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ABSTRACT

This thesis presents the study of elliptic flow (v,) created in heavy-ion
collisions. After getting a detailed idea about elliptic flow, a simulation of
the collision of heavy nuclei (Xe+Xe) at \/syy = 5.44 TeV for 10 thousand
events using the AMPT-SM model is done. The simulated data are anal-
ysed to obtain the pp spectra and elliptic flow (v,) of identified charged
particles.

In this work, transverse momentum spectra (py) are plotted for identi-
fied particles such as m, K, K%, p, ¢, and A in different centralities. Compar-
ison of the pr-spectra shows that the differential yield of particles decreases
with an increase in transverse momentum py. Finally, the ”Elliptic low”
(vy) of identified particles is studied, which is a very important property
for momentum anisotropies produced in the collective flow of the particle.
The plot of v, as a function of transverse momentum (pr) for different
centrality is obtained. The non-zero value of v, confirms the presence of
anisotropy in the collective flow of identified particles. The elliptic flow of
proton (baryon) is compared with a phi (meson), which is comparable in
mass with different quark content. v, vs pr is plotted for different central-
ities. vy vs pr is plotted for different hadronic cascade time, 74~, which
show that vy increases with an increase in 7. The plot of average elliptic
flow (< vy >) of the charged particle as a function of centrality shows that
it increases gradually up to mid-central collisions and then starts decreasing

for the peripheral collisions.
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Chapter 1

Introduction

The basic building blocks of the Universe are fundamental particles which
are governed by four fundamental forces. Such forces are electromagnetic
force, weak force, strong force, and gravity, which are mediated by the
photons, W and Z gauge bosons, gluons and gravitons respectively. The
photon and the gluons are massless, while the W and Z bosons are very mas-
sive. The standard model of particle physics explains the relation between
these particles and the four fundamental forces. The fundamental theory of
strong interactions is known as Quantum Chromodynamics (QCD). QCD
predicts that at high energy density/at high temperature, the hadronic
matter will turn into a plasma of deconfined quarks and gluons (QGP).
The lattice Quantum Chromodynamics calculation predicts that a phase
transition can occur from hadronic matter to a gas of deconfined quarks and
gluons. This phase transition occurs at a high temperature called critical

temperature (7,), which is approximately equal to 160 MeV [1].

In few microseconds, just after the Big-Bang, the Universe was filled
with very hot and dense matter consisting of the fundamental particles
called quarks and gluons. This scenario can be created in the laboratory by
colliding heavy-nuclei and possibly by hadronic collisions at the GeV /TeV
energies at the RHIC/LHC.



1.1 QCD phase diagram

Quantum Chromodynamics (QCD) is the theory of strong interaction. Its
elementary particles are the quarks and gluons, which are confined inside
hadrons at low energy due to the infrared slavery property of the QCD.
Whereas, another property namely asymptotic freedom in the QCD leads
to a deconfined state called the QGP phase through a phase transition at
sufficiently higher energies. The phase transition of the QCD matter is
controlled by the temperature (T) and net baryo-chemical potential (15)
as shown in Fig. 1.1. To trigger deconfinement, we have to increase the
temperature or the baryo-chemical potential or both which can be achieved
in the experiment by varying the collision energy of the ultra-relativistic

nuclei. The Large Hadron Collider (LHC) works in the regime of high
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Figure 1.1: (Color online) QCD phase Diagram

temperature and extremely low baryo-chemical potential which was the
scenario after a few microseconds of the Big Bang. In contrary, the decon-
fined QCD matter can also be observed with high baryo-chemical potential
and low temperature which is believed to exist in the core of neutron stars.
Lattice QCD (1QCD) predicts that the transition to a QGP phase at a
critical temperature, T, in the order of 140-170 MeV which corresponds
to the critical energy density, e, ~ 1 GeV/fm® [1]. The phase transi-

tion from hadronic degrees of freedom to partonic one is a cross-over at
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high temperature and zero baryo-chemical potential as predicted by 1QCD.
Many phenomenological models predict a first-order phase transition at fi-
nite pp. Therefore, the QCD phase diagram features a critical point where

the first-order phase transition ends.

1.2 Relativistic heavy-ion Collisions

The purpose of heavy-ion collisions is to study the properties of matter at
high energies. In such collisions, the energy density is very high due to a
large amount of energy deposition over a small region for a very short time
period. The high energy density produced in the collision may give rise to
new forms of matter such as the quark-gluons plasma (QGP). In a relativis-
tic heavy-ion collision, the center of mass-energy is the energy available to
produce new particles. In these collisions, the produced particle multiplici-
ties are very high which means that the number of particles produced in the
collision is much greater than the initial number of nucleons. The particles
produced in the collision can be treated as a large macroscopic system,
hence theories such as thermodynamics, hydrodynamics, and field theory

at finite temperature and density can be used to describe the system.

