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Abstract

It is believed that after the Big-Bang, in early age of the universe, a hot dense soup of quarks
and gluons was formed named QGP(Quark Gluon Plasma), having high energy density and
number density. QGP is a fireball consist of quarks and gluons in the deconfined form. Due
to high internal Pressure and Temperature it expanded and cooled down, the deconfined-
to-confined phase transition occurred and hadrons were formed resulting in the baryonic
matter that we observe today. Study about this kind of a phase transition can lead us to
understand the early stages of the universe. The promising technique to produce such state
of matter in lab is by heavy-ion collisions. Due to complexity of underline theory of these
partons i.e. QCD, we rely generally on other effective models like hydrodynamics and Sta-

tistical Thermodynamic approaches to study the system.

The Thesis is based on ‘Study of Calculation of Pressure’ in formed QGP in heavy ion col-
lisions and final hadronic matter formed. Standard statistical models based on Boltzmann-
Gibbs distribution(B-G) which is known for its great success on non-interacting classically
large systems. Since the number of particle produced in heavy-ion collisions are much less
than that of Avogadro number, we need to use non-extensive statistical mechanics to esti-
mate thermal properties of matter formed. As the system undergoes collective expansion,
to study the dynamics, hydrodynamics is used, as it provides a simple, intuitive descrip-
tion of dynamical collective behaviour of system under evolution in relativistic heavy-ion
collisions. We will use generalised non-extensive statistics known as ‘Tsallis-statistics’ for
the calculations. Tsallis statistics is based on generalization of B-G distribution which in
particular limit gives back the standard statistics. For analysis we have used data generated
by UrQMD simulator in hydro mode and experimental data extracted from HEPData and

carried out the analysis using ROOT.
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Chapter 1

Introduction

High Energy Physics(HEP) is an intriguing branch of Physics which studies the nature of
particles that constitute matter and radiation. It is focused on understanding the behavior
of these particles. The primary goal of HEP is to determine the most fundamental building
block of matter and understand the interactions between these elementary particles. In the
current scenario,these elementary particles are excitations of ‘quantum fields’. ‘Standard
Model’ is currently dominant Quantum Field Theory which almost explains these indivis-
ible fundamental particles and their interaction [2]. It is developed by both theoretical and
experimental physicists. According to Standard Model of particle physics[3][4], these ele-
mentary particles can be classified into fermion and bosons!. Fermions are half-integer-spin
particles which are matter particles.They are classified according to how they interact (or
equivalently, what charges® they carry). There are six quarks and six leptons, which are
further divided into pairs exhibiting similar behaviour named by generations. The lightest
and most stable particles belongs to first generation , whereas the heavier and less stable
make up the second and third generation. Bosons(gauge) are integral-spin particles which
are mediators of interaction between these matter particles. Particles of matter transfer dis-
crete amount of energy by exchanging these bosons. These are carrier particles that carries

any fundamental interactions of nature.

Fig: 1.1 Summarizes Standard-Model of particle physics.

! Also Anyons, these are quasi-particles occurs in 2D systems[5]
2charges here include electric charge, color charge.
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Figure 1.1: Standard Model of Particle Physics [ Wikipedia ]

These handful of fundamental constituent particles interact in known four definite manners:
(1) Electromagnetic interaction (i1) Strong interaction

(iii) Weak interaction (iv) Gravitational interaction

Electromagnetic interaction: The electromagnetic force is responsible for practically all
phenomena one encounters in daily life (with the exception of gravity) that are above the
nuclear scale e.g. friction, chemical bonds between atoms etc. It occurs between electric
charged particles, it is the reason for keeping negatively charge electron cloud around pos-
itively charge nucleus to form atom. It is governed by Lorentz Force which includes both
electric and magnetic force, which are both manifestation of same phenomenon. In modern
QFT, Quantum Electrodynamics (QED) is the mathematical theory which describes all the

phenomenon happens according to electromagnetic interaction.

Strong interaction: Before 1970’s it was uncertain to explain how nucleus bound together,
as it was known that nucleus compose of protons and neutrons, and protons being pos-
itively charge particles and neutron being neutral particles, so due to electric repulsion

between protons, nucleus should fly apart. However, we do observe nucleus, to explain
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this, strong interaction was postulated for binding neutron and proton to form atomic nuclei
(nuclear-force), and in addition, it was found that protons and neutron are not elementary
particles. They are composite system of more fundamental particles, quarks and gluons,
which are bounded together by more fundamental force (color-force). Since quarks are
fermions and according to Pauli-Exclusion Principle no two or more identical fermionic
particles can share same quantum state within a system. The notion of color-charge (a
quantum number) was introduced so they can co-exists inside the hadrons without violat-
ing the principle. There are three types of color charge labelled red, blue and green along
with their complimentary anti-colors. Gluons are also colored, they are the mixture of color
and anti-color’. The quarks interacts through color exchange and the color carrier is gluon.
Quantum Chromo-dynamics (QCD) is the quantum field theory within the Standard Model

framework that describes color-force and its residue, the strong nuclear force.

Weak interaction: It is an interaction between sub-atomic particles which is responsible for
radio-active decay of nucleus. It is the only interaction through which quarks can change
their flavours. For example, during 5" decay(happens inside the nucleus), an up-quark
within a proton is changed into a down-quark, thus converting the proton to a neutron and
resulting in the emission of an positron and an electron-neutrino. It plays a vital role in the

energy generating processes of stars(including our Sun), in fusion of hydrogen into helium.

Gravitation: It is an interaction at a distance that is present between any two bodies having
mass or energy. At atomic scale, it is the weakest of all the interactions. Before Einstein’s
General Theory of Relativity (GTR), Gravitation was well explained by Newton’s Laws of
Gravitation, which considers gravitation as an attractive force between two bodies possess-
ing mass and the strength of which is proportional to the product of masses and inversely
proportional to square of distance between them. In GTR, the relativistic version of grav-
itation which describes gravity as a consequence of curvature of space-time caused by the
sources of Energy-Stress Tensor. It describes the macro-scale bulk interaction in matter,
quantizing it for micro-scale matter is the current area of research.

In Table:1.1, We have listed the relative strength of these known interaction along with their

3This color charge of quarks and gluons is completely unrelated to everyday meaning of color i.e. unre-

lated to the wavelength of light.



mediators and range.

