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Abstract

The ALICE (A Large Ion Collider Experiment) detector at the Large Hadron Collider (LHC)
experiment at CERN has been developed to study the hot-dense deconfined state of quarks and
gluons, named Quark Gluon Plasma (QGP), which is expected to be created due to the collisions
of heavy ions in the ultra-relativistic energies. It has not yet been possible to probe the QGP
directly due to its extremely short life time and microscopic volume. However, a technique,
called “Femtoscopy”, has been developed to measure the space—time dimensions of the hot-
dense medium using the momentum correlations of two identical or non-identical particles.
The femtoscopic analysis of the correlation functions of charged pion-kaon pairs in 0-5% to
70-80% central Pb—Pb collisions at y/syy = 5.02 TeV in ALICE experiment at the LHC is
presented in this thesis. The spherical harmonics representations of the correlation functions
(C8 and ReCll) were studied in different centrality bins. The obtained correlation functions
were analysed after taking into account a precise treatment of the non-femtoscopic background.
The size of particle-emitting source (R,,) and the emission asymmetry (o) between pions
and kaons were extracted from the background-minimised correlation functions. The R, and
Uoue Were observed to increase from peripheral to central events as the number of participants
increased. The 1, was observed to be negative in all multiplicity classes, which indicates that
pions are emitted closer to the center of the particle-emitting source than kaons, and this result
is associated with the hydrodynamic evolution of the source. The results were compared with
the predictions from THERMINATOR 2 model calculations where a set of additional delay
in kaon-emission time were introduced to mimic the rescattering phase in the system. The
values of ., were observed to lie between the predictions for 0 and 1 fm/c delay in kaon-

emission time, indicating the presence of hadronic rescattering phase in the system along with
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the collective flow. However, in case of Ry, the predictions underestimated the results in high-
multiplicity events. Moreover, no beam-energy dependence of the femtoscopic parameters was
found upon comparing the results with previously performed pion-kaon femtoscopic analysis
in Pb—Pb events at /syy = 2.76 TeV. The femtoscopic parameters were also studied as the
function of pair-transverse momentum (kt) and pair-transverse mass (mr) in different centrality
classes. The R, was observed to decrease with increasing kt and my of the pair, indicating the
presence of strong collectivity in the system. This thesis also includes the first ever measurement
of R,y and py for the charged pion-kaon pairs as a function of pair-transverse velocity (8t). The
R, decreased with increasing St of the pair due to the collective effects. The magnitude of pioy
was observed to decrease with increasing St in the high-multiplicity events due to the possible
dominance of collectivity over the thermal velocities of the particles, however, it did not follow
the similar trend in low-multiplicity events. The predictions from THERMINATOR model
underestimated the measured values of y,, in the lower St region, opening up the possibility to
check for the resonance contribution in the lower St region. The values of u, were observed
to be more closer to the predictions with no additional delay in kaon emission, compared to an
additional delay of 1 fm/c.

This thesis also reports the analysis of two-dimensional A — A¢ correlation functions of
the charged-particle pairs in p—p collisions at /s = 7 TeV and 13 TeV using PYTHIA 8.2
Monte Carlo event generator using color reconnection and rope hadronisation mechanisms. A
ridge-like structure has earlier been observed in the long-range near-side region of the Anp — A¢
correlation functions for charged-particle pairs in heavy-ion collisions which is attributed to the
presence of collective effects in the system. However, similar ridge-like structures have also
been observed in the long-range near-side of A — A¢ correlation functions for charged-hadron
pairs in high multiplicity p—p collisions as reported by the CMS and ATLAS experiments, where
no QGP-like medium is expected to be formed. It is shown in this thesis that the color recon-
nection along with the rope hadronisation mechanism can mimic the features of collectivity and
may produce the observed ridge-like structure in the long-range near-side region of Anp — A¢

correlation functions in high multiplicity p—p collisions without forming a hot-dense medium.
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Chapter 1

Introduction

1.1 The Standard Model

The Standard Model of particle physics deals with the elementary particles and interactions
between them. It describes three of the four known fundamental interactions present in nature
— electromagnetic, strong and weak. The gravitational interaction is still not unified with rest
of the interactions. Physicists started developing this theory in the 1950s and the current for-
mulation was established in the mid-1970s after the existence of quarks was experimentally
confirmed in a series of deep-inelastic electron-nucleon scattering experiments. The informa-
tion about the elementary particles along with the mediators of all three interactions is shown
in Fig.[L.1]

According to the Standard Model, quarks and leptons are the fundamental particles. There
are six flavors of quarks: up (u), down (d), charm (c), strange (s), top (t) and bottom (b). The
up and down quarks have relatively lower masses and they are usually stable and abundant in
nature. The rest of the heavier quarks can be found only in the cosmic rays and high energy
collisions and they rapidly decay to up and down quarks. The quarks have fractional electric
charge. The up, charm and top quarks have a charge of +%e while the down, strange and
bottom quarks have a charge of —%e. Each quark has its antiquark with the opposite charge.
The free quarks are not observed in nature (discussed in section [[.2.2), they combine to form

composite particles, named “hadrons”. The hadrons can be classified by the number of quark
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Figure 1.1: The standard model of fundamental particles [/1]].

content — “mesons” and “baryons”. When a quark and antiquark pair up, they form a meson
(pion, kaon) whereas three quarks (or antiquarks) combine to form a baryon (proton, neutron)
(or antibaryons). The quarks interact with each other via strong, weak and electromagnetic
interactions. There are also three types of leptons: electron (e), muon (u) and tau (7), and their
corresponding neutrinos: v, v,, v, with their anti-particles. Unlike quarks, leptons can exist
as free particles. The e, u and 7 are electrically charged and they can interact with each other
via both weak and electromagnetic interactions. The neutrinos are neutral particles and can
only interact through weak interaction. The quarks and leptons are fermions as they have half-
integer spin and obey Fermi-Dirac quantum statistics and Pauli’s exclusion principle. However,
the mesons have integer spin, hence they are bosons and follow Bose-Einstein statistics.

The Standard Model also consists of Gauge Bosons that mediate the fundamental inter-
actions. The strong interaction is mediated via exchanging gluons, the weak interaction is
mediated via W* and Z° bosons and the electromagnetic interaction is mediated via photons.

All of the gauge bosons are spin-one particles.
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The Higgs boson, the latest discovered particle of the Standard Model, which is a scalar
boson, is the mediator of interaction of the Higgs field with the massive particles. It was dis-
covered by the CMS and ATLAS experiments at Large Hadron Collider (LHC) in the year 2012
[2,13]] and its mass was estimated to be around 126 GeV. Peter Higgs and Francois Englert were
jointly awarded the Nobel Prize in Physics in 2013, for the theoretical prediction of this particle

in 1964.

1.2 Quantum Chromodynamics (QCD)

Quantum Chromodynamics (QCD) is a subclass of the quantum field theory, formulated on
the basis of non-abelian gauge theory obeying the SU(3) symmetry. It has been developed
to describe the strong interaction between quarks via exchange of gluons and is an integral
part of the Standard Model. QCD is analogous to the quantum electrodynamics (QED), which
describes the interaction between charged particles via exchanging photons. The quarks consist
of three types of color charges — red, green and blue. Here, “color” is a new type of quantum
number that has been introduced to distinguish the quarks of same flavors. The total color is
always conserved during the strong interaction but the color of individual quark may change
which suggests that the gluons are color particles. This property makes QCD more complicated
than QED because photons are electrically neutral and they cannot interact with other photons,
however, the gluons can interact with other gluons while mediating the strong interaction.

The gauge invariant Lagrangian density for the strong interaction is given in Eq. (1.1)) [4]].

_ 1
Loco = U, (iV* (Dp)uw = m6u) s - 700G (1.1)

where, ¢, is the quark field with color-index u, # and v vary from 1 to 3, y*s are the Dirac
matrices, D), is the gauge covariant derivative, m is the quark mass and Gy, is the gauge invariant

gluon field strength tensor and it can be expressed as Eq. (1.2):

G, = 0,45 — 0,A% — g furcADAS (1.2)
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where, Aj is the gluon field and a varies from 1 to 8, f% denotes the structure constant of SU(3)

group. D, can be expressed as Eq. (1.3):
. /la a
(D) = 8ubu+ ig( A (1.3)

where, g; is the strong coupling constant, 4,s are the eight Gell-Mann matrices.
Unlike QED, the coupling constant in QCD is not truly a constant, rather it depends on
the momentum transfer (Q?) during the interaction. The effective strong coupling constant (or

referred as “running coupling constant’) can be expressed as Eq. (1.4)) [S]]:

) gg(QZ) A
. ) ’ 1.4
as(07) = [(11/3)n, = 2/3)ns1lIn(Q*/ Adcp)] o

where, n. is the number of colors, 7 is the number of quark flavors and Aqcp is the dimensional
QCD scale parameter. The estimated value of «, for the mass of Z° boson is 0.118 + 0.002 and
hence, the scale constant Agcp = 217733 MeV [6]. The a(Q?) as the function of Q from various

3

measurements is shown in Fig. [I.2) where, o decreases with increasing Q.

035 —y— - e —
[ T decay (N°LO) =~
low Q? cont. (N’LO) e -
03 [ DIS jets (NLO) 4 ]
Tt Heavy Quarkonia (NLO) ]
e e jets/shapes (NNLO+res) —* ]
- pp/pp (jets NLO) e+ -
025 I EW precision fit (N*LOy-e~ ]
pp (top, NNLO) = 4
“:‘g 02 F
Uln
0.15 |
0.1
= a, (M%) = 0.1179 + 0.0010
005- il — — il
1 10 100 1000

Q [GeV]

Figure 1.2: The measurement of a,(Q?), as a function of momentum transfer Q [6].
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The two important properties of QCD are asymptotic freedom and color confinement

which are described below:

1.2.1 Asymptotic freedom

It is clear from Fig. [1.2] that the strength of strong interaction becomes weaker at higher
energy scale. This property is called asymptotic freedom and it allows the application of pertur-
bative QCD calculations in high energy experiments. David Gross, Frank Wilczek and David

Politzer discovered this property in 1974 [/, 18] and won the Nobel Prize in Physics in 2004.

1.2.2 Color confinement

The Color confinement is a property of QCD which suggests that color-charged particles
1.e. quarks and gluons cannot be observed independently in nature. They are found as bound
objects in nature such as hadrons, which are color-singlet objects. The potential between a

quark and antiquark pair is given in Eq. (1.5)):

Va-® ik (1.5)
r

where, r is the separation between the particles and & is the coefficient of the linear term. The
qq pair inside a hadron can be visualised as two particles attached with a color string. As the
separation between those quarks increases, the energy of the string also increases. At a certain
point, the energy of the string becomes so high that it breaks and creates a new gg pair. Due
to this property of QCD, no quarks or gluons can be observed freely in natural conditions. The
coupling strength becomes very high at the lower energy scale and the perturbative nature of

the QCD breaks down.

1.3 Quark Gluon Plasma (QGP)

When the energy density and temperature in a hadronic system reach ~ 0.7 GeV/fm® and 170

MeV [9]], respectively, the Lattice QCD calculations predict a phase transition of quarks and
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gluons from the confined hadronic state to a deconfined one. This deconfined state of quarks
and gluons is called “Quark Gluon Plasma (QGP)” [10]. The QGP state can be formed by
heating and compressing the hadronic matter to an extreme level. It is observed that the QGP
is a strongly-coupled hydrodynamic system and behaves almost like a perfect fluid with nearly
zero viscosity. It consists of the color-charged particles (quarks and gluons) that can propagate
freely inside the nuclear radius.

The cosmological calculations suggest that the universe was created due to the Big Bang,
which happened 13 billion years ago. In its early stage, the universe was believed to be in a
hot and dense QGP phase of matter [11, [12]. As time passed by, the universe expanded and
its temperature gradually decreased. Hence, the energy density became lower, resulting in the
confinement of quarks into the hadronic states i.e. protons, neutrons etc. Eventually the nuclei,
atoms, molecules etc. were formed upon further expansion of the universe.

The state of Quark-Gluon Plasma, obtained in ultra relativistic collisions carries the signa-
tures of early stages of the universe. Therefore, studying the evolution of QGP and probing its
properties can shed more light on the fundamental interactions and tell us more about how our
universe has evolved from the primordial state. There are two ways to create a minor version of
the Big Bang in laboratory by colliding heavy ions e.g. Lead (Pb), Gold (Au). The first way is to
compress the nuclear matter to very high densities, p = 10py (0o = 0.17 nucleons/fm?) [13]] so
that the quarks and gluons inside the nucleons get deconfined and QGP phase is produced. This
technique has been used in fixed target Super Proton Synchrotron (SPS) experiment at CERN
with Pb—Pb events at 4/sx\y = 17.3 GeV, where an indication of QGP has been found [14].
The future fixed-target experiment, CBM at FAIR facility also plans to observe the properties
of the QGP. Another way to create the QGP is by heating up the hadronic matter more than
the critical temperature. The ALICE experiment at LHC, CERN and RHIC experiment at BNL
are executing this technique by colliding heavy ions at the ultra-relativistic energies, which is
discussed in section[I.5] However, it is estimated that the QGP state of early universe lasted for

~ 1 ns, whereas lifetime of the one created in laboratory is roughly 10723 seconds [13]].
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1.4 QCD phase transition

The deconfined state of quarks and gluons cannot be described by the perturbative QCD. The
transition from hadronic state to deconfined QGP state can be understood using the Lattice
QCD, the most successful non-perturbative approach of QCD, which was developed by con-
sidering space-time lattice points. To investigate the phase transition, the QGP is considered
to be in a state of thermal and chemical equilibrium. Hence, by assuming the QGP to be a
grand-canonical ensemble with baryon-chemical potential (ug) to be zero (the minimum energy
required to add or remove a baryon at fixed temperature and pressure), the hadronic and QGP
energy densities are estimated as given in Eq. and Eq. [14}116]], respectively.

2

o
74~ 10 (1.6)

QP _ (35, 51n " (1.7)

T4 60 '

where, Nt is the number of flavors. From the above equations, it is evident that energy density
of QGP is much higher than the hadronic state. The critical temperature (7,) of the phase
transition for 2-flavor (u, d), 3-flavor (u, d, s are considered as light quarks) and 2+1-flavor (u,
d are considered as light quarks and s is considered as heavy quark) QCD have been estimated
to be 171+4 MeV, 154+8 MeV and 173+8 MeV, respectively [16]. The energy densities (e/7*)
estimated from lattice QCD calculations are shown as a function of 7/7. in Fig.[1.3]| where it is
observed that the energy density increases abruptly around 7. and eventually gets saturated at
~ 2T, for all three considered cases. This observation indicates that the number of degrees of
freedom increases as the temperature gets higher than 7. Since the quarks and gluons remain
confined in a hadronic state, the number of degrees of freedom in the hadronic matter is less than
the QGP state. Hence, it is evident from Fig. that there is a possible phase transition to QGP
state around the 7T.. Another important observation is that the energy density is always less than
the Stefan-Boltzmann limit (esg/T*) irrespective of the flavors of QCD, which suggests that the
QGP is not an ideal fluid, rather the quarks and gluons inside the QGP are coupled.

The QCD phase diagram of the strongly interacting matter as the function of temperature

and baryon chemical potential is shown in Fig.[I.4] It is observed that the nuclear matter is found
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Figure 1.4: The QCD phase diagram of the strongly interacting matter [17].

around ug ~ 900 MeV and nearly zero temperature. The neutron stars, which are made of cold

dense matter are expected to be found in the higher chemical potential and lower temperature

region. At much higher chemical potential and slightly higher temperature region, the quarks

form a condensed state, namely “Color Superconductor”, where the chiral symmetry breaks
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down. The QGP phase is expected to be found at higher temperature and the hadronic state is
expected to be found at relatively lower temperature and chemical potential region. The phase
transition between the QGP and hadron gas is expected to be of first order. Interestingly, as
the chemical potential decreases and temperature increases, the transition between hadron gas
and QGP state becomes a smooth crossover (pointed out as dashed-line). The point where the
first-order phase transition stops and smooth crossover begins is called the “critical point”. The
search for the critical point has been one of the major goals of the experiments at LHC and

RHIC.

1.5 Relativistic heavy-ion collisions: The Bjorken scenario

The relativistic heavy-ion collisions have been modeled using various hypotheses e.g. Landau
model, Fermi statistical model etc. among which the model given by J. D. Bjorken [18] is
widely used. In Fig. [I.5] the Bjorken scenario of heavy-ion collision is depicted. The Bjorken

model is based on following assumptions:

.

————

(a) (b)

o

%

Figure 1.5: The Bjorken scenario of heavy-ion collision [15]].

e Transparency: The collisions are assumed to be transparent in the mid-rapidity region

and the net-baryon density in that region should be zero.

e Boost invariance: It is assumed that the number of produced particles in unit rapidity
is constant around the mid-rapidity region, which suggests that the fireball created in the
collisions is homogeneous and all of its layers expand symmetrically with respect to the

rapidity with longitudinal flow velocity, 8 = z/t. The proper time of each stage of the

space—time evolution of the fire-ball is 7 = t/y = t4/1 - 82 = V2 - 22,
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e Hydrodynamic phase: The expanding fire ball attains the thermal equilibrium at tx~1

fm/c and its dynamics can be described by the relativistic hydrodynamics calculations.

For the central collisions where the nuclei collide with each other head-on, the expansion
of the fireball along the transverse direction can be disregarded for a time # ~ R/c, where R is
the radius of a nucleon. Hence, the evolution of system can be represented as the function of
(z,t), as shown in Fig.[I.6] The time axis in Fig. [[.6|corresponds to the proper time as described

earlier. This space-time evolution of the system happens in the following stages:

x K p,..
time

3T, K, P, ... i
T,
%

Mid Rapidity

Hydrodynamic
Evolution
Phase (< 1)

-
a}withothGF/ \ b) with QGP z
A

Figure 1.6: The space—time diagram of the system created in heavy-ion collision [19].

Pre-Equilibrium

1. Pre-equilibrium: This stage exists just after the collision i.e. from 7 = 0 to 1-2 fm/c. In
this stage, the partons interact among themselves multiple times creating more partons.
The particles with high momentum (pr >> 1 GeV/c) are also produced in this stage via
hard-particle production. Numerous real and virtual photons are also produced, among

which the virtual photons produce leptons and antileptons.
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2. Quark-Gluon plasma and thermalisation: If the energy density of the fireball is very
high, i.e. € ~ 0.4 — 1.0 GeV/fm?, the QGP is formed (Fig. , where the produced
partons scatter among themselves and eventually, the thermal equilibrium is reached. The
QGP stage exists roughly from 1-2< 7 < 6 fm/c. Due to the presence of pressure gradient,
the thermalised medium starts to expand. The properties of the expanding medium can

be described by the hydrodynamical calculations.

3. Mixed phase - Hadron gas: As the system expands, its temperature gets lower and the
quarks and gluons start to hadronise and the system enters a mixed phase. The time taken
by all the quarks and gluons to get hadronised and produce a system of hadron gas is

6< 1 <10 fm/c.

4. Freeze-out: The temperature of the expanding system gradually decreases. Below a
certain temperature, the inelastic collisions among the hadrons stops and the number of
hadrons present in the system gets fixed. This is called “chemical freeze out”. As the
system further expands, the relative separations between the hadrons increase and after a
certain time, the elastic collisions among them also stop, which is called “kinetic freeze

out” and the hydrodynamic description of the medium breaks down.

However, if the energy density of the produced system is not high enough and the temper-
ature is lower than the critical temperature, the deconfined state of quarks and gluons i.e. the
QGP is not formed (Fig. [1.6) and the system goes through the pre-hadronic phase. Eventually

the hadrons are produced and detected after the freeze out.

1.6 Signatures of Quark Gluon Plasma

It has not been possible so far to directly probe the QGP state. The detectors can record only
the particles that are emitted after the system attains kinetic freeze-out and any information
on the early stages of the system after the collision is not directly accessible. Hence, some

observables or properties of the detected particles are utilised as the indirect probes to verify the
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formation of QGP and examine its properties. These signatures of QGP can be classified into
two groups, “hard” and “soft”, based on the timeline of particle production at different stages
of the collision. The hard probes correspond to the particles created in the initial stages of the
collision due to the hard scattering of partons e.g. jets, direct photons, heavy-flavor particles.
Some of the hard probes that have been discussed in this section are nuclear modification factor,
jet quenching, quarkonium suppression and direct photons. Soft probes correspond to the effects
of bulk properties of the thermalised medium e.g. anisotropic flow, strangeness enhancement

etc.

1.6.1 Nuclear modification factor

One of the interesting strategies to understand the effect of QGP medium is to study the
nuclear modification factor, Ras, which is the ratio between the differential yield of charged par-
ticles per event in nucleus-nucleus (A—A) collisions and p—p collisions, scaled over the average

number of binary nucleon-nucleon collisions (<N>). It can be defined as Eq. (I.8).

1 NX dN3A/dndpy

< Ncoll > NAA dszﬁ)/dI]de

evt

Raa(pr) = (1.8)

Here, pr is the transverse momentum of the particle. The particles produced in a strongly
interacting QCD medium go through multiple elastic and inelastic collisions and therefore,
their energies gradually decrease and the yields are supposed to be suppressed in the high pr
region. The Rxa should be less than unity when the QCD medium is formed, whereas it should
be close to unity in the absence of a hot dense medium.

The Raa as a function of pr for charged hadrons (h*), y, W* and 70 for the central Pb—Pb
collisions at /syn =2.76 TeV (Rpypp) and h* for p—Pb at +/syn =5.02 TeV (Rpp,) with ALICE
and CMS experiments at LHC is shown in the upper panel of Fig. [20]. A clear suppression
is observed for charged hadrons, produced in Pb—Pb collisions while the yields of W, Z bosons
and photons are not suppressed because they interact electromagnetically. The charged hadrons
produced in p—Pb collisions are also not suppressed. These two observations can be attributed

to the creation of QGP medium in the heavy-ion collisions. In the bottom panel of Fig.
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Figure 1.7: Upper panel: The Rxa of charged hadrons, v, W* and Z° as a function of pr for
the central Pb—Pb collisions at +/sxy =2.76 TeV and h* for p—Pb at +/syy =5.02 TeV. Bottom
panel: The Ras as a function of pr in the central (0—5%) and peripheral (70-80%) Pb—Pb
collisions at y/syy = 2.76 TeV in ALICE [20), 21].

the Raa for charged hadrons produced in the central (0—5%) and peripheral (70—80%) Pb—Pb

collisions at /sy =2.76 TeV [21]] is shown as the function of pr, where it is observed that the



1.6 Signatures of Quark Gluon Plasma

14

hadrons produced in the central collisions are more suppressed than the ones produced in the

peripheral collisions. This suggests that the partons created in the central collisions lose more

energy compared to the peripheral ones as they scatter through a more dense and large medium.
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Figure 1.8: The Ra, as a function of py for the neutral pions (7°) and charged hadrons (h*) in the

most central heavy-ion collisions at three energies in SPS. RHIC and LHC, compared with var-

ious theoretical predictions, such as Parton Quenching Model (PQM), Gyulassy—Levai—Vitev

(GLV) approach using pQCD, Armesto-Salgado-Wiedemann (ASW) formalism, Yet another

Jet Energy-loss Model (YaJEM), YaJEM-D and Parametrized elastic energy loss [22].