1.3 Evolution of a heavy-ion collision

The system formed in relativistic heavy-ion collisions and its evolution, can
be studied through the space-time evolution of the heavy-ion collisions. As
shown in the Fig. 1.2, the different stages of the space-time evolution of
the collisions can be described by the Bjorken scenario and discussed in

details as follows [2]:

e Pre-equilibrium stage:

This is the stage just after the collisions where the multiple interac-
tions occur among the partons. The energy density is maximum just
at the moment of collision and the produced system is far from equi-

librium. Finally, the multiple scattering between the partons leads
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Figure 1.2: (Color online) The space-time evolution of heavy-ion collisions.

the system towards thermalization.

e QGP formation and hydrodynamic expansion:

If the energy density is above the critical energy density of the QCD
phase transition (=1 GeV/fm?), then we expect a phase transition
from the hadronic degrees of freedom to the partonic one. At the
beginning of heavy-ion collisions, the presence of a higher amount
of gluons with respect to the quarks is often considered as a gluon
plasma (Glasma). Due to the generation of thermal pressure gradi-
ents, the QGP gradually expands and cools down very quickly, and

the partons inside the fireball re-scatter elastically and inelastically.

e Mixed stage:

The system produced in the high energy collisions gets cooler with
the expansion and the energy density decreases, which leads to the

hadronization of the produced quarks and the gluons. There are two

4



different mechanisms of hadronization: (1) Fragmentation and (2)
Coalescence. In string fragmentation, the produced partons are re-
combined with their parent strings and converts to hadrons. Whereas
in the string-melting, the partons start converting into hadrons when

they stop interacting with each other.

e Chemical freeze-out (CFO):

In this phase, the inelastic collisions between the hadrons stop and
the formation of new particle ceases. Hence, hadron abundances re-
main fixed during the system evolution after the chemical freeze-out.
However, due to elastic collisions, the local equilibrium is still main-
tained and the system cools down and evolves with a fixed number

of hadrons.

¢ Kinetic freeze-out (KFO):

After the CFO phase, the final state particles still undergo elastic
scattering by altering the transverse momentum until the mean free
path of the hadrons exceeds the system size. Finally, we get a stream

of hadrons in the final state and this is called kinetic freeze-out.

The whole system which forms QGP to free streaming particles is
called the fireball. The phase between kinetic freeze-out and chemical

freeze-out is called as the hadronic phase.

1.4 Kinematics variables

According to the special theory of relativity, the speed of light (c) is con-
stant in all inertial frames of reference, which is known as invariance of
speed of light. In heavy-ion collisions, physical observables such as posi-
tion and four momenta are treated relativistically. So, it is convenient to
use kinematics variables which take simple form under Lorentz transforma-
tion for the change of frame of reference [3]. A few of them are the rapidity,

pseudorapidity and invariant yield, etc.



1.4.1 Transverse momentum and transverse mass

In ultra-relativistic heavy-ion collisions, two Lorentz contracted nuclei ap-
proach each other with velocities nearly equal to the speed of light. Usually,
the z-axis is defined as the beam axis and the plane perpendicular to the
beam axis is known as the transverse plane. The particle momentum in the

transverse plane is known as the transverse momentum (pr) and is defined

pr=\/p* —p: (1.1)

as:

In heavy-ion collisions, the transverse momentum of the final state
particle is one of the important physical observable. The high pr particles
mostly arise from the hard partonic collisions whereas soft partonic colli-
sions give rise to low pr particles. The transverse mass (my) of a particle
contains both mass and momentum in the transverse plane and this quan-
tity is invariant under the Lorentz boost (relative motion with a constant

velocity). The transverse mass (my) is defined as:

my = \/m® + (1.2)

where m and pp are the mass and the transverse momentum of the

particle respectively.

1.4.2 Rapidity and pseudorapidity

The velocity is not an additive quantity in Lorentz transformation. i.e.
non-linear in successive transformation. So, an alternative to velocity, the
rapidity is frequently used in the ultra-relativistic collisions. In terms of
energy-momentum components p, and p, the rapidity of a particle can be

written as:



y=—1In (— 1.3

This is a dimensionless quantity related to the ratio of the forward
light-cone momentum (p, ) to the backward light-cone momentum (p_).
It can be both either positive or negative. In a non-relativistic case, the
rapidity of a particle is equal to the velocity of the particle in the units of
speed of light (c). For the estimation of the rapidity of a particle, both the
energy (E) and the total momentum (p) are needed. In the experiment,
it is difficult to measure both the energy (E) and the total momentum (p)
precisely. However, to avoid this problem the pseudorapidity (n) can be
used which depends only on the angle (#) between the three-momentum

vector of the particle and the beam axis. The pseudorapidity is defined as:

et ) »

For highly relativistic particle, the py of a particle is much larger
compared to its mass and the rapidity converges to the definition of pseu-

dorapidity, thus y ~ n [4].

1.5 Signatures of QGP

The formation of QGP in the heavy-ion collisions cannot be observed di-
rectly. Extremely hot matter formed in such collisions undergo space-time
evolution which cools down and the quarks get hadronized. However, when
the elastic and inelastic processes cease, a spray of stable particles get de-
tected by the detectors. From these final state particles, the information
should be extracted about the space-time evolution of the collision. It ap-
pears that there is no single unique signal which can unambiguously prove
the formation of QGP in the evolution of a heavy-ion collision. So, there
are several signatures which can indicate the presence of the QGP and a

few of these signatures are given below.
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e J /1 suppression: The presence of the color charges in the QGP
suppresses the formation of the bound state of the charm (c¢)-anticharm
(¢) pair due to the color screening effect and thus the formation of

J /1 meson. This is similar to Debye screening in electrostatics.