Interaction Relative strength Theory Interaction range | Mediated by
Strong 1038 QCD 1071 Gluons(8)
Weak 10% Electro-weak 1018 WrWw-,Z

Electromagnetic 103¢ QED infinite Photons
Gravitational 1 General Relativity infinite Graviton

Table 1.1: Fundamental Interactions of nature

Even Standard Model being the current best description for understanding sub-atomic world,
it doesn’t tell us the full story, there are many questions like What is causing universe expan-
sion to faster? What is dark matter? What made big bang to happen? How did the universe
come into existence? Why neutrinos have non-zero mass and the observed neutrinos are
left-handed? Is there a theory of everything?, which are not answered in the framework of
Standard Model and many more unsolved mysteries.

Curious people, Physicists are searching to find answers to above questions and several deep
incites in increasing the understanding of the universe. One of very interesting question is
how we came into existence. It was explain using Big Bang Theory which explains exis-
tence of almost all matter present till now. According to it, in early microseconds universe
began with extremely high temperature and energy density of fireball which cooled and
expanded into blizzard of ordinary matter. At early time the temperature was high enough
that constituents of matter we see today, were in their most elementary form. The fire-
ball, hot and dense formed, consisted of asymptotically free color-charge particles, quarks
and gluons(collectively called partons). At such high temperature these “strongly interact-
ing” particles are quasi-free and fairly weakly interacting. This nature of partons is called

Asymptotic Freedom.

1.1 Asymptotic freedom

Can we get an isolated color-charged particle (quark or gluon)? No, Quarks/Gluons cannot
be find in free(isolated) state due to color confinement. When two color-charges(quarks)

are tried to separate, in order to increase the separation between two quarks, large amount
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of energy is required and as the separation is further increased, at some point eventually
it becomes energetically favourable for quark-antiquark pair to form from the surrounding
virtual sea-quark, turning the pair of quarks into hadrons. This phenomenon is named
color-confinement.

It is phenomenologically said to explain the increase of interaction with separation distance,

that QCD potential is given by,

Vir)= =
(r) " +or
comparison to QED,
2
—e
Vir)~ —
()~ =

The strength of interaction between quarks mediated by gluons in QCD is given by coupling
constant, as analogous of coupling constant in QED, a, = #Z)hc’ in QCD, a, = % how-
ever, essential difference between both theories is, o, is a constant whereas «, decreases
with increase in momentum transfer(E) between quarks or momentum carried by gluons.

Due to this asymptotic freedom at high energies, many experiments can be successfully
described by perturbative QCD. The relation between coupling constant with exchange
momentum between interacting partons(E) up-to a QCD scale(A =~ 300 MeV calculated

from experimental data),

127
(11N, — 2ny)in(£)

as(E?) =

(1.1)

where, N, is the number of color charge(3) and 7 is the number of quarks flavour(6).

Coupling constant,o,s (E)
0,4

0,3
0,2

0,1

o4
1 2 5 10 20 50 100 200

llustration: Typofarm Energy, GeV

Figure 1.2: Running Coupling Constant[ Nobelprize.org]



This asymptotic freedom was discovered by David Gross and Frank Wilczek and inde-
pendently by David Politzer , back in 1973 which rewarded them Nobel prize in Physics in
2004. To explore this behaviour and study the system formed in early universe, one promis-
ing technique to form QGP is by having high energy density and number density in very

small volume, which can be created in relativistic heavy-ion collisions.

1.2 Heavy-ion Collision

The main aim of Ultra-relativistic heavy-ion collision is to study the basic building blocks
of matter and to probe and dive further in-search of new physics or understanding the struc-
ture of these building blocks. When bunches of nuclei collides at ultra-relativistic energy,
that results in high temperature and high energy density creating a hot dense state. This state
created is thought to consist of quasi-free quarks and gluons, which are the basic building
blocks of hadronic matter. This state of matter is called ‘Quark Gluon Plasma’ (QGP)[6].
The collision energies that are available at the Large Hadron Collider(LHC)[7] at CERN
and Relativistic Heavy-lon Collide(RHIC)([8] at BNL have illuminated new challenges in
understanding the possible formation of droplets of this deconfined matter of partonic de-
grees of freedom in hadronic collisions. When a large fraction of energy is deposited in
very small volume of space in very short period of time it produces high energy density and
hence Temperature. The theoretically understanding of this new state of matter is given by
Lattice QCD. Before QGP was detected in LHC(2000), Lattice-QCD predicted the exis-

tence of this new state at sufficient high temperature.

1.3 QGP

It was proposed that after the Big-Bang, in its early stages, the universe was filled with an
extremely hot and dense soup of quarks and gluons. At extremely high temperature and
energy density, even the strongly interacting particles, quarks and gluons, would interact
very weakly due to asymptotic freedom. Such high energy density can be mimicked in
laboratories by colliding heavy ions at Ultra-relativistic energies (doing little bangs).

Since proton and neutron, constituents of atomic nuclei which are binded by strong(nuclear)

interaction, are themselves confined of more elementary particles, quarks which interact
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with each other via color interaction. Our best theoretical understanding of this strong
interaction which is responsible for confinement of quarks into hadrons is ‘QCD’[2]. It
is non-abelian SU(3) guage theory with color charge as the generator of the theory. QCD
deals with interaction between quarks mediated by spin-1 particles named gluons. One of
the most interesting property of QCD is that its fundamental degrees of freedom, quarks
and gluons combined named partons, carries ‘colour’ charge, such charged objects have
never been observed directly, partons are always found in composite colour-neutral objects
called hadrons. Quarks are spin-1/2 particles, which carry electric charge as well as color
charge. There are six flavours of quarks: up, down, charm, strange, top, and bottom, see
Fig: 1.1. Gluons are spin-1, mass-less particles which are also colored charge. There are 8
independent types of gluons, based on color combination. Quarks change their color state
by exchanging gluon.

QGP is a (locally) thermally equilibrated state of matter in which quarks and gluons are
deconfined from hadrons, so that they propagate over nuclear, rather than merely nucleonic
volume. Composite hadrons appears to lose its identity at sufficiently high energy density
(=1 GeV fm=3)[9]. Atlow densities, the particular quark inside its parent hadron knows its
sibling quarks. At high densities, when the hadrons starts to interpenetrate into each other
i.e. the quarks no longer confined inside the hadron boundary, particular quark will not
be able to identify the partner quark which was there at lower densities. Nucleus—nucleus
collisions are used to study nuclear matter. With increasing collision energy, nuclear matter

is probed at finer and finer resolution and several facts of nuclear matter are revealed.