Fig. [1.8| shows the variation of Rsa as a function of pr for the most central Pb—Pb and

Au—Au collisions at three different energies at SPS, RHIC and LHC. The uncertainty in Raa

corresponding to SPS increases with increasing pr. At RHIC and LHC energies, the Rap is

observed to be suppressed at pr > 2 GeV/c and attains the minimum value around pr ~ 67

GeV/c. Moreover, the strength of suppression is higher in the LHC energies than that of RHIC

energies. The high-pr region can be probed utilising the Pb—Pb collisions at LHC energies,

which shows that the suppression decreases i.e. Raa gradually increases at pr > 8 GeV/c,
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however, it always remains less than one. This suggests that even the particles with very high

pr rescatter through the hot-dense medium and lose energy before finally being detected.

1.6.2 Jet quenching

Jets are the collimated spray of particles which are created by the fragmentation of final
state partons, produced from the hard scattering of partons at the initial stage of heavy-ion or
hadronic collision. When the jets carrying high momenta traverse through a hot dense QCD
matter, they lose energy by radiating gluons. These gluons finally produce hadrons with signif-
icantly lower momenta. This process is called “Jet quenching”. The jet quenching is studied
by two-particle correlation function for charged hadrons as a function of the difference in az-
imuthal angle (A¢) of a high momentum “trigger” particle and a relatively low momentum
“associated” particle. The two-particle azimuthal correlation function for charged hadrons, pro-
duced in hadronic collisions is elaborated in chapter [0} A¢ ~ 0 corresponds to those jets that
move in the same direction and leave the system earlier, whereas A¢ ~ 7 corresponds to back-
to-back jets, where the associated particles move in the direction opposite to the leading particle
i.e. through the medium and eventually get quenched.

The two-particle azimuthal correlation function for charged hadrons, produced in the min-
imum bias p—p, 0-20% central and minimum bias d—Au collisions at /syy = 200 GeV at STAR
experiment are shown in the upper panel of Fig. where the distributions are observed to be
similar in the near-side (A¢ = 0) and away-side (A¢ = m) regions for all three collision sys-
tems although the correlation functions for d—Au are associated with constant pedestals. The
pedestal minimised azimuthal correlation function for charged hadrons produced in the min-
imum bias p—p, 0-20% central d—Au and central Au—Au collisions are shown in the bottom
panel of Fig. [[.9] where the away-side distribution for the central Au—Au collisions is distinc-
tively suppressed. This observation suggests that a hot dense QGP medium of finite volume is
created in the central Au—Au collision and is not expected to be produced in the p—p and central

d—Au collisions.
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Figure 1.9: The two-particle azimuthal correlation function in p—p, d—Au and Au—Au collision

in STAR [23]].
1.6.3 Quarkonium suppression

Quarkonium is a mesonic bound state, formed of heavy quark—antiquark pairs. Charmo-
nium, made of c¢¢ bound state, known as J/y and bottomium, made of bb bound state, known as
T are the two available flavors of Quarkonium state. Inside a QGP medium, the color field of a
moving color-charge carrier is screened extensively as the matter density inside the medium is
very high. This effect is similar to the Debye screening of electric-charge carriers. If the screen-
ing length becomes shorter than the binding range of the quark—antiquark pairs, the bound
Quarkonium state ceases to exist. Hence, the constituent quarks and antiquarks of a Quarko-
nium state, pair with other quarks or antiquarks e.g. ¢ and ¢, and form open charm mesons
such as D(ciz and cd), D(¢u and éd), Dy(c5) and Dy(¢s). Hence, the suppression of yield of the
Quarkonium state is a signature of QGP formation. The nuclear modification factor for J/y and

T states in Pb—Pb collisions at y/syy = 2.76 TeV with ALICE are shown in the left and right
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Figure 1.10: The R4 as a function of <N.> of J/y (left panel) and Y (right panel) in Pb—Pb

collisions at /sy = 2.76 TeV in ALICE [24].

panels, respectively of Fig. A clear suppression in the Ry of both states can be observed
as the < Ny, > increases, which suggests the production of hot and dense QGP medium due to

the heavy-ion collisions.

1.6.4 Direct photons

One of the useful techniques to estimate the properties of QGP is to measure the direct
photons produced in heavy-ion collisions. The direct photons can be classified into two groups
— prompt and thermal. The prompt photons are produced at the initial stage of the collisions
through the hard scattering of partons, quark-antiquark pair annihilation, Compton scattering
of quarks and gluons, jet fragmentation etc. The thermal photons are produced from the hard
scattering of partons with the thermalised partons. The thermalised partons are also scattered
inside the QGP medium and give rise to the thermal photons [25]. The thermalised photons
mostly carry lower transverse momenta. The invariant yield of direct photons measured in
0-40% central Pb—Pb collisions at /syy = 2.76 TeV with ALICE[25] is shown in Fig.
The NLO-calculation for direct photons produced in p—p collisions at /s = 2.76 TeV, scaled
with the average number of binary collisions, is also shown. The yield in lower pr region is

fitted with an exponential function (e"?"/?)). The temperature of the thermalised medium is
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estimated to be 7 = 304 £ 11 + 40 MeV, which is much greater than the estimated critical

temperature of QGP formation: 7, ~155—175 MeV.
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Figure 1.11: The invariant yield of direct photons measured in 0—40% central Pb—Pb collisions

at v/snn = 2.76 TeV in ALICE [23].

1.6.5 Anisotropic flow

One of the major experimental evidences towards the creation of QGP as a strongly
coupled deconfined state of quarks and gluons in heavy-ion collisions is the observation of
anisotropic flow. The medium produced in the relativistic heavy-ion collision expands hydro-
dynamically due to the presence of high pressure gradient. In case of a non-central collision
of two heavy nuclei (when the impact parameter between the nuclei is not zero), the shape of
the overlapping region resembles an almond, suggesting a spatial anisotropy. This anisotropy
creates a pressure gradient along the transverse direction. The invariant particle distribution can
be expressed in terms of the Fourier decomposition of the azimuthal distribution of the particle
as given in Eq. (1.9)[26]].

&N 1 &N -
E—=——""_|1 z§ . —y, 1.9
dp? ~ 27 prdprdy + 2. vpcos[n(¢ )] (1.9)
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where, E is the energy, p is the momentum, pr = /p2 + p% is the transverse momentum,
y = %lng%ii is the rapidity, ¢ is the azimuthal angle of the particle, ¥ is the reaction plane
and v, corresponds to the azimuthal anisotropy of n'" order and can be estimated using the
following term: v, =< cos(n(¢ — ¥,)) >. The first term in the right hand side of Eq, (1.9)
corresponds to the isotropic radial flow, v; corresponds to the directed flow, v, to the elliptic
flow, v; to the triangular flow and so on. If the particles are scattered inside the medium multiple
times, the system is expected to attain a thermal equilibrium and the pressure gradient inside the
spatially anisotropic region eventually creates an anisotropy in the momentum of the final state
particles, which pushes more particles towards the low pressure regions. Thus a positive v, can
be observed for the particles produced in a strongly coupled dense medium. As v, is developed
during the early stages of the collision due to the spatial anisotropy, it gradually saturates as
the system expands and anisotropy decreases. Hence, v, can also be utilised to probe the early

stages of the collision.

ALICE 20-30% Pb-Pb |35,,, = 2.76 TeV

Vvo{SP,|An| > 0.9}

Figure 1.12: The v, as a function of pr for identified particles in 20—-30% central Pb—Pb colli-

sions at +/syny =2.76 TeV in ALICE [27, 28]].
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The v, for n*, K=, K_?, p, ¢, A, 2 and Q as a function of pr in 20-30% central Pb—Pb
collisions at +/sxy =2.76 TeV with ALICE is shown in Fig. [27, 28]] which indicates the
creation of strongly interacting QCD matter. A clear mass ordering in the v, can be observed in
the lower pt region. This is due to the fact that the radial flow gives equal velocity boost to all
the particles, which moves the heavier particles to higher pr region. As a result, the lower pr
region lacks heavier particles and hence, the v, of heavier particles are much lower in the lower
pr region.

It is observed that v, increases with pr upto ~ 3 GeV/c for all the particles until it saturates
and starts decreasing. The suppression in v, in the higher pr region suggests that the thermal

equilibrium does not hold anymore and the particles decouple from the QGP medium.

1.6.6 Strangeness enhancement

The phenomenon of strangeness enhancement is one of the important indications of QGP
production in heavy-ion collisions [29-31]]. Since the strange quarks are absent in the colliding
nuclei, it is evident that the strange quarks are produced in the highly dense QCD matter via
strong interaction after the thermal equilibrium is achieved. The sS pairs are mostly produced by
the fusion of gluons. As the density of gluons is very high in the QGP medium, a large number
of strange particles are produced in heavy-ion collisions compared to the hadronic collisions.
Quark annihilation inside the QGP medium can also produce strange quarks.

Moreover, the strange-particle production is also enhanced by the “Pauli Blocking” of u
and d quarks inside the dense QGP state. In the QGP medium, the lower Fermi energy levels
get populated with lots of u and d quarks, which eventually makes the Fermi energy higher than
the mass of sS pair. This leads to the enhancement of the number of s§ pairs compared to ull or
dd pairs. The § then forms a pair with u or d quark and produces K*(us) or K°(ds) particle. On
the other hand, s quark can unite with u and d to form A(uds) baryon.

The strangeness enhancement is studied in terms of the production of Z* and Q* as the
function of mean number of participants (< Npa >) for Pb—Pb collisions at +/syy = 2.76 TeV

with ALICE. The results from ALICE experiment is compared with the observations from p—Pb
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Figure 1.13: The strangeness enhancement as a function of mean number of participants (<
Npare >) in ALICE at the LHC (solid symbols) with the RHIC and SPS results (open circle)

[32].

and Pb—Pb collisions at y/sxy = 17.2 GeV with NA57 and Au—Au collisions at y/sxy = 200
GeV with STAR experiments, as shown in Fig. [[.13] The results from all the three experiments
show that the particles containing large number of strange quarks are more enhanced compared
to the particles with smaller number of strange quarks which suggests that the QGP contains a

large number of ss pairs.

1.7 Femtoscopy

The thermalised medium created in heavy-ion collisions has very small size (few units in fm)
and exists for a very short period of time (~ 107>* second). Therefore, it has not yet been possi-
ble to directly measure the size of the fireball. However, a technique based on the particle inter-
ferometry, called “Femtoscopy”, has been developed to estimate the space-time dimension of

the hot-dense medium, created in heavy-ion collisions using the two-particle correlations at low
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relative-pair momentum. The relative-momentum distribution of the particle pairs is affected
by the Bose-Einstein and Fermi-Dirac statistics for identical particles and by the Coulomb and
strong final state interaction for non-identical particles, which eventually produces a finite cor-
relation between the particles. One can probe the spatio-temporal evolution of the system by
analysing these correlation functions and investigate various features of QGP e.g. collective
flow, lifetime of the system etc. The source radii estimated from the identical-particle fem-
toscopy for various particle species as a function of average transverse mass (mr) in Pb—Pb
collisions at /syn = 2.76 TeV in ALICE experiment is shown in Fig. The source size is
observed to decrease with increasing mr indicating towards the possible presence of collective-

ness in the system.

£ ALICE Pb-Pb \s,,, = 2.76 TeV
2 +
o + . 0-10% 10-30% 30-50%
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Figure 1.14: The source size (R;,,) as a function of average transverse mass (<mrp>) for three
centrality classes for different pairs of particles in 0—10%, 10-30% and 30—50% central Pb—Pb
collisions at /sy = 2.76 TeV in ALICE [33]].

This thesis reports the femtoscopic analysis of pion-kaon pairs in Pb—Pb collisions at
Vsnn = 5.02 TeV in ALICE experiment. A detailed description of the formalism of non-

identical particle femtoscopy is discussed in chapter 2]
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1.8 Organisation of this thesis

This thesis presents the study of femtoscopic correlation function of all charged-pair combina-
tions of pion and kaon and estimation of the femtoscopic parameters of the system produced in
Pb—Pb collisions at /syy = 5.02 TeV with ALICE detector at the LHC. In Chapter |2, the basic
formalism of non-identical particle femtoscopy and spherical harmonic representation of the
correlation function is discussed. Chapter [3| contains a brief overview of various sub-detectors
in the ALICE experiment and some crucial information regarding selecting the triggers, colli-
sion events, particles and centrality determination. The analysis details for constructing the kr-
(pair-transverse momentum) integrated, kr-dependent and Sr- (pair-transverse velocity) depen-
dent correlation functions along with the procedure for fitting them are given in Chapter 4, The
results of femtoscopic analysis are discussed in Chapter [5| In Chapter [6] the long-range near-
side ridge correlations in high multiplicity p—p collisions in the LHC energies are discussed.

Chapter /| summarises the investigations performed in this thesis.



Chapter 2

Non-identical femtoscopic correlation

functions

2.1 Introduction

The heavy-ion collisions in the regime of ultra-relativistic energies at the RHIC and LHC pro-
duce a hot-dense QGP [34,35] like system for a very short period of time. Various properties of
the system that depend on the momentum of particles were well understood using the hydrody-
namic models [35H39]. However, it was challenging to describe the spatio-temporal dimensions
of the system. “Femtoscopy”, also known as “Hanbury Brown and Twiss (HBT)” interferom-
etry, is a technique developed to probe the space—time dynamics of the system in femtometer
scale using the two-particle correlations [40-42]]. The HBT interferometry was originally de-
veloped during 1950s to estimate the angular size of stars and other astronomical objects using
the intensity-correlation of two photons coming from the stars [43]. A similar technique was
developed to estimate the spatial dimensions of the system, created in the proton-antiproton
collision using two-pion correlations [42] .

The femtoscopic description of the spatio-temporal dynamics of the QGP-like state pro-
duced in heavy-ion collisions was successful only after incorporating the following assumptions

in the hydrodynamic models [44-46]:

24



2.1 Introduction 25

The initial profile of the matter was assumed to be a Gaussian function.

The equation of state was considered to be a cross-over between the deconfined state and

hadronic matter instead of a first order phase transition.

The contribution from the resonances was considered.

The non-hydrodynamic features of the hadronic state of matter were considered.

The viscosity and pre-thermal flow were introduced.

In the identical-particle femtoscopic analysis of pions and kaons in Pb—Pb collisions at
vsnn = 158 GeV at the Super Proton Synchrotron (SPS)[47-49] by the NA44 and NA49 Col-
laborations at CERN, it is shown that the source size decreases with increasing transverse
mass of the pair, mr = /k%+m?, due to the strong collective flow in the system. Here
kr = (Ipr, + pr,1)/2 [50] is the pair-transverse momentum and m is the reduced mass of the
pair. Moreover, a mr-scaling of the radii along out, side and long directions (explained in detail
in section [2.2)) [47] for pions and kaons is observed. This leads to the possibility of simultane-
ous thermal freeze-out for both pions and kaons undergoing similar velocity boost due to the
collectivity. However, the scaling along the long direction is observed to be broken in Au—Au
collision system at /sy = 200 GeV at RHIC [51H53]]. In the identical pion and kaon femto-
scopic analyses in Pb—Pb collisions at /sxy = 2.76 TeV with ALICE experiment, the scalings
along the out and long directions are observed to be broken, as shown in Fig.[2.1| However, a
kr-scaling of the radii (Roy, Rsige and Riong) is observed in all directions as shown in Fig. @)
[S4-56]. The ratio of R,y to Rgqe 1S Observed to be larger for kaons than pions, which indicates
towards different space-time correlations between these particle species [56]]. The predictions
from Hydro-Kinetic Model (HKM) which include the hydrodynamic phase and the hadronic
rescattering phase [S7] show that the mr-scaling is violated due to the rescattering of pions and
kaons in the system produced at LHC energies [38]].

Recently, physicists have shown a lot of interest in the femtoscopic analysis of non-

identical particle pairs. The correlations between two different particles are affected by the
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Figure 2.1: The three-dimensional radii as a function of my for charged pions (blue circles),
charged kaons (light green crosses) and neutral kaons (dark green squares) in Pb—Pb collisions

at v/snn = 2.76 TeV in ALICE [56]].

difference in average space—time emission points of those particles. It is assumed that the col-
lectivity of the system may lead to a shift in average emission points for different particles.
Another theory suggests that the time taken by different particles to leave the system may dif-
fer from one another based on their interaction cross sections [39]. Moreover, if a particle is
formed mostly through the decay of resonance particles, the average emission time for that par-
ticle species may be notably delayed [59]. These effects can be thoroughly investigated by the
femtoscopic analysis of non-identical particle pairs. The main objectives of the non-identical
particle femtoscopy are to estimate the size of source and also to measure the spatial-emission
asymmetry (discussed in section [2.3)) between the particles.

In case of non-identical particle femtoscopy, the correlation functions are expressed in
terms of two one-dimensional histograms, namely C_(k*) and C.(k*) [60]. Here, k* is the
reduced-pair momentum (explained in the section [2.4)), the C_(k*) corresponds to the phe-
nomenon where the particles move away from each other right after they are produced and the

C, (k") corresponds to the case where they move towards each other, and hence, interact for
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Figure 2.2: The three-dimensional radii as a function of kr for charged pions (blue circles),

charged kaons (light green crosses) and neutral kaons (dark green squares) in Pb—Pb collisions

at y/sxw = 2.76 TeV in ALICE. The 1%, 2™ and 3™ columns correspond to Ry, Rside and Riong,

respectively [S6].

a longer time than the former case. The C,(k*) and C_(k*) are constructed in out direction
and are used to extract the R,,;. Moreover, the C.(k*)/C_(k*) i.e. the “Double-ratio”[60] is
constructed to extract the pair-emission asymmetry along the out direction. The results from
pion-kaon femtoscopic analysis in the central Au—Au collisions at /syy = 130 GeV at STAR,
as shown in Fig. [2.3] shows that the pions and kaons are emitted at different space-time posi-
tions. This observation can be attributed to the collective expansion of the system as suggested
by the model calculations in Blast Wave Parametrisation (BWP) [59] and Relativistic Quantum
Molecular Dynamic (RQMD) [61]. However, the difference in emission points of the particles
was not quantified in this measurement by STAR experiment [S9].

Recent results from the pion-kaon femtoscopic analysis in Pb—Pb collision system at /snn
= 2.76 TeV [62] with ALICE experiment (Fig. [2.4) shows that the source size increases from
peripheral to most central events, which is expected since the size of the system increases with

the increasing number of participants. The pair-emission asymmetry (u) is also estimated for
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Figure 2.3: The pion-kaon correlation functions in the central Au—Au collisions at /sy = 130

GeV as measured by STAR experiment [59]. C is the average of C_(k*) and C, (k").

the first time and the results suggest that the average emission-points of kaons are always at
a larger distance from the center of source than that of pions. Moreover, its magnitude is ob-
served to increase from peripheral to central events signifying the collective expansion of the
system [62]. However, the trend of u could not be explained by the contribution from radial
flow alone. The THERMINATOR 2 model, which incorporates a (3 + 1) dimensional viscous
hydrodynamic model with the statistical hadronisation, describes the trend of u after introduc-
ing an additional delay of 1-2 fm/c for the emission of kaons. This suggests the existence of

hadronic rescattering phase along with the collective expansion of the system [63]].

2.2 Frame of reference

The frames of reference which are used in this analysis are the Longitudinally Co-Moving
System (LCMS) and the Pair Rest Frame (PRF). Consider two particles with momentum p,

and p, being emitted from the system as shown in Fig. The LCMS is constructed with
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Figure 2.4: The source size (upper panel) and pair-emission asymmetry (lower panel) as a
function of <dN,,/dn>'/? for pion-kaon pairs in Pb—Pb collisions at /sy = 2.76 TeV in ALICE

[62].

the condition that total pair momentum along the beam axis is zero i.e. p;. + p>. = 0. The
three axes of this frame of reference are “out”, “side” and “long”. The out axis is along the
pair-kr, the long is along the beam direction and the side axis is orthogonal to both long and out

directions[50]]. The equations to express any four-vector (say A) in LCMS are the following:

Along = (PoAz — P,Ag) /My (2.1)
Aou = (PAx + PyAy)/PT (2.2)
Agide = (PxAy - PyAx)/PT9 (2.3)

where, P = p; + ps, P = (Py, P), M2 = P} — P2 and P = P2 + Pi.
In the PRF, the total momentum of the pair is conserved i.e. pj = —p5. The “*” corre-

sponds to the representation of vectors in the PRF. The transformation equation to boost the
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Figure 2.5: The frame of reference constructed with the out, side and long axes.

vectors to the PRF is:

b Ma PAPA) Py
T My Pr M+t My,

PA. (2.4)

If at any instant, the positional co-ordinates of the particles are x] and x7, then the separation

between them is r* = x] — x;. Additional information regarding LCMS and PRF can be found

in [50].

2.3 Pair-emission asymmetry

The hydrodynamic evolution of the hot-dense matter produced in the collisions of heavy ions
suggests that the constituent particles of the system will have a common flow velocity (B¢) in
the transverse plane (radial flow) irrespective of their masses. Additionally, the particles will
have random thermal velocities as shown in Fig. [2.6] [60]. Hence, the resultant velocity of a
particle can be B = B¢ + B¢, where B is the thermal velocity of the particle.

The component of emission point (per unit velocity) of a particle along its velocity is [60]:

o XB _ 1Bi+ ficos(d — ¢r)
out ﬁ ﬁ N

Assuming the density of system to be a Gaussian profile with radius ry and the flow velocity,

(2.5)

Bt = Bor/ro, the average of xoy is [60],
<> roPoP

< B +BE> By +Timn

< Xout >= (2.6)
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Figure 2.6: The particle velocity (B8) with the flow (8¢) and thermal (8,) components [60].

where, T is the temperature and mry is the transverse mass of the particle. Assuming similar
spatial characteristics for the emissions of both pions (the lighter particle) and kaons (the heavier
particle), it is expected that the <rB;> will be same for both the particles. However, T'/mr will be
different for pions and kaons since it depends on the transverse mass of the particles. As T'/mr
is smaller for the heavier particle, according to Eq. (2.6), the <x.,> for kaons are larger than
the pions i.e. on average, the kaons are emitted at a larger distance from the center of system
than pions [60]. The average pair-emission asymmetry between the particles of a non-identical

pair can be expressed as:

light,heavy _
out -

S=c et pheavy o 2.7)

light,heavy
<r out out

out

There are certain constraints for the pair-emission asymmetry to exist [60], which are the

following:

e If there is no radial flow in the system, Eq. (2.6) shows that the <x,,> for both heavy
and light particles is zero, which means that both of the particles will be emitted from the

center of source. Hence, no emission asymmetry would be observed.
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o If B; of a particle is very large compared to B¢, the <x,,> for that particle is zero. If one of
the particles in a pair has zero <x,,>, a non-zero asymmetry exists. If both the particles

have zero < xy,>, the asymmetry does not exist.

o If B¢ >> By, the <x,,> will be dominated by B¢ and both the particles will have the same

<Xou>. Hence, the asymmetry will vanish.

