2.76 TeV
recorded by ALICE at the LHC (0-5% central)

two hits and these two tracks share the same space point in TPC, the corresponding hit in
TPC is marked as “shared”.

Cut for electron-positron pair removal The residual correlations appearing in the
unlike-sign pairs could not be completely removed by the track merging cuts. The
fake correlations were identified as electron-positron pairs originating from y conversion.
These pairs were misidentified as a pion or a kaon and hence contributed to the signal.
Hence, a cut for electron-positron pairs, called the y cut is applied in order to remove un-
necessary effect of y conversion. The dE/dx signals of the produced e* and e~ pairs may
overlap with the dE/dx bands of pions and kaons and may be misidentified as an unlike-
sign pair of pion and kaon. The pion-kaon pair with momenta p; and p, is removed if
their invariant mass Mi,, = 2m? + 2(E\E, — p; - ») is less than 0.002 GeV/c and polar

angle difference Af = |0, — 6,| is less than 0.008 radian, where m, is the electron mass.

Cut on merged fraction of points This pair cut aims to remove the detector effects
by constraining the merged fraction of points. Even if the tracks with shared hits are
removed by applying cuts on shared clusters, the tracking algorithm may not mark two

closely lying tracks as ‘““shared” if the two different tracks are closer than the average
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Figure 4.5: n distribution of charged kaons for Pb—Pb collisions at +/syy= 2.76 TeV
recorded by ALICE at the LHC (0-5% central)

cluster size in TPC. The probability of finding such pairs is high when An < 0.01 for such
pairs. For such pairs, the helices of the two tracks are projected on the plane perpendicular
to the beam axis and the distance, d between these two helices are checked at a step size of
1 cm starting from d = 0.8 m and d = 2.5 m (the range covered by TPC). If d is found to
be smaller than 3 cm (the average TPC cluster size), these points are marked as “merged”.

The fraction of merged points or the merged fraction(MF) is calculated as :

4.3)

where N, is the number of merged points and N, is the total number of steps
(of step size 1.0 cm) in the selected range. The track pairs are removed if their MF is
higher than the selected value. As previously discussed in chapter 2, the Double ratio
in Side direction is expected to be unity due to symmetry considerations. However, due
to the limited detector resolution effects, it is shifted from unity in small k* region. It
1s necessary to obtain the best cut which minimizes the unwanted detector signals. The
(C + /C-)siqe components after applying different combinations of MF cuts are used to
obtain the best MF cut as these components should be flat at unity in case of absence
of the merging effect. A chi-square test was performed to obtain the best set of merged

fraction cut.
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Particle no for TPC and TOF
Pion norpc < 3.0 for [p| < 500 MeV/c,

Vot pe + nok,) < 3.0 for |p| > 500 MeV/c
Kaon norpc < 2.0 for |p| < 400 MeV/c,

norpc < 1.0 for 400 MeV/c < |p| < 450 MeV/c,

norpc < 3.0 and noror < 2.0 for 450 MeV/c < |p| < 800 MeV/c,
norpc <3.0and noror < 1.5 for 800 MeV/c < |p| < 1000 MeV/c,
norpc < 3.0 and noror < 1.0 for [p| > 1000 MeV/c

Table 4.2: no cuts given for pion and kaon identification for Pb—Pb collisions at +/snny=
2.76 TeV recorded by ALICE at the LHC

The results were obtained using the following formula:

1 & ((C+ [C-)siqek) = 1Y
2 _ i
Xndf(Side) = " ZI:( o(Side) ) , “4.4)

where: )(i if is the value of chi-square divided by number of degrees of freedom,
n is number of considered data points, o;(S ide) refers to the error associated with (C +
/C=)sise. The values of )(i 4 were calculated for 0.0 < k* < 0.2 GeV/c, where the
femtoscopic correlations are dominant. The tables and show the result for y?/nd f
test for 0-5% centrality class for like-sign and unlike-sign pairs respectively. The results
for other centrality classes show a similar trend. It was found from this test that the set of
two-track cuts with MF 1% and y cut has the lowest value of )(i 4 for unlike-sign pairs.

A cut of MF 7% was found suitable for like-sign pairs.

Pair Magnetic | y?/ndf for | y*/ndf for | y?/ndf for | y*/ndf for
Field no paircut 1% MF cut | 3% MF cut | 7% MF cut

ntK* +ve 5.4976 2.4188 2.4310 2.2936

K~ +ve 6.2763 2.3971 2.4165 2.4859

K+t -ve 6.9418 1.9611 1.8666 1.8129

n K- -ve 7.4470 2.2219 2.2031 2.1611

Average 6.5407 2.2497 2.2293 2.1883

Table 4.3: y?/ndf test result for like-sign pairs of charge pions and kaons for 0-5% cen-
trality class for Pb—Pb collisions at /synv= 2.76 TeV recorded by ALICE at the LHC
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Figure 4.6: Variation of dE/dx versus momentum for pions for Pb—Pb collisions at
Vsnn= 2.76 TeV recorded by ALICE at the LHC (0-5% central)

4.1.6 Purity and primary fraction calculation

One of the important part of the analysis requires the correct identification of the
particles considered. It should be noted that all the selected pairs do not contribute to
the observed correlation. One of the major reasons could be the particle misidentification
where one misidentifies a pion or a kaon for another particle. The other major cause can
be the effect of decays where one particle from the pair can come from a decay of another
particle. This is also known as secondary contamination.