1.3.1 Space-Time Evolution of QGP

As mentioned we do not detect quarks or gluons directly due to colour confinement, what
we detect are the final state hadrons, photons and other kind of particles that survived to
reach the detectors. Most of these particles are formed during the expansion of hot and
dense fireball, QGP.

A phenomenological scheme of various stages in ultra-relativistic collision of heavy-ions
is shown in Fig: 1.3, Two lorentz contracted nuclei approach each other with speed nearly
equal to the speed of light in t-z plane, and collide at the origin (t=0,z=0), there is an enor-
mous amount of energy density generated which results in diffusion of hadronic boundary

(deconfinement) of protons and neutrons[10]. Initially the system is out-of-equilibrium,
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its constituents collide repeatedly to establish local equilibrium, as system starts expand-
ing due to inertia and internal pressure created,as the result energy density decreases and
hence temperature,as the energy density(temperature) becomes smaller then the critical en-
ergy density(temperature) there is deconfinement-to-confinement phase transition occurs,
and hadrons are formed which after freeze-out fly towards detectors. As one cannot mea-
sure the QGP directly,however one can measure these final-state particle spectra to extract
thermal and other characteristics of the system formed and give a judgment on properties

of it.

freeze out

)

Figure 1.3: Space-Time Evolution[1]

One can Classify Stages of the collision in the following way [9]:

Pre-equilibrium stage: The lorentz contracted nucleus having pancake-like structure col-
lides at ultra-relativistic energies, at nucleonic level as they collide, due to high energy den-
sity and number density there is high compression due to which nucleon boundary becomes
irrelevant, and we get a fireball of quarks and gluons which is in highly non-equilibrium
stage. The quarks and gluons formed looses memory of there parent hadrons. By multi-
scattering between its constituents, system achieves local momentum-isotropy, hence local

thermal-equilibrium.

Expansion of QGP: The constituents of the fireball(QGP) collide frequently to establish
a local thermal equilibrium state named ‘thermalized state’. The system has high internal
thermal-pressure and temperature due to which it expands and the system evolves. The fire-

ball undergoes collective expansion. This expansion can be well described by hydrodynam-



ics, where the expansion and cooling of system is governed on bases of conservation laws
of energy and momentum along with conserved current density like charge density, baryon
density. As the system expands, the energy density and temperature decreases below critical
energy density(~ 1GeV/ fm?) or critical Temperature(~200 MeV), the deconfinement-to-
confinement phase-transition occurs and partons get confined in hadrons. This stage is

named hadronizaiton.

Freeze-out: Even after the hadronization, the matter continues expansion/evolution. Af-
ter this stage, hadrons can collide in-elastically or can decay and change their identities.
Local equilibrium is still maintain and system expands and cools, when this inelastic col-
lision become too small, the hadron abundances will become fixed we named this stage
‘chemical freeze-out’. Hadrons then collide elastically which can change the final mo-
mentum distribution of the particles. Hadrons then collide elastically which can change
the final momentum distribution of the particles. But with further expansion, a stage will
arrive where average distance between hadrons become large, even the elastic collisions
will become very infrequent and a ‘local’ equilibrium could no longer be maintained. The
hadrons decouple and stop interecting with each other. This stage where no more collision
and interaction prevails is called ‘kinetic freeze-out’. Hadrons from this kinetic freeze-out
surface then subsequently free-stream to the detectors.

These stages of evolution can be nicely summarized in Fig: 1.4.

bjef in—rTnecﬂ‘ilum |
+ phot remsstrahlung jet-plasma
prompt pno ons ! phgfons

|

e

i
N

>

/

collision
overlap zone

-—
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Figure 1.4: Evolution[I[EBE-VISHNU]
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Chapter 2

Tools to study QGP

As the formation and expansion of QGP is in very very small scale (in femto-secs), probing
and analysing this state of matter is near to impossible by todays technology. Like after
explosion, we can scan back to initial condition by observing the after-effects of the explo-
sion, similarly we study the spectrum of final state particles to extract the properties and
characteristics of Quark Gluon Plasma. Some of the tools to study the fingerprint of QGP
are: ‘pr’ (Transverse momentum) spectra, ‘y’ Rapidity spectra,‘n’ Pseudo-rapidity spectra
etc. Our focus will be on ‘pr spectra’, which provides information about the equilibrium
dynamics as well as the anisotropy of the system produced in heavy-ion collision and fit-
ting it with thermodynamical distribution functions provides insights to thermodynamical
quantities.

Transverse momentum (p7) spectra is an important observable, it is the transverse com-
ponent of total momentum to the beam direction. As being energy dependent,it provides
information of thermal properties of system formed in high energy collisions. Also trans-
verse momentum is Lorentz invariant for boosts along the beam direction, experimentally
once kinetic freeze-out is reached, the kinetic freeze-out properties of the system freezes

and so does pr spectra.

2.1 Kinematics Variables

There are some kinematic variable when studying high-energy collisions, these variables
are used frequently in experiments also [11]. We will discuss some of those variables

which have significant role in the thesis.
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2.1.1 Centrality

In ultra-relativistic nucleus collision performed in LHC or RHIC, stream of bunches of
nucleus are collided from opposite direction. When a nuclei scatters with nuclei of other
beam this is named as an ‘event’. Scattering between nuclei-nuclei depends on the impact
parameter(b) between them, so we classify the event-by-event collisions by ‘b’. Most cen-
tral collisions have b~0, and peripheral collisions have b around 2R (R,mean nuclei radii).
As impact parameter of an event cannot be measured experimentally, so we define central-
ity class. Centrality is an important concept which characterizes the amount of overlap or
size of the fireball in the collision region in heavy-ion collisions. It can also be defined by
the number of nucleons Np,,; (participants nucleons) in the overlap region of the colliding
nucleus[12].Centrality and impact parameter have one-to-one correspondence. For most
central collisions, (0-5)% centrality for Pb-Pb collision at 2.76 TeV have impact-parameter
range from 0 to 3.50 fm. Using the % centrality in collisions, the initial geometric configu-

ration can be estimated using Glauber model.