Hence, it is clear that the average pair-emission asymmetry exists when both of the B¢ and

B are comparable in magnitude.

2.4 Femtoscopic correlation function of two non-identical
particles

The two-particle femtoscopic correlation function can be expressed as [60]:

Py(p1, p2)
C(py, = — 2.8
PP = 5 P (o) (28)

where, P,(p;, p») is the probability of detecting two particles having momentum p; and p,
simultaneously while P;(p) is the probability of detecting the particles having momentum p. If
there is no correlation between the particles, P,(p;, p») will be equal to P;(p;)P;(p>) and hence,
C(p1, p>) will be unity.

The total and relative momentum of the pair are given in Eq. (2.9)-(2.10):

P =pi+p, (2.9)

7 = (pi—p)'  (p —Pz)-PPH.
2 2P?

(2.10)

The correlation function can be expressed in terms of P and ¢, as given in Eq. (2.11]) [S0]:

[ d*xi1d*x;8 1 (x1, p1)S2(x2, PP, g7
[ d*x1d*x8 1 (x1, p1)S 2(x2, p2)

C(P,q) = 2.11)

where, S (x, p) is the single-particle source function i.e. the probability of emission of a par-
ticle with momentum p = (E, p) at distance x = (¢, x), Y(r*, ¢*) corresponds to the pair-wave

function, r is the relative separation between the particles in a pair. In the PRF, P = 0, which
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leads ¢ — k* = (myp} — myp5)/(m; + m,). Here, the k* is referred as the reduced-pair momen-
tum. The W(r*, ¢*) has an explicit dependence on time, however, in case of PRF, the equal-time
approximation can be used, where it is assumed that the particles are emitted simultaneously,
re. t1j —t; = 0[50} 164]. Therefore, the time dependence of ¥(r*, g*) is removed and it is re-
duced to a stationary state i.e. Y(r*, ¢g*) — WY(r*, ¢*). The source function is also modified using
the smoothness approximation [0, 64], and Eq. can be modified to the Koonin—Pratt

equation [65} 166], as given in Eq. (2.13).

C(k*) = f &riYE, rl? f dr'S (r) (2.12)
= f &rS )Yk, rH*. (2.13)

It is clear from Eq. that the correlation function can be calculated using only the source
function and pair interaction. In this thesis, however, the experimentally measured correlation
function is utilised to estimate the parameters of source function, provided that the interaction
between particles in a pair is well estimated (discussed in section 2.4.2)).

Generally, two-particle correlation function can be constructed experimentally by taking
the ratio of distribution of the particle pairs produced in the same events, to the distribution
of particle pairs from the mixed events. The femtoscopic correlation function can be obtained
using Eq. (2.14).

F(k")

Ck") = N(k*)G(k*)’

(2.14)

where F(k*) is the distribution of correlated particles coming from the same events (‘“‘signal”),
G(k*) is the distribution of uncorrelated particles coming from the mixed events (‘“background”)

and N(k*) is the normalising constant.

2.4.1 Source function

Femtoscopy essentially measures the “length of homogeneity” [S0]. A thermalised system
with no collective expansion is depicted in the left part of Fig. where the emission of four

particles is shown. Any two particles, emitted from any region of the source with low relative
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momentum, can form a pair. Hence, it is possible to probe nearly the whole region of the source.
However, if the medium has collective flow along with the thermal interaction, as shown in the
middle part of Fig. the particles will be boosted radially outward. So, the particles which
form a pair and develop correlations, will be constrained in a small region of the medium.
Moreover, if the particles with relatively larger kt and similar kinematic properties form a pair,
they have to be emitted in the vicinity of each-other. Hence, the region of homogeneity is

expected to decrease if the pairs with larger kt are probed for femtoscopic analysis.

Figure 2.7: The emission of particles with the possible momenta (black arrows) from a static

medium (left) and expanding medium with collective velocity (right).

In principle, the source function should contain all the information regarding the emission
process and interactions of the particles. However, it is assumed that the source function of each
particle is an independent quantity and does not depend on the final-state interaction with other
particles [60]. The two-particle emission function, S (r*), shown in Eq. (2.13)), is the convolution
of two single-particle source function [60]. Generally, the source function is considered as a
three-dimensional Gaussian function with three different radii, Royi, Rsige and Rjong, along the
out, side and long axis, respectively. A pair-emission asymmetry, o, along the out direction

is also assumed and is given in Eq. (2.15) [60].

2
(}" out — /Jout)2 rzide rlong
S(r)=exp|- R TR R (2.15)

out side long
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The three-dimensional source function of the non-identical particle pair can also be ap-
proximated to an one-dimensional distribution as given in Eq. [60].

2

S(r) ~ rzexp(—ZrF) (2.16)

where, R,, is the one-dimensional width of the source.

2.4.2 Pair interaction

The pair-wave function ¥ (r*, k*) corresponds to the final state interactions (FSI) between
the particles in a pair. In case of identical-particle femtoscopy, the W(r*, k*) would be symmetric
or anti-symmetric, depending on the nature of the particle as given in Eq. (2.17) and Eq. (2.18)

[67]. For bosons (e.g pions, kaons),
Y, k") =1+ cosk™r") (2.17)
while for fermions (e.g. protons),
>k * 1 * _ %k
Yo, k) =1- Ecos(2k r). (2.18)

In case of non-identical particles, the Y(r*, k*) includes Coulomb and/or strong interac-
tions and information about the motion of the pair after freeze out [60]. The W (r*, k*), expressed
in Eq. (2.19) [60], is an analytical function and its features are well known for all charged-pair

combinations of pions and kaons.

G(p,n) ‘

r*

P, k) = Ac) e F(=in, 1,i0) + fe(k") (2.19)

Here, Ac is the Gamow factor, n = 1/k*ac, ac is the pair-Bohr radius, which is equal to 248.52
fm for the pion-kaon pairs [60] , F is the confluent hypergeometric function [68], { = k*r*(1 +
cosf*), 6" is the angle between k* and r* in PRF, f¢ is the strong scattering amplitude with
modifications from the Coulomb interaction and G is the combination of the regular and singular

s-wave Coulomb functions. f- can be approximated by the following equation [60]:

-1

1 1 2
fe(k) = T Edok*2 — ik*Ac(k*) - %h(k*ac) (2.20)
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where f; is —0.071 fm [60] for the unlike-signed pion-kaon pairs and 0.137 fm for the like-
signed pion—kaon pairs. In the lower k* region, the effective radius d, can be taken as zero due

to the dominance of %

2.5 Spherical harmonics decomposition of correlation
function

Generally, the correlation functions are represented as one-dimensional histograms as a function

of k* or ¢ = 2k* and as three-dimensional histograms of &, k

* * *
s and k. or gy, ey and

:ide long
Drong [60] components. Recently, a new approach has been developed to construct the correlation
functions in terms of Spherical Harmonics (SH). In this analysis, the SH representations of the

correlation functions are used to extract the femtoscopic parameters. It has several advantages

[60]:
e The correlation functions can be represented as a series of one-dimensional histograms.

e Most of the higher order harmonics (I, m components) vanish due to the intrinsic symme-

tries of the pair distribution.

e The important femtoscopic information can be extracted from the harmonics with lower

order [ components.

In order to compute the SH representation of the correlation functions, the components of k*

Le. kg ki, and kl*ong [50] for each pair are needed to be decomposed into |k*|, 6 and ¢+ as

given in Eq. (2.21)-(2.23).

ko = |K|SinGp- singy- (2.21)
ke = |k*|sin6g-cosdy (2.22)
kl*ong = |k*|cosOy-. (2.23)

Conventionally, the numerator and denominator of Eq. (2.14) (F(k*) and G(k*), respec-

tively) are filled with |k*|, 0y and ¢+ to form the three-dimensional histograms and their ratio



2.5  Spherical harmonics decomposition of correlation function 37

is taken to estimate the SH representations of the correlation functions. But there is a drawback
in this approach. It may happen that some of the k* bins do not have enough pairs due to poor
statistics of the produced particles or the detector acceptance [60, [69]], eventually affecting the
correlation functions. Therefore, instead of taking the direct ratio of F(k*) and G(k*), the SH
components of the correlation functions are calculated in the following way [69]. Eq. (2.14) is

expressed as
F(k") = G(K")C(Kk"). (2.24)

The F(k*), G(k*) and C(k*) of Eq. (2.24) can be decomposed into the respective spherical-

harmonics components by the following equations:

F(k") = Var 12 Fian(k")Yim Ok, b2) (2.25)
G(k") = Vi Zm: Gin(K")Yim Ok, $1-) (2.26)
=
C(k*) = Van IZ Cin(k*) YO, b1 (2.27)
where, |
m&@=eme%ﬂ;fmww@Wﬂ (2.28)

Eq. (2.24) can be expressed as:

Fin(k") = Z G (K)Cpr (k™) X f YO, G ) Yvry Ok, Gie ) Yo (O, P )dOpe- dppe(2.29)
4r

'm’I"m”

Fin(k") = ) G (k) Cropge(K°). (2.30)

The |k*|, O+, ¢4 and SH are calculated for each pair and each F,,(k*) and Gy,(k*) are
stored in the vector Fy- and Gy, respectively according to their weights, which is equal to the

values of respective Y,,. The correlation function can be estimated by minimising the y? of

Eq. (2.31) [69]:

X' = Fp =G .Co) (N2F) ' (Fre — G .Co). (2.31)
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Hence, the correlation function can be estimated as [[69]]
Ci- = N°C-. G .(N°Fy.)"\ Fy (2.32)
and the covariance can be calculated as:
ACye = (GL.(N*Fi)  .Gr) ™ (2.33)

Some of the SH components that carry important femtoscopic information are the follow-

ing:
° Cg: corresponds to the system size.

e ReC| (the real component of C1): indicates the presence of average pair-emission asym-

metry along the “out” axis.
o ReC (1): indicates the presence of average pair-emission asymmetry along the “long” axis.

e ReC; and ReC) (the real components of C5 and Cj, respectively): correspond to the

unequal size of the system along three axes.

It is shown that the important femtoscopic information of source can be estimated by
analysing only C8 and ReC| instead of all the components [60]. In case of Pb—Pb collisions,
the system is expected to be symmetric along the longitudinal direction. So, there should not
be any pair-remission asymmetry along the long direction and hence, ReC? is not analysed in
this study. The ReC3 and Rng can also be analysed to estimate the source parameters in all
three dimensions but it requires a lot of statistics. Hence, only C{ and ReC| are analysed in
this study. Ideally all imaginary components (/mC}") should vanish due to intrinsic symmetries.
However, the deviations of ImC { from zero might be observed in the experimental data, which
may indicate towards the detector effects related to the track reconstruction, splitting or merging

effect.
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2.6 Extraction of femtoscopic parameters

The femtoscopic parameters of a system are extracted by comparing the experimental corre-
lation functions with the theoretical ones using Eq. (2.13)) as mentioned in section [2.4] This
process is very straightforward for the identical particles as the theoretical correlation functions
can be computed analytically and can be used to fit the experimental correlation functions di-
rectly. However, the fitting process is not so trivial for the pion-kaon pairs. The FSI between
pions and kaons includes both Coulomb and strong interactions and hence, cannot be averaged
out to simplify the integration in Eq. (2.13)). Therefore, the estimation of theoretical correlation

has to be performed numerically using the following procedure:

e The emission points are generated randomly by assuming the source function to be a
three-dimensional Gaussian distribution with the sizes Roy, Rsige and Rjoe, and mean

pair-emission asymmetry floy.
e The momenta of pion-kaon pairs are taken from the experimental data [[70].

e The FSI and eventually, the weight for each pair is calculated using the generated pair

separation and pair-relative momenta and then, the weight is averaged over all pairs.
e The theoretical correlation function is calculated using the FSI and source function.

e A ) test is performed between the experimental and calculated theoretical correlation

functions.

e The input parameters of the source function are varied repeatedly and the values of source

parameters, taken from the best-fit result are considered as the femtoscopic parameters.



Chapter 3

The ALICE experiment at the LHC

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is world’s largest and most powerful particle accelerator,
located at 175 m beneath the Switzerland-France border near Geneva with a circumference of
27 km. It is a part of CERN’s (European Council for Nuclear Research) accelerator complex.
It consists of two parallel beam pipes, kept at ultra-high vacuum, where the bunches of protons
and heavy ions are accelerated close to the speed of light in opposite directions. The collisions
of accelerated particles and ions happen at four different points, where four experiments i.e. A
Large Ion Collider Experiment (ALICE), Compact Muon Solenoid (CMS) experiment, Large
Hadron Collider beauty (LHCb) and A Toroidal LHC Apparatus (ATLAS) are located. The
beam pipes are guarded by 1232 superconducting dipole magnets [71} [72] to keep the beams
in a circular path. The magnets are kept in a cryogenic system with the temperature close
to -271.3°C (colder than outer space) to maintain the superconducting state of the magnets.
Moreover, various quadruple and higher multipole magnets are used to keep the beams focused.

The various steps involved in particle acceleration (proton and lead (Pb) nucleus) are
shown in Fig. 3.1} The protons are produced by removing the electrons from hydrogen atoms
and Pb ions are obtained by heating a highly purified Pb sample, which produces a vapour
of Pb atoms. The Pb atoms are then ionised by stripping off their electrons. The produced

protons and Pb ions are then accelerated sequentially in the Linear Accelerators (LINAC?2 and

40
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The CERN accelerator complex
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Figure 3.1: The schematic diagram of CERN LHC accelerator complex [73]].

LINACS3, respectively), Low Energy Ion Ring (LEIR), Proton Synchrotron (PS) and Super Pro-
ton Synchrotron (SPS). The beams from SPS are pushed into the LHC where final acceleration

takes place. The maximum center-of-mass energy obtained in Pb—Pb and p—p systems are

Vsnn = 5.02 TeV and +/s = 13 TeV, respectively.

3.2 The ALICE experiment

One of the four major experiments at the LHC is ALICE, which is optimised to study the colli-
sions of heavy ions [[74,[75]]. It is expected that these collisions may create the QGP-like state of
matter due to extreme energy densities and temperatures. The main goal of ALICE is to probe

various properties of the QGP and to study the physics of strongly interacting matter. Along
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Figure 3.2: The schematic view of ALICE detector [76].

with the heavy-ion collisions, p—p and proton-nucleus (p—Pb) collisions are also investigated,
which provides the baseline of the dynamics of heavy-ion collisions[76]. Some of the strengths

of ALICE are the following:
e It is optimised to perform in high-multiplicity environment.
e It has high detector granularity.
e It is very efficient in identifying particles with momentum up to 20 GeV/c [76].
e It can measure tracks with very low-transverse momenta (pr), up to 150 MeV/c [76]].

The schematic diagram of ALICE and its sub-detectors is shown in Fig. 3.2] Its total
weight is close to 10* ton and overall dimensions are 16 x 16 x 26 m>. It consists of 17
sub-detectors that can be catagorised into three types: central-barrel detectors, forward de-

tectors, and the Muon spectrometer [[76]. The central-barrel detectors are the Inner Tracking
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System (ITS), Time Projection Chamber (TPC), Transition Radiation Detector (TRD), Time Of
Flight detector (TOF), Photon Spectrometer (PHOS), Electromagnetic Calorimeter (EMCal),
and High Momentum Particle Identification Detector (HMPID), which are surrounded by the
L3 solenoid magnet having a magnetic-field strength of 0.5 T. The ITS, TPC, TRD and TOF
cover the full azimuth around the midrapidity region, (|n < 0.9]). The ITS and TPC are the main
charged-particle tracking detectors of ALICE. The forward detectors are the Photon Multiplicity
Detector (PMD), Forward Multiplicity Detector (FMD), Cherenkov detector TO, plastic scintil-
lator detector VO and Zero Degree Calorimeter (ZDC). The muon spectrometer is installed at
one side along the beam direction, outside the solenoid.

All the detector systems are described in the following sections. The detectors whose data

are primarily used in this analysis, such as ITS, TPC. TOF and VO, are discussed in detail in

sections [3.3.1,[3.3.2] [3.3.4] and [3.4.1], respectively.

3.3 Central barrel detectors

3.3.1 Inner Tracking System (ITS)

The ITS [[75,76] is the innermost sub detector of ALICE, installed at the radial distances
of 3.9 — 43 cm from the beam pipe, covering the pseudorapidity range of || < 0.9. It has six
cylindrical layers made of silicon detectors. The innermost two layers consist of Silicon Pixel
Detectors (SPD), the intermediate two layers consist of Silicon Drift Detectors (SDD) and the
outermost two layers consist of Silicon Strip Detectors (SSD). Fig. [3.3] shows the schematic
view of the six layers of ITS. The main objectives of the ITS are to construct the primary
vertex of the collisions along with the secondary vertices created due to the particle decays, to
reconstruct the tracks of charged particles along with the TPC, and to identify the tracks with

low-transverse momentum utilising the specific-energy loss (dE/dx) information.
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Figure 3.3: The schematic diagram of the ITS detector [77]].

Silicon Pixel Detectors (SPD):

The SPD are the innermost layers of ITS (1* and 2"¢), installed at the radial distances of 3.9
cm and 7.6 cm from the beam line, covering the pseudorapidity ranges || < 2.0 and || < 1.4,
respectively. The layers consist of 9.8 x 10® hybrid silicon pixel detectors. The spatial resolution
of SPD is 12 um (r¢) and 100 um (z) and the readout time is 300 ns. The primary goal of the
SPD is to construct the primary vertex of the collisions and to provide proper triggers to initiate
the data-taking process. Additionally, for the tracks with pr > 1.3 GeV/c, the SPD aids in

achieving a impact-parameter resolution of greater than 50 ym.

Silicon Drift Detectors (SDD):

The SDD consists of two middle layers (3" and 4™) of ITS, located at the radial distances of
15.0 cm and 23.9 cm, respectively, covering the pseudorapidity range of |1/<0.9. Their spatial
resolution is 35 um (r¢) and 25 um (z) and the readout time is 6.4 us. It is segmented into
two drift regions by the central cathode. When particles hit the detector, they create ionisation

electrons that traverse in the opposite direction of the applied drift field. The r¢ position of a
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particle is calculated by estimating the drift time, while the z position is calculated by measuring
the centroid of the charge deposited in the anodes. The main objectives of this detector are to

separate the tracks and identify the low-momentum particles using dE/dx measurements.

Silicon Strip Detectors (SSD):

The two outermost layers (5" and 6™) of ITS are made of SSD, placed at the radial distances
of 38.0 cm and 43.0 cm, respectively, covering the pseudorapidity range of |7|<1.0. The SSDs
are made of double-sided silicon detectors. Their spatial resolution is 27 um (r¢) and 830 um
(z) and the readout time is 1 us. They are used in track reconstruction by connecting the tracks

from the TPC to ITS and are also used in particle identification.

3.3.2 Time Projection Chamber (TPC)

The TPC [78] is the main tracking detector in ALICE, installed in the central barrel of
the ALICE detector covering the ITS, at the radial distances of 85-247 cm from the beam pipe
and covers the pseudorapidity range of |n|< 0.9 with the full azimuthal coverage. Its length
is 510 cm along the beam direction. A uniform magnetic field of 0.5 T along the z-direction,
generated by the L3 magnet is maintained in this detector. The TPC layout is shown in Fig.[3.4]

Its objectives are the following:

e To estimate the momenta of particles by measuring their trajectories in the magnetic field

of the L3 solenoid.
e To identify the tracks.
e To estimate the primary vertex, together with the I'TS, TRD and TOF detectors.

The TPC is a gaseous detector with a cylindrical shape, having a mixture of Argon (Ar)
and CO; in a proportion of 88:12. The total volume of the gas mixture inside the TPC is 90
m?>. The Central Electrode (CE) positioned at the nominal interaction point divides the volume
into two halves. A high voltage of ~ 100 kV is applied to the CE, which produces a drift field

of 400 V/cm between the CE and two end-plates. Both of the end-plates are divided into 18
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Figure 3.4: The layout of the TPC detector [78]].

trapezoidal sectors, where the Multi-Wire-Proportional Counters (MWPC) with cathode-pad
readout are installed. Each sector is further subdivided into two chambers, Inner Read-Out
Chamber (IROC) covering the radial range of 85 cm < r < 132 cm and an Outer Read-Out
Chamber (OROC) covering the radial range of 135 cm < r < 247 cm [[73,78]]. In the pad planes
of IROC and OROC, three different sizes of readout pads are used. There are 557568 pads in
TPC readouts and the dimensions of the pads vary from 4 X 7.5 mm? in IROC to 6 X 15 mm?
in OROC. Each sector of the TPC has 159 pad-rows [76].

When a charged particle traverses through the TPC, it ionises the gas and produces elec-
trons. These electrons then drift towards the end plate with a constant velocity due to the
uniform electric field and produce a signal on a few neighbouring pads in each pad-row. This
signal is used to reconstruct one cluster per pad-row, and hence, there can be a maximum of
159 clusters [76] contributing to the trajectory of one particle. The readout chambers present in
the end plates estimate the two-dimensional position of the incoming electrons and their arrival
times. By measuring the drift velocity, the third spatial dimension of the particle along beam

direction is also reconstructed.
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Figure 3.5: The specific-energy loss (dE/dx) in the TPC as a function of particle momentum in
Pb—Pb collisions at /sy = 2.76 TeV. The solid lines correspond to the parametrisations of the

expected mean energy loss [76].

The identification of charged particles using the TPC is carried out by estimating the
specific-energy loss (dE/dx) as a function of momenta of the particles [[76]. The total charge in
any pad-row is proportional to the energy loss of the particle at that point of its trajectory when
it hits that pad. The energy loss of a particle inside the TPC as a function of momenta can be

estimated using Bethe-Bloch formula which is given in Eq. (3.1) [79].

4 9 22,2
dE _ 4zNe': (ln(m)_ﬁz _ 5_(/3)). 3.1)

dx ~ m,2 B I 2
In Eq. (3.1), m, and e are the mass and charge of the electron, respectively, N is the
number density of electrons in the medium, z and 8 denote the charge and velocity of the
projectile, respectively, I is the mean excitation energy of the medium and 6(5) is a material-
dependent correction term. In Fig. [3.5] the TPC-dE/dx distribution as a function of particle
momentum is shown. The distinct bands which are separated over a wide range of momenta
correspond to different species of the charged particles e.g. electrons, pions, kaons, protons

and deuteriums. The black solid lines are obtained using the Bethe-Bloch parametrisation for
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each particle species. The TPC can provide the dE/dx resolution up to 6.5% in the most central

collision (0-5%) in Pb—Pb system and 5.2% in pp collisions [[76].

3.3.3 Transition Radiation Detector (TRD)

The TRD [76] is placed at the radial distances of 290—368 cm from the nominal interaction
point surrounding the TPC with the pseudorapidity coverage of |5| < 0.8 and full azimuthal
coverage. It is made of 18 supermodules. Each of the supermodules has 6 layers of Multi-Wire
Proportional Chamber (MWPC), filled with Xe-CO,, which are arranged in 5 stacks along the
direction of beam-line. The main objective of TRD is to separate electrons from the charged

particles.