The purity of the particle refers to the ratio of the number of correctly identified
particles to the total number of particles identified as the selected type. This was calcu-
lated using the HIJING Monte Carlo generator [58]. The generated particles were passed
through the same particle identification algorithm as done for real data. The results for
0-5% centrality class is shown in Figure The figure shows the number of correctly
identified particles by the particle identification algorithm and the number of misidentified
particles as other ones. The purity (p) of pions and kaons were calculated by dividing the
number of correctly identified particles by the total number of particles identified as the

selected type. The purity of pion sample is about 99.6% for all centrality classes while
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Figure 4.7: TOF expected time versus momentum for pions for Pb—Pb collisions at
Vsnn= 2.76 TeV recorded by ALICE at the LHC (0-5% central)

the purity of kaon sample varies from 81% to 84% for most central to peripheral events
(Figure 4.TT].

The fraction of primary particles (‘f’) is estimated by dividing the number of pri-
mary particles (of a selected type) by the total number of particles of the same type. The

values of the primary fraction for pions and kaons for different centrality classes are given
in table

4.1.7 Momentum resolution correction

Another important correction which is implemented is the correction due to finite
momentum resolution. It is not applied to the data directly but the effects are passed into
the fitting procedure. The effect was estimated using the Monte Carlo data generated
with HIJING generator. The generated events are passed through the same reconstruc-
tion algorithm as used for real data analysis. For example, at the generated level, the real
momentum p,., of the particle is known and at the reconstructed level one can fetch the
reconstructed momentum pye.,. The momentum deviation (Prea - Preco ) Were estimated by
fitting Gaussian functions for different p,., ranges. The spread (also known as smear sig-
mas) was determined by extracting the value of the standard deviation. This method was

also carried out for 6 and ¢ angles of the particle. The variation of the smear sigmas,o),,
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Figure 4.8: Variation of dE/dx versus momentum for kaons for Pb—Pb collisions at
Vsnn= 2.76 TeV recorded by ALICE at the LHC (0-5% central)

Osp, and o5y was studied as a function of py.,. The obtained results were fitted with

following functions as described in [S9].

fp(preco) =apt+ bp(preco)%, 4.5)
f@(preco) =agt bé)(preco)cg, (4.6)
f(p(preco) =a,+ b(p(preco)%a (47)

where f,(Preco)s fo(Preco)> and fo(Preco) are the form of the fitting functions to the deviations
of momentum, 6 angle, and ¢ angle, respectively, and a, b, and ¢ are the parameters of
these functions. This particular form of the fitting function and the extracted values of the
nine parameters were given as an input in the fitting algorithm to estimate the momentum
resolution correction. The data obtained from MC simulations, together with fits, which
is used in this analysis are obtained from the analysis using spherical harmonics [S9]] and

is presented in Figure 4.12]

4.1.8 Non-femtoscopic background correction

The measured experimental femtoscopic correlation function also contains other

event-wide correlations projected to the two-particle space as discussed in chapter 2. The
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Figure 4.9: TOF expected time versus momentum for kaons for Pb—Pb collisions at
Vsnn= 2.76 TeV recorded by ALICE at the LHC (0-5% central)

sources of these correlations can be elliptic flow v, global conservation of energy and
momentum, resonance decay correlations, residual correlations (remnants of the femto-
scopic correlations between parent particles, which decayed weakly into the particles of
interest) and others. The observed non-flat background at large k* also indicates that the
background at lower values of kx may not be flat either. Therefore, It is necessary to
remove the non-femtoscopic background before carrying out the further procedures of
fitting and extracting relevant parameters. The procedure for correcting the background
is discussed in the following.

The experimental correlation function can be written as the sum of real femtoscopic
correlations and the contribution from the background sources. This is given by the fol-

lowing expression:

Cl,=B7 + "} (4.8)
where ng, is the experimental correlation function, B” is the non-femtoscopic back-
ground contribution, and || is the real correlation (Cii ) between the pairs. The back-
ground function had been assumed to be a 6k order polynomial given by following ex-

pression:

5
B =aj+ > ak"V (4.9)
=1
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Pair Magnetic | y?/ndf for | y*/ndf for | y*/ndf for | x*/ndf for
Field no paircut 1% MF cut | 3% MF cut | 7% MF cut

K" +ve 1.3168 1.0588 1.2069 1.2820

K~ +ve 2.8674 2.1149 2.1333 2.3948

K" -ve 1.7220 1.2660 1.2785 1.1984

K~ -ve 2.2667 1.7491 1.6335 1.7308

Average 2.0432 1.5472 1.5630 1.6515

Table 4.4: y*/ndf test result for unlike-sign pairs of charge pions and kaons for 0-5%
centrality class for Pb—Pb collisions at /syn= 2.76 TeV recorded by ALICE at the LHC

The fitting was done for both magnetic fields and all centrality bins separately by mini-
MiZiNG X} s rouna E1VEN DY:

2

1 1 1T
2 ++ -
=—|(C"-B)-——| +—|(C"-B)— —
+L [(CJ”r - B) - ;r + L [(C“ - B) - —]2 (4.10)
tzot (C_+ - B) 0-1201 (C_+ - B) .
where o, is the sum of ¢’s for all pairs for each bin of k*.
The real correlation function can be expressed by following expression:
c’, =Cli, —B (4.11)

Before performing the background subtraction, the o; value of the correlation function in

each (k) bin was recalculated as the following :