2.1.2 Rapidity

Choose some direction (usually the beam direction) for the z-axis named longitudnal di-
rection, the velocity of nuclei can be written in terms of dimensionless quatity, rapidity as
tanhy = “= = (31, and the lorentz factor(v) can also be written as coshy = 7. One can
see as the relativistic addition of velocity is non-linear, but rapidity which is the function of
velocity itself, is an additive quantity.The advantage of introducing this rapidity variable is
that as its additive, the shape of its distribution remains invariant under longitudinal Lorentz

boost. Also rapidity in natural units can be expressed as,

y = tanh™! f, = tanh™* % =5 In 7 J_riz

Rapidity can be expressed in terms of polar angle(f), angle made by particle emitted with

2.1

respect to beam axis,

E ~ 1 2 2 0
ﬂ——ln m* + p° + pcos 2.2)

E—p.c 2 /m2+p2— pcosh

When emitting particle have high p, value one can neglect mass term, so, /2 ~ p and this

1
= -1
Y 2n

approximated rapidity is called pseudorapidity (7).

1. p+ pcost
n=-ln——— =

0
=1 — 2.
2 p— pcosH ntan 2 2.3)
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It is a convenient parameter, to study when particle emitted have high longitudinal momen-
tum and we know the polar angle of it even without knowing its mass. More properties of

rapidity and pseudo-rapidity can be studied from [13].

2.1.3 Transverse Momentum

The component of momentum transverse (perpendicular) to the beam direction is called
Transverse momentum. As in collisions the beams are along longitudinal direction, so the
nuclei colliding have only longitudinal momentum. However, after the collision the final-
state particles coming out of the collision region will have non-zero transverse momentum.
Thus a study of the transverse momentum distribution of outgoing particles can give a
significant insight into the physics involved in the collision. Thus the transverse momentum
distributions of the out-coming particles is the first observations done in the high-energy
experiments. Also pr is Lorentz invariant along longitudinal direction. We can write energy

and total momentum in the form of pr,
pr = \/p; + D},
E =P+ m? = \[ph+p2+m? = \[p2 +m}
where, mr =1/ pa + m? 2.4)

here, my is transverse mass, we can write eq: 2.4 in terms of rapidity,

E = mp coshy, p, = prsinhy 2.5

2.2 Invariant Yield

Thermodynamical behaviour of the system formed can be extrapolate from p; spectra as it
carries the kinetic freeze-out properties of the system. The invariant yield when plotted as
a function of pr is called py spectrum. Experimentally at kinetic freeze-out the p spectra
is frozen, as particle number becomes constant.
The Differential-Yield,

d*N d*N d*N d*N

[ E p—
dp? (dpzdpy)dp.  (lpr|dprde)dy  2w|pr|dprdy

is lorentz invariant, here we have used dp, = Edy and dp,dp, = |pr|dprd¢, ¢ is the

(2.6)

azimuthal angle and considering azimuthal symmetry. To show eq: 2.6 is lorentz invariant,
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£p

firstly we have to show =

is lorentz invariant, The change in longitudinal momentum(p, )

due to boost in longitudinal direction(beam direction) is given by,

/ zd z
dp. =y(dp. — BdE) = A(dp. - BZ2=),
i i 2.7

where, we have used E? = p2+p*+m?, and we know py is lorentz invariant to longitudinal
boost, so EdE = p.dp.. % is lorentz invariant, hence the yield is invariant. To measure
the yield eq: 2.6 is used experimentally. We can derive the form of yield from standard
statistical mechanics[14], Number of particles(N) in a grand-canonical ensemble is given

by,

N gvg/ E(d“:’z_? (2.8)
(2m) exp(Sort) + 1

where,

(
0 for Boltzmann-Gibbs statistics,

N =4 +1 Fermion, 2.9)

—1 Boson.

\

Let’s denote f(E,T) as the integrand, So,

v
N= é’ﬁ)g / &pf(E,T), (2.10)
or, in differential form,
d*N %
W~ BT 2.11)

here, g is the degeneracy factor, T is the temperature of the system, V is the volume of the

system of particles. So Yield have the form,

d*N _ EgV
2n|prldprdy  (27)3

In our analysis, we will work in mid-rapidity regime, y € (-0.5,0.5), so, average value of

f(E,T) (2.12)

coshy ~ 1, and expressing yield in form of pr using eq: 2.5,

d*N gV (mgcoshy) 1
2nlpr|dprdy (2m)*  eap(lmrgziloity 4y (2.13)
d*N _ gV (mr) 1 :

2nlprldprdylu-o — (1) exp(BEt) +n
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We will generalize this Yield form to Tsallis statistics (4.2) for our analysis.

Till now we have studied the physics behind QGP and its expansion. And also the exper-
imental tools for its detection. Event generators are used widely to mimic the real experi-
ment happening in colliders. These Monte-Carlo generators based on underline physics are
the powerful tools to gain detailed and realistic theory behind the real experiment. Differ-
ent models are made to simulate different stages of heavy-ion collision. “The theoretical
tools that are the usual workhorses of quantum field theories, such as perturbative methods
and lattice calculations, can only describe very specific features of relativistic heavy-ion
collisions. As such, a first principles description of the complex-dynamics of heavy-ion
collisions is not yet possible. On the other hand, very successful multi-stage models of
heavy-ion collisions have been built by combining lattice and perturbative calculations with
effective models such as hydrodynamics”[15].

In the thesis we have used UrQMD (Ultra-Relativistic Quantum Molecular Dynamics)
model. It is microscopic transport theory based on propagation of all hadrons on classical
trajectories in combination of stochastic binary scattering, color string formation, resonance
decay[16]. We have used data generated by UrQMD in hydro mode, in which the target and
projectile are treated as ideal fluids but the collision interaction is calculated using kinetic
theory[17]. We have calculated ‘Pressure’ with time in scope of it, and also pressure of

final state particles like charged pions.
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Chapter 3

Hydrodynamics

Ideally, one may want to describe the experimental data or dynamical knowledge of QGP

from its underline theory i.e. QCD. The QCD Lagrangian density is given by:

e 1 va
L= wl(l’yuDZ — m(SZJ)T/J] — Z_l M,}QFM (31)

where ¢); is a quark field, ¢(1,2,3) is a color index for quarks, D" is a contra-variant deriva-
tive, m 1s a quark mass, F*'" is a field strength of gluons, and o (=1, 2. . , 8) is a color
index for gluons. This simple-looking lagrangian is mathematically complex, it is difficult
to make prediction directly due to its internal complexity. One of the promising techniques
used now to connect the first principle with phenomena is to introduce hydrodynamical

models to describe the complex-dynamics of heavy-ion collision [18].