3.3.4 Time Of Flight (TOF)

The TOF detector [[76} 80] is the outermost layer of the central-barrel detectors with the
barrel length of 745 cm. It is installed at the radial distances of 370—399 cm from the beam line
with [7| < 0.9 and full azimuthal coverage, having an effective area of ~141 m?. Its main ob-
jectives are to identify the charged particles in the intermediate momentum range, i.e. up to 2.5
GeV/c for pions and kaons and up to 4 GeV/c for protons, and to provide the trigger for cosmic
ray events and ultra-peripheral collisions. It consists of 1593 Multigap Resistive Plate Chamber
(MRPC) strip detectors, divided into 18 azimuthal sectors in the azimuthal plane. Each MRPC
strip is divided into two rows of 48 pickup pads of the size 3.5 x 2.5 cm?, for a total of 96 pads
for each strip and 152928 readout channels, which guarantees low detector occupancy. The
average MRPC time resolution is estimated to be better than 50 ps. The schematic layout of
TOF is given in Fig.[3.6|

The velocity of charged particles (v) in terms of 8 = v/c, can be measured by calculating
the time of flight “t” and the length of trajectory “L”. The TOF can perform particle identifica-

tion using the momentum information obtained from other detectors and measuring the mass of
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Figure 3.6: The layout of the TOF detector [75]].

the particles using Eq. (3.2)).
2

2.2
,  pfct
m =2 (_L2 —1). 3.2)

If two charged particles have the same momentum (p) and track length (L) but different masses

(suppose, m; and m,), they can be identified using the number of standard deviations shown in

Eq. 3.3).
Hh—tnH At
nO’ = = <>
ot ot

(3.3)

where #; and t, are the time taken by the particles with mass m; and m,, respectively, to tra-

verse through the TOF and 67 is the time resolution of the TOF. The Af can be estimated using

Eq. (3:4).

L 22 202
As (u) 3.4)

:2—C p2

The velocity distribution of charged particles as a function of momentum is shown in
Fig.[3.7] where it is observed that the information of pions and kaons are well separated up to

2.5 GeV/c and for protons, up to 4 GeV/c.
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Figure 3.7: The velocities (B) of the particles measured by the TOF detector as a function of

charged-track momentum in Pb—Pb collisions at y/syy = 5.02 TeV [80]].

3.3.5 High-Momentum Particle Identification Detector (HMPID)

The HMPID [76, 81] is made of seven identical Ring-Imaging Cherenkov (RICH) mod-
ules, installed at 500 cm from the beam line, covering the pseudorapidity range of |r7| < 0.6 and
azimuthal range of 1° < ¢ < 59°. It consists of liquid perfluorohexane (CgF4) radiator and
MWPC, together with a pad-segmented, CsI-coated photo cathode, which has an active area of
10.3 m? [81]]. It covers = 5% of the TPC acceptance. It is used to identify pions and kaons up

to pr = 3 GeV/c and protons up to pr = 5 GeV/c with 30 separation.

3.3.6 Photon Spectrometer (PHOS)

The PHOS [75, [76] is an electromagnetic calorimeter, made of dense scintillating Lead
Tungstate (PbWOQy,), installed outside the TOF, at a distance of 460 cm from the beam line. It

covers the pseudorapidity range of || < 0.12 and azimuthal range from 220° to 320°. Its main
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goal is to estimate the direct photons coming out of the hot QCD matter as well as the photons

produced from the decay of neutral mesons.

3.3.7 Electromagnetic Calorimeter (EMCalL)

The EMCAL [75] [76] is a Pb-scintillator calorimeter, installed at the radial distance of
430 cm from the beam line, opposite to the PHOS, covering the azimuthal range from 80° to
187° and the pseudorapidity range of || < 0.7 (much higher than PHOS). It gives fast and
efficient triggers (LO, L1) for electrons, photons and hard jets. It is also used to investigate the

jet-quenching effect via probing the jet interactions in the QCD .

3.4 Forward Detectors

3.4.1 VO scintillator arrays

The VO detector [75,182]] is one of the forward detectors of ALICE, made up of two arrays
of scintillator counters. As shown in Fig. [3.8] they are placed inside the L3 solenoid on both
sides of the nominal interaction point of ALICE along the z axis in an asymmetric way. The
VOA is installed at z = 329 cm on the A (ATLAS) side and VOC is placed at z = —88 cm on the
C (CMS) side, which is much closer to the nominal interaction point (z = 0). The coverage of
pseudorapidity for VOA and VOC are 2.8 < < 5.1 and —3.7 < n < —1.7, respectively.

The main objectives of the VO detectors are the following:

To provide the minimum bias and centrality triggers.

e To measure the charged-particle multiplicity in the forward region.

To separate the beam-beam interactions from the beam-gas ones.

To estimate the event plane by measuring the azimuthal distribution of the charged parti-

cles.

To estimate the luminosity of LHC beams.
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Figure 3.8: The cross-section of inner part of the ALICE along beam direction indicating the

positions of two VO (VZERO) detector arrays [82].

3.4.2 TO0 detectors

The TO [[75) 76] detector consists of two arrays of Cherenkov counters (TOA and TOC),
placed near the beam pipe on both sides of the nominal interaction point. The TOA is installed
at z = 375 cm and covers a pseudorapidity range of 4.6 < n < 4.9 while the TOC is located
at z = —72.7 cm, covering a pseudorapidity range of —3.3 < < —3.0. The main objectives
of TO are the estimation of “start” time of the interaction as well as to measure its longitudinal

position. The TO also estimates the luminosity of the beam.

3.4.3 Photon Multiplicity Detector (PMD)

The PMD [75] is made of two proportional gas chambers with lead-converter plates be-
tween them, placed at z=364 cm on the A side. It has a pseudorapidity range of 2.3 < n < 3.7
with full azimuthal coverage. Its main objectives are to estimate the number of photons in the

forward region and measure the reaction plane.
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3.4.4 Forward Multiplicity Detector (FMD)

The FMD [[75} [76l] is made up of three rings of silicon semiconductor detectors, placed
at -70 cm, 80 cm and 320 cm along the beam axis, which cover the region -3.4 < n < —1.7,
1.7 < np < 3.7and 3.6 < n < 5.0, respectively. Its main objective is to estimate the multiplicity

of charged particles.

3.4.5 Zero Degree Calorimeter (ZDC)

The ZDCs [75, [76]] consist of two sets of ZDC, namely ZN and ZP, which are made up
of two tungsten-quartz neutron and two brass-quartz proton calorimeters, respectively. They
are installed near the beam pipe at a distance of 113 m from the nominal interaction point
with almost zero azimuthal coverage. The ZDCs are mainly used to select the minimum bias
events, estimate the centralities of collisions by counting the numbers of spectator nucleons and
calculate the absolute luminosity of the beam. A third set of ZDC, electromagnetic lead-quartz
calorimeter (ZEM), made of two modules are placed on both sides of the beam line at the region

4.8 < n < 5.7 to resolve the ambiguity between the most peripheral and most central collisions

[76].

3.5 Muon Spectrometer

The Muon spectrometer [[75, [76] is used to measure the light vector mesons and quarkonium
production as well as high pr muons, which are mainly the decay product of charm and beauty
quarks. It is installed at the C side with the pseudorapidity coverage of —4.0 < n < =2.5. It con-
sists of a hadron absorber of around 10 nuclear-interaction lengths (4;,), a dipole magnet of 3
T—m along with five tracking stations, each having two pad chambers (Muon Chambers, MCH)
and two further stations (Muon Trigger, MTR), placed behind an additional 74;,, absorber. The

MTR provides the single-muon and muon-pair triggers.
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3.6 A Cosmic Ray Detector (ACORDE)

ACORDE [75, [76, [83]], the cosmic ray detector of ALICE, consists of an array of 60 plastic
scintillator counters and is placed on the top of the L3 magnet at a radial distance of 850 cm
from the interaction point. It has the pseudorapidity range of |p| < 1.3 with azimuthal coverage
of 30° < ¢ < 150°. It detects the atmospheric muons and multi-muon events along with the
TPC, TRD and TOF. It also provides a fast trigger signal (LO) for the calibration and alignment

of several detectors e.g. the ITS and TPC.

3.7 Trigger

The trigger signals [76] are required to start the process of data taking in ALICE. They are
generated by various fast detectors (SPD, TRD, TOF, PHOS, EMCal, ACORDE, V0, TO, ZDC,
MTR) having various trigger levels, which is then collected by the Central Trigger Processor
(CTP) and sent to other detectors. The input signals are evaluated by the CTP in every ~ 25
ns time interval [76]]. In this analysis, the “kINT7” or “VOAND Minimum bias”, “kCentral”
and “kSemiCentral” triggers are primarily used. These are VO-based trigger signals, which are
generated after the particles hit both of the VOA and VOC detectors. The main objective of
KINT?7 trigger is to record only the collisions between accelerated particles and reject all other
events (background) e.g. beam-gas interactions. The kCentral and kSemiCentral triggers are
used to select the 0-10% and 30-50% centrality events, respectively [76], by applying a cut to

the recorded multiplicity.

3.8 Event and Track reconstruction

The event and track reconstruction are very complex procedures. The primary estimation of the
interaction vertex is performed by reconstructing short tracklets using the clusters from the SPD
layers and extrapolating those tracklets to the beam line. The point where most of the tracklets

converge is tagged as the primary vertex.
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The tracks of charged particles are reconstructed in the mid-rapidity region in a three-step
process using the Kalman-filter technique in each step [84]. The outer clusters of TPC are used
to reconstruct the track seeds, which are then propagated inwards by scanning each pad-row to
locate the closest cluster. These “TPC-standalone” tracks are then extrapolated to the outer layer
of ITS. For each TPC track, several ITS tracks are reconstructed using the seeds in all six layers
of ITS and propagating them inwards. The ITS tracks with highest quality are used to construct
the global tracks together with the TPC tracks. In the next step, the tracks are extrapolated
outwards from the innermost layer of ITS by refitting the seeds found at the first stage. In this
stage, the tracks are propagated beyond the TPC, i.e. to the TRD, TOF, the calorimeters and
HMPID. At the last stage, the tracks are again refitted inwards from the outer layer of TPC to
the innermost layer of ITS and the global tracks are constructed.

The process of final reconstruction of the primary vertex using the global TPC-ITS tracks
is as follow [[76]]: for each track, the point having closest approach to the beam line is estimated
and the points which are very far from others are removed. The vertex position is calculated
by taking the average of remaining points. In the final step, the global tracks are weighted
according to their closest distances from the preliminary vertex position. The final position of

principal-interaction vertex is estimated by fitting the weighted global tracks.

3.9 Centrality determination

The properties of the system produced in collisions of heavy ions depend on the initial collision
geometry, which is described in terms of the impact parameter (b) i.e. the minimum distance
between the centers of colliding nuclei in the transverse plane [85]. For head-on collisions
(“central” collisions), the impact parameter is very small, resulting the overlapping region be-
tween two ions to be maximum with the maximum number of participants, whereas, for the
collisions with large impact parameters (“peripheral” collisions), the overlapping region is very
small with a few participants. Since the impact parameter cannot be measured directly, the

“centrality” of a collision is represented as the percentage of total cross-section of hadronic in-
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teractions, where the most central collisions correspond to the smallest centrality class (0-5%)
and the peripheral events correspond to the larger centrality class (50-90%).

The centrality is mainly estimated by measuring the total amplitude in VOA and VOC de-
tectors. In Fig. the distribution of VO amplitude in Pb—Pb collisions at /sy = 2.76 TeV
is shown, which is fitted using a Glauber Monte Carlo model. The collision geometry in the
Glauber model is described using the nuclear density profile, assuming the linear trajectory of
nucleons and selecting the binary nucleon—nucleon collisions, which utilises the inelastic nu-
cleon—nucleon cross section [/6l]. For a given impact parameter, the number of nucleon—nucleon
collisions (N¢1) and the number of participant nucleons (Np,) are estimated, which are used in

calculating the number of particle-sources as given in Eq. (3.5).

Niource = prart +(1 - f)Ncoll (3.5)

where, f corresponds to the relative contribution from the soft processes while (1 — f) corre-
sponds to the relative contribution from the hard processes. The particle distribution from each
source is fitted with a negative binomial distribution (NBD) with fit parameters u and k. The
parameters f, u and k are shown in Fig. [3.9| [76]. The total number of hadronic interactions
is estimated by integrating the fit function. The region that contains up to 90% of the total

interaction cross section is pointed out, which is then divided into various centrality classes.

3.10 Data structure

The detectors record the raw data, which is then reconstructed by a software, called AliRoot,
developed with C++ based ROOT framework. The reconstructed data is saved as the Event
Summary Data (ESD) object. The ESD objects consist of all information regarding the events,
tracks along with some detector-level information. However, the ESD objects are very large in
size and some of its information are not relevant for the physics analyses. Therefore, ESD files
are further filtered to produce Analysis Object Data (AOD) files which are much smaller in size,
much faster to process and contain only the relevant information for the physics analyses. The

ESD and AOD objects are stored as AliESDs.root and AliAOD.root, respectively.
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Figure 3.9: The distribution of number of the events as a function of the VO amplitude, where
the red line is the model fitting. The inset shows a magnified version of the most peripheral

region [76]).

The analysis presented in this thesis has been performed using the AOD objects.



Chapter 4

Pion-kaon femtoscopic correlation in

Pb—PDb collisions at /sy = 5.02 TeV

4.1 Introduction

The femtoscopic correlations of pion-kaon pairs has been explored in Pb—Pb collisions at +/sxy
=5.02 TeV with ALICE detector at the LHC. The main objectives of this study are to investigate
the dependence of source size (R,,) and pair-emission asymmetry ((o,) on the beam energy
as well as the collectivity of the system by probing the two-particle momentum-correlation
functions. The size of pion-kaon system is suggested to be the convolution of radii of the sources
emitting pions and kaons with similar velocities[63]]. This study also focuses on the dependence
of pion-kaon source size on the pair kt, mrt and pair-transverse velocity (8t). Additionally, the
dependence of p,, on the ky, mr and Bt is also studied for the first time to understand its

behaviour with the collectivity of the system.

4.2 Experimental dataset

The analysis is performed using the datasets (called as “production”) for Pb—Pb collision at
Vsnn = 5.02 TeV, collected in the year 2018 for two different polarities of magnetic field. The

datasets are LHC18q_pass3 ((+)ve magnetic field polarity) and LHC18r_pass3 ((-)ve magnetic

58
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field polarity), which can be found in https://alimonitor.cern.ch/production/raw.
jsp. Each dataset consists of several run numbers, each run number contains information about
some finite number of events.

The General-Purpose Monte Carlo events, associated with each datasets of Pb—Pb events
are generated using various models e.g. A Multi-Phase Transport (AMPT) Model, Heavy-Ion
Jet INteraction Generator (HIJING), THERMal heavy-IoN generATOR (THERMINATOR) etc.
In this analysis, the HIJING Monte Carlo events recorded as the dataset LHC20e3a (anchored to
LHC18q,r) are used, where the responses of various detectors are modeled using GEANT4. The
Monte Carlo events are analysed to estimate the track-reconstruction efficiency, contamination
from secondary particles and particle-identification purity of the pion and kaon samples, which

are described in section

4.3 Analysis software

The analysis is performed using the AliFemto and AliFemtoUser packages under AliPhysics
and AliRoot framework, developed by the ALICE Collaboration. The link to the packages are

following:

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

AliFemto

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

AliFemtoUser.

The configuration file which contains the necessary classes to perform this analysis can be
found in https://github.com/alisw/AliPhysics/tree/master/PWGCF/FEMTOSCOPY/
macros/Train/NonIdParticleFemto/PionKaonFemto/mixevent_pileupEvent_

config/ConfigFemtoAnalysis.C.
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4.4 Analysis strategy

4.4.1 Event selection

To perform the physics analysis, the process of selecting the collisions (events) of two
heavy ions has to be optimised. Different physics-selection procedures are utilised to select the
good events, by which the beam-gas interactions and pile-up events are reduced significantly.
The very first step of selecting the events is to apply the physics-selection procedure, by which
several collisions are selected according to the trigger class, as discussed in section The
beam-gas interactions are discarded using the arrival time of the signal in two VO arrays. In
case of Pb—Pb interactions, the collisions of one main and one satellite bunch are rejected using
the correlation of arrival times of the signals in neutron ZDCs. In this analysis, the KINT7
(minimum bias), kCentral and kSemiCentral triggers are used.

The next step is to select the primary vertex of the interaction. Only those events for which
the primary vertices are reconstructed, are selected for the analysis. There has to be at least one
track that contributes to the determination of primary vertex. The z positions of reconstructed
vertices (Zyi) are taken within 7.0 cm with respect to the nominal interaction point of the ALICE
detector. The uniform acceptance of the tracks within || < 0.8 in both the ITS and TPC detector
is ensured by selecting z,x < +7.0 cm. Also, the pile-up events that are reconstructed at the
SPD detector are removed.

The analysis is carried out for 0-5%, 5-10%, 10-20%, 20-30%, 30—-40%, 40—-50%,
50-60%, 60—70% and 70—80% centrality classes (discussed in section [3.9)). The total number
of events that are selected for this analysis is ~ 92.8 million. The z distributions of the events

are shown in Fig. 4.1]

4.4.2 'Track selection

The event-selection criteria is followed by the selection of good tracks. As this analysis

focuses on the interactions between primary pions and kaons, a set of conditions are applied to
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Figure 4.1: The distribution of z position of the primary vertex for Pb—Pb collisions at /sy =

5.02 TeV in ALICE.

select the primary-charged particles and also, to reduce the number of secondary tracks, tracks
with low quality, false trajectories etc.

In this analysis, the “TPC only tracks”, i.e. the tracks of charged particles that are re-
constructed using the TPC detector are chosen. A set of pre-defined cuts, named “FilterBit7”,
is used to select these stand-alone TPC tracks. The details about FilterBit7 can be found in
https://twiki.cern.ch/twiki/bin/view/ALICE/AddTaskInfoAOD145 and https://
twiki.cern.ch/twiki/bin/viewauth/ALICE/PWGPPAODTrackCuts. The pseudorapidity
range is taken to be || < 0.8. The minimum number of TPC clusters which are required to re-
construct a track is taken to be 70 out of 159. The y? per number of cluster of the momentum fit
in the TPC is taken to be less than 4.0 to reduce the contribution from uncorrelated combination
of clusters. Each track has to have at least one hit in one of the two inner layers of ITS or TOF

to reject the track pile-up.
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Ideally, all tracks should be reconstructed in such a way that their point of origin should be
the primary vertex. But, due to the limitation in detector resolution, there is always a separation
between the primary vertex and point of origin of the track. This distance of closest approach
(DCA) of the track to the primary vertex is estimated using the Global-track information i.e.
combining the tracks reconstructed using the ITS and TPC detectors. The DCA in z direction
(DCA,) and x-y plane (DCA,y) are taken to be less than 0.3 cm. It is ensured that most of
the pile-up events are rejected by using the DCA, cut while most of the secondary vertices are
rejected by applying the DCA,, cut. This analysis is performed in three parts, which are the

following:

e In the first part, the tracks are selected within the transverse-momentum range of 0.19

<pr (GeV)/c <1.5 and no selection cut is applied on the ky of the pair.

e In the second part, the tracks are selected from the same pr range and the following
krt ranges: 400-500, 500—600 and 600—-700 MeV/c to study the kr-dependence of the

correlation functions.

e In the third part, the particles are chosen from a relatively broader pt range of 0.1 <pr
(GeV)/c <2.5 and Bt ranges of 0.7-0.75, 0.75-0.8, 0.8-0.85, 0.85-0.9 and 0.9-0.95 to

investigate the dependence of correlation function on the Sr.

The selection criteria for the charged-particle tracks are listed in Table

4.4.3 Particle identification

In this analysis, the identification of particles is performed using the information from
both TPC and TOF detectors. The primary objective of this process is to identify relevant tracks
with high purity and reduce the contamination from misidentified particles to a feasible extent.

The information on the specific-energy loss (dE/dx) of a track inside the TPC detector
(discussed in section [3.3.2) and the time of flight of a track inside the TOF detector (discussed
in section are used to identify pions and kaons. The sampling of the tracks in various

momentum ranges is performed using the no- method, which can be explained in the following
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Kinematic limit

Il <038

[0.19, 1.5] GeV/c

Pr
[0.1,2.5] GeV/c

Track selection and uality

FilterBit 7 (TPC only tracks)
x?/clusters of the momentum fit in the TPC <4
DCAxy 0.3 cm
DCA;, 0.3 cm
Minimum number of TPC clusters 70 out of 159
Track pile-up rejection kTRUE

Table 4.1: The selection criteria for the charged-particle tracks

way: if Ay, is a measured variable in a detector, A, is the predicted value of that variable and
Oresol 18 the resolution of the detector, then no- can be defined as:

Am— A,

O resol

4.1

no =

A track is identified after applying a specific no cut (e.g. 20, 30 etc.) on that variable.
In case of the TPC detector, the difference of the measured specific energy loss of a track
with the predicted one from the Bethe-Bloch parametrisation is calculated, which is used to

estimate the norpc as given in Eq. (4.2).

dE dxmeasure —dE/dx, redicte:
norpc = / ;_ / e (4.2)
TPC

where, dE/dXpeasurea 18 the specific-energy loss inside the TPC detector, dE/dXprediced 18 the
predicted specific-energy loss and orpc is the TPC-dE/dx resolution.
Similarly, the notoF for a track is estimated by computing the difference of the measured

time of flight of that track inside the TOF detector with the predicted one as given in Eq. (4.3).

TOFmeasure - TOF redicte
NnoToF = 2_ e .3)
TOF
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where, TOF neasured and T OF pregicied are the measured and predicted time of flight of the track
inside the TOF detector, respectively and oo is the TOF-time resolution.

To select the identified track within some no value, two conditions are always taken care

of:

e A very wide no cut is not applied to ensure that the contamination from misidentified

tracks is less.

e A very narrow no cut is not chosen to ensure that the selected sample has enough statis-

tics.

Pion identification

The following norpc and noror cuts are applied for pion selection:

e |norpc| < 3.0 for |p| <500 MeV/c,

o 00y + 10 ) < 3.0 for [pl >500 MeV/e.

Kaon identification
The following no7pc and noror cuts are applied for kaon selction:
e |norpcl < 2.0 for |p| <400 MeV/c,
e |norpc| < 1.0 for 400 MeV/c < |p| <450 MeV/c,
e |norpcl < 3.0 and noror < 2.0 for 450 MeV/c < |p| <800 MeV/c,
e |norpcl < 3.0 and noror < 1.5 for 800 MeV/c < |p| <1000 MeV/c,

o |l’lO'Tpcl < 3.0 and noror < 1.0 for |p| >1000 MeV/c.

The TPC-dE/dx distribution and TOF-time distribution for pions and kaons as a function
of momentum are shown in Fig. 4.2|and Fig. 4.3] respectively. The pr, 7 and ¢ distributions of

pions and kaons are given in Fig. |4.4H4.5]
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Figure 4.2: The TPC-dE/dx and TOF-Time distribution for pions as a function of momentum

in Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.

After identifying the tracks, a pair is formed by selecting one track of pion and one track of
kaon from the bunch of accepted tracks. Eventually the relevant variables are computed, which

are used further in the analysis.