Perturbative Vacuum

Color Screening

Figure 1.3: (Color online) A description of J/i suppression. In the left
panel the J /1 quark-antiquark pair is held together by the strong force but
in the right panel the quark and antiquark pair is shielded by the other
quarks and the binding is broken.

A pictorial representation of this is shown in Fig. 1.3. The quark-
antiquark pair bound together by the strong force, however, when
they are in plasma of many other quarks and antiquarks of different
colors they are unable to remain bound together and therefore the

number of J /1) is suppressed.

e Jet quenching:

The double peak structure in the relativistic heavy-ion collisions can
be understood in terms of two jet events. However, in the heavy-
ion collisions, the away side peak is strongly suppressed which is the

experimental evidence of jet quenching.

As shown in the Fig. 2.2, in case a di-jet is produced near the sur-
face of fireball (QGP), one of the jets escapes into the vacuum and
fragments. The other enters the medium and loses its energy and

momentum in the medium before fragmentation.

e Strangeness enhancement:
In high-multiplicity pp-collisions, strange quark pairs (s3) can be

formed from the available kinetic energy [5]. Strange quarks are not

8



Figure 1.4: (Color online) A descriptive example of jet suppression. The
near side jet in red is detected while the far side jet in green is lost inside
the dense QGP medium.

present in the protons before the collision. The probability to form
a strange quark pair is small and therefore the number of strange
hadrons are formed when the s and s pair with other quarks. In a
nucleus-nucleus collision, the probability to form ss is larger as the
QGP medium is most probably formed in such a collision, where the
probability is expected to increase even more with the centrality. An
enhancement in the number of strange particle production in high
energy collisions with centrality and collision energy is a signature of

the presence of the QGP.

Collective flow:

The azimuthal momentum distribution of the final state particles in
the heavy-ion collisions may reveal the properties of the produced
medium. If the system is in thermal equilibrium, the resulting pres-
sure gradient generates a common velocity in the outgoing particles,
which is known as collective flow. This includes a common radial
expansion affecting the thermal spectra of outgoing particles and an
anisotropic expansion which affects the spatial orientation of particle
momenta. The first component is called directed flow (v;) whereas,

the second term corresponds to anisotropic flow. The most dominant



contribution to anisotropic flow comes from the elliptic flow (vs).
Collective flow is sensitive to the equation of state of the hydrody-

namically expanding system.
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Chapter 2

Event Simulation and Elliptic

Flow using AMPT

In this work, we have used A Multiphase Transport Model (AMPT)
to generate events in Xe+Xe collisions at /syy = 5.44 TeV. Here, we
have introduced non-zero deformities to the Xe nuclei to have a similar

environment as in experiments. More technical details are given below:

2.1 Simulation techniques

This chapter focuses on data generation methodology and its analysis to

interpret the results. Our analysis involves the following steps such as:
e Event (data) generations
e Storing data in Tree file
e Analysis of data for meaningful physics results

To perform the above analysis, we have used AMPT for the event

generation and ROOT for the analysis of the generated data.

11



2.2 A Multi-Phase Transport (AMPT) model

2.2.1 Structure of AMPT

A Multi-Phase Transport (AMPT) model (Fig. 2.1) consists of four main
components: (1) the initial conditions, (2) partonic interactions, (3) con-
version from the partonic to the hadronic matter, and (4) the hadronic

interactions [6]. For each component different models are used as follows:

1. Initial Conditions: The initial conditions, which include the spatial
and momentum distributions of minijet partons and soft string ex-

citations are obtained from the Heavy lon Jet Interaction Generator

(HIJING) model.

2. Partonic Interactions: Scatterings among partons are modeled by
Zhangs Parton Cascade (ZPC), which at present includes only two-
body scatterings with cross-sections that are obtained from the pQCD

with screening masses.

3. Partonic to Hadronic conversion: In the default AMPT model, the
hadronization of the produced partons are recombined with their par-
ent strings when they stop interacting, and the resulting strings are
converted to hadrons using the Lund string fragmentation model. In
the AMPT model with string melting, a quark coalescence model is

used instead to combine partons into hadrons.

4. Hadronic interactions: Scatterings among the resulting hadrons are

described by A Relativistic Transport (ART) model.

Final results from the AMPT model are obtained after the hadronic inter-
actions are terminated at a cutoff time (¢,,,) when observables under study
are considered to be stable. For our study, we have used the AMPT string
melting version (AMPT-SM).

12



2.2.2 Versions of AMPT: Default and String Melting

Based on the two models used for the third stage that is partonic matter
to the hadronic matter conversion stage, two variants of the AMPT model

are classified as:

(i) Default model.
In the Default AMPT model, Partons are recombined with their parent
strings when they stop interacting, and the resulting strings are converted

to hadrons using the Lund string fragmentation model.