Coen k) = T2k + 07, g (4.12)

where o4 corresponds to the previously existing error on the correlation function in a
particular (k*) bin and o, gis.. 1S the average deviation of the value of correlation function
from unity in the range 0.18 — 0.25 GeV/c. The average deviation is calculated using
all charge combinations of pairs of particles for two different magnetic field polarities
separately. The selected k* range corresponds to the region where the C.,, should be flat at
unity. One needs to add this additional component to the correlation function uncertainty
because the C,,, is non-uniform at unity due to imperfect normalization of the correlation

function. The detailed description of the background correction method can be found in
[60].
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Centrality | Magnetic | Value of | Value of | Value of | Value of
(in %) Field ‘ffor m* ‘ffor n~ ‘ffor K* ‘ffor K-
0-5% +ve 0.92596 0.924682 0.996294 0.993394
-ve 0.925814 0.924359 0.995723 0.993722
5-10% +ve 0.925919 0.924364 0.996304 0.992917
-ve 0.925672 0.924054 0.99575 0.993169
10-20% +ve 0.925591 0.923829 0.996164 0.992182
-ve 0.0.925491 0.9235 0.995689 0.992544
20-30% +ve 0.925159 0.922318 0.996264 0.990525
-ve 0.0.924819 0.922121 0.995671 0.990972
30-40% +ve 0.923838 0.919746 0.996148 0.988163
-ve 0.0.923691 0.919744 0.995671 0.988476
40-50% +ve 0.921741 0.915947 0.996001 0.984427
-ve 0.921515 0.915647 0.995404 0.985384

Table 4.5: The values of primary fraction for pion and kaons for different centrality classes

4.2 Fitting Correlation Function

After obtaining the correlation function, one needs to extract the information about
the source size and emission asymmetry. This is achieved by fitting the correlation func-
tion with CorrFit software [61;38]] which was developed to describe the correlation func-
tion at RHIC energies. In previous femtoscopic measurements which involved identical
particles, the source information was extracted by fitting the correlation function which
All the other

sources of correlations which constitutes the Final State Interactions(FSI) are factored

contained either Bose-Einstein correlations or Fermi-Dirac correlations.

out and are corrected for in the analysis. In order to extract the source size, the form of
the source function is also assumed to be three dimensional Gaussian function. However,
in case of non-identical particle femtoscopy, one cannot simply correct for the FSI’s as
they are the dominant source of correlation. The source model cannot be assumed to a
Gaussian centred as zero because of the existence of finite emission asymmetries. In Cor-
rFit program, one utilizes the full information of the interaction between pairs (Coulomb,
Strong and Quantum statistics) and a source model (assumed one) to generate the corre-

lation function.
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Figure 4.10: Number of particles identified correctly and misidentified as other particles

estimated using the HIJING MC generator for 0-5% centrality class [59]]

The Koonin-Pratt’s equation [62}; [63] which relates the experimental correlation

function with the source function is given by:
Cck") = /dr’lw(k*, r)S @) (4.13)

In equation ly(k*,r")|* is the pair wave function and can be calculated for a
given pair. This value is treated as weight (W) in CorrFit package. This weight includes
quantum statistics for identical particles and FSI's for charged particles. The calculation
of W requires the information on relative distance of emission point * and pair relative
momentum &*. Therefore, eight independent parameters (three from %), three from k* and
two from pair-type) are sufficient to calculate value of W. These W values give informa-
tion about the two-particle interaction in PRF. However, the main goal is to study about
the source emitting these particles. Therefore, the full information of the two particles,
their momenta p}, p> and their emission points r?, r_i which make a total 16 independent
values, are required. The ideal way of fitting the correlation function is to first repro-
duce exactly the two-particle momentum distribution and freeze-out configuration for all
pairs which produces the experimental correlation function. This is quite a difficult task
to be done using a complicated equation [4.13] Thus, an equivalent Monte-Carlo numer-
ical integration using real momentum distribution from experimental data is performed
assuming a specific form of the source function. The experimental correlation functions

were parametrized by assuming the source function as a 3-dimensional Gaussian function



4.2 Fitting Correlation Function 77
2 [ ]
=
S L ]
o

1_ = B = 2! 1] o a |

B Field: (+,+) Field: (=) | 7
0.9— ——TT =T N
- K < ]
0.8— —
1 | | | | | |

20-30% 30-40% 40-50%  50-90%

0-5% :
Centrality (%)

5-10% 10-20%

Figure 4.11: The particle purity as a function of centrality for pions and kaons

with three different sizes R,.;, Riqe and Ry, in out,side and long directions respectively

with the mean value u,,, corresponding to the emission asymmetry:

(4.14)

S(r)=exp|- - —
Rgut R?ide Rlzong

Fous = Pow)®  Toide rl20ng ]
where 7, 7sige and r,,4 are the components of relative separation vector r of the emission
points.

This aforementioned procedure is repeated for all necessary pairs to calculate the-
oretical correlation functions for a given source parametrization. Then the y? test deter-
mines how well the theoretical correlation function describes the fexperimental correla-
tion function. The procedure is repeated by giving different input of source parameters
to get the best value of theoretical correlation function (minimum value of y?) which

describes the experimental correlation function.

Corrfit input The momentum and energy distributions of particles were provided for

pions and kaons. The p,, p,, p. and E distributions for pions and kaons are shown in

Figure [4.13| and |4. 14| respectively.
The important inputs given in configuration files are;
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Figure 4.12: The values of standard deviation o~/ V2 of the fitted Gaussian functions to

the momentum (top plots), 8 (middle plots), and ¢ (bottom plots) differences between the

true and the reconstructed values, together with fits. Results are presented for pions (left

plots) and kaons (right plots) [S9].