3.1 Introduction

Thermodynamics deals with the system in global thermal equilibrium with Pressure, Tem-
perature, Volume as globally static variables. As in statistical thermodynamics ensemble
average is equivalent to the time average for a system, this is ergodicity theorem. Hydrody-
namics deals with study of flow of fluid (continuous medium) having implicit assumption
of local thermal equilibrium of fluid. It is a dynamical study of macroscopically average
value of densities, which give information of collective-flow of the system using conser-
vation laws with taking statistical inputs [19]. Relativistic hydrodynamics is an important
theoretical tool in astrophysics, cosmology, heavy ion-collision etc. The use of relativistic

hydrodynamics in high-energy physics started back by Landau in 1953[20], long before
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QCD was formulated, as the system is at high temperature and partons are asymptotically
free. It is applicable when the mean-free-path of the partons is much smaller than typical
scale of the fireball on which its properties are changing. If the macroscopic properties of
the fluid e.g. local energy density, pressure, the fluid velocity etc. are known at an ini-
tial time, we can use hydrodynamic equations to obtain the space—time evolution of the
hot dense fireball formed in heavy ion collision until the freeze-out.The concept of local
equilibrium may still apply provided that the expansion rate is much slower than the micro-
scopic interaction rate.

By, ADF/CFT calculations it was found that 7 = ﬁ (specific-viscosity is very low) for
QGP system ,which leads to paradigm that the fireball behave as nearly ‘Perfect Fluid’
which makes the system formed, to study using hydrodynamical framework[21]. In this

chapter we’ll first discuss in-viscid(ideal) hydrodynamcis.

3.2 Ideal Hydrodynamics

Ideal hydrodynamic models are largely successful, in explaining a variety of experimen-
tal data e.g. transverse momentum spectra and elliptic flow of final state particles in high
energy collisons [9]. Like Classical Electromagnetism, most of the information about dy-
namics of field can be predicted using Maxwell relations, similarly in hydrodynamics we
have conservation equations. Energy and momentum in a relativistic theory are encoded in

the energy-momentum tensor( 7*"),

e 0 0 O
0P 0 O
™ = (3.2)
0 0 P O
0 0 0 P

T tells the energy density

TY is the density of the i component of momentum with i= 1,2,3
T" is the energy flux along the axis i

T is the flux along axis 4 of the j** component of momentum

Stress-energy tensor in a symmetric second-rank-tensor form can be easily derivable.
T" = ciautu” + coag"” 3.3)
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where,cq, co are pure constant, a is lorentz scalar, u” is the flow velocity which is Lorentz
vector, g"” is a space-time matric of second-rank-tensor.
Using properties of stress-energy Tensor, Trace (7/*) = 0, transformation of 7" back to

local rest frame, we get,

" = eutu” — PAM (3.4)
N = nu”, 3.5
0,T" =0,0,N* =0
g g (3.6)
uut =1
where,
1 0 0 0
0 -1 0 O
AP = g —utu” g = (3.7)
0 0 -1 0
0O 0 0 -1

here, e and P are Energy density and Pressure respectively. One can easily check «* is an
eigen-vector of T4,

Note in eq: 3.6 we have 7 variables(e, P, n, u*) and 6 eq’s., we have to supply one more eq.
to close our system of equations, that equation is the equation of state P = P(e,n). Here
the notion of equation of state is in complete thermodynamic sense. Such an equation of
state allows (by definition) to determine thermodynamical variables. Once the equation of
state is known along the initial conditions, the equations of motion uniquely determine the

dynamics of the collision. Also, for ideal case,
9,5" = 0, (3.8)

where S* = sut,it can be derived using u,,(n4,,u*) = 0 and contracting u* with eq. 3.6,

1 here is chemical potential corresponding to conserved number density.
w13 = wy[0,((e + p)uu” — g"p)],
= u[0,((T's + pn)uu” — g"p)],
= u,[0,(T's + pn)u"u” — g""0,p)]
Usinge+p =Ts+ un, dp = sd1 + ndu, Further simplifying,
u, 0, T = T(u"d,s + sOu") + p(nd,u* + u"d,n),
0= 0,(su") = 0,(5")
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We can also write thermodynamical quantities in form of Stress-Energy Tensor,

e=u, ", 3.9

—1
p= 5T A, (3.10)

3.2.1 Bjorken approximation

In 1982, ‘Bjorken’ modified Landau description of relativistic hydrodynamics[22]. He used
boost invariant velocity flow, in longitudinal direction of high energy collision. He used
uniform motion along longitudinal direction(z) so that v, = z/t, all particles at a given z
have the same v, , hence the fluid velocity. The region of highly excited matter is supposed

to rapidly equilibrate locally within a time 7.

e t,0,0,z .
ulh = —= % = (coshns, 0,0, sinhn) (3.11)

where we introduced Milne coordinates,

t+ 2

1
rapidity(ns) = = log

3.12
2 t—z ( )
proper time(7) = V2 — 22 (3.13)
Expanding eq: 3.6,
(O u”)u” + v (0,u”)](e + P) + w'u"0 (e + P) — ¢"0,P =0
Contracting this eq. with u,, and using u,,0,u" = 0, we get,
(e+ P)out +utde =0 (3.14)
Similarly multiplying eq: 3.6 with A, we get,
(e + P)u"0,u, — 0, P + u,u'0,P =0 (3.15)

Now transforming to Milne co-ordinate’s and using eqs: 3.14, 3.15 and assuming initial
densities are to depend on t and z only through the longitudinal proper time 7, not on 75 we
get,

de e+ P, ds —s

=) 2 == 3.16

dr [ T ) dr 7 (3.16)
Using eq. of state, P, = £ (ideal-relativistic case), we can plot variation of pressure with

time of elapse, as it is differential eq. it needs initial conditions. Phenomenologically,
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Bjorken estimated initial condition on Energy density[22] in terms of rapidity distribution
AN
(@)7

E 1 dEr _ 1 dEr

TVTIR 4z T rRir dy G17)
<mp >dN

Taking 7 =1 fsec, nucleus radii(R) of Au = 6.98fm, as taking most central collisions for 200

GeV, calculated using eq. of state P, = £, we get P’/ = 0.0086GeV fm ™.

0.009
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0.007
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0.006

0.005

0.004

0.003

0.002

0.001

10
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Figure 3.1: Bjorken Approximation for variation of pressure with proper time.

But Reality is not that simple. There are shortcomings of ideal fluid dynamics. As said
being ‘Ideal’, which is never the case behaved by nature[9][23]. It is thus important to study
the effects to viscosity (dissipation) on space-time evolution of fluid like QGP (viscosity

could be small, g > ﬁ, but nevertheless, it iS non-zero).