(ii) String Melting (SM) model.
In the AMPT model with string melting, a quark coalescence model is used
to combine partons into hadrons. We have chosen the AMPT (SM) for our

study.

A+B A+B

HLJIING energy in nucleon HLJING energy in nucleon
inije s spectators excited strings and minijet spectators

excited strings an

fragment into partons

ZPC (Zhang's Parton Cascade)

ZPC (Zhang's Parton Cascade) till parton freezeout
till parton freeceout
recombine with parent strings

Quark Coalescen re]

Lund string fragmentat imll

A 4 v v v

ART (A Relativistic Transport model for hadrons) ART (A Relativistic Transport model for hadrons)

Figure 2.1: (Color online) Structure of the default and string-melting
model.

2.2.3 Implementation of deformation in AMPT

For deformed nucleus such as Xe, we may include deformation parameter
(B,), along with spherical harmonics (Y,,;()), in the Woods-Saxon (WS)
function. This is known as the modified Woods-Saxon (MWS) density
distribution. We have used MWS within the HIJING model to calculate
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initial distributions of partons for random configuration in the collisions of

Xe nuclei. Let us now describe briefly the MWS:
Nucleon density in HIJING is usually written as a three parameter

Fermi distribution as written below:

14+ w(r/R)?
1+ exp[(r — R)/a]

p(r) = pol J. (2.1)

Here p, is the nuclear matter density in the center of the nucleus,
R is the radius of the nucleus from its center. The parameter, a, is the
skin depth or surface thickness, r is a position parameter and distance of
any point from the center of the nucleus, and w is the deviation from a
smooth spherical surface. Au'®" or Pb?® nucleus is assumed here to have a
uniform distribution of nucleons in its approximately spherical volume and
smooth surface so that w can be taken to be zero. This reduces eqn. 2.1 to
Woods-Saxon distribution, which has been used in HIJING in most cases.

Now, the modified Woods-Saxon function is written as:

p(r) P (2.2)

When we use an axially symmetric or prolate deformed nucleus (viz.
U*®, Xe™, etc.), nuclear radius (R), has been modified to include spherical

harmonics. The modified Woods-Saxon nuclear radius may be written as:

Ryo = R[1 4+ B5Y50(0) + BaYa0(0)], (2.3)

where the symbols (; are deformation parameters. In case of Xe
nucleus, we have used deformation parameters, £, = 0.162 and £, = -0.003.

The spherical harmonics (Yy), and (Y,g) are given as:
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Yy(0) = i\/g(:a c0s?0 — 1)

Yio(0) = 16?/%(35 cos'0 — 30 cos*0 + 3). (2.4)
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Figure 2.2: (Color online) The nuclear density profile for Xe nucleus [7].

Using deformation parameters 3, and spherical harmonics Y,,; (), the
deformed radius (R,4) for Xe nucleus, when § = 0, § and 7 are found out
to be 6.074 fm, 5.24 fm and 6.074 fm respectively [7].

Hadronic phase time (7g5¢) is used as one of the inputs for colliding
nuclei in the AMPT [8]. The termination time of the hadronic cascade can
be tuned by an input parameter called NTMAX, which is the number of
time steps (each step corresponds to 0.2 fm) of the hadronic interactions.
The default value of NTMAX is 150 which corresponds to a value of 74
= 30 fm. We are generating the AMPT data for 7y = 5 fm, 10 fm, 15
fm, 20 fm and 25 fm to study the hadronic phase time dependence on
the observables such as transverse momentum spectra and elliptic flow of

identified charged particles.

2.3 ROOT analysis

ROOQOT is a framework for data processing, born at CERN, at the heart of
the research on high-energy physics. Every day, thousands of physicists use

ROOQOT applications to analyze their data or to perform simulations. It is an
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open-source project coordinated by the European Organisation for Nuclear
Research, CERN in Geneva [9]. The ROOT system is an object-oriented
framework for large scale data handling. It is written in the C++ language.
ROOQOT is very flexible and provides both a programming interface to use
in its applications and a graphical user interface for interactive data anal-
ysis. ROOT provides a data structure, the tree, that is extremely powerful
for fast access of huge amounts of data— orders of magnitude faster than
accessing a normal file. Results can be displayed with histograms, scatter
plots, and fitting functions. ROOT graphics may be adjusted in real-time
by a few mouse clicks. Publication-quality figures can be saved in PDF or

other formats. In the present analysis, we use the root 5.34 version.

2.4 Anisotropic flow in heavy-ion collisions

The main topic of this thesis is elliptic flow. It has the most dominant con-
tribution to anisotropic flow, which was briefly introduced in the previous
chapter. The elliptic flow will be treated in detail in this chapter.

A non-central heavy-ion collision is illustrated as shown in Fig. 2.3.
It shows the two heavy-ions just after they have collided. In the middle,
the reaction volume is elliptically shaped, while the spectators (particles
outside the overlap area between the two nuclei) continue to move in the

beam direction Z [10].

.,

\H‘,/ &

z

Figure 2.3: (Color online) Non-central heavy-ion collision with an elliptical
reaction volume.