4.5 Track-reconstruction efficiency, secondary
contamination and particle-identification purity

The track-reconstruction efficiency, secondary contamination and the particle purity are esti-
mated using the Monte Carlo events, generated (and reconstructed) by the HIJING event gen-
erator. The event- and track-selection criteria that are used for this purpose are similar to the

ones, used in the analysis of real events.
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Figure 4.3: The TPC-dE/dx and TOF-Time distribution for kaons as a function of momentum

in Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.

The track-reconstruction efficiency, €, is the ratio of number of the measured primary par-
ticles (reconstructed-primary tracks) to the number of primary particles that would be measured

in an ideal detector (generated-primary tracks):

NTecon structed
primaries

€= ——. (4.4)

generated
primaries

The tracking efficiency for pions in two pr ranges are shown in Fig. 4.6 and the same for
kaons are shown in Fig. It is observed that in each centrality class, the efficiency decreases
significantly when the pr is greater than 0.5 GeV/c. This is the region where the information
from the TOF detector is also used. Moreover, the efficiency decreases from most central to
peripheral events for both pions and kaons.

The contamination from secondary particles, Cy,., is a ratio of the number of reconstructed

(measured) secondary particle i.e the particles produced from weak decays, to the total number
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Figure 4.4: The n, pr & ¢ distribution for the 7~ (upper panels) and K~ (bottom panels) in

Pb-Pb collisions at +/syy = 5.02 TeV in ALICE.

of reconstructed particles. The values of Cy,. as a function of pt for pions and kaons are shown
in Fig. 4.8 The secondary contamination of kaons is very negligible. For pions, the contamina-
tion is less than 2% in the higher py region, however, it varies from 5% in 0—5% central to 3%

in 60—70% central collisions in the lower pr region.

Nreconstructed
C _ secondaries (4 5)
sec Nreconstructed + Nmeasured : ’
primaries secondaries

The particle-identification (PID) purity can be estimated by taking the ratio of truly iden-
tified particles to the total (sum of truly and falsely) identified particles. The purity for pions
and kaon as the function of pr is shown in Fig. The purities of both pions and kaons are

around 99% in the lower pt region, however, it decreases significantly in the higher pr region.
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Figure 4.5: The n, pr & ¢ distribution for the 7" (upper panels) and K* (bottom panels) in

Pb-Pb collisions at +/syy = 5.02 TeV in ALICE.

4.6 Experimental correlation functions

The spherical harmonics representation of the correlation functions calculated using the experi-
mental data for all charged combinations of pion-kaon pairs for 0—5% central Pb—Pb collisions
at /sy = 5.02 TeV in ALICE in both (+)ve and (-)ve magnetic-field polarities are shown in
Fig. .10l

The Cj components are observed to deviate from unity in the lower k* region. For the like-
signed pairs, the Cg goes below unity due to the dominance of repulsive Coulomb interaction,

while it goes above unity for the unlike-signed pairs due to the attractive Coulomb interaction.
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The ReC| components also deviate from zero in the lower k* region which suggests the possi-
ble existence of pair-emission asymmetry along the out direction. The ImC| components that
should ideally vanish due to the intrinsic symmetries, deviate slightly from zero and their po-
larities change with the magnetic-field polarities. The non-zero values of /mC| may indicate
the track-reconstruction issues[60]. The pairs that are formed with the tracks having very small
angular differences are mostly affected due to the limitations in track-reconstruction process.
The pair cuts or two-tracks cuts that are applied to minimise the detector effects are discussed

in section
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4.6.1 Pair cuts

Cut for fraction of shared clusters

Generally a large number of particles are produced in heavy-ion collisions and the region en-
closing the TPC detector is heavily populated with the tracks. The particles traversing through
the TPC detector may be very close to each another and therefore, it may happen that the clus-
ters created in the TPC for multiple particles can be merged into one. Hence, some of the pairs
may be reconstructed as only one track instead of two separate tracks. A cut is applied to reduce
this effect by removing those reconstructed pairs whose constituents share more than 5% of the

total number of hits in the TPC.

Pair quality cut

It may happen that a track is segmented into two pieces in the TPC [86]. While reconstructing
a single track, such pieces should be properly linked. However, in some cases, a split track may
by observed and the tracks which form a pair may have few TPC clusters. Moreover, in most
of the cases, these two tracks would not have clusters in the same TPC pad-row. To reject these
type of tracks, the number of times the tracks of a particle-pair have non-shared cluster in a TPC
pad-row is counted and those pairs for which this number is less then half of the total number

of clusters (if both have clusters in the same row) are removed.

Anti-gamma cut

During the pair-production, an electron-positron pair is produced from a gamma ray having
energy more than 2m,, where m, is the rest mass of an electron. If this process occurs at any
place between the interaction point and TPC detector, the produced electron-positron pair may
be misidentified as the oppositely charged pairs of pion and kaon and may affect the analysis.

To remove this pair, the following criteria should be fulfilled simultaneously:

e The invariant mass M;,, = 2m§ + 2(EE, — p1p») of pion-kaon pair with momenta p; and

p» and with assumed m, is lower than 0.002 GeV/c.
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e The polar-angle difference Af = |6, — 6,| between the particles in a pair, where 6 is the

angle between the beam axis and momentum of the particle, is lower than 0.008 rad.

Merged fraction cut

When two tracks traverse very close to each other inside the TPC detector, it is possible that
the clusters of those two tracks may overlap in some pad-rows. This may affect the track-
reconstruction process in such way that the two tracks may be reconstructed as one track (“‘merg-
ing” effect) or on the contrary, one track may be split into two tracks (“splitting” effect), which
modifies the correlations between the particles in a pair and eventually affects the femtoscopic
parameters. To observe this effect, the A¢* — An correlation function of 7* K* and n* K~ pairs,
selected from the same and mixed events are shown in the upper panels of Fig. re-
spectively. The merging and splitting of the tracks are very prominent within the pseudorapidity
difference of |An| < 0.01 for the pairs that are selected from the same events. For the pairs from
the mixed events, the splitting effect is very prominent.

To remove this effect, an additional cut, called “merged fraction cut” (MF) is applied for
the pairs having |An| < 0.01. The trajectories of two particles are propagated for a set of radii,
from 0.8 to 2.5 m in steps of 0.01 m and are projected on the plane perpendicular to the beam
axis. The separation between these two projected tracks are calculated at each step. If the
distance is less than 3 cm at any step, that step is marked as “merged”. Then the fraction of
merged points is calculated by taking the ratio between the “merged” points and total number
of points i.e. 170. If this ratio is greater than a specific limit, the pair is not considered for
further analysis.

The A¢* — An correlations for 7*K* and 7" K~ pairs, selected from the same and mixed
events, with 3% MF+ anti-gamma cuts are shown in the bottom panels of Fig. It is
observed that the merging effect is minimised for the pairs with |[A¢*| = 0.025 and |Azn| < 0.01
at a radial distance of 1.2 m.

To observe the track-merging/splitting effect on the femtoscopic correlation functions, the

C), ReC| and ImC| for 7*K* and 7* K~ pairs with no MF+ cuts and with different MF (1%, 3%
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Figure 4.11: The A¢* — An correlation functions for 7* K™ pairs selected from the same and

different events with no MF and no ¥ cuts (upper panels) and 3% MF+y cuts (bottom panels)

for 0—5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.

and 5%)+Y cuts are shown in Fig. d.13{4.14] All the three correlation functions with different

MEF cuts almost overlap each other. For the 7* K* pair, the ImC| does not vary significantly after

applying the MF cut, however, the merging effect in the Cg and ReC]| in the region of 90 MeV/c

< k* < 120 MeV/c is slightly improved. For the n* K~ pair, the ImC| becomes close to zero in

the lower k* region and the magnitudes of C) and ReC| are affected with the application of MF

cut.
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The correlation functions are observed to improve with the application of MF cut, however,

there is no significant change in the correlation function for 1%, 3% and 5% MF cut. Hence,

the cut of 3% MF which takes care of the merging/splitting effect without reducing the statistics

of pairs significantly, is chosen to proceed further in the analysis.
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Figure 4.13: The correlation functions for 77 K* pairs with different merged-fraction cuts for

0—5% central Pb—Pb collisions at +/syny = 5.02 TeV in ALICE.

4.7 Non-femtoscopic background correction

In Fig. it can be seen that the Cg and ReC i components of the correlation functions are not
uniform in the higher k* region. This suggests that along with the femtoscopic correlation, the
non-femtoscopic correlations are also present in the pion-kaon correlation functions. The non-
femtoscopic background may arise due to the presence of elliptic flow, residual correlations,
resonance decay etc. [87, 88] and it has to be minimised before estimating the femtoscopic

parameters. The experimental correlation function can be represented as the addition of real
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Figure 4.14: The correlation functions for 77 K~ pairs with different merged-fraction cuts for

0—5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.

femtoscopic correlation and background as given in Eq. (4.6).

Ccii =Y

exp real

+ BY, (4.6)

where Ci’,;p is the experimental correlation function, C;é ., 18 the real femtoscopic correlation,
B is the background and i, j are the positive and negative charge of the particles. The real

correlation function can be filtered out from the measured one by the formula given in Eq. (4.7).

c’ =ci — B 4.7)

real exp

Before minimising the background, it is imperative to check whether it is similar for all charged-

pair combinations of pions and kaons. Fig. 4.16|shows the ratio of correlation functions of the
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Figure 4.15: The correlation functions of pion-kaon pairs (zoomed) for 0—5% central Pb—Pb

collisions at +/syy = 5.02 TeV in ALICE.

like-signed and unlike-signed pairs. It is seen that the ratio is = 1 in the higher £* region, which
suggests that the background is similar for all charged pairs.

The background estimation is a complicated procedure. In this analysis, two approaches
are used to measure the non-femtoscopic background. In the first approach, the background
is compared with the pion-kaon correlation functions in Pb—Pb events at /syy = 5.02 TeV,
obtained from AMPT ([[89]]) event generator. Since AMPT model does not include the femto-
scopic correlation between the particles, it can be utilised to estimate the background present
in the experimentally measured data. The comparisons of correlation functions, obtained from

the real data and AMPT events are shown in Fig. and Fig. It can be observed that the
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Figure 4.16: The ratio of correlation functions of different charged-pair combinations of pions

and kaons (zoomed) for 0—5% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.

correlations functions for both unlike- and like-signed pairs, obtained from the AMPT events do

not have the slope similar to that of the real data in the higher k* region. Therefore, the AMPT

events were not used to estimate the background, present in pion-kaon correlation functions.
The second approach of background estimation is based on the observation of similar

background for all charge combinations of pions and kaons[88]. It is assumed that for C?,

1

like __ B) = :
(C ) (Cunltke _ B)

(4.8)

where like corresponds to + +, - - and unlike corresponds to + -, - + charged-pair combinations.

The background function is assumed to be a 6 order polynomial as given in Eq. (4.9):

5
Bl =al+ ) az™V (4.9)
=1
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Figure 4.17: The comparisons of correlation functions for 7~ K~ obtained from the data and

AMPT for 0—5% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.

where z corresponds to the k* of pion-kaon pair. The parametrisation of the background is

performed for all centrality classes separately by minimizing the Xiackgroun , as given in Eq. (4.10)

187].
2 _ e L 2 T 2
X background = o2, [(C B (C*~-B) * o [(C g (- B)] (4.10)
T LY - LT |
+7ﬂ@ ~B-=Tp 7%“ G
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Figure 4.18: The comparisons of correlation functions for 77 K" obtained from the data and

AMPT for 0—5% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.

Here, 0, is the sum of ¢’s for all the pairs in each k* bin. The y? is minimised for all the pairs
together in such a way that all the coeflicients of B” i.e. a; are same for all pairs but the four pol0
terms, (a;",a’”,a," and a;") are different. The background in ReC % can be minimised in the

similar way, assuming that the background-minimised ReC; of unlike-signed and like-signed

pairs will have the same magnitudes but opposite signs.
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In Fig. 4.20, the experimental correlation functions for pion-kaon pairs with 6 order
polynomial functions, estimated as the background, are shown for 0—5% and 20—30% centrality
classes, respectively. The estimated background functions describe the experimental correlation

functions quite well.
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Figure 4.19: The correlation functions for pion-kaon pairs with the 67 order polynomial func-
tions as the non-femtoscopic background for 0—5% centrality Pb—Pb collisions at /sy = 5.02

TeV in ALICE.
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Figure 4.20: The correlation functions for pion-kaon pairs with the 6" order polynomial func-

tions as the non-femtoscopic background for 20—-30% centrality Pb—Pb collisions at /sxy =

5.02 TeV in ALICE.

4.8 Systematic uncertainty estimation

4.8.1 Systematic uncertainty due to variations in selection cuts

The measured correlation function might be affected by the biases, present in the selection

process of the events, tracks, pairs etc. To investigate the possible systematic effects in the

correlation functions due to the selection criteria, the values of selection cuts are varied from

the baseline to some other values as listed in the third and fourth columns of Table.

In each set, only one selection cut is changed and rest of the cuts are kept same as the

default values.
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Selection cut Default Variation 1 Variation 2
|Zyex| <7.0cm <8.0cm <6.0cm
In| <0.8 <0.7 <0.85
DCAxvy <0.3cm <0.25cm <0.35cm
DCA, <03cm <0.25cm <0.35cm
Minimum number
70 60 80
of TPC clusters
Number of events to
3 4 __
be mixed
A pax 0.01 0.011 0.009
Mag. field polarity (+)ve (-)ve ——

Table 4.2: The variations in selection criteria to check for the systematic uncertainties.

The results obtained for each of the variations are further analysed using the Barlow’s cri-
teria [90]] to decide whether the variation is contributing to the systematic or not. The description
of Barlow’s criteria is briefly outlined:

Let D + op and A + 05 be the values of correlation functions in the de fault and alternate
(variation) set of selection cuts, respectively. For a given k*, the difference A = (A — D) is
determined. The resultant uncertainty, o is considered to be /lo3 — o3| and /|0 + o3| for the
correlated and uncorrelated samples, respectively. In this analysis, the considered cut variations
are correlated since they belong to the same dataset except the variations in magnetic field
polarity, where two different datasets are compared. The A/o”’s for each variation is obtained
as a function of k*. For |A/o| < 2, the corresponding variation is not considered as a source of
systematic uncertainty.

The A/o as a function of k* for the DCA and z, variations for 7" K* are shown in
Fig. In case of the DCA variation, the A/o for Cg and ReC| are observed to have dis-
tinct trends and most of the points are on/beyond the border of statistical limit. Hence, it is

considered for the systematic effect while the contribution for z, are not. The variations of
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Figure 4.21: The A/o as a function of k* for the variations in DCA (upper panel) and zyx

(bottom panel) for the 7" K* for 0—5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.

A/o as a function of k* for all the considered cut variations are shown in Appendix |AL The
variations due to DCA, 7, minimum number of TPC clusters and magnetic-field polarity are
considered to be the source of systematic uncertainty, while the variations in zZyy, Anmax and
number of mixed events are not considered.

The relative systematic uncertainty due to the selection cut in each k* bin is calculated

using Eq. @.T1).

Asu(k?) Ai(k*) = D(k")
DGk JZ( D(k") ) i

where i corresponds to each set of selection criteria.
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4.8.2 Systematic uncertainty in estimation of non-femtosocpic

background

The systematic effects due to the background-estimation process are obtained in the fol-

lowing way.
e The background function is fitted in three different fit-ranges of k*, which are following:

- 0 < k" (MeV/c) <500 (default)
- 25 <k (MeV/c) <500

- 50 < k* (MeV/c) <500

e The background function is changed to a 5 order polynomial, which is used for fitting

in the range of 0 < k* (MeV/c) <500

It is clear from the background variations, shown in Fig. that the fits are consistent
and cover the higher k* region very well.

The correlation functions for pion-kaon pairs for 0-5%, 5-10%, 10-20%, 20—-30%,
30—-40% and 40—-50% central collisions with statistical uncertainties along with the systematic
uncertainties due to the selection cuts and background variations are shown in Fig. 4.23}4.28] It
is observed that the estimated background functions are in good agreement with the measured

correlation functions in the higher k* region.

4.9 Background minimised correlation function

After the background minimisation, the resultant correlation functions from 0-5% to 40—-50%
centrality classes are shown in Fig. The total systematic uncertainty in C) and ReC|
in each k* bin is the quadrature-sum of systematic uncertainty due to the cut selection and non-

femtoscopic background and is given by Eq. (4.12).

ASiorat (k") = V(Aseu(k))? + (Aspa(k")?. (4.12)
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Figure 4.22: The correlation functions for pion-kaon pairs with the 6" order polynomial func-

tions as the non-femtoscopic background for 0—5% (upper panel) and 20—30% central (bottom

panel) Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.23: The correlation functions for pion-kaon pairs with the non-femtoscopic back-

ground for 0—5% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.
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Figure 4.24: The correlation functions for pion-kaon pairs with the non-femtoscopic back-

ground for 5—10% central Pb—Pb collisions at 4/sxy = 5.02 TeV in ALICE.
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Figure 4.25: The correlation functions for pion-kaon pairs with the non-femtoscopic back-

ground for 10—-20% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.26: The correlation functions for pion-kaon pairs with the non-femtoscopic back-

ground for 20—30% central Pb—PDb collisions at y/syny = 5.02 TeV in ALICE. [91]]
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Figure 4.27: The correlation functions for pion-kaon pairs with the non-femtoscopic back-

ground for 30—40% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.28: The correlation functions for pion-kaon pairs with the non-femtoscopic back-

ground for 40—-50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Here, As (k") and Aspg(k*) are the systematic uncertainty in each k* bin due to the cut selec-
tions and non-femtoscopic background, respectively.
After the background minimisation, the correlation functions are used to extract the fem-

toscopic parameters which is discussed in section 4.12]
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Figure 4.29: The background-minimised correlation functions of pion-kaon pairs for 0—5%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.

4.10 kr-dependent correlation functions

The correlation functions in three kr ranges: 400-500, 500-600 and 600-700 MeV/c are ob-
tained to observe the kt dependence of the femtoscpic parameters. The correlation functions
from 0—5% to 40—-50% centrality classes in three kr ranges with the statistical and systematic
uncertainties are shown in Fig. 4.35]-4.52]

The background-minimised correlation functions from 0-5% to 40-50% centrality

classes in the three kt ranges are shown in Fig.
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Figure 4.30: The background-minimised correlation functions of pion-kaon pairs for 5-10%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.31: The background-minimised correlation functions of pion-kaon pairs for 10-20%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.32: The background-minimised correlation functions of pion-kaon pairs for 20-30%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.33: The background-minimised correlation functions of pion-kaon pairs for 30-40%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.34: The background-minimised correlation functions of pion-kaon pairs for 40-50%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.35: The pion-kaon correlation functions within 400 <kt (MeV/c)< 500 with the non-

femtoscopic background for 0—5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.36: The pion-kaon correlation functions within 500 <kt (MeV/c)< 600 with the non-

femtoscopic background for 0—5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.37: The pion-kaon correlation functions within 600 <kt (MeV/c)< 700 with the non-

femtoscopic background for 0—5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.38: The pion-kaon correlation functions within 400 <kt (MeV/c)< 500 with the non-

femtoscopic background for 5—10% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.
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Figure 4.39: The pion-kaon correlation functions within 500 <kt (MeV/c)< 600 with the non-

femtoscopic background for 5—10% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.
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Figure 4.40: The pion-kaon correlation functions within 600 <kt (MeV/c)< 700 with the non-

femtoscopic background for 5—10% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.
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Figure 4.41: The pion-kaon correlation functions within 400 <kt (MeV/c)< 500 with the non-

femtoscopic background for 10—20% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.
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Figure 4.42: The pion-kaon correlation functions within 500 <kp (MeV/c)< 600 with the non-

femtoscopic background for 10—20% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.
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Figure 4.43: The pion-kaon correlation functions within 600 <kt (MeV/c)< 700 with the non-

femtoscopic background for 10—20% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.
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Figure 4.44: The pion-kaon correlation functions within 400 <kt (MeV/c)< 500 with the non-

femtoscopic background for 20—30% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.
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Figure 4.45: The pion-kaon correlation functions within 500 <kt (MeV/c)< 600 with the non-

femtoscopic backg

round for 20—30% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.46: The pion-kaon correlation functions within 600 <kt (MeV/c)< 700 with the non-

femtoscopic background for 20—30% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.
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Figure 4.47: The pion-kaon correlation functions within 400 <kt (MeV/c)< 500 with the non-

femtoscopic background for 30—40% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.
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Figure 4.48: The pion-kaon correlation functions within 500 <kt (MeV/c)< 600 with the non-

femtoscopic background for 30—40% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.
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Figure 4.49: The pion-kaon correlation functions within 600 <kt (MeV/c)< 700 with the non-

femtoscopic background for 30—40% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.
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Figure 4.50: The pion-kaon correlation functions within 400 <kt (MeV/c)< 500 with the non-

femtoscopic background for 40—50% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.
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Figure 4.51: The pion-kaon correlation functions within 500 <kt (MeV/c)< 600 with the non-

femtoscopic background for 40—50% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.
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Figure 4.52: The pion-kaon correlation functions within 600 <kt (MeV/c)< 700 with the non-

femtoscopic background for 40—50% central Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE.

4.11 pSr-dependent correlation functions

The femtoscopic parameters are heavily influenced by the collectivity of the system, mostly the
radial flow. The relative pair separation between the particles, when boosted to PRF, is directly

related to the pair-transverse velocity as given by Eq. (4.13) [60].

T = Y1(Fou — BrAY) (4.13)

where, r,, and At are the space—time separation between particles, Bt is the pair-transverse ve-
locity, yr = 1/ /1 — B2. The Br can be estimated by taking the ratio of pair-kr to the transverse
mass of the pair. It will be interesting to study the dependence of the pion-kaon correlation
functions on the pair-transverse velocity. The primary objective of this study is to probe the

evolution of the femtoscopic parameters directly with the collectivity of the system.