— Correlation fitter: CFFitterNonld which fits 3-dimensional correlation function in

Out-S ide-Long directions,

— Source model: SourceModelGausLCMS which assumes that the source is a 3-

dimensional Gaussian profile source like equation [4.14] with parameters average

size of source (R,,;), mean shift in Out direction (u,,,) and source sizes in Side and

Long directions which are assumed to equal to R,,, multiplied by a constant factor,

— Fitting range of R,,,; : (3.0,12.0) fm
— Fitting range of p,,, : (-8.0,0.0) fm
— R,y multiplier: 1.0

— Rjony multiplier: 1.3

— Interactions: Strong and Coulomb

— The range of the fitting (in £*) : (0.0,0.1) GeV/c
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Figure 4.13: Four momentum distribution for pions for Pb—Pb collisions at 1/syny= 2.76
TeV recorded by ALICE at the LHC.

— Normalization range (in £*) : (0.15,0.20) GeV/c

Rige and Ry,,, multipliers are taken to be 1.0 and 1.3. These values are chosen based
from identical pion femtoscopy analysis where it was found that Ry, is equal to R,
and Ry,,, was almost 1.3 times R,,; [64]. Another important parameter is the fraction of
primary particles which is calculated for each centrality, pair, and magnetic field polarity

separately using the following formula:

Frige(€) = pr(c) - pg(©) - fre(e) - fy=(c) - g’ (0), (4.15)

where F is the fraction of primary, correctly identified pairs of particles that fits under the
assumed Gaussian profile, p is the purity of particles, f is the fraction of primary particles,
g is the fraction of femtoscopically correlated pairs under assumed Gaussian profile, ¢ is
centrality class, and s is the magnetic field polarity. The value of g is estimated using the
results obtained in [37] (Table [4.6). The results for F are presented in Figure 4.15|

4.2.1 Systematic Error Estimation

For the estimation of systematic errors, there can be two major considerations. One

of the major source can be detector effects (due to various event and track selection cuts,
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Figure 4.14: Four momentum distribution for kaons for Pb—Pb collisions at /syn= 2.76
TeV recorded by ALICE at the LHC.

pair selections cuts etc) which affects the correlation function. The other refers to the sys-
tematic errors due to fitting of the correlation function (variation in purity, fitting range,
normalization range etc) to extract the source parameters. Furthermore, the analysis has
been performed for both magnetic field polarity and all possible charge combinations of
pairs. The systematic uncertainties in correlation function was studied by varying the
track quality cuts (using hybrid tracks), the pair selection cuts and the particle identifica-
tion criteria. Table 4.7l summarizes the contributions from different sources.

The other source of systematic error originates while extracting the source parame-
ters. The different contributions to the total systematic errors on source parameters can be
studied by varying the normalization range, fitting range and the value of primary fraction.

Table shows the contributions from different sources.
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Centrality (in %) Value of ‘g’
0-5 0.83

5-10 0.82

10-20 0.8

20-30 0.76

30-40 0.73

40-50 0.7

Table 4.6: Value of g for different centrality classes for pion-kaon pairs [37]]
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Figure 4.15: The fraction of primary, correctly identified pairs under the assumed Gaus-

sian profile in function of centrality class for all combinations of pion-kaon pairs [S9]]
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Error variation Error (in
source %)  Rous
Hour
Track Hybrid track (FilterBit8) 13,17
Pair cuts + 2 % MF cut 0.18,0.5
Strict PID | Pion: norpc < 2.5 for |p| < 500 MeV/c,
cut
V(nokpe + oz, ) < 2.5 for |p| > 500 MeV/c Combined
error from
Kaon: no7pc < 2.0 for |p| < 400 MeV/c, strict and
norpc < 1.0 for 400 MeV/c < |p| < 450 MeV/c, loose PID:
norpc < 2.0 and noror < 2.0 for 450 MeV/c < |p| < | 6, 15
800 MeV/c,
norpc < 2.0 and noror < 1.5 for 800 MeV/c < |p| <
1000 MeV/c,

norpc < 2.0 and noror < 1.0 for |p| > 1000 MeV/c
Looser PID | Pion: no7pc < 3.0 for |p| < 500 MeV/c,

cut

V(nokpe + noz,) < 3.0 for |p| > 500 MeV/c

Kaon: no;pc < 2.5 for |p| < 400 MeV/c,

norpc < 2.0 for 400 MeV/c < |p| < 450 MeV/c,
norpc < 3.0 and noror < 2.5 for 450 MeV/c < |p| <
500 MeV/c,

norpc < 3.0 and noror < 3.0 for 500 MeV/c < |p| <
800 MeV/c,

norpc < 3.0 and noror < 2.5 for 800 MeV/c < |p| <
1000 MeV/c,

norpc < 3.0 and noror < 2.0 for [p| > 1000 MeV/c

Table 4.7: Systematic studies from different experimental sources and their contributions
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Error source | variation Error (in
%) ROut,
Hout

Normalization | k*: (0.1,0.12), (0.12,0.17), (0.18,0.25) GeV/c 0.6,0.9

range

Fit range k* = (0.0.08),(0.,0.12),(0.,0.15), (0.005, 0.1), 19,19

(0.01,0.1) GeV/c
Primary frac- | + 10% 10, 16

tion (purity)

Table 4.8: Systematic studies from different experimental sources and their contributions



Chapter 5
Experimental Observations

Abstract: This chapter describes the experimental results of the pion-kaon
femtoscopy analysis in Pb—Pb collisions at +/syy= 2.76 TeV as recorded
by ALICE experiment. The correlation functions and the double ratios ob-
tained by the methods described in Chapter 4 are presented. The obtained
correlation function is fitted using the CorrFit software to obtain the pion-
kaon system size and the emission asymmetry. The results are compared
with the results obtained by Spherical Harmonics technique. The final results
are then compared with the expectations from Therminator2 model coupled

with (3+1)D viscous hydrodynamics.