The spatial anisotropy of the overlap zone ensures the anisotropic
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pressure gradients in the transverse plane. This leads to a final state char-
acterized by momentum anisotropy, an anisotropic azimuthal distribution
of particles, and hence a non-vanishing v,, [11]. A convenient way of charac-
terizing the various pattern of anisotropic flow is to use Fourier expansion

of the momentum distribution with respect to the reaction plane angle ¥ p,

d3N d?’N 1 )
Yy o 2 - . 2.
Pp  prdpdydd 2r { + ; v,, cos n(¢ ¢R)} (2.5)

Here E, p, pr and y are the particle energy, momentum, transverse
momentum, and rapidity respectively. ¢ is the azimuthal angle and v,
are the Fourier coefficients. Because of the symmetry with respect to the
reaction plane, the sine terms in the expansion vanish and the Fourier
coefficients can be calculated in the following way,

Un(Pr,y) =< cosn(¢ — g) > (2.6)

The first harmonic v; represents an overall shift of the distribution in
the transverse plane and is called directed flow. The second harmonic v,
represents an elliptical volume and is called elliptic flow (vy) [12]. The third
harmonic gives a triangular flow and the fourth a squared flow. At mid
-rapidity the second harmonic, elliptic flow (v,) is dominant. For central
collision the azimuthal distribution is isotropic, and hence v,, = 0, i.e only

radial flow survives.

2.4.1 Elliptic flow

The first result of elliptic flow (vy) proposed by the Relativistic heavy-
ion Collider (RHIC) at Brookhaven National Laboratory indicated that
the elliptical flow (vy) approaches the prediction of a perfect liquid. The
elliptic flow (v,) is defined as the measure of the asymmetry of particle
momentum distribution in the transverse plane and is generated by the
anisotropic pressure gradient in the initial hot dense matter as a result of
the spatial asymmetry in non-central (i.e. non -zero impact parameter (b))

collisions.

To acquire the high elliptic flow (vy) in heavy-ion collisions, the shape
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of the interaction region should be asymmetric or almond-shaped, which
depends on the impact parameter (b). The asymmetric shape is an impor-
tant property for the generation of v,. In the central collision, the value of
impact parameter (b) is close to zero, produces low vy due to the symmetric
shape of the interaction region. In peripheral collisions with a high value
of impact parameter (b) results in an asymmetric interaction region but
the interaction region is however small and thus also results in low v, [13].
Hence semi-central collisions produce maximum v, and the interacting par-
ticles in this asymmetric region provide a high value of pressure gradient
along the minor axis which is along the x-axis and low-pressure gradient
along the major axis which is along the y-axis. The fluid dynamic evolu-
tion of the produced QGP medium faces the anisotropic transverse gradient
that converts the spatial anisotropy to momentum anisotropy, and hence a

non-vanishing v,.

18



Chapter 3

Results and Discussion

In heavy-ion collisions, symmetric nuclei such as Pb and Au are used
to form the quark-gluon plasma. Experiments have been conducted at
RHIC with uranium (U), which is heavier than Pb and Au ions and is con-
sidered to be highly deformed. Similarly at the LHC, this study has been
carried out for Xe-nuclei (Xe being a deformed nucleus) [14]. A comparison
of central collisions of spherical nuclei with those of deformed nuclei helps
in establishing the fact that whether the elliptic flow observed in heavy-ion
collisions is an initial state effect. Therefore, the collision of Xe-nuclei at
VSny = 95.44 TeV must be more interesting to study the hadronic phase
time (7y¢) dependence of elliptic flow (vy) [15]. Using AMPT-SM model,
we tried to study the effect of hadronic phase time (75¢) on identified par-
ticle production such as 7, K, K, p, ¢ and A in Xe+Xe collisions at V5NN
= 5.44 TeV. Finally, we study the transverse momentum (pr) spectra and
elliptic flow (v,) of the identified particle at different 75+ as a function of

collision centrality.

3.1 pp-Spectra of identified particles

The transverse momentum (py) spectra of identified particles in Xe+Xe
collisions at /syn = 5.44 TeV using AMPT-SM model is shown for (30-
40)% centrality class in the top panel of Fig. 3.1 for different hadronic phase
time. The bottom panel shows the ratio with respect to 25 fm. Different
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symbols represent the p spectra for various hadronic phase time.
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Figure 3.1: (Color online) Transverse momentum (py) spectra of identified
particles in (30-40)% centrality class in Xe+Xe collisions at /syy = 5.44
TeV using AMPT model.

At low pr, we observe a mass-dependent behavior of the produced
particles. The hadron with light masses such as 7, K are more produced in
low pr region than hadron with heavy masses such as ¢ and A. The peak
of the transverse momentum spectra shifts towards the higher pr due to
the boost factor coming from the collectivity of the system produced in the
heavy-ion collisions. This boost is higher for the heavier particles as shown
from the transverse momentum spectra of identified particles. In Fig. 3.2,
we have shown the py spectra of identified particles for (40-50)% centrality
class. In appendix, we have shown the pt spectra for most central collisions

and peripheral collisions.
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Figure 3.2: (Color online) Transverse momentum (py) spectra of identified
particles in (40-50)% centrality class in Xe+Xe collisions at /syy = 5.44
TeV using AMPT model.