3.3 Viscous hydrodynamics

The theory of viscous relativistic fluid was formulated in 1821 by Navier [24]. The original
viscous (dissipative) relativistic-fluid equations were formulated by Landau and Lifshitz[20],
Eckart[25] and named it the first-order viscous theories. The eq. of motion are derived
keeping in mind the second law of thermodynamics, 9,5* > 0, i.e entropy is not de-

creasing. Formally, in relativistic dissipative hydrodynamics, we add orders in terms of
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the dissipative fluxes(perturbations), in the expansion of entropy current. When addition of
terms linear in dissipative quantities is done in entropy four-current we obtain first order

viscous theory.
St = sut + O(6T™) + O((6T"™)?) + ...

Relativistic viscous hydrodynamics describes non-equilibrium processes of the system in
consideration. When effects of dissipation is included into relativistic hydrodynamics, one
is confronted with complicated situations. Bjorken’s equation in First-Order Theory can be
derived [18],

de__e+P1 4 n 1¢

o~ 7 T ETs TS G19

The eq: 3.19 describes time evolution of energy density as function of other macroscopic
quantities. 7 is the shear viscosity and ( is the bulk viscosity.

First order theory approaches Navier-Stokes eq. in non-relativistic limit. It suffers from ac-
tuality due to parabolic equations[26](first order in time and second order in space it is not
Lorentz-covarient theory). When second order dissipative terms are included the acasualty
is removed by introducing relaxation times along with quadratic viscous terms. In 1970’s

Israel and Stewart gave description of second-order viscous hydrodynamics[27].

We are talking about dissipation in flow, but flow of what?

In Ideal-Hydrodynamics the flow is determined uniquely, as it is in direction of eigen-
vectors of stress-energy tensor, 7*"u,, = eu”. Inliterature, in case of viscous-hydrodynamics
there are two theories which describe the flow in local rest frame,

1) Landau flow: Flow of energy, the flow is taken in direction of total energy flux so dissi-

pation of energy does not appear.

ulf = % = 1Tlf‘uz (3.20)
uGTaTgyu;, €
2) Eckart flow : Flow of conserved charges(particle),here flow is chosen such that total
conserved charge flux is diffution independent.
NH
VN, NV

In high energy heavy-ion collisions, mostly Landau’s definition is preferred as small num-

(3.21)

[
UE—

ber of baryon charges are expected in central collisions[18].
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We have used simulators to solve these hydrodynamic equations. We have used UrQMD,
model based on a hybrid approach based on intermediate hydrodynamic evolution with
transport model. In it the partial differential equations are solved on 3-D grid using SHASTA
algorithm. It uses SU(3) parity duality model based equation of state [28] to close the sys-
tem for solving ideal-hydrodynamics equation. The hydro-dynamical evolution is stopped
if the energy density drops below five times the initial nuclear energy density in all the cells
in the grid, the hydrodynamic cells are mapped to hadrons using Cooper-Frye criteria[17].
These hadrons information is put back in UrQMD for re-scattering and resonance decay

and final state particle are recorded.
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Chapter 4

Approach by Statistical Mechanics

The main concern to high-energy physics is in studying the properties to QGP. Due to the
asymptotic freedom and very nature of QCD coupling, the coupling strength is extremely
strong at low energies making it almost impossible to apply perturbative calculations in this
region. Thus,we rely on more fundamental techniques. Studying statistical Thermal models
to explain experimental high energy was first proposed by Koppe in 1948[29]. Two years
later, Fermi introduced a statistical framework to study the energy distribution of particles
coming out of small volume formed when ions are collided at high energies[30].We rely
on Relativistic kinetic theory to study our system under consideration. In this chapter we’ll
first discuss phenomenological Statistical Thermodynamical Models which agree with ex-
periments and lattice QCD upto some limits[31]. Then we’ll formulate Tsallis statistics[32]

to study the thermodynamical quantities of our system.

4.1 Thermodynamical Models

4.1.1 MIT Model

A phenomenological description of patrons in hadrons is provided by the MIT Bag Model,
which describes quarks being confined inside a hadron. Non-interacting massless partons
are forced to move inside a Bag having external pressure ‘B’, which behaves as a confine-
ment for the partons. The basic motivation behind it is that if quarks are placed in the QCD
vacuum, the vacuum will expel the color field of the quarks isolating them into a bag.

Using statistical mechanics for particles at ultra high-relativistic energies, if we use Boltzmann-
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statistics in high temperature regime taking m = 0, 4 = 0 and expressing in natural units
(Appendix: A),
Pressure of QGP is given by,

Pocp=P,+P,— B 4.1)
And,
Pressure of Quarks : P, = %g—g 9,1,
Pressure of Gluons: P, =g, T*
So,
2,7
Poar :%T4[§9q +9,] — B
2 4.2)
:%T49QGP -B

here, g, is degeneracy of gluons, g, is degeneracy of quarks, considering 3 flavour of quarks,
each flavour have 2 spin-state, 3 colour-state and 2 charge-state, so g,=2x2x3x3 =36 and
there are 8 types of gluons and their 2 helicity states, so g, = 8x2 = 16.

When considering Fermi-Dirac and Boson Statistics for quarks and gluons respectively, in

high temperature regime and m =0, u # 0,

Pressure of gluons: P, = gggQ T4,
Pressure of quarks: P, =%T! [% + 3(£)?2 + 87%2(%)4}
So,
2 2
99T 4, Ya 4[77T Lopyo Lop 4]
Pogp = 2t Japa[IT 22y 2 (Y g 43
e A R FTT 4(T) + 87r2(T> 4.3)

4.1.2 Hadron Gas Model

HRG Model assume all the particles are non-interacting point-like particles. According to
ideal HRG model total thermodynamical pressure is the sum of pressure of constituent gas
of different particle. It gives statistical description of hadrons in the grand canonical (G.C.)

ensemble. The Partition function (Z) in G.C. ensemble follows,

an:%zi:hl <1+neXp(—M)>’

s [ e B2

4.4)
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where, E; = \/p? + m?, and we have used, Y, — [ ggj;f

Pressure formula,
lTLZj
Vv
9 [T p'dp
212 Jo  3E;[exp|(E; — p;)/T] + 1]

Once pressure of single kind of particle is known, according to HRG we’ll have Total

P=T

4.5)

pressure as sum over all kinds of particle in the system.