4.11  Br-dependent correlation functions 106

L I BN B LA BN B BB B B
ALICE Preliminary ~ Pb-Pb s, = 5.02 TeV, 0-5%
0.19<p_<15GeV/c, |7 <0.8

1.2
o o
o
400 < k; (MeV/c) < 500
0.6
0.02
o 5*5 1
S) 0 Wﬂﬂm
&’ =il s T K ]
o mK* o K 1
-0.02 [ syst. error for t* K™ [__] syst. error for n+ K~ =
[ syst. error for ©= K* [ ] syst. error for n- K~

0 0.02 0.04 006 008 0.1 0.12 0.14 0.16 0.18 0.2
k* (GeV/c)

Figure 4.53: The background-minimised correlation functions of pion-kaon pairs within 400

<kt MeV/c)< 500 for 0—5% central Pb—Pb collisions at +/syny = 5.02 TeV in ALICE.
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Figure 4.54: The background-minimised correlation functions of pion-kaon pairs within 500

<kt MeV/c)< 600 for 0—5% central Pb—Pb collisions at /syny = 5.02 TeV in ALICE.
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Figure 4.55: The background-minimised correlation functions of pion-kaon pairs within 600

<kt MeV/c)< 700 for 0—5% central Pb—Pb collisions at +/syny = 5.02 TeV in ALICE.
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Figure 4.56: The background-minimised correlation functions of pion-kaon pairs within 400

<kt (MeV/c)< 500 for 5—10% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.57: The background-minimised correlation functions of pion-kaon pairs within 500

<kt MeV/c)< 600 for 5—10% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.58: The background-minimised correlation functions of pion-kaon pairs within 600

<kt (MeV/c)< 700 for 5—10% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.59: The background-minimised correlation functions of pion-kaon pairs within 400

<kt MeV/c)< 500 for 10—-20% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.60: The background-minimised correlation functions of pion-kaon pairs within 500

<kt (MeV/c)< 600 for 10-20% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.61: The background-minimised correlation functions of pion-kaon pairs within 600

<kt MeV/c)< 700 for 10—-20% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.62: The background-minimised correlation functions of pion-kaon pairs within 400

<kt (MeV/c)< 500 for 20—30% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.63: The background-minimised correlation functions of pion-kaon pairs within 500

<kt MeV/c)< 600 for 20—30% central Pb—PDb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.64: The background-minimised correlation functions of pion-kaon pairs within 600

<kt (MeV/c)< 700 for 20—30% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.65: The background-minimised correlation functions of pion-kaon pairs within 400

<kt MeV/c)< 500 for 30—40% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.66: The background-minimised correlation functions of pion-kaon pairs within 500

<kt (MeV/c)< 600 for 30—40% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.67: The background-minimised correlation functions of pion-kaon pairs within 600

<kt MeV/c)< 700 for 30—40% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.68: The background-minimised correlation functions of pion-kaon pairs within 400

<kt (MeV/c)< 500 for 40—50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.69: The background-minimised correlation functions of pion-kaon pairs within 500

<kt MeV/c)< 600 for 40—-50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.70: The background-minimised correlation functions of pion-kaon pairs within 600

<kt (MeV/c)< 700 for 40—50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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4.11.1 Estimation of electron-contamination

To study the Sr-dependence of the correlation functions of pion-kaon pairs, the particles
are chosen from 0.1 <pt (GeV)/c <2.5. The TPC-dEdx distribution for pions as a function of
pr with large no values are shown in Fig. where it is observed that the pion sample is
contaminated with the electrons in the lower pr region. To quantify the fraction of electrons in
the pion sample, the following approach is used.

The TPC-dEdx distribution is projected in various pr bins as shown in Fig. The
electron sample is distinctively separated from that of the pion in the region of pr > 0.24 GeV/c
and is fitted with a Gaussian function as given by Eq. (4.14).

( ’(X"‘"Zelec)z )
Yelec = delec€ 7 elec

(4.14)

where, (e and o, are the mean and standard deviation of the distribution, respectively and
delec 18 the normalising constant. In the region of pr < 0.24 GeV/c, the TPC-dEdx distribution
has the contribution from both electrons and pions. Hence, the TPC-dEdx distribution in the

region of pr < 0.24 GeV/c can be fitted with a double Gaussian function as given in Eq. (4.13).

A2
(L‘“elec)2 2 ]

e )+apie[ “n (4.15)

Ytotal = delec€

Here, pp; and o are the mean and standard deviation, respectively of the Gaussian distribution

of pion sample, which can be expressed as

402

G- ]
pi

Ypi = apie[ (416)

The previously obtained parameters peje. and oejec are used as the input parameters in Eq. (4.13).

The pion sample is chosen within 30 of the TPC-dEdx distribution in the respective mo-
mentum ranges, as discussed in section4.4.3| In Fig. the 30 of the TPC-dEdx distributions
in respective pr bins are denoted as vertical black lines. The total number of pions and electrons
in the respective TPC-dEdx distributions are calculated by integrating the y,; and yejec, respec-
tively within the 30-. The fraction of electrons over pions (/) in the respective pr bins are given

in Table
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Figure 4.71: The TPC-dEdx distribution for pions as a function of py for 0—5% central Pb—Pb

collisions at /sy = 5.02 TeV in ALICE.

Fraction of electron contamination for pr ranges (GeV/c)
Centrality (%)
0.12-0.14 | 0.14-0.16 | 0.16—0.18 | 0.18-0.20 | 0.20-0.22 | 0.22-0.24

0-5 0.03 0.05 0.05 0.08 0.04 0.01
5-10 0.05 0.05 0.05 0.07 0.03 0.01
10-20 0.05 0.05 0.04 0.06 0.03 0.01
20-30 0.04 0.04 0.04 0.05 0.02 0.00
30-40 0.04 0.04 0.03 0.05 0.02 0.00
40-50 0.03 0.03 0.03 0.04 0.02 0.00
50-60 0.03 0.03 0.03 0.04 0.01 0.00
60-70 0.03 0.03 0.02 0.03 0.01 0.00
70-80 0.03 0.02 0.02 0.03 0.01 0.00

Table 4.3: The fractions of electron in the pion sample in various centrality classes and pr bins.
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Figure 4.72: The projection of TPC-dEdx distribution for pions in various pt bins for 0—5%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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The correlation functions of pion-kaon pairs, selected within the St bins: 0.7-0.75,
0.8—0.85 and 0.9—0.95 for centrality classes: 0—5%, 20—30%, 40—50% and 60—70% in Pb—Pb

collisions at /sny = 5.02 TeV, with the statistical and systematic uncertainties are shown in

Fig. [4.73) 4.84
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Figure 4.73: The pion-kaon correlation functions within 0.7<81r<0.75 with the non-femtoscopic

background for 0-5% central Pb—Pb collisions at 4/sxy = 5.02 TeV in ALICE.

The background minimised correlation functions for 0-5%, 20-30%, 40-50% and
60—-70% central collisions in the Br ranges: 0.7-0.75, 0.8—0.85 and 0.9-0.95 are shown in
Fig. 4.8544.96] The systematic uncertainty of the correlation functions in each k* bin is esti-
mated using Eq. (4.12)) by including the uncertainties due to the variations in DCA, 1, minimum

no. of TPC clusters and magnetic-field polarity, and non-femtoscopic background variation as

discussed in the section[4.9]
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Figure 4.74: The pion-kaon correlation functions within 0.8<f1<0.85 with the non-femtoscopic

background for 0—5% central Pb—Pb collisions at /sxy = 5.02 TeV in ALICE.
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Figure 4.75: The pion-kaon correlation functions within 0.9<g1<0.95 with the non-femtoscopic

background for 0—5% central Pb—Pb collisions at 4/sxy = 5.02 TeV in ALICE.
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Figure 4.76: The pion-kaon correlation functions within 0.7<g1<0.75 with the non-femtoscopic

background for 20—30% central Pb—Pb collisions at /syy = 5.02 TeV in ALICE.
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Figure 4.77: The pion-kaon correlation functions within 0.8<81r<0.85 with the non-femtoscopic

background for 20—30% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.
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Figure 4.78: The pion-kaon correlation functions within 0.9<g1<0.95 with the non-femtoscopic

background for 20—30% central Pb—Pb collisions at /syy = 5.02 TeV in ALICE.

[ ﬂé I I EJI K™ i syst. err(l)r for - K‘I 1
1.041 ¢ n*K" [ JsysterrorforntK® 7]
- 6 m K" [_]syst. error for t~ K*
oo 1.02 [ B@ﬁ # K [ ]syst. error for ot K~

ALICE Preliminary

0.005 HeL Background for
P |:|TC_ K™ DTE+ K* Dn— K* DTC+ K-

S 0f
O M T e B = 5 B o e s e
m S

—0.005 [l | Pb—Pb s, = 5.02 TeV, 40-50%

i 0.1<p._<2.5GeV/c, || < 0.8, B.:0.7-0.75
—0.01H T T
0 005 0.1 0.15 0.2 0.25 0.3
k* (GeV/c)

Figure 4.79: The pion-kaon correlation functions within 0.7<81r<0.75 with the non-femtoscopic

background for 40—50% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.
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Figure 4.80: The pion-kaon correlation functions within 0.8<81<0.85 with the non-femtoscopic

background for 40—50% central Pb—Pb collisions at /syy = 5.02 TeV in ALICE.
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Figure 4.81: The pion-kaon correlation functions within 0.9<g1<0.95 with the non-femtoscopic

background for 40—50% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.
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Figure 4.82: The pion-kaon correlation functions within 0.7<g1<0.75 with the non-femtoscopic

background for 60—70% central Pb—Pb collisions at /syy = 5.02 TeV in ALICE.
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Figure 4.83: The pion-kaon correlation functions within 0.8<81r<0.85 with the non-femtoscopic

background for 60—70% central Pb—Pb collisions at +/syy = 5.02 TeV in ALICE.
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Figure 4.84: The pion-kaon correlation functions within 0.9<1<0.95 with the non-femtoscopic

background for 60—70% central Pb—Pb collisions at /syy = 5.02 TeV in ALICE.
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Figure 4.85: The background-minimised correlation functions for pion-kaon pairs in

0.7<B1<0.75 for 0-5% central Pb—Pb collisions at 1/syy = 5.02 TeV in ALICE.
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Figure 4.86: The background-minimised correlation functions for pion-kaon pairs in

0.8<B1<0.85 for 0-5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.87: The background-minimised correlation functions for pion-kaon pairs in

0.9<B71<0.95 for 0-5% central Pb—Pb collisions at 1/syy = 5.02 TeV in ALICE.
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Figure 4.88: The background-minimised correlation functions for pion-kaon pairs in

0.7<B1<0.75 for 20-30% central Pb—Pb collisions at 1/syny = 5.02 TeV in ALICE.
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Figure 4.89: The background-minimised correlation functions for pion-kaon pairs in

0.8<B71<0.85 for 20-30% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.90: The background-minimised correlation functions for pion-kaon pairs in

0.9<B1<0.95 for 20-30% central Pb—Pb collisions at 1/syy = 5.02 TeV in ALICE.
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Figure 4.91: The background-minimised correlation functions for pion-kaon pairs in

0.7<B1<0.75 for 40-50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.92: The background-minimised correlation functions for pion-kaon pairs in

0.8<B1<0.85 for 40-50% central Pb—Pb collisions at v/syy = 5.02 TeV in ALICE.
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Figure 4.93: The background-minimised correlation functions for pion-kaon pairs in

0.9<671<0.95 for 40-50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.



4.11  Br-dependent correlation functions

129

LI B L LR L LR LN B L B
158 ALICE Preliminary  pppp s = 5.02 TeV, 60-70% -
oo I
0 3
1 S SAEnEnSrSrEnEaE
2? 0.1 <p_<2.5GeV/c, | <0.8, 5 :0.7-0.75 |
PRI BPEPEE EPEPEE PR BT PR BPEEE SPEEE P SPEPEE B
(0)F-] =MERERN LA BLELELE BLELELE BLELELE BURLELEN BURLELEN LR BLELELE NLELL B
s O
€ ¢ K s 1K
o w K oo K ;
-0.2 [ syst. error for n+ K* [ syst. error for n* K~ ]
[ syst. error for t= K* [ syst. error for = K~ ]

0 0.02 0.04 006 008 0.1 0.12 0.14 0.16 0.18 0.2
k* (GeV/c)

Figure 4.94: The background-minimised correlation functions for pion-kaon pairs in

0.7<B1<0.75 for 60-70% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.95: The background-minimised correlation functions for pion-kaon pairs in

0.8<B71<0.85 for 60-70% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.96: The background-minimised correlation functions for pion-kaon pairs in

0.9<B71<0.95 for 60-70% central Pb—Pb collisions at +/sxy = 5.02 TeV in ALICE.

4.12 Fitting of correlation function

The procedure to fit the background-minimised correlation functions and extract the femto-
scopic parameters is discussed in section A software package, called CorrFit[92], is used
to fit the correlation functions. This package is mainly developed to extract the source param-
eters from the pion-kaon correlation functions in the STAR experiment for Au—Au events at
vsnn = 200 GeV and recently used in the ALICE experiment for Pb—Pb events at /syy = 2.76
TeV. It can be used to fit the one-dimensional and three-dimensional correlation function in the
Cartesian and Spherical harmonics representations. The package consists of different source
models and pair interactions which can be chosen appropriately depending on the correlation
analysis.

The theoretical correlation functions, generated by the CorrFit package are needed to be
scaled with two important factors, Pair purity and Momentum-resolution factor, which take
care of the detector effects and some model-dependent factors. These two factors are discussed

below in detail.
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4.12.1 Pair purity

The femtoscopic parameters are highly sensitive to the purity of particle pairs which de-
pends on various experimental and model-dependent factors. Two important experimental fac-
tors are the PID purity of detector and the fraction of primary particles. The former takes care
of the misidentified particles while the later considers the contribution from primary particles
only, minimising the effect of secondary-decay products(discussed in section|4.5)). The first step
towards estimating these factors is to calculate the average pr of the pion and kaon sample that
contribute to the lower k* region.

The upper panels of Fig. and Fig. shows the pr distribution of 7% and K™,
respectively as a function of k*. The projection of pr in the lower k* range (0—0.05 GeV/c) are
shown in the bottom panels of Fig. and Fig. for 7% and K*, respectively. The mean
of these pr distributions are estimated. The PID purity and secondary-contamination factors of
pions and kaons corresponding to the extracted mean are estimated from the distributions shown
in section @ For the analysis of kr-dependent correlation functions, the correction factors are
estimated for the average pr of pions and kaons obtained within the specified kr ranges.

Additionally, there can be contributions from long-lived strongly-decaying resonance par-
ticles which also affect the correlation functions. If one particle of the pair is produced from
the decay of a long-lived resonance particle, then the source function deviates from a perfect
Gaussian and is associated with a long tail. This effect is observed in the analyses of identical-
particle correlations at STAR and PHENIX experiments at RHIC [93] 94] and therefore, has to
be accounted before fitting the correlation functions.

To quantify the contribution from resonance particles, the pair distributions for charged
pions and kaons in Pb—Pb collisions at 4/syy = 5.02 TeV are simulated in (3+1)D hydrodynam-
ics coupled to THERMINATOR 2 event generator. THERMINATOR 2 [95] is a Monte Carlo
event simulator that is developed to analyse the statistical hadronisation in relativistic heavy-ion
collisions. The model uses different freeze-out hypersurfaces and velocity profiles, generated

externally by using different hydrodynamic codes. It is widely used to study the femtoscopic
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Figure 4.97: The pr distribution of pions as a function of k* (upper panel) and projection of
pr in the k£* range: 0—0.05 GeV/c (bottom panel) for 7* for 0—5% central Pb—Pb collisions at

VISNN = 5.02 TeV in ALICE.

correlations between the particles. It can also be used to investigate the pr-spectra of particles,

elliptic-flow coeflicient, and compute the number of elastic scattering after the freeze-out.
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Figure 4.98: The pr distribution of kaons as a function of k* (upper panel) and projection of
pr in the k" range: 0—0.05 GeV/c (bottom panel) for K* for 0—-5% central Pb—Pb collisions at

VISNN = 5.02 TeV in ALICE.

The ry,y distribution of pion-kaon pairs selected within the kt range of 500 < kr MeV/c) <
600 for 0—5% central Pb—Pb collisions, simulated in THERMINATOR 2 is shown in Fig. 4.99]

where a prominent non-Gaussian tail is observed. To separate the non-Gaussian region, the
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Figure 4.99: The r;,, distribution (blue points) of pion-kaon pairs within 500 < kt (MeV/c) <
600 with the fit function (red curve) for 0—5% central Pb—Pb collisions at +/syy = 5.02 gener-

ated in (3+1)D hydrodynamics coupled to THERMINATOR 2 model.

distribution is fitted with a function as given by Eq. (4.17) [60].
Yy = aor 2o w 4.17)

where, r corresponds to the separation of particles in a pair, R is the size of one-dimensional
source function and g, is the normalisation constant. The pairs which are inside the fitted-
function profile are considered to be “femtoscopically correlated”[60]. The fraction of corre-
lated particles (g(C)) is estimated by taking the ratio of femtoscopically correlated pairs to all
pairs. The values of g(C) for kr-integrated pion-kaon pairs in different centrality classes are

taken from [60], whereas for kr-dependent analysis, the g(C) is estimated and the values are
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given in Table 4.4l The ¢g(C) is also estimated in different Sy bins for 0-5% to 70-80% central
classes, which are listed in Table 4.5] The values of ¢(C) are found to be decreasing as the
multiplicity decreases in all the k7 bins and most of the Bt bins, although they do not vary much

in the regions 0.85 <A< 0.9 and 0.9<31<0.95.

Fraction of femtoscopically correlated pairs
Centrality
(g(C)) for kt ranges (MeV/c)
(%)
400-500 | 500-600 600-700
0-5 0.85 0.80 0.76
5-10 0.81 0.75 0.72
10-20 0.76 0.71 0.68
20-30 0.73 0.70 0.67
30-40 0.72 0.70 0.66
40-50 0.72 0.70 0.66

Table 4.4: The fraction of femtoscopically correlated pion-kaon pairs (g(C)) in different kr bins

and centrality classes of Pb—Pb collisions at /sy = 5.02 TeV.

The overall purity of pion-kaon pair (F) is calculated using the Eq. (4.18).

Fregs = pr(C)  pg(C) * f=(C) * fx=(C) * g(C) (4.18)

where, p;(C) and p3(C) are the PID purity of pions and kaons, respectively, f-(C) and fx=(C)
are the fractions of primary pions and kaons, respectively, g(C) is the fraction of correlated
particles, and C is the centrality. The variation of F' as a function of centrality class for the pairs
selected in integrated-kt ranges is shown in Fig. It is observed that the F decreases from
most central to peripheral collisions. Fig. shows the variation of F(C) as a function of
kr for different centrality classes and it is observed that the F' decreases from low kt to high
kt region. However, in case of the Sr-dependent correlation functions, the F is scaled with
(1- ;) to take care of the contamination from electrons in the pion sample. The values of f; are

listed in Table 4.3] The F as a function of Sr for 0—5% to 70—80% central Pb—Pb collisions
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Fraction of femtoscopically correlated pairs (¢g(C)) for Bt ranges:
Centrality (%)
0.7-0.75 | 0.75-0.8 | 0.8-0.85 | 0.85-0.9 0.9-0.95
0-5 0.71 0.68 0.65 0.59 0.51
10-20 0.70 0.67 0.64 0.59 0.51
20-30 0.68 0.65 0.63 0.59 0.51
30-40 0.67 0.64 0.61 0.57 0.51
40-50 0.65 0.63 0.60 0.56 0.51
50-60 0.64 0.63 0.60 0.56 0.51
60-70 0.63 0.61 0.58 0.56 0.51
70-80 0.63 0.61 0.58 0.56 0.51

Table 4.5: The fraction of femtoscopically correlated pion-kaon pairs (g(C)) in different St bins

and centrality classes of Pb—Pb collisions at /syy = 5.02 TeV.

at /sy = 5.02 TeV is shown in Fig. 4.102, where it is observed that the F' decreases with
increasing fr.
The measured correlation function can be corrected by F using the following expression

[60]:

Cmeasure -1
d (4.19)

Ccorrected = T + 1.

This correction is not applied to the measured correlation function directly. Instead, the theo-

retical correlation functions generated randomly in CorrFit are scaled with the purity factor.

4.12.2 Momentum-resolution factor

The momentum resolution of the detectors can also affect the correlation functions. As the
reconstructed momenta of the particles vary from the true momenta, the estimated £* and hence,
the correlation functions are modified. To estimate this effect, Monte Carlo events generated by
HIJING event generator (discussed in section [4.2)) are analysed. The generated particles with

the true momentum p,., is passed through the reconstruction algorithm to give the reconstructed
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Figure 4.100: The overall purity of pion-kaon pairs selected in the integrated-ky range, as a

function of centrality class in Pb—Pb collisions at /syy = 5.02 TeV.

momentum, Preco. The peen and prec, are decomposed into |pgenl, Opgen » Pren and |Precols Opecs >
P peeo» TESPECtively. The standard deviation of each component of the (pgen — Preco), Namely o,
oy and o4 are obtained for each py.., bin by fitting them with a linear combination of Gaussian

and Laplace function and estimating the value of standard deviation of the fits. The obtained

standard deviations are then fitted with the following functions and are shown in Fig. 4.103]

fp(preco) =a,+ bppreco + Cp(preco)dp, (4.20)
fe(preco) =dagt bepreco + C(J(preco)dg’ (421)
fd)(preco) =ay + b¢prec0 + C¢(preco)d¢ (422)

4.12.3 Input parameters for fitting

In the present analysis, the following model parameters are used to fit the correlation

functions (C)) and ReC)).
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Figure 4.101: The overall purity of pion-kaon pairs as a function of kr in different centrality

classes of Pb—Pb collisions at +/syy = 5.02 TeV. The points for different pairs in each kr bin

are shifted deliberately.

It is assumed that the source function is a three-dimensional Gaussian function as given

in Eq. (2.195).

A condition of Rgge = Roy and Rygne = 1.3R,, based on the results obtained for three-
dimensional identical-particle femtoscopy for pions in ALICE [96], is applied to reduce
the amount of computation, as one is left with the task of extracting two independent

parameters, R,y and p,, from the fit.

The momentum distributions of pions and kaons from the real data are used as the input

distributions.

The FSI (Coulomb and strong) between the particles in a pair is computed using the

approach based on the R. Lednicky [64, 97] model.

The correlation functions are fitted within the range of 0.0 <k* (MeV/c) <100.0.
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Figure 4.102: The overall purity of pion-kaon pairs as a function of Sy in different centrality
classes of Pb—Pb collisions at /sxy = 5.02 TeV. The points for different pairs in each St bin

are shifted deliberately.

e The correlation functions are normalised within the range of 150.0 <k* (MeV/c) <200.0.
e The pair purity, discussed in section4.12.1] is estimated and used as an input parameter.

e The momentum-resolution correction, discussed in section |4.12.2is used as an input pa-

rameter.

4.12.4 Correlation functions with fit results

The kr-integrated correlation functions for all four different charged pairs of pions and
kaons and their fit results from 0-5% to 40—50% central Pb—Pb collisions at /syy = 5.02 TeV
are shown in Fig. [4.104{4.109] Moreover, the fitted correlation functions for three different kr
bins are shown in Fig. It is observed that there is a good agreement between the

experimental correlation functions and the fits obtained from the CorrFit package.
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Figure 4.103: The values of o, (upper panels), o, (middle panels) and oy (bottom panels)

estimated from the differences between true and reconstructed momentum, together with the fit

results for pions (left column) and kaons (right column)
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Figure 4.104: The pion-kaon correlation functions with the fit results from CorrFit for 0-5%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.105: The pion-kaon correlation functions with the fit results from CorrFit for 5-10%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.106: The pion-kaon correlation functions with the fit results from CorrFit for 10-20%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.107: The pion-kaon correlation functions with the fit results from CorrF'it for 20-30%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE. [91]]
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Figure 4.108: The pion-kaon correlation functions with the fit results from CorrFit for 30—40%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.109: The pion-kaon correlation functions with the fit results from CorrF'it for 40-50%

central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.