3.1.1 Minimum bias py -spectra (Decay: On)

In Fig 3.3, the transverse momentum (pr) spectra of identified particles in
Xe+Xe collisions at /syy = 5.44 TeV using AMPT-SM model are shown
in the top panel for different hadronic phase time (7). The bottom panel
shows the ratio with respect to 25 fm. Different symbols represent the pr
spectra for various hadronic phase time. If resonance particles such as K¢
(~ 4.16 fm/c) and ¢ (=~ 46 fm/c) decay before the kinetic freeze-out then
they are subjected to hadronic re-scattering of the daughter particles which
will alter their momentum distributions. This has been demonstrated here

by gradually increasing 7z, which allows a higher re-scattering effect. As
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Figure 3.3: (Color online) Transverse momentum (pr) spectra of m, K,
p and A in Xe+Xe minimum bias collisions at /syy = 5.44 TeV using
AMPT model.

we allow the decay of K? and ¢ meson, it contributes to the final state
and K through the hadronic decay channels which have the largest branch-
ing ratios. We see a clear dependence of the hadronic phase lifetime on
the transverse momentum spectra of the 7 and p as compared to the K.
This results due to the higher interaction cross-section between 7-m, m-p as

compared to hadron-K interactions.

3.1.2 Minimum bias pp-spectra (Decay: Off)

In Fig. 3.4 , we show py spectra of identified particles for minimum bias
Xe+Xe collision at /syy = 5.44 TeV using AMPT-SM model. The hadron
decay off in this study doesn’t allow K° and ¢ to decay through the hadronic
channels. This reduces the number of the final state particles in the heavy-
ion collisions. Hence the change in the hadronic cascade time does not affect

the shape of the p spectra of all the identified particles except protons.
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Figure 3.4: (Color online) Transverse momentum (py) spectra of identified
particles in Xe+Xe minimum bias collisions at /syy = 5.44 TeV using
AMPT model.

3.2 Elliptic flow of identified particles

3.2.1 Minimum bias (Decay: On)

The pr differential elliptic flow (vy) for Xe+Xe minimum-bias collisions at
VSyn = 5.44 TeV is shown in Fig. 3.5. Different symbols represent the
elliptic flow (vy) for various identified particles. A mass ordering of the

elliptic flow (vy) is observed at low transverse momentum region.
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Figure 3.5: (Color online) Elliptic flow (vy) of 7, K, p and A in Xe+Xe
minimum-bias collisions at /syy = 5.44 TeV using AMPT-SM model.

3.2.2 Centrality dependence

Centrality dependence of elliptic flow (v,) as a function of pr for 7 in Xe+Xe
collisions at /syy = 5.44 TeV is shown in Fig. 3.6 for various hadronic
phase time. The elliptic flow (v,) is higher for the semi-peripheral collisions
as the spatial anisotropy of the colliding nuclei is higher which results in
the final state momentum anisotropy. In case of the most central and
most peripheral collisions, the elliptic flow is lower. However, the physics
origin in both cases is different. In most central collisions, the colliding
region is not perfectly almond-shaped rather more spherical which results

in less momentum anisotropy. Whereas in the ultra-peripheral collisions,
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Figure 3.6: (Color online) Centrality dependence of elliptic flow (vy) as a
function of py for 7 in Xe+Xe collisions at /syy = 5.44 TeV using AMPT
model.

the number of participants is very less resulting in the lower values of the
anisotropic flow. In appendix, we have shown the v, vs pp distribution for

all other identified particles such as K, K2, p, ¢ and A in Xe+Xe collisions
at \/SNN — 5.44 TeV.

3.2.3 Average elliptic flow (< v, >) of charged par-

ticles

Average elliptic flow (< vy >) as a function of centrality for charged parti-
cles is shown in Fig. 3.7. As discussed earlier, the < vy > increases from

high to low centrality classes which then saturates and decreases for the
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most peripheral collisions. For central collisions, by allowing the final state
particles to interact for the higher hadronic cascade time leads to more
isotropic distributions of the transverse momentum resulting lower values
of < vy > compared to smaller hadronic cascade time. This trend becomes
reverse as we move to semi-central collisions, where the initial state spatial

anisotropy takes over and higher hadronic cascade time increase the < v, >

further.
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Figure 3.7: (Color online) Charged particles average elliptic flow (< vy >)
with centrality in Xe+Xe collisions at /syy = 5.44 TeV using AMPT-SM

model.