5.1 Experimental Correlation function
The experimental correlation function is given by the following equation:

J NP pp)SK — 3(p; = P pd’py  N(K)

CKk") = =
() J DPu, pr)S&K = 3(p; = Py pud®py DK

(5.1)

where N(k*) is the distribution of pairs coming from same events while D(k*) is the
distribution of pairs when the particles are taken from two different events and hence do
not have any dynamical correlation. The variable k* in equation [5. 1| represents half of the
relative momentum of the pair in PRF.

The experimental pion-kaon correlation function for Pb—Pb collisions at +/syn=
2.76 TeV measured for all charge combinations in Out, Long, and S ide direction is stud-
ied for all considered centrality classes. This study is also presented for both positive
and negative polarity of the applied magnetic field. Figures 5.2, 5.3, [5.4} 5.5 and
5.6 show the correlation function as a function of k* for 0-5%, 5-10%, 10-20%, 20-30%,
30-40% and 40-50% centrality classes. As can be seen in all the figures, the values of

84
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the pion-kaon correlation function is above unity for pairs of opposite charge combina-
tions and below unity for same charge combinations. This observation is expected due
to the Coulomb interaction between pions and kaons. The unlike-sign pairs show attrac-
tive interaction (above unity) while the like-sign pairs have repulsive interaction (below
unity). The correlation function has similar behavior in all the three directions (Out, S ide
and Long) and there is no significant difference due to difference in polarities of mag-
netic field. The strength of correlation function is observed to increase from central to

peripheral collisions.
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Figure 5.1: Pion-kaon correlation functions with pair cuts in Out-Side-Long directions
for 0-5% centrality bin for Pb—Pb collisions at /sxn= 2.76 TeV recorded by ALICE at
the LHC

5.2 Double ratio and Emission Asymmetry

The qualitative features of pion-kaon emission asymmetry (as discussed in chapter
2) can be explored by using the Double ratios. Figure shows the measured pion-kaon
double ratios for all charge combinations in all the three directions for 0-5% centrality
class. The emission asymmetry is expected to be observed in Out direction. The double
ratio in Out direction is above unity for unlike-sign pairs while it is below unity for like-

sign combinations of pions and kaons. This indicates that pions are emitted much closer
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Figure 5.2: Pion-kaon correlation functions with pair cuts in Out-Side-Long directions
for 5-10% centrality bin for Pb—Pb collisions at +/sxy= 2.76 TeV recorded by ALICE at
the LHC

to the centre of the fireball produced in heavy ion collision than kaons. In other words,
pions seem to be emitted later than kaons.

The double ratio in Side direction is expected to be unity due to symmetry consid-
erations. Similarly, the double ratio in the Long direction should be uniform at unity for
collisions of symmetric system (here, Pb—Pb). It can be seen that the double ratios are
almost flat at unity for both Side and Long direction but it is slightly deviated from unity
in small £* region due to the limited detector resolution effects. In general, the differences
between the correlation functions with different set of pair cuts are really small. It is diffi-
cult to select the pair cuts by simply observing the correlation figures alone. However, it
is important to remove the unwanted detector effects to reduce the spurious correlations.
The detector effects can be visualised by exploring the double ratios in Side and Long
directions where the ratio is expected to be unity. Any deviation from this value indicates
towards the presence of detector effects. Various set of pair cuts (combination of different
Merged fraction cut and y cut ) were used to obtain the double ratios in S ide direction and
ax:, ; test was performed to select the best combination. According to this procedure, it
was found out that the set of two track cut when MF is 1% with y cut has the lowest value

of X%, ; for k* < 0.2 GeV/c for unlike-sign pairs while for like-sign pairs, a MF cut of 7%
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Figure 5.3: Pion-kaon correlation functions with pair cuts in Out-Side-Long directions
for 10-20% centrality bin for Pb—Pb collisions at +/syn= 2.76 TeV recorded by ALICE
at the LHC

was found suitable. The detector effects can be visualised by comparing the double ratios
in Side and Long direction before and after the application of various pair selection cuts.
The variation of double ratios with k* for like-sign pairs in Side and Long directions is
shown in Figure [5.8] and [5.10] respectively for most central events. A similar figure for
unlike-sign pairs in Side and Long is shown in Figure [5.9] and [5.11] respectively. These
figures compare the values of double ratio before and after applying the pair cuts. It is
clearly visible that the double ratio is deviated from unity when the pair cuts were not ap-
plied (first upper panel) or without (or with) the application of anti-y cut only. However,
with the application of merged fraction cut, the double ratios are much closer to unity in
both Side and Long direction.

Figures[5.12] [5.13] [5.14] [5.15] [5.16| and [5.17| show the double ratios (after applying

the pair cuts) for all charge combinations as a function of k* for different centrality classes

in Out, Side and Long direction for different polarities of magnetic field.
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Figure 5.4: Pion-kaon correlation functions with pair cuts in Out-Side-Long directions
for 20-30% centrality bin for Pb—Pb collisions at +/syn= 2.76 TeV recorded by ALICE
at the LHC