P=> P+ Y P (4.6)

boson fermion

We can simplify this integral in terms of modified Bessel Function of Second kind see

Appendix:B.

gy mM? = 1 nmy, Ly gr mfc (=1t n N g
Purc =Y  s5me > 5 Ka(—5)eap(=2) + D =5 Ko :
b

emp(T)

mf)

22 T2 n? T

4.7)

‘Fig: 4.1° shows the variation of pressure with temperature for MIT Bag Model with
taking B=220*MeV* [33][34](calculated by QCD calculation) and Ideal HRG model, plot
is made using hadrons: pions, kaons, protons and neutrons with 1, = py = 0 (considering
equal number of particles and anti-particles). One can see a change in pressure as one scans
the plot Fig: 4.1b from lower temperature to higher value i.e. when one follows black line
for hadrons and blue or green for quarks. Initially we have hadrons at low temperature and
as the temperature is increased beyond hadronization temperature, Ty (Pgre= Poap here,
Ty ~ 120-150 MeV), there is an abrupt change in value of pressure (‘black to blue’ or

‘black to green’), which tells the hint of occurrence of phase transition.

0.8
4 = 06
o = 04f
F — Boson 3 F
F ] ~ 02F
2 Ideal,u=0 | By C
~ F ] s
% r —— Ideal, n=100MeV' sl E)/ 07
% 1= — Fermion | 2 r
2 — Boson + Fermion| | ¢ 02 -
8 - — o L 4
£ oF — [ ]
F ] 0.4 .
e E 085 .
i . 0.8~ =
T T T PR T PR BT B o Ay A g A A A R s
0 50 100 150 200 250 300 350 400 450 500 S
Temperature(MeV) Temperature(MeV)
(a) MIT Model and HRG Model (b) Magnified

Figure 4.1: Thermodynamical Models
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4.2 Tsallis Framework

Boltzmann-Gibbs statistics is mainly used in approximation to study the systems where
constituents are independent or weakly correlated. It fails to explain the strongly correlated
systems where long-range correlations and interactions are significant. On the other hand,
the memory effects and long-range color interactions may give rise to non-Markovian pro-
cesses which in turn affect the dynamical evolution of the fireball produced in heavy-ion
collision as described in[35]. Further, in a strongly correlated system, there might exist the
case when entropy is non-extensive or non-additive. In ‘1988’ Tsallis proposed general-
ization of Boltzmann entropy which gave birth to non-extensive statistical mechanics[32].
He introduce an extra parameter in entropy function the ‘g-parameter’ which under cer-
tain condition gives back standard entropy. There are systems which involve interactions
and long term memory effects. This statistics takes into account long-range-interactions
and complex microscopic dynamics. It is widely used in hydrodynamics turbulence, astro-
physics, condense matter systems, Particle Physics (high-energy collisions). This statistics
is appropriate for the study of complex systems with a certain degree of non-equilibrium
as can be the case, with these nuclear collisions[36][37]. We will introduce the concept

and will try derive the relevant formula used in the thesis. Tsallis tried attempt to modified

standard statistical mechanics entropy formula, i.e. (.S,) = — >, kppiln(p;) to,
1 - Zipg
Sq - kBq——l = —kB prlnq(pl) (48)
where,
1—q
p; —1
I =T

is named g-logarithmic. We, can define g-exponential,

1+ (1—qz]7a=[1—(q—Daz]oT if,z <0,
expy(x) = 4.9)

1+ (q—1)a]eT if, 2 >0
Note, with 2L we get back B-G entropy,
Sy ol Sp, expy(x) KimiN exp(z), log,(x) =l log(x), (4.10)

Non-extensive parameter ‘q’ is related to temperature fluctuation by[38][39]

Var(T)
<T?>

g=1+ (4.11)

28



. . . . . 1
We can drive back all the formulas in standard statistical mechanics using, f, KA fo-
One can see non-extensive nature of Tsallis statistics, Consider two probabilistically inde-

pendent systems A and B, this means
pij(A+ B) = pi(A) x p;(B) (4.12)

Now, using eq: 4.8,
(1=> pf]AB,k)

Sq(A+B):kB q—l )
g (1_Zi ij?ax,ip?s,j)
B —1 :
_ 2 - Ziqu,i - ijqB,j - (1= Zz’p,qal,z’)(l - ijqB,j)
= kg :
qg—1
15" p% . 1->".pL. 1=S"p4 Y (1= ".pL.
PGPV DI Cup DT 1RSI Gl D17 V) Chud D11 D))
qg—1 qg—1 qg—1 qg—1
qg—1
= 5,(4) + 5,(8) - L=, ()5,(5)
(4.13)

Note the third term which is giving birth to non-extensive nature to entropy. In standard
statistical mechanics, using Grand-Canonical ensemble, we drive occupation number us-

ing Partition function (Z) which itself is derived by maximising the entropy and following

Zpi:L N:ZpiNi>

constraints,

(4.14)
E = sz‘Ez‘, S =—kp sz‘ In p;
Using these constrains and Lagrange multipliers for p; solving eq: 4.14, we get,
eBuNi—E;)
bi=—7F7—
4 (4.15)

7 — Z ePuNi—E;)

here, p; is the probability that the ‘system’ has NNV; particles and E; energy, This Z can be

written in different form, in terms of single partition function(&),
Z=]]t  &=>_ e (4.16)

Occupation number(f,) i.e. average number of particles in an orbital ‘a’ of energy e, is

given by,

1,0
Ja=<vlea) >= 5(5 &)
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For different types of particles we have different £,, hence Z and f,, we can summarize

Partition function in generalised(Gen.) form as,

1
In Z9" = = "In(1 + ne’0)
T] a

(

+1 for Fermions,

n= 3

—1 for Boson,

0

\

for Boltzmann-Gibbs.

(4.17)

Using Thermo-statistical relations, we can write entropy in the form of occupation number,

SG’en. — _k,B Z

a

faln fu= 1
faln fat (1= fa) (1 = £u)]
faln fo = (14 f2) In(1 + £,)]

gt o+ B 01— )

(4.18)

Note also, we can drive the form of occupation number using eq: 4.18, and the constrains,

08 =0,N=Y fu E= fota,

08 =0, 6fa=0,> 6fsea=0

Now, We generalize eq’s: 4.19, to Tsallis- statistics, maintaining Thermodynamical con-

sistency [37][40],

08, =0, N=Y fLE=Y" fle,

0S,=10,) 0f1=0,> 6fle, =0

And the generalized form of Tsallis-entropy in form of new f; is given as,

SPG = —kp 3 [ fi g fu — fa]

a

SPP = —kn 3 [FiIng fo (1= £2)"Ing(1 = £,)]

a

SPE = ke 3 [y fu = (1 4+ £)"Ing(1+ £,)]

a

(1 —nfa)?