3.2.4 Baryon to meson elliptic flow ratio

Here we have tried to study the baryon (p) to meson (¢) elliptic flow ratio
in different hadronic phase time (7y¢) as they have similar masses. For
this, in Fig. 3.8, we have shown the elliptic flow of p and ¢ in the upper
panel and the vy ratio of p to ¢ in the bottom panel. Due to insufficient
statistics, we are unable to bring up any conclusion regarding this Fig. 3.8.
Later, we will try to look into baryon to meson elliptic flow ratio properly
with sufficient statistics. In the appendix, we have shown the baryon (p)

to meson (¢) elliptic flow ratio for different centrality classes.
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Chapter 4

Summary and Conclusions

To carry out the simulations of the heavy-ion collision, we have used A
Multi-Phase Transport (AMPT) model. Here, we have studied the pr
spectra and elliptic flow (vy) of both charged and identified particles in
Xe+Xe collisions at (/syy = 5.44 TeV using AMPT-SM model. In the
AMPT model, one can vary the termination time of the hadronic phase
using a parameter - “NTMAX”. Larger the hadronic phase time, more is the
re-scattering among the decay particles. In this work, we have studied the
pr spectra of identified particles by varying the hadronic phase time (75¢),
where we observe a mass-dependent behavior of the identified particles and
also the shape depends on the 7.

The most important observable in this study is the elliptic flow (v,),
which gives the experimental measurement of the momentum anisotropies
produced in the heavy-ion collisions. The elliptic flow (vy) as a function of
pr for different hadronic phase time () is obtained for various identified
particles. The exposure of the fireball to large 74~ values results in the
higher re-scattering of the final state particles. In case of min. bias., at
low pr region the elliptic flow is less and then increases with pp and fi-
nally saturates for high pt. The non-zero value of vy confirms the presence
of anisotropy in the collective flow of identified hadrons. The centrality
dependence of v, as a function of pp shows that v, increases with a de-
crease in centrality and it attains the maximum values for the mid-central

collisions. This confirms the presence of a different degree of anisotropy
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for different centralities in heavy-ion collisions. The average elliptic flow
((vy)) has lower values for the most-central collisions due to the lack of
initial spatial-anisotropy of the colliding system. However, with decreasing
centrality the initial spatial-anisotropy becomes larger and larger which
gives rise to higher (v,). Moreover, this is not true in the case of most
peripheral collisions as the number of participant nucleons is very less to
generate collectivity in the produced system. The effect of different 74~
on (vy) as a function of centrality classes in this work tells us about the
generation of momentum anisotropy of final state particles form the life-
time of the hadronic phase. For mid-central collisions, the (v,) is higher
for the o= 25 fm/c, whereas an opposite behavior is observed for the
central and the most peripheral classes. In future, the study of (v,) as
a function of centrality classes will be carried out for different identified
particles with full statistics. This will tell us the contribution of (vy) from
the hadronic phase for different identified particles as they have different

scattering cross-sections.
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Chapter 5

Appendix
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Figure 5.1: (Color online) Transverse momentum (pr) distribution of iden-

tified particles in (0 -10)% centrality class in Xe+Xe collisions at
5.44 TeV using AMPT model.
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5.2  Elliptic Flow
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Figure 5.7: (Color online) Elliptic flow (v,) of K in Xe+Xe collisions at
V/SyN = 5.44 TeV using AMPT-SM model.
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Figure 5.8: (Color online) Elliptic flow (v,)
VSyy = 5.44 TeV using AMPT-SM model.

41

N
d
o
w

of K¥ in Xe+Xe collisions at



0.3

0.25

0.2

0.15

Va

0.3

0.25

0.2

0.15

Vo

0.05 |

Figure 5.9:

VSyN = 5.44 TeV using AMPT-SM model.

42

BLIL I S L A e e o T 0.3 [ - - ]
F Xe-;(a](g»y /Sy = 5:44 TeV,5m, p 4 F Xe Xe@ sNN 544TeV101m p —
[ #010% 7 [ 0 ]
[ m 10_20% — 025 m IU 20% —
F s 20730% ] F 4 2030% E
F v 3040% E F v 30_40% ]
F o+ 20750% — e F + 40750% B
E » 50760% [ t m 02 4 50 60% 7**7 7
r o 60-70/2 y— ) I r o 60-70%; :4:¢|: ]
[+ 70-100% 7,7$ I — ] o [+ 70-100% =
E —¥— —— — > 015 :;: -]
Fl == —— - F Aﬁgf =
L :‘:47 . L E
SO = 01 =
= F " — | ]
e 0.05 %L g + + =
| birabie 't i R
1 1 1
3 0 05 1 15 2 25 3
P, (GeV/c)
R S8 B A B W oo - _ 03 s e . —
F )(e-Xoe%j /sNN=5.44 TeV,15fm, p = F Xe Xe@ o= =5.44 TeV,20fm, p ]
E7e70 d0% ] o ]
F m 10.20% 4 025 m 10 20% 3
b4 2000% E E 20_30% 4 ]
E o+ 20750% § . 0zb ¢ 0% e .
e K Py 507 =
E L S B E R S D =
[ & 70-100% = B O e070% - —
F o+ E o gusf F TO100% = ]
: =+= %jé: E = oE e —g— |
E - E —— ]
- i 3 01f o S S p— N
£ ES - 3 E K ]
£ 4 E E E = ? 3
E —t— | 3 0.05 [ " %D —e— | ]
o0 ¢ = - + .
m I I 1 3 T i‘ 1 1 1 1 .
1 15 2 2.5 3 0 05 1 15 2 25 3
P, (GeVic) [ (GeV/c)

03 T T T T T ]

F Xe-Xe @ ifsy,, = 5.44 TeV,25im, p ]

r e 0_10% 1

025~ g 19 20% .