5.3 Non-femtoscopic background correction

Figures[5.18][5.19,[5.20}[5.21},[5.22]and [5.23| show the correlation function as a func-

tion of k* in Out direction for different centrality bins after applying the above mentioned

pair cuts. It can be seen that correlation functions are not flat around unity but slightly
above unity for higher values of k* where the femtoscopic correlations are not present.
The reason for this is the presence of background originating from non-femtoscopic cor-
relations in experimental correlation function as discussed in [4.1.8] It can also be seen
that this background increases from central to peripheral events where presumably the
contribution from elliptic flow dominates. It is necessary to remove this non-femtoscopic
background to extract the relevant femtoscopic parameters. A sixth order polynomial was
used to describe the nature of the background for all centrality classes. The background
subtraction method as described in Chapter 4 is implemented to obtain the corrected corre-
lation function. The correlation functions are also fitted with 6th order polynomial which

explains the background nicely. Figures [5.24] [5.25] [5.26] [5.27] [5.28| and [5.29| show the

background subtracted correlation function as a function of k* in Out direction for differ-

ent centrality classes. It can be observed that correlation functions are now flat around

unity.
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Figure 5.5: Pion-kaon correlation functions with pair cuts in Out-Side-Long directions
for 30-40% centrality bin for Pb—Pb collisions at +/syn= 2.76 TeV recorded by ALICE
at the LHC

5.4 Extraction of source parameters

The observation of double ratio which deviates from unity in Out direction indi-
cated towards the existence of emission asymmetry in pion-kaon system. The numerical
estimation of this emission asymmetry as well as the size of the pion-kaon homogeneity
region can be performed by fitting the correlation function using the CorrFit [61] fitting
procedure (described in Chapter 4). Figures [5.30, [5.31} [5.32] and [5.33] show the fitted

correlation functions (after background subtraction) for different combination of pairs of

particles for different centrality bins.

It can be observed that the fits nicely describe the overall shape of the correlation
function and therefore one can assume that the parameters of the fit can be used to de-
scribe the source parameters of the data. Figure[5.34]shows the average source size of the
pion-kaon homogeneity region and the emission asymmetry as a function of centrality for
all charge combinations for both positive and negative polarity of magnetic fields. The av-
erage value of radii and the emission asymmetry between pion-kaon pairs decreases from
most central events to peripheral events. The results of radii values are consistent for all
combinations of pairs and both magnetic field polarities. There are some small deviations

in some pair combinations for a given centrality class. However, the overall dependence
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Figure 5.6: Pion-kaon correlation functions with pair cuts in Out-Side-Long directions
for 40-50% centrality bin for Pb—Pb collisions at +/syn= 2.76 TeV recorded by ALICE
at the LHC

on centrality is preserved for all considered pairs and field polarity combinations. The
trend for emission asymmetry is also consistent. The spread between the results for dif-
ferent pair combinations is higher than for radii results, but the overall tendency of an
increase in asymmetry with centrality is clearly visible. Therefore, the final values of the
source parameters were taken to be the average of values obtained for all pair combina-
tions and polarity of magnetic field for a given centrality class. This is shown in Figure
5.35!

Figure [5.36] compares the source parameters obtained from the cartesian coordinate
method with that of the spherical harmonics approach. The depicted ratio is around unity
within uncertainties which indicates a good agreement between the two approaches. The
radii values from two methods vary within 10% while they vary within 10% for u.

One can observe the larger errors for u in Cartesian coordinate approach. The reason
lies in dividing the pairs into two groups to obtain C* and C~. The statistical significance
of the two groups may not be equal. The statistical error for obtaining average size is
dominated by the statistics from the component which has higher statistics (best case

scenario) while the opposite situation prevails in extracting emission asymmetry, u. In
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Figure 5.7: Pion-kaon double ratio without any pair cuts in Out-S ide-Long directions for
0-5% centrality bin for Pb—Pb collisions at +/sxy= 2.76 TeV recorded by ALICE at the
LHC

the later case, the statistical error is dominated by the statistics from the component with
lower statistics (worst case scenario).

Figure [5.37] compares the experimental results with the estimations of Thermina-
tor2 (an event generator based on statistical hadronization) coupled with (3+1)D viscous
hydrodynamic model [65]. There are different estimations due to introduction of addi-
tional time delays for case of kaons. The extracted source radius in Out direction agrees
with the estimations and show no significant dependence on various values of kaon delay
time. However, one can observe that the values of emission asymmetry are affected by the
kaon delay time. The experimental data shows a good agreement with the Therminator2
calculations when an additional time delay of 2.1 fm/c was introduced for kaons. The
experimental observations in this analysis are consistent with the hydrodynamic-induced
evolution of the system created in heavy ion collisions and favors a strong radial flow in
central collisions. The origin of asymmetry can be understood by the strong radial flow
hypothesis and the interplay between the collective and thermal movement of the dense

matter created in collisions of heavy ions.
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Figure 5.12: The pion-kaon double ratio as a function of k* in Out-S ide-Long directions

for 0-5% centrality bin for Pb—Pb collisions at

the LHC
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Figure 5.13: The pion-kaon double ratio as a function of k* in Out-S ide-Long directions

for 5-10% centrality bin for Pb—Pb collisions at /sxy= 2.76 TeV recorded by ALICE at

the LHC.
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Figure 5.14: The pion-kaon double ratio as a function of k* in Out-S ide-Long directions

for 10-20% centrality bin for Pb—Pb collisions at

at the LHC.