4.12  Fitting of correlation function 144

ALICE Preliminary ~ Pb-Pb \s, = 5.02 TeV, 0-5%
400 < k1 (MeV/c) < 500

14F

1.2

+ +

X,

nt K "
T K* 5

syst. error for tt K"
syst. error form K™ [

aa

Qe x

. error for t+ K’
. error forn" K

"n ®n

Yy
Yy

Fit results for all pairs
-t K" =t K
- K" -1 K

0 0.02 0.04 006 008 0.1 0.12 0.14 0.16 0.18 0.2
k* (GeV/c)

Figure 4.110: The pion-kaon correlation functions with the fit results from CorrFit within 400

<kt MeV/c)< 500 for 0—5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.111: The pion-kaon correlation functions with the fit results from CorrFit within 500

<kt MeV/c)< 600 for 0—5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.112: The pion-kaon correlation functions with the fit results from CorrFit within 600

<kt MeV/c)< 700 for 0—5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.113: The pion-kaon correlation functions with the fit results from CorrFit within 400

<kt (MeV/c)< 500 for 5—10% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.114: The pion-kaon correlation functions with the fit results from CorrFit within 500

<kt MeV/c)< 600 for 5—10% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.115: The pion-kaon correlation functions with the fit results from CorrFit within 600

<kt (MeV/c)< 700 for 5—10% central Pb—Pb collisions at y/syny = 5.02 TeV in ALICE.
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Figure 4.116: The pion-kaon correlation functions with the fit results from CorrFit within 400

<kt (MeV/c)< 500 for 10—20% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.117: The pion-kaon correlation functions with the fit results from CorrFit within 500

<kt (MeV/c)< 600 for 10—20% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.118: The pion-kaon correlation functions with the fit results from CorrFit within 600

<kt (MeV/c)< 700 for 10—20% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.119: The pion-kaon correlation functions with the fit results from CorrFit within 400

<kt (MeV/c)< 500 for 20—30% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.120: The pion-kaon correlation functions with the fit results from CorrFit within 500

<kt (MeV/c)< 600 for 20—30% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.121: The pion-kaon correlation functions with the fit results from CorrFit within 600

<kt (MeV/c)< 700 for 20—30% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.122: The pion-kaon correlation functions with the fit results from CorrFit within 400

<kt (MeV/c)< 500 for 30—40% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.123: The pion-kaon correlation functions with the fit results from CorrFit within 500

<kt (MeV/c)< 600 for 30—40% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.124: The pion-kaon correlation functions with the fit results from CorrFit within 600

<kt (MeV/c)< 700 for 30—40% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.125: The pion-kaon correlation functions with the fit results from CorrFit within 400

<kt (MeV/c)< 500 for 40—50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.126: The pion-kaon correlation functions with the fit results from CorrFit within 500

<kt (MeV/c)< 600 for 40—50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.127: The pion-kaon correlation functions with the fit results from CorrFit within 600

<kt (MeV/c)< 700 for 40—50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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The background-minimised pion-kaon correlation functions with fit results, obtained from
the CorrFit package for 0—5%, 20—-30%, 40—50% and 60—70% central Pb—Pb collisions in the
PBr ranges: 0.7-0.75, 0.8—0.85 and 0.9—-0.95 are shown in Fig. 4.12814.139| It is observed that

the fit functions are in well agreement with the experimental correlation functions.
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Figure 4.128: The pion-kaon correlation functions with the fit results from CorrFit in

0.7<B71<0.75 for 0-5% central Pb—Pb collisions at y/syy = 5.02 TeV in ALICE.

The femtosocpic parameters, extracted from these fits are discussed extensively in chapter
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Figure 4.129: The pion-kaon correlation functions with the fit results from CorrFit in

0.8<B1<0.85 for 0-5% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.130: The pion-kaon correlation functions with the fit results from CorrFit in

0.9<B71<0.95 for 0-5% central Pb—Pb collisions at 1/syy = 5.02 TeV in ALICE.
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Figure 4.131: The pion-kaon correlation functions with the fit results from CorrFit in

0.7<B71<0.75 for 20-30% central Pb—Pb collisions at +/sxy = 5.02 TeV in ALICE.
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Figure 4.132: The pion-kaon correlation functions with the fit results from CorrFit in

0.8<B71<0.85 for 20-30% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.133: The pion-kaon correlation functions with the fit results from CorrFit in

0.9<B71<0.95 for 20-30% central Pb—Pb collisions at +/sxy = 5.02 TeV in ALICE.

1.4 -
Pb-Pb VSNN =5.02 TeV, 40-50%
1.2 01< p. < 2.5GeV/c, |n <0.8,0.7 < ﬁT <0.75
IO -
¢ K s K
0.8 o K o nK ]
[ syst. error for t* K [ syst. error for n* K’
0.6 [ syst. error for ©” K* [ syst. error for n” K
0.02E H————————————————————————
0.01
T N e
o) 0 =i st st
c
F|t results for all pairs
-0.01 —ntK" =t K
i -t K =K
_0'02 I L L L I L L L I L L L I L L L I L L L I L L L I L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
k* (GeV/c)

Figure 4.134: The pion-kaon correlation functions with the fit results from CorrFit in

0.7<B71<0.75 for 40-50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.



4.12  Fitting of correlation function 157

Pb-Pb |5y = 5.02 TeV, 40-50%
0.1<p_<25GeV/c, 7 <0.8,08< B <085

1.5

+K* - TE* K
K* T K i
t. error for m* K :] syst error for 1t K
errorforn K* :] syst. error forn K

1 1 PRI R S R | 1

e T
s o T
= [sys
3 [sys

ALICE Preliminary

Fit results for all pairs

) -1t K" —ntK

-0.02H -1 K" -1t K
L L L L I L L L I L L L I L L L I L L L I L L L I L L L I L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

k* (GeV/c)

Figure 4.135: The pion-kaon correlation functions with the fit results from CorrFit in

0.8<B71<0.85 for 40-50% central Pb—Pb collisions at +/sxy = 5.02 TeV in ALICE.
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Figure 4.136: The pion-kaon correlation functions with the fit results from CorrFit in

0.9<671<0.95 for 40-50% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.



4.12  Fitting of correlation function 158

1.5

-
.....

| ]
]

[ syst. error for n* K [ syst (
[ syst. error for ©” K* [ syst. error for n” K

“K

ot K
n

. error for tt K’

s

—

ALICE Preliminary

ez raleiy

<ol

Fit results for all pairs

——

-t K" —n*K
-1 K =1 K h
L I L L L I L L L I L L L I L L L I L L L I L L L I L 7]
0.02 0.04 0.06 0.08 0.1 0.12 0.14
k* (GeV/c)

Figure 4.137: The pion-kaon correlation functions with the fit results from CorrFit in

0.7<B1<0.75 for 60-70% central Pb—Pb collisions at 1/syny = 5.02 TeV in ALICE.
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Figure 4.138: The pion-kaon correlation functions with the fit results from CorrFit in

0.8<671<0.85 for 60-70% central Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure 4.139: The pion-kaon correlation functions with the fit results from CorrFit in

0.9<B1<0.95 for 60-70% central Pb—Pb collisions at v/syny = 5.02 TeV in ALICE.



Chapter 5

Results and discussion

In the previous chapter, it is shown that the measured pion-kaon correlation functions are well
described by the theoretical fit from CorrFit package. The extracted fit parameters can therefore
be considered as the best estimate of the femtoscopic parameters associated with the particle
emitting source. In this chapter, the dependence of femtoscopic parameters on various proper-

ties of the system is discussed in detail.

5.1 Femtoscopic parameters (kt integrated)

The centrality dependence of R and yu in the out direction obtained from the pion-kaon correla-
tion functions from 0—5% to 40—50% central Pb—Pb collisions at y/sxy = 5.02 TeV is shown in
Fig. The analysis is performed separately for four different charged-pair combinations of
pions and kaons and two magnetic-field polarities (total eight functions) for each <dN.,/ dn>%
bin in the integrated kr range. Each <dN, /dn>% bin consists of the results obtained from two
magnetic field polarities and each magnetic-field polarity includes four charged-pair combina-
tions of pions and kaons. It is observed that the R increases from the peripheral to most central
events. The u also increases from the peripheral to central collisions. However, a systematic
difference in the values of R (and u) in each <dN.,/ dn>% bin is observed for different charged-

pairs and magnetic-field polarities.

160
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Figure 5.1: The radii, R (upper panel) and pair-emission asymmetry, u (bottom panel) in the out
direction as a function of <dN,/ d77>% for all charged-pair combinations of pions and kaons in

both magnetic-field polarities in Pb—Pb collisions at /sy = 5.02 TeV in ALICE.

The resultant values of the source size and pair-emission asymmetry in each <dN.,/ d77>%

bin is estimated as the weighted mean of all the eight points [87] using the following equations:

Roy = ZS: % /ZS: 1 (5.1)
& o(R) oR):? )’ '

j i=1

) (5
Hou = (Z 0(#)?) / (Z UW). (5.2)
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The statistical uncertainty is calculated as:

8

1

ARoy =1/ E )2 (5.3)
i=1 1

I

1
Mtow = 1/4] ), = mE (54)
i=1 1

where, o is the respective error in each point.

5.1.1 Systematic uncertainties

The fitting of the correlation functions might be affected by various input parameters,
which might contribute to the systematic uncertainties in the extracted source parameters. The

variations in the input parameters are given in Table[5.1]

Single parameter variation Default Variation 1 Variation 2
Fitting range (MeV/c) 0-100 0-80 0-120
Normalisation range (MeV/c) 150-200 180-230 200-250
Pair purity (% of the default value) 100 98.5 101.5
Momentum-resolution correction 100% 80% ——
Mag. field polarity X charged-pairs —— 2x4 ——

Multiple parameter variation

Fitting range (MeV/c) 0-100 0-80 ——

Pair purity (% of the default value) 100 98.5 ——
Normalisation range (MeV/c) 150-200 180-230 ——
Pair purity (% of the default value) 100 101.5 ——
Fitting range (MeV/c) 0-100 0-120 ——
Normalisation range (MeV/c) 150-200 200-250 ——

Table 5.1: The variations in the input conditions for fitting the correlation functions.
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The relative-systematic uncertainty in each <dN,/ dn>% bin for each of the variations can

be calculated by the following formulae:

ARsyst = (Rp — Ra)/Rp, (55)

Aptgyse = (Up — pa)/ b, (5.6)

where, Rp and R, are the mean of R, obtained in the default input condition and any of
the variations, respectively. Similarly, up and u, are the mean of p,, obtained in default input
condition and any of the variations, respectively. The relative systematic uncertainties, averaged

over all multiplicity classes for different variations in the fit conditions are given in Table[5.2]

Error (%) in

Error (%) in Error
normalisa-
Femtoscopid  fit range: (%) in Error (%) Error (%) in
tion range:
parameter MeV/c purity in 80% | mag. field polarity
MeV/c

mom. resol.| and charged pairs
0-80| 0—120| 180-230| 200-250| +1.5% -1.5%

Rout 1.0 1.0 1.1 1.0 2.7 3.6 2.1 2.6

Hout 19 | 23 1.0 1.0 3.0 2.9 1.0 5.0

Table 5.2: The average systematic uncertainties in the R, and u., for different variations
of the input parameters for fitting the pion-kaon correlation functions in Pb—Pb collisions at

Vsnn = 5.02 TeV in ALICE.

The total systematic uncertainty of the femtoscopic parameter is estimated using the fol-
lowing approach. For each of the variation considered, there are eight values of the estimated
parameter in each <dN,/ dn>% bin. As the number of variations considered is 10, there are 80
values in each <dN,/ d77>% bin. The RMS of these eighty points is calculated and quoted as the
total systematic uncertainty associated with the estimated parameter.

Fig. shows the R, and ., as a function of <dN, /dn>%. It is observed that the
R, increases with multiplicity which is expected as the system size increases with increase in

number of the participants. The u, 1s found to be universally negative which suggests that pions
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are always emitted from closer proximity of the center of source than kaons. The magnitude
of oy also increases with increasing multiplicity. The non-zero values of u, also indicate the
presence of radial flow in the system. The values of R, and o, are compared with the results
obtained in Pb—Pb collisions at +/sxy = 2.76 TeV and are found to be consistent. Moreover, the
study suggests that there is no significant dependence of R, and ,, on the beam energy.

The predictions from THERMINATOR 2 model are compared with the results as shown
in Fig. [5.2l THERMINATOR 2 does not incorporate the hadronic-rescattering phase of the
fireball after freeze-out. Therefore, a study is performed by introducing a set of additional time
delays in the emission of kaons to mimic the presence of a possible rescattering phase. The
lines in Fig. [5.2] correspond to different values of additional delay in the emission of kaons.
It is observed that there is a good agreement between the measured radii and predicted ones
in the peripheral events. However, the predictions of THERMINATOR 2 underestimates the
measured values from mid-central to central events. The slope of centrality dependence of ioy
as predicted by THERMINATOR 2 follows a similar trend as the measured ones. The measured
values of u, lie between the lines corresponding to the time delay of 0.0 and 1.0 fm/c. This

indicates the presence of hadronic-rescattering phase along with the radial flow in the system.

5.2 kr- and mr-dependent correlation functions

The femtoscopic parameters are extracted from the pion-kaon correlation functions in three kr
ranges as discussed in section The values of source size and pair-emission asymmetry
in out direction as a function of <dN,/ d77>-% for all charged combinations of pion-kaon pairs
in both the magnetic-field polarities are shown in Fig. [5.3}5.5] The values of source size and
pair-emission asymmetry are observed to decrease with increasing multiplicity in all the three

kt ranges.
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Figure 5.2: The R, (upper panel) and u, (bottom panel) as a function of the <dN,/ dn>% in
Pb—Pb collisions at +/syy = 5.02 TeV in ALICE. The solid lines show the predictions of Ry
and o, from THERMINATOR 2 model with the default and selected values of additional delay

(A7) in kaon emission. [91]]

5.2.1 Systematic uncertainties

The variations of input parameters for fitting the correlation functions, discussed in section
5.1.1]are also applied to estimate the systematic uncertainties in the femtoscopic parameters in
different kt ranges for all multiplicity classes. The systematic uncertainties due to the variations
in fit conditions in the three kt bins, averaged over the centrality classes, are given in Table

The resultant systematic uncertainty in the R, and p,, in each kr bin and centrality class
is estimated using the procedure discussed in [5.1.1] The Ry and po, as a function of <kp>
for different centrality classes are shown in Fig.[5.6] It is observed that the R, decreases with

increasing kr. In a given centrality class, the pairs with larger kt are mostly formed by high-py
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Figure 5.3: The radii (upper panel) and pair-emission asymmetry (bottom panel) in out direction
as the function of <dNg, /d77>-% for all charged combinations of pion-kaon pairs in both the

magnetic fields and 400<kr (MeV/c) <500 in Pb—Pb collisions at /sy = 5.02 TeV in ALICE.

particles which are emitted in the vicinity of each other. Hence, the region of homogeneity for
the larger-kr pairs is less compared to the ones with lower kt. The values of u,,, decrease from

the most central to peripheral events irrespective of the kr values and its magnitude is observed
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Figure 5.4: The radii (upper panel) and pair-emission asymmetry (bottom panel) in out direction
as the function of <dNg, /d77>-% for all charged combinations of pion-kaon pairs in both the

magnetic fields and 500<kr (MeV/c) <600 in Pb—Pb collisions at /sy = 5.02 TeV in ALICE.

to be lowest at 400<ky (MeV/c)<500 for each centrality class. However, the correlation func-
tions are needed to be analysed in more kr bins to understand the behaviour of y,, more clearly.

This would be possible by selecting the particles from broader pr ranges.
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Figure 5.5: The radii (upper panel) and pair-emission asymmetry (bottom panel) in out direction
as the function of <dNg, /d77>-% for all charged combinations of pion-kaon pairs in both the

magnetic fields and 600<kr (MeV/c) <700 in Pb—Pb collisions at /sy = 5.02 TeV in ALICE.

Fig. shows the R, and po, as a function of the transverse mass of the pair (<my>) and

centrality class. The mr is estimated using Eq. (5.7).

my = \/m? + k (5.7)
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Error in Error in Error in
Variation in
. . 400<kr (MeV/c)<500 | 500<kr (MeV/c) <600 | 600<kr (MeV/c)<700
Input setting
Rout(%) /lout(%) Rout(%) ,uout(%) Rout(%) ﬂout(%)
Fit range:
1.0 43 1.0 1.0 1.0 1.8
0-120 MeV/c
Fit range:
1.0 5.2 1.0 1.6 1.0 3.1
0-80 MeV/c
Norm. range:
1.0 1.7 1.0 1.0 1.0 1.0
180-230 MeV/c
Norm. range:
1.0 1.1 1.0 1.0 1.0 1.0
200-250 MeV/c
Purity:
3.6 6.3 2.7 2.6 3.0 3.9
98.5% of default
Purity:
2.9 4.8 2.8 3.0 2.7 1.2
101.5% of default
Momentum
1.0 3.2 1.6 2.8 34 54
resolution: 80%
Mag. field and
2.5 154 1.8 8.1 1.4 9.5
charge combination

Table 5.3: Average systematic uncertainties in the R, and u,, in the three kt ranges for different
variations of input conditions for fitting the pion-kaon correlation functions in Pb—Pb collisions

at y/syy = 5.02 TeV in ALICE.

Myt Mg+
(myx +my=+)

where, m, = is the reduced mass of pion-kaon pair. It is observed that the R, de-
creases as mr increases due to the increase in kt. This observation can be attributed to the

presence of strong collectivity in the system.
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Figure 5.6: The R, (upper plot) and g, (bottom plot) as a function of <kr> for different

centrality classes in Pb—Pb collisions at /sy = 5.02 TeV in ALICE. [91]

5.3 [Sr-dependent correlation functions

The values of Ry, and p,, are extracted from the pion-kaon correlation functions in Pb—Pb
collisions at 4/syy = 5.02 TeV from 0-5% to 70-80% centrality classes in the St ranges of
0.7-0.75, 0.75-0.8, 0.8-0.85, 0.85-0.9 and 0.9-0.95. Fig. shows the R,y and g, as a
function of <Br> for different centrality classes. The values of <S> are the weighted averages
of respective Bt bins. The values of systematic uncertainties in Roy and pioy, listed in Table [5.4}
5.5 are estimated using the same sets of variations in the input parameters, as discussed in
section 5. 1.1l

The Ry and o, as a function of <Sr> for different centrality classes are shown in Fig.[5.8]
In the upper panel of Fig. itis shown that the R, decreases with increasing <Br> for all cen-

trality classes. The B is directly related to the collective flow of the system along the transverse
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Figure 5.7: The R, (upper plot) and u,, (bottom plot) as a function of <my> for different

centrality classes in Pb—Pb collisions at /sy = 5.02 TeV in ALICE.

direction. Hence, this observation infers that for a given centrality class (or similar collectivity),
the source size decreases with increasing St as the region of homogeneity decreases for the pairs
with higher pr. The results are compared with the predicted values from THERMINATOR 2
events with kaon-emission delay At = 0 fm/c. The predictions underestimate the values of Ry
in the higher multiplicity events as observed earlier in

In the bottom panel of Fig.[5.8] it is observed for a given bin of By, the emission asymmetry
increases from the peripheral to central collisions. This is expected due to the presence of
collectivity. However, the variation of uy, as a function of mean St does not follow a particular
trend across all centrality classes. It is observed that the p,, decreases as Br increases in the
most central events. This is expected because the pair-emission asymmetry arises when both
the collective and thermal velocities are comparable in magnitude and as the B increases, the

contribution from collectivity becomes larger than the random thermal velocities. However,
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Error in Error in Error in
Variation in
. . 0.7<B1<0.75 0.75<Br<0.8 0.8<B71<0.85
Input setting
Rout(%) /lout(%) Rout(%) /Jout(%) Rout(%) /Jout(%)
Fit range: 1.5 9.7 1.0 2.0 1.0 27
0-120 MeV/c
Fit range: 1.6 15.1 1.0 3.0 1.0 2.5
0-80 MeV/c
Norm. range: 1.0 3.0 1.0 1.4 1.0 1.9
180-230 MeV/c
Norm. range: 1.0 6.1 1.0 1.1 1.0 24
200-250 MeV/c
Purity: 42 12.3 1.9 3.1 1.3 3.3
98.5% of default
Purity: 1.7 13.2 1.3 3.7 1.5 3.3
101.5% of default
Momentum 1.0 3.0 1.0 1.0 1.0 2.8
resolution: 80%
Mag. field and 5.0 20.7 2.6 9.7 3.1 9.6
charge combination

Table 5.4: The systematic uncertainties in the Ry, and to, in 0.7<By <0.75, 0.75<Br <0.8 and
0.8<Br <0.85 for different variations of input conditions for fitting the pion-kaon correlation

function in Pb—Pb collisions at +/syny = 5.02 TeV in ALICE.

in the lower-multiplicity events, the magnitude of u, increases with B, attains the maximum
around <@t >= 0.825 and then gradually decreases with increasing St of the pairs. Moreover,
the value p,, in 70—80% centrality class reaches very close to zero at <fGr >= 0.725, which
suggests that the asymmetry between the average emission points of pions and kaons is very

small. The predictions from THERMINATOR 2 underestimates the results in the lower S
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Error in Error in
Variation in
. . 0.85<Br<0.9 0.9<B1<0.95
Input setting
Rout(%) Hout(%0) Row (%) Hout(%0)
Fit range: 1.0 1.3 1.0 13
0-120 MeV/c
Fit range: 1.0 1.6 1.0 2.1
0-80 MeV/c
Norm. range: 1.0 1.4 1.0 1.0
180-230 MeV/c
Norm. range: 1.0 28 1.0 1.4
200-250 MeV/c
Purity: 1.4 2.1 2.0 1.8
98.5% of default
Purity: 17 23 1.9 1.7
101.5% of default
Momentum 1.0 1.1 1.0 1.0
resolution: 80%
Mag. field and 38 92 6.2 6.5
charge combination

Table 5.5: The systematic uncertainties in the R, and oy for 0.85<8r <0.9 and 0.9<B7 <0.95
for different variations of input conditions for fitting the pion-kaon correlation function in Pb—

Pb collisions at /sy = 5.02 TeV in ALICE.

region. There might be a significant contribution from the rescattering of resonances in the
lower Bt region which is not incorporated in THERMINATOR 2 model. Therefore, it will be
imperative to compare the results with the predictions, obtained by simulating the correlation

functions after scaling the respective pr spectra of pions and kaons with the real data.
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Figure 5.8: The R, (upper plot) and p,, (bottom plot) as a function of St and centrality class
in Pb—Pb collisions at 4/syy = 5.02 TeV in ALICE with the predictions from (3 + 1)D viscous

hydrodynamics + THERMINATOR 2 with additional delay in kaon-emission time, At = 0.

The R,y and oy as the function of <Br> with the predictions from THERMINATOR 2
model with At = 1 fm/c in kaon emission are shown in Fig.[5.9] There is no distinct difference
in the comparison of R, with the predictions with At = 0 fm/c and At = 1 fm/c. However, it is
observed that the predictions with At = 1 fm/c underestimates the p,, more than the case with
At =0 fm/c.