F 4 2030% f—— ]

[ v 30_40% 7

02 F + 4050% —— B

[ ¥ 50_60% S ]

F O so70% —— ]

=¥ 45 [ * 70-100% e =

o | ]

ul = ]

01f 3

H i@'f;b —{—

005 H & + + =

3¢t AT M R A &

C # 1 1 1 1
0 05 1 15 2 25 3
Py (GeV/c)

(Color online) Elliptic flow (v,) of p in Xe+Xe collisions at



03 T T T T T E
F T T T T T 1 H Xe-Xe @ |[5,, = 5.44 TeV,10fm, ¢ T ]
03  XeXe@ m=5.44 TeV,5m, ¢ — Fl Y (LIO‘VZ 7
F ®0.10% ] 0.25 [ m 10_20% ]
F o E 20_30% 1
[ m1020% B u 30°40% [ S— ]
025 . 20 30% = [ + 40°50% ]
C 30_40% ] 0.2 ¥ 50_60% =
[+ 40_50% R — = H [ 60-70% —— ]
02 F | sole0% B n + 70-100% 7+7—+— b
= 0 60-70% ,+7*+*7 _ 3 = o015 X — -
0.15 [+ 70-100 — - H =1 ]
4 E H 3 ]
Ens ] 01 ¥ —i—
01l T 3 £ ¥ — ]
28 — - 3 ]
0.05 [ . Iﬂ‘ e I S = 005 3
idy ‘ ] | ]
l_ 1 +| 1 | | LTy | 1 1 1 ]
0.5 1 1.5 25 3 0 1 15 2 25 3
p. (GeV/c) P, (GeV/c)
03 T T T T T AR 03 T T T T T =
| Xe-Xe@ s =5.J4TeV,151m,¢ ] F Xe-Xe(é? s, = 5.44 TeV,20fm, ¢ ]
H e 1116130/2/”“ ] E e o10% ]
M m 10_20% = F m 10.20% ]
025 - % 30500 ] 025 £ 20°30% E
u 30_40% ] o 30_40% ]
H ¢ 4050% E F ¢+ 4050% | R S— ]
02 B ¥ s0760% —y— — 02 » 50.60% — =
[ O 60-70% F O 6070% —y— ]
H + 70-100% 47 - F + 70-100% _ .
=' 015 . = 015 l == -
i = “F —a— | ]
u . b — 1
0.05 [ = 0.05 [ =
m ] o ]
M- ] o ]
. I C I I L 7
0 3 0 15 2 25 3
P, (GeV/c)

= Xo-Xe @ (5 - 5.44 TeV,25im, ¢ ' ]

F e-Xe Sy = - eV,25fm, |

A SR

= m 10 ¢ /o —

0.25 b 20_30% B

M RE

o + 20750% ]

02 ¥ 50_60% | -

E [ 60-70% — ]

o o + 70-100% ]

PO RE = | E

o1 f- .

0.05 [- 3

3 ]

0 3

Figure 5.10: (Color online) Elliptic flow (vy) of ¢ in Xe+Xe collisions at
VSyn = 5.44 TeV using AMPT-SM model.
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SM model.
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Figure 5.16: (Color online) Elliptic flow vs py distribution of identified
particles for 25 fm in Xe+Xe collisions at /syy = 5.44 TeV using AMPT-

SM model.

5.3 Baryon to Meson Ratio of Elliptic Flow

0. T T T T T T T T
Xe-Xe @ {fsyy = 5.44 TeV,5m,20-30% Xe-Xe @ /sy = 5.4 TeV,5fm,40-50% —
025(— — 02— e —¢——
B v S
02— » * 1 0.5 *o —+ + —
0.15] == — B e
-+ o W F .
o ‘4* v — *4»4*
0.05] + o _ 0.0} Fes -
e # ¥
deatd 274
2F =
15— — 2 -
S 4 | o
1= .
05— —
0 05 1 15 25 o5 1 15 25
p, [GeVic] p, [GeVic]
0. T T T
ozl XX @ for= 544 TeV.5m.50-60% _
- ——p
02— + » 7.7 —
0.15(— —0—:‘;% —
P ]
04 —
i *r’r*;
0.05} f_*—;: 4+ =
o1
20— -
Sl
1= —

15
p, [Gevic]
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Figure 5.18: (Color online) Elliptic flow ratio of proton to phi for 74, =
10 fm in Xe + Xe collisions at /syy = 5.44 TeV for different centrality
classes using AMPT model.
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Figure 5.19: (Color online) Elliptic flow ratio of proton to phi for 74 =
15 fm in Xe + Xe collisions at /syy = 5.44 TeV for different centrality
classes using AMPT model.
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Figure 5.20: (Color online) Elliptic flow ratio

of proton to phi for 75~ =

20 fm in Xe + Xe collisions at /syy = 5.44 TeV for different centrality

classes using AMPT model.
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Figure 5.21: (Color online) Elliptic flow ratio of proton to phi for 744 =
25 fm in Xe + Xe collisions at /syy = 5.44 TeV for different centrality

classes using AMPT model.
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