1.05

snn= 2.76 TeV recorded by ALICE

T T T ] T
104 ALICE, Pb-Pb SN 2.76 TeV
103 20-30% central T[-_ K -

1.02
1.01

C+/C-
—

0.99
0.98
0.97
0.96

n o

SR eSEaooOOOHT

For this thesis

2.05
1.04
1.03
1.02
1.01

C+/C-
=

0.99
0.98
0.97
0.96

0.95 1 1 1 1 1 1 1

0 0.02 0.04 0.06 0.08 0.1 0.12
k* (GeV/c)

0.14 )

0.02 0.04 006 0.08 0.1 012 0.14
k* (GeVic)
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Figure 5.16: The pion-kaon double ratio as a function of k* in Out-S ide-Long directions
for 30-40% centrality bin for Pb—Pb collisions at +/syn= 2.76 TeV recorded by ALICE
at the LHC.
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Figure 5.17: The pion-kaon double ratio as a function of k* in Out-S ide-Long directions
for 40-50% centrality bin for Pb—Pb collisions at +/syn= 2.76 TeV recorded by ALICE
at the LHC.
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Figure 5.18: The pion-kaon correlation functions with pair cuts in Out directions for
0-5% centrality bin for Pb—Pb collisions at /syy= 2.76 TeV recorded by ALICE at the

LHC. The background curve is a 6th order polynomial function.
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Figure 5.19: The pion-kaon correlation functions with pair cuts in QOut directions for 5-
10% centrality bin for Pb—Pb collisions at +/syny= 2.76 TeV recorded by ALICE at the

LHC. The background curve is a 6th order polynomial function.



5.4  Extraction of source parameters 98

1.02 T T T T T T T T T
©  ALICE, Pb-Pb |5, = 2.76 TeV
QQ 10-20% centraw +ve B
=
Cl
(i

1.015

background
-K

— T-K_

0.98 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 005 01 015 02 025 03 035 04 045 0) 0.05 01 015 02 025 03 0.35 04 045 05

k* (GeVlc) k* (GeVic)

Figure 5.20: The pion-kaon correlation functions with pair cuts in Out directions for 10-
20% centrality bin for Pb—Pb collisions at +/syny= 2.76 TeV recorded by ALICE at the

LHC. The background curve is a 6th order polynomial function.
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Figure 5.21: The pion-kaon correlation functions with pair cuts in Out directions for 20-
30% centrality bin for Pb—Pb collisions at +/syy= 2.76 TeV recorded by ALICE at the

LHC. The background curve is a 6th order polynomial function
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Figure 5.22: The pion-kaon correlation functions with pair cuts in Out directions for 30-
40% centrality bin for Pb—Pb collisions at +/sxy= 2.76 TeV recorded by ALICE at the

LHC. The background curve is a 6th order polynomial function.
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Figure 5.23: The pion-kaon correlation functions with pair cuts in Out directions for 40-
50% centrality bin for Pb—Pb collisions at +/syny= 2.76 TeV recorded by ALICE at the

LHC. The background curve is a 6th order polynomial function
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Figure 5.24: The background corrected pion-kaon correlation functions with pair cuts in
Out directions for 0-5% centrality bin in Pb—Pb collisions at +/syn= 2.76 TeV recorded
by ALICE at the LHC.
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Figure 5.25: The background corrected pion-kaon correlation functions with pair cuts
in Out directions for 5-10% centrality bin in Pb—Pb collisions data at +/sx\y= 2.76 TeV
recorded by ALICE at the LHC.
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Figure 5.26: Non-femtoscopic background corrected pion-kaon correlation functions
with pair cuts in Out directions for 10-20% centrality bin from Pb—Pb collisions data
at y\/sxn=2.76 TeV recorded by ALICE at the LHC.
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Figure 5.27: The background corrected pion-kaon correlation functions with pair cuts
in Out directions for 20-30% centrality bin in Pb—Pb collisions data at /syn= 2.76 TeV
recorded by ALICE at the LHC.
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Figure 5.28: The background corrected pion-kaon correlation functions with pair cuts in
Out directions for 30-40% centrality bin in Pb—Pb collisions data at /sny= 2.76 TeV
recorded by ALICE at the LHC.
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Figure 5.29: The background corrected pion-kaon correlation functions with pair cuts in
Out directions for 40-50% centrality bin in Pb—Pb collisions data at /sxy= 2.76 TeV
recorded by ALICE at the LHC.
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Figure 5.30: n"K~ correlation functions for different centrality bins from Pb—Pb colli-
sions data at /syn= 2.76 TeV recorded by ALICE at the LHC. The curves are fitting of

the correlation function.
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Figure 5.31: 7~ K™ correlation functions for different centrality bins from Pb—Pb colli-
sions data at /sxy= 2.76 TeV recorded by ALICE at the LHC. The curves are fitting of

the correlation function.
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Figure 5.32: n" K™ correlation functions for different centrality bins for Pb—Pb collisions
at v/snn= 2.76 TeV recorded by ALICE at the LHC. The curves are fits to the correlation

function.
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Figure 5.33: n~ K~ correlation functions for different centrality bins for Pb—Pb collisions
at 4/snn= 2.76 TeV recorded by ALICE at the LHC. The curves are fits to the correlation

function.
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Figure 5.34: (Upper panel) The variation of the average size of the pion-kaon homo-
geneity region with centrality for all charge combinations for both positive and negative
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combinations for both positive and negative polarity of magnetic fields
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Figure 5.36: Comparison of the source parameters obtained from the cartesian coordi-
nate method with that of the spherical harmonics approach. (Result from the spherical

harmonics approach is taken from reference [S9])



5.4  Extraction of source parameters 107

g8  ALICE Preliminary ® -
C 0.19<p_<1.5GeV/c, n <0.8 - ]
T SF -
S - For this thesis .
5 af - E
o B 4 Therminator-2 ]
o L — default -
» —At=2.1fm/c,0,=03fmc ]
B ® Pb-P =276 TeV Tt h
5 b-Pb VS_NN 6Te — At=2.11fm/c, 6,= 2.0 fm/c ]
- At=1.0fm/c, 6, = 2.0 fm/c e
- I — At=3.2fm/c, 6, = 2.0 fm/c -
0p-----------——===--- b e —
E L | ]
= B i 1 p
R | J g } " 1
= i | i i T
-5 I 1 -
L I ] i
i l i

10

(chh/dn)”3

Figure 5.37: (Upper panel) The variation of average source size with (dN.,/ dn)(%).
(Lower panel) u with (dN.,/ dn)(%) (lower panel). The experimental results are compared
with expectations of Therminator2 coupled with (3+1) viscous hydrodynamics model for

different values of kaon delay time. Therminator2 results are taken from reference [65]].