In case of the kr-integrated correlation functions, the average-transverse velocity of pion-
kaon pairs is estimated to be within the range of 0.85<3r<0.9. In Fig. [5.10, the measured
values of R,y and oy in the Bt bin: 0.85—-0.9 with the predictions corresponding to At = 0
fm/c and At = 1 fm/c are shown for 0-5%, 20—30%, 40—50% and 70—80% centrality classes.
In Fig. it is observed that the measured values of i, lie between the lines corresponding

to At = 0 fm/c and At = 1 fm/c, however, it is clear from Fig. that the measured values
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Figure 5.9: The R, (upper plot) and p,, (bottom plot) as the function of St in different cen-

trality classes of Pb—Pb collisions at +/sxy = 5.02 TeV in ALICE with the predictions from

(3 + 1)D viscous hydrodynamics + THERMINATOR 2 with additional delay in kaon-emission

time, At = 1 fm/c.

are more close to the predictions with At = 0 fm/c than At = 1 fm/c. The predictions for

R, does not vary much with At difference and underestimates the measured values in the high

multiplicity events.
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Chapter 6

Long-range near-side ridge correlations in

high multiplicity p—p collisions

6.1 Introduction

The two-particle azimuthal correlation functions can describe the underlying physics phenom-
ena related to the production of particles in the hadronic and heavy-ion collisions. The structures
appearing in the two-dimensional An — A¢ distributions of charged-particle pairs produced in
p—p collisions at 4/s = 13 TeV in CMS experiment (Fig. , represent various physics mecha-
nisms. An enhanced structure is observed in the region (An, Ag¢) ~ (0, 0) [98,199] which includes
the contributions from Bose-Einstein correlations, jet fragmentation, resonance decays etc. A
ridge-like structure is observed around A¢ = 7 spanning a longer region in An due to the back-
to-back jet correlations. The momentum conservation can also affect the overall shape of the
two-particle correlation function. However, a long-range ridge-like structure is observed for the
first time in the near side (A¢ = 0) of Ap — A¢ distribution of the charged-particle pairs in the
high multiplicity p—p collisions at /s = 7 and 13 TeV in CMS experiment [98], [99]] at LHC.
This structure was not observed earlier in minimum bias p—p events.

In the heavy-ion collisions at RHIC experiment at BNL [[100] and CMS experiment in
the LHC at CERN (shown in Fig. [6.2) [101], a similar ridge-like structure was observed in the

near-side region of An — A¢ correlations of the charged-particle pairs, extending up to large An

177
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Figure 6.1: The An — A¢ correlation function of charged-hadron pairs within 1.0 <pt(GeV/c)

<3.0 in p—p collisions at /s = 13 TeV, measured by CMS experiment for the (a) low-

multiplicity events and (b) high-multiplicity events. [99]]

regions. The formation of this ridge-like structure was attributed to the presence of strong col-

lectivity in the medium created in the heavy-ion collisions [102]. However, the system produced

in p—p collisions is of very small size and short life time, compared to the heavy-ion collisions

and hence, no QGP-like effect such as collectivity of the system is expected to be observed.

Therefore, the observation of long-range ridge-like structure in the two-particle Anp — A¢ corre-

lation function in p—p collisions has generated a lot of interest in the high energy community.
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Figure 6.2: The An — A¢ correlation function of charged-hadron pairs in Pb—Pb collisions at

Vsnn = 2.76 TeV, measured by CMS experiment.

A ridge in the near side of An — A¢ correlation function, spanning over a long region in
An has also been observed for the charged particles in the high multiplicity p—Pb collisions at
sy = 5.02 TeV in CMS [103]], as shown in Fig. However, its amplitude was five times
higher than the one found in p—p events. There are various hypotheses, based on the color
glass condensate and onset of hydrodynamic[[106] that can describe the formation
of ridge in p—p collisions. A study that inspected the emission of correlated clusters in the
azimuthal space (the correlated cluster model) established a common framework describing the
ridge formation in various collision systems [108]]. Besides, the string-percolation process
also describes the ridge formation in the near-side region. A qualitative description
of the development of long-range ridge in p—p events is obtained from an analysis involving the
DIPSY generator which includes the rope hadronisation framework with string shoving
mechanism.

This analysis reports the effect of color reconnection and rope-hadronisation mechanism
on the two-particle An — A¢ correlation function for charged-hadron pairs in p—p events at

Vs =7 and 13 TeV, generated using PYTHIA 8.2 event generator.
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Figure 6.3: The Anp — A¢ correlation function of charged-hadron pairs within 1.0 <pt(GeV/c)
<3.0 in p—Pb collisions at /sy = 5.02 TeV in CMS for the (a) low-multiplicity events and (b)

high-multiplicity events [T03]]

6.2 PYTHIA 8.2

PYTHIA 8.2 is a Monte Carlo event generator that simulates the high-energy collisions be-
tween elementary particles (e*e™, u"u~) and hadrons (p—p). It consists of the following physics
models: hard scattering of partons, partonic showers, matching and merging methods between
hard processes and parton showers, beam remnants, multi-partonic interactions (MPI), hadroni-
sation of final state partons and particle decays. This package is written in C++ using both the

theoretical calculations and phenomenological models, developed from the experimental data.
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PYTHIA 8.2 has been used substantially to understand the physical processes in LHC energies.
More information on PYTHIA 8.2 can be found in [112].

The particle production in high-energy p—p collisions can be broadly visualised as:

e the initial hard scattering of partons,

¢ the underlying events, corresponding to any phenomenon other than the hard interactions,

e the hadronisation of the final-state partons.

The initial hard scattering of partons can be described by the perturbative QCD processes.
Various models are proposed to explain the hadronisation process. The most successful one
among them is Lund String Fragmentation, which has been used in PYTHIA 8.2. In this model,
two partons are assumed to be bound by a color string and as the separation between these
partons increase, the potential energy of the color string increases, which eventually breaks and
creates more quark-antiquark pairs. The underlying events (UE) consist of the soft processes,
e.g. initial- and final-state partonic showers, soft MPI, beam remnants etc. The perturbative
QCD cannot describe the soft interactions of partons. Several phenomenological models are
incorporated in PYTHIA 8.2 to explain the UE, however, various parameters, related to these
models are needed to be optimised according to the experimental data.

Two very interesting mechanisms during the MPI that can affect the particle production

substantially, are color reconnection and rope hadronisation (described below).

6.2.1 Color reconnection

The color-reconnection (CR) mechanism corresponds to the color rearrangement between
the partonic strings prior to the stage when strings are hadronised. There are possibilities of
the MPI in a single hadron-hadron collision and it is enhanced in the high multiplicity events.
In this mechanism, the resultant string with the smallest total length is chosen as the final one
(113} 114]. Different processes reassign the color flow in the beam remnant of the p—p event,

which corresponds to various modes of CR mechanism. The three CR modes are following:
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CRO (based on MPI)

In this mode, the partons that belong to the MPI systems having lower pr are fused with the

ones from higher pr systems ensuring the total length of the string is minimised.

CRI1 (based on QCD)

Along with the string-length minimisation, this mode is based on the QCD color rules and
considers the whole QCD multiplets scenario. It can also generate the structures with three

color indices, known as junctions, which eventually causes enhancement in baryon number.

CR?2 (based on gluon-move scheme)

This model chooses only gluons for the rearrangement with all the MPI systems to ensure the
minimisation of total string length. In this model, there is no constraint on the pr of the MPI
systems while choosing the gluons from them for reconnections, unlike CRO and CR1. This

may influence the color flow from the hard interaction compared to CRO mode.

6.2.2 Rope hadronisation (RH)

When the color strings produced in the high multiplicity events overlap with each other,
they make a color rope, which eventually hadronises with relatively higher string tension [[115}
116]. The higher energy density of the overlapping zone produces a dynamic pressure gradient
which forces the strings to move outward with higher pr. The excess energy and pressure
gradient are slowly reduced as the strings move outward and rest of the strings are associated
with less pr and eventually, there will be no overlap. Thus, the strings grab more boost in the
transverse direction by shoving each other and hence, the mean pr of the heavier hadrons are

enhanced. This mechanism mimics the collectivity, which is observed in heavy-ion collisions.
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6.3 Analysis method

The correlation functions of the charged-particle pairs are represented as the function of Az
and A¢. The events are catagorised into various multiplicity classes, each multiplicity class
corresponds to the number of charged particles having pr > 0.4 GeV/c in the pseudorapidity
range of || < 2.4. The trigger particles in a multiplicity class are chosen within a given pr
range and each trigger particle is combined with the rest of the charge particles (“associated
particles”) to form pairs in the given pt range.

If 11, ¢1 and 1,, ¢, are the pseudorapidity and azimuthal angles of particle 1 and 2, respec-
tively, then the yield of particle-pair per trigger particle from the same event (“signal”) can be
represented using Eq. (6.1)).

1 d2 J\same

S(An, Ag) =
(N1 89) = N e dbdisg

6.1

where, An = n; — 1, and A¢p = ¢, — ¢,. The distribution of pairs from mixed events (‘“back-
ground”) is formed by taking the trigger and associated particles from the mixed events as
shown in Eq. (6.2).

1 dZNmix
Niig dAndAg

B(An, A¢) = (6.2)

Using S (An, A¢) and B(An, Ag), the corrected associated yield, averaged over the number of

events and trigger particle are calculated using Eq. (6.3).

1 2w S (An, A
- B(0,0)2 1 29)
Nuig dATIdAS B(A1, Ag)

(6.3)

In this study, a total of 100 and 80 million p—p events at v/s = 7 TeV and 13 TeV, respec-
tively, are simulated using PYTHIA 8.2 with the Monash 2013 tune [117]. The two-dimensional
An — A¢ correlation functions of the charged-hadron pairs are constructed by selecting parti-
cles within pr ranges 1-3 GeV/c and 0.5-3 GeV/c and three multiplicity classes: 0 < N < 20,
80 < N < 100 and N > 100, where N corresponds to the number of charged hadrons selected
from the pseudorapidity range of || < 0.5. The three modes of color reconnection scheme
1.e. CRO, CR1 and CR2 along with (and without) the rope-formation mechanism are studied to

observe their effects on the two-particle correlations.
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6.4 Two-dimensional A — A¢ correlation function

The two-dimensional An — A¢ correlation functions for the charged-hadron pairs, generated in
two different multiplicity classes of p—p collisions at /s = 7 TeV and 13 TeV are illustrated in
Fig. [6.4] and Fig. [6.5] respectively. In both the figures, the combined effect of CR2 mode with
RH=on and RH=off on the correlation functions are shown for multiplicity classes 0 < N < 20
and N > 100. In both the low and high multiplicity classes, a peak in the region near (An, A¢) =
(0,0), i.e. the near side is observed due to (mostly) the jet fragmentation. A structure similar
to a ridge is observed in the away-side region (A¢ = m) which covers a long An region. This
can be attributed to the correlations of back-to-back jets. Interestingly, a long-range ridge-like
structure is observed in the near side of the correlation function for the events with multiplicity
N > 100 and RH=on. This ridge-like structure covers both sides of the An by almost three units
and is not observed in the events with multiplicity 0 < N < 20. Moreover, when rope formation
is not taken into account, this ridge does not appear in the high multiplicity class. The near-side
ridge is qualitatively alike with the ridge, observed in the An — A¢ correlations produced in the

high multiplicity p—p collisions.

6.5 One-dimensional A¢ projection of the correlation
function

To investigate the correlation functions in more details, the two-dimensional A — A¢ distribu-
tions are projected into one-dimensional distributions of A¢ in two different An ranges: |An|>
2.0 (long range) and |An| <1.0 (short range). To calculate the associated yield in both the short-
range and long-range region for both energies, a standard zero-yield-at-minimum (ZYAM)
method is used, where the one-dimensional A¢ distribution is fitted with a polynomial of second
order within the range: 0.1 <|A¢| <2 as shown in Fig.

The minimum value of the fit function, Czyam [119]], is estimated which corresponds to the
constant pedestal present in the A¢ distribution. By subtracting the pedestal from A¢ distribu-

tion, the minimum of the distribution is moved down to zero. The pedestal-subtracted correlated
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Figure 6.4: The An — A¢ correlation function for the charged-hadron pairs in p—p collisions at
\s =7 TeV for the low and high multiplicity classes with CR2, RH=off (upper panels) and

CR2, RH=on (bottom panels) configurations with 1.0 <pr(Asso), p?jgg(GeV/ c) <3.0. [118]]

A¢ distributions for multiplicity classes 0 < N < 20, 80 < N < 100 and N > 100 with the color
reconnection schemes, CR1, CR2 and CR3 along with (and without) rope hadronisation are
illustrated in Fig. and Fig. for p—p events at /s =7 TeV and 13 TeV, respectively. The
upper panels of Fig. and Fig. correspond to the A¢ distributions in the long-range re-
gion. The broad peaks observed in the away side for the three multiplicity classes relate to the

correlations of back-to-back jets. Moreover, an associated-yield peak is also observed for the
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CR=2, RH=off, 0<N<20 CR=2, RH=off, N>100

Figure 6.5: The An — A¢ correlation function for the charged-hadron pairs in p—p collisions
at /s = 13 TeV for the low and high multiplicity classes with CR2, RH=off (upper panels)
and CR2, RH=on (bottom panels) configurations with 1.0 <pr(Asso), p?rigg(GeV /c) <3.0
[118]

high multiplicity classes in the near-side region when the rope formation is considered. This
indicates that the color reconnections in partonic level along with the overlapping of strings that
leads to the rope-formation and eventual string-shoving and hadronization can produce a ridge
in the near-side in the high multiplicity p—p events.

In the short-range region (the bottom panels of Fig. and Fig. [6.8), the peaks are ob-

served at the near side due to the jet correlations, while the ridge-like structures appear at the
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Figure 6.6: The A¢ projection of correlation function for the charged-hadron pairs before and
after minimising the pedestals using the ZYAM technique in p—p collisions at /s = 13 TeV for

N > 100.

away side due to the momentum conservation and back-to-back jet correlations. It is observed
that the strength of correlation function with CRO configuration is lower compared to CR1 and
CR2. The reason behind it might be the additional reconnections in CR1 and CR2 due to the
junction formation and shifting of gluons as a result of the string-length minimisation. The
magnitudes of both the away-side and near-side peaks are observed to be dependent on the
beam energy.

Hence, the study indicates that a ridge-like structure might appear in the near-side region of
two-particle Anp—A¢ correlation function of charged hadrons in the high multiplicity p—p events
because of the microscopic processes of color reconnection along with the rope hadronisation.
The interplay of these two processes can imitate the features of collectivity without considering

the production of a hot-dense thermalized medium.
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Chapter 7

Summary and outlook

In this thesis, the femtoscopic analysis of charged pion-kaon pairs, produced in Pb—Pb collisions
at y/ssn = 5.02 TeV was discussed. The measurement was done with the help of ALICE
detector at LHC. The dimensions, or more specifically, the region of homogeneity of the particle
emitting source created in heavy-ion collisions as well as the emission asymmetry between the
pion and kaon in a pair were estimated using the spherical harmonic representation of the pion-
kaon correlation functions. The analysis was carried out in 0-5%, 5—10%, 10-20%, 20—-30%,
30-40%, 40-50%, 50—60%, 60—70% and 70—80% centrality classes. The charged pions and
kaons were identified using the TPC and TOF detectors.

The centrality dependence of the femtoscopic parameters was studied and it was observed
that the size of the particle emitting source increased with the multiplicity as the number of
participants increased. The pair-emission asymmetry was always negative, implying that pi-
ons were always emitted closer to the center of the source than kaons. The magnitude of the
pair-emission asymmetry also decreased with decreasing multiplicity as the size of system de-
creased. By comparing the results with the predictions from THERMINATOR 2 model, it was
found that the hadronic rescattering phase might be present in the system along with the col-
lective flow. Moreover, no beam-energy dependence of the femtoscopic parameters was found
upon comparing the results with previously performed pion-kaon femtoscopic analysis in Pb—

Pb events at /syy = 2.76 TeV.
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The results from the pair-transverse momentum (kr)-dependent femtoscopic analysis
showed that the source size decreased with increasing kr because the high-kr pairs are formed
mostly with the particles with high pair-transverse momentum (pr) that are emitted in the vicin-
ity of each other. The pair-emission asymmetry decreased in the higher kr region as the contri-
bution from collectivity surpassed the random thermal velocities.

This thesis also reported the first ever measurement of the pion-kaon femtoscopic pa-
rameters as a function of pair-transverse velocity (8t). This measurement directly probed the
femtoscopic parameters with the collectivity of the system. The source size decreased with
increasing St of the pair, suggesting that the region of homogeneity decreases with increasing
pr of the particles, as discussed in the previous paragraph. The predictions from (3 + 1)D +
THERMINATOR 2 model calculations with different values of additional kaon-emission delay
underestimated the source size in the higher multiplicity events but agreed with the same in
the lower multiplicity events. The magnitude of pair-emission asymmetry decreased with in-
creasing SBr in the higher multiplicity events as the contribution from collectivity surpassed the
random thermal velocities. However, in the lower multiplicity classes, its magnitude increased
up to certain value of <G> and then gradually decreased. The predictions from model calcu-
lations showed similar trend with the results. However, it underestimated the measured values
of pair-emission asymmetry in the lower St region. This observation might open up the scope
to check for the resonance contribution in the lower Sy region in THERMINATOR 2 model
calculations. The values of pair-emission asymmetry were more closer to the predictions with
no additional delay in kaon emission, compared to an additional delay of 1 fm/c.

This thesis also included the study of two-dimensional Anp—A¢ correlations of the charged-
particle pairs in p—p collisions at /s = 7 and 13 TeV using PYTHIA 8.2 Monte Carlo event
generator with color reconnection and rope hadronisation mechanisms. The analysis was per-
formed in three multiplicity classes. It was observed that a ridge-like structure appeared in the
near side of the Anp — A¢ correlation function for the high multiplicity events, when both the
color reconnection and rope hadronisation were considered. In case of heavy-ion collisions,

the observation of ridge was attributed to the presence of collectivity in the system. However,
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the possibility of forming a system with finite size in p—p collisions is highly unlikely. Hence,
the observation of ridge in the high multiplicity p—p events suggests that the color reconnection
along with the rope hadronisation mechanism can mimic the collectivity without considering

the formation of a thermalised medium.

7.1 Future outlook

The pion-kaon source size is the convolution of the sizes of pion and kaon systems as given by

Eq.

Ry = \/(R W+ (RE2. (7.1)

It will be interesting to compute the pion-kaon source size from the individually measured
source sizes of pion and kaon systems in Pb—Pb collisions at +/sxy = 5.02 TeV and compare
them with the measured pion-kaon source size in the respective kr range. Conversely, the indi-
vidual sizes of pion, kaon and proton systems can be estimated from the source radii measured

in pion-kaon, pion-proton and kaon-proton femtoscopy as given in Eq. [60].

RE, = (RIS + (R — (REDY) 12, (72)
RE, = (R + (RED)? = (RI))/2, (13)
R’ = \/ (REP)? + (Rom)2 (R™Y2) /2. (7.4)

Similarly, the emission asymmetry between kaon-proton and pion-proton pairs can also be mea-

sured from femtoscopic analysis of the respective pairs and verify Eq.[7.5]

lugut (/Jout) + (luout (75)

Moreover, it will also be interesting to analyse the femtoscopic correlations of charged
pairs in the high multiplicity p—p collisions as the multi-partonic interactions can mimic the

features of collectivity.



Appendix A

Barlow test

In Fig. the A/o as a function of k* are shown for the variations in z,, DCA and
for four charged-pair combinations. The A/o for the DCA variations are shown in 1%’ and 2"¢
column, the 5 variations are shown in 3" and 4" column and the z,,, variations are shown in
5" and 6" column. The variations in A/c in different centralities are shown in the rows. The
values of A/o for Cg and ReC| for DCA and 7 variations are showing a distinct trend and going
beyond/on the border of statistical limit. Hence, they contribute to the systematic uncertainties
of the correlation functions. In case of z,4, the values are randomly scattered. Hence, it does
not contribute to the systematic uncertainties.

In Fig. [A.5{A.8] the Barlow plots are shown for the variations in minimum number of
TPC clusters (TPC ncls) (1*" and 2™ column), An,uqc (3™ and 4™ column), number of events for
mixing (5" column) and magnetic polarity (6” column). In case of the variations in TPC ncls
and magnetic polarity, the values of A/o are observed to go beyond the statistical uncertainties
and the trend is very distinct. Hence, they contribute to the systematic uncertainties. The A/o
for variations in the An,,,. and number of events for mixing are randomly scattered. Hence, they

do not contribute to the systematic uncertainties.
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Figure A.1: The A/o as a function of k* for 7 K*, 1* column: DCA 0.3 cm and 0.25 cm, o
column: DCA 0.3 cm and 0.35 cm, 3™ column: 7 0.8 and 0.9, 4" column: 7 0.8 and 0.7, 5"
column: zy, 7.0 cm and 8.0 cm, 6 column: z,, 7.0 cm and 6.0 cm for Pb—Pb collisions at

Vsnn = 5.02 TeV in ALICE.
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Figure A.2: The A/o as a function of k* for 77K~, 1* column: DCA 0.3 cm and 0.25 cm, o

column: DCA 0.3 cm and 0.35 cm, 3™ column: 7 0.8 and 0.9, 4" column: 7 0.8 and 0.7, 5"

column: zy, 7.0 cm and 8.0 cm, 6 column: z,, 7.0 cm and 6.0 cm for Pb—Pb collisions at

Vsnn = 5.02 TeV in ALICE.
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Figure A.3: The A/o as a function of k* for 7K™, 1* column: DCA 0.3 cm and 0.25 cm, o
column: DCA 0.3 cm and 0.35 cm, 3™ column: 7 0.8 and 0.9, 4" column: 7 0.8 and 0.7, 5"
column: zy, 7.0 cm and 8.0 cm, 6 column: z,, 7.0 cm and 6.0 cm for Pb—Pb collisions at

Vsnn = 5.02 TeV in ALICE.
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Figure A.4: The A/o as a function of k* for 77K*, 1* column: DCA 0.3 cm and 0.25 cm, o
column: DCA 0.3 cm and 0.35 cm, 3™ column: 7 0.8 and 0.9, 4" column: 7 0.8 and 0.7, 5"
column: zy, 7.0 cm and 8.0 cm, 6 column: z,, 7.0 cm and 6.0 cm for Pb—Pb collisions at

Vsnn = 5.02 TeV in ALICE.
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Figure A.5: The A/o as a function of k* for 7+ K*, 1* column: TPC ncls 70 and 50, 2" column:
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Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure A.6: The A/o as a function of k* for 77K, 1* column: TPC ncls 70 and 50, 2" column:
TPC ncls 70 and 80, 3" column: A1, 0.01 and 0.009, 4” column: A7, 0.01 and 0.011, 5"
column: no. of events for mixing 3 and 5, 6” column: polarity of magnetic field ++ and —— for

Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure A.7: The A/o as a function of k* for 7+ K=, 1* column: TPC ncls 70 and 50, 2" column:
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Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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Figure A.8: The A/o as a function of k* for 77 K*, 1* column: TPC ncls 70 and 50, 2" column:
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Pb—Pb collisions at /sy = 5.02 TeV in ALICE.
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