Chapter 6
Summary and Outlook

“Insanity is doing the same thing over and over again and expecting different re-

sults.” — Albert Einstein

The work in this thesis presents the non-identical particle femtoscopic studies which led to
a better understanding of the measured emission asymmetry between pions and kaons in
the system produced in heavy ion collisions. This is the first ever measurement of emis-
sion asymmetry at the LHC using the ALICE detector. The study has been performed
using the data collected by ALICE experiment at LHC in Pb—Pb collisions at +/snn=
2.76 TeV for different polarities of applied magnetic field. The correlation function was
calculated for pion-kaon pairs for all charge combinations. The analysis was carried out
in different centrality classes namely 0-5%, 5-10%, 10-20%, 20-30%, 30-40% and 40-
50%. The detailed steps of the femtoscopic technique required to determine the size of
the homogeneity region of pion-kaon emission and the emission asymmetry have been de-
scribed. The analysis reported in this thesis was performed with the cartesian coordinate
formalism. The method involved the construction of correlation function and the Double
Ratio of the pion-kaon pairs. The pions and kaons were identified by the combined in-
formation provided by the TPC and the TOF detector in different momentum ranges. The
selected pairs were corrected for the two-track merging effects due to detector resolution.
The mis-identified e*e™ pairs originating from y conversions were also eliminated by us-
ing suitable selection cuts. The correlation functions and double ratios were obtained for
all charge combinations of pion-kaon pairs in different centrality classes. The study was
also performed in different polarities of the magnetic field to observe the influence of the
magnetic field. The obtained correlation function was also corrected for the background
pairs, originating from non-femtoscopic sources like elliptic flow, resonance decay etc.
The relevant parameters of the source, namely the size and the emission asymmetry was

extracted by fitting the correlation function using the Corrfit software. The algorithm as-
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sumed a three-dimensional Gaussian profile for the emitting source. The purity and the
momentum resolution corrections were also applied to the fitting process in order to ob-
tain the best estimate of the source parameters. The double ratio deviated from unity in
the Out direction for all combinations of pion-kaon pairs. This observation indicated that
the space-time position of pion and kaon emissions are not same and the pions are emitted
closer to the centre of the source compared to kaons. The kaons are emitted earlier than
pions.

It has been found that the average size of the pion-kaon homogeneity region and the
emission asymmetry decreases for all charge combinations from most central to periph-
eral collisions. The convoluted radius of the pion-kaon emitting source in Out direction
is of the order of 7 — 8 fm for the most central collisions and decreases to about 2.5 fm for
peripheral collisions. This trend is consistent with the previous measurements of source
size using identical particle femtoscopy. The same trend is followed for the emission
asymmetry in Out direction. For the most central collisions, it has a value about 4 fm. It
starts decreasing for peripheral collisions and is around 2 fm. The trend of emission asym-
metry with respect to centrality is also similar to source size consistent with the previous
observation at RHIC energies. The obtained results are also compared to the expectations
of Therminator2 event generator coupled with (3+1)-dimensional viscous hydrodynamic
calculations. The pion-kaon emission asymmetry obtained with the model agreed with the
experimental observation when an additional time delay of 2.1 fm/c was introduced for
kaons. The results obtained in this analysis are consistent with the hydrodynamic-induced
evolution of the system created in heavy ion collisions and favors a stronger radial flow
in central collisions. The asymmetry can be understood by the strong radial flow hypoth-
esis and the interplay between the collective and thermal movement of the dense matter

created in collisions of heavy ions.

6.1 Future perspective

The pion-kaon femtoscopy analysis presented in this thesis measures convoluted
radii of pion-kaon system (equation [6.I)) and not the exclusive radii of pion system or

kaon system as measured in identical particle femtoscopy.

REf, = (R, 2 + (RS, 6.1)

The three radii R,x, Rk, and R, are required to get radii of pion, kaon and proton

systems (equation [6.2][6.3|and [6.4)), separately.
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Similarly, in the case of relations between emission asymmetries, u,, is expected
to be larger compared to u,x and ug, due to difference in masses. g, is expected to be

smaller compared to u,x. Thus, one expects the following relation :

Mrp = Hxk + HKp (6.5)

Therefore, it will be very interesting to study the femtoscopic correlations between
pairs like pion-proton and kaon-proton to get the complete space-time picture of three
systems. The study of strong interaction parameter can be done by analyzing the unlike-
sign pairs of kaons and protons where correlation functions are expected to be similar to
Yukawa-like strong interaction potential. The study of K — p femtoscopic correlations
in high multiplicity p—p collisions, for example, at 13 TeV can give information about
strong interaction in smaller systems. It will be also interesting to study the femotoscpic
correlations for non-identical pairs (7 — K, K — p, m — p) at other higher LHC energies
(like Pb—Pb at +/syy=5.02 TeV and Xe—Xe at /syv=5.44 TeV) to study the energy and

system size dependence of the source parameters.
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