Sfen' = —k‘BZ ff Ing fo + Tlnq(l N Ufa)]

a
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We can solve eq: 4.20 and 4.21 for f, using method of Lagrange multipliers,
0[Se(fa) +Y(E =) fled) + (N = )] =0 4.22)

Solving individual differentiation,

SN =y ==o( D 1) == |asi ot

¢ (4.23)

OB =Y fled) = =0( D flea) = =D |afi~eal o,

a

and For B-G,

6(SEC) = kY

- _kBZ -Qfg_l lnq fa + fg%(lnq fa) - 1] 5fa7
a - ¢ (4.24)

- _kB Z :Q(lnq fa)fg_l] 5fa

o [fna - 251

4 q—1 _
m(fa ! 1)}51‘1@

3(SP) = ka3 o [y fa = (14 £ o1+ £)] 5.

a

= —kp Y [afi " Ing fu+ 1= gL L) g (L4 fu) = 16,
LT (g (4:25)
:_sza:_q( 1—¢q >_q< 1—q )}5]2,
(@ g (L fa)!
b ()
For Fermion,
6(S5P) = ~kn > % [ Fing fu+ (1= £ Ing(1 = f2)|8fu
— ks Y :qu* I fo+1—q(1— £)5  ng(1— f,) — 1] 5t
e (4.26)

— kY _q(1 ;fgq_l) ~o(— (téea)q_l)}(sf“’
- _(L)fgl(—“ _g@ql - 1)} 5,

a -1_q
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Solving by taking eq: 4.24 or eq: 4.25 or eq: 4.26 and eq: 4.23 and substituting in eq:
4.22, also here all § f, can be treated as independent so the coefficients of each ¢ f, must

vanish.This gives result,

—1

BG =1+ (¢g—D(a+7eq)]7T,

a,q
fB.E. — 1 . ’

" 4 (g - D(a+el))TT — 1 (4.27)
F.D. — 1

a,q

[1+ (g — D)o+ 7eq)]71 +1

Values of Lagrange multiplier(«, ) are calculated by equating it to B-G limit (¢ — 1), we

geta = —fu, v = [, where = kBLT, Eq: 4.26 can be written in terms of g-exponential,

Tsallis-Boltzmann: £ = 6qu( - M>7

kgT
Tsallis-Boson: f2-# = e.l_u ;
apy(5p) — 1
1 (4.28)
Tsallis-Fermion: f{P- = pr— ;
equ( szT) +1
1

Tsallis-Gen.: f&" = p—
expq(Gr) +1

4.2.1 Thermodynamics Consistency

Since we have derived the formula for occupation number and hence entropy, we have to
prove that the statistics build from these derived formulas is thermodynamically consistent.
So in this section we’ll verify the thermodynamical relations, which characterises classical
thermodynamics using our statistics. In proving the relations we’ll keep volume to be
constant and use natural units-system (Appendix: A). The relations are:

oP N

e (4.29)
%§MZ§:& (4.30)
%%N:%HZT 4.32)

We’ll use following thermodynamical equality in proving the above relations for Tsallis
distributions.

_ E—uN+PV

S T :

(4.33)
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or in terms of densities,
_€e—pun+P
T (4.34)
P =sT+ un —e¢
We will prove for Tsallis-Bolt and Tsallis-Boson, Tsallis-Fermion can be done similarly.

Relation: 4.29

Differentiating eq: 4.34, w.r.t u keeping T constant,
oP 08 ON OF

v =12 4N+ - 4.35
o lr oulr i Ma,u T  Oplr (4.35)
We’ll first proof for Tsallis-Bolt, so from eq: 4.24,
85 q q—1 afa
— =- —_— -1
oplr ;[q—l(“ )} ou’ w36
= — Z [L( q—l 1)i| ﬁ )
a q- 1 ‘ T
I 19fa o fa
—Za: o —;% i —Za:q i (4.37)
2q—1
= qea J = (4.38)
Substituting these differentials in eq: 4.35,
oP q B f2q 1 f2q 1
Va_mzz(—[q_—ﬂffl DJS2+ f 4 e = e,
2q—1 2q—1
—Z( f2q Lt o fq+f‘1+uqu —qeaf“T )
_ _4q . 21 4 4 q
a ( PRl et }f _1fa+fa), (4.39)
— _ 4 1=q] f2q—1 | q q q
(-5l q_lfa+fa>,

For Tsallis-Boson, so from eq: 4.25,

Sl (]

= 2| () (7l

a

(4.40)
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ON|  —Ofs L, 0fa
%’T;%;qﬁg 13_#

3 {qu_1<ng [RRCEREE )] (441)
_Z[ fq+1[1+(q—1)€“;“ 2‘}
=SS [ A P P }} (442)

Using these differentials and supplymg to eq: 4.35,

2w [l ] ()

q+1

- [— e L GRS E )

+rf‘”( { (@1 T“]ﬁ)ﬁq

€a — MU fq+1
1

[1+(q—1)

(4.43)
Using,
[1+( } [%} (4.44)
Vol [‘—1+f>q1(fa[1;af]2q)+ L (=)

5[ e L

! fa
R e e
=Z[—L<1+fa>fg+ : [1+(1—q>%1fq+1[1;—ﬂ +fq}

—z[——aqu
_qu

q(1+f )fq+fq}

(4.45)
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Relation: 4.30

Differentiating eq: 4.34 w.r.t T keeping p constant,

oP 28
Vol =S+ 157

ON| _OE

We’ll first proof for Tsallis-Bolt, so from eq: 4.24,

R

- - [t -] [

Z - 18fa Z et
= quafgq_l[eaT—_g]

Substituting these differentials in eq: 4.46,

—p)—q

(4.46)

(4.47)

(4.48)

(4.49)

€a\la — U —
(T2 )f3q1

9

(4.51)

0P| g ogl) 2| 0
B Iz Iz I
=2 [ U - D e
-2 - D g e e, )] @)
Using,
1-q _ 1
(e =72

Simplifying eq: 4.50,

V_

1

N9 e f=Caypq, 4 (1—cd)
_;_Tl(fal_l)[ - }fa_‘_q_l T

=0
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R S T e e =]

:; -%1(]65—1 _1)[:u }fq_'_qi( ;ea)

qg—1

=),
(1= ),

(4.52)



For Tsallis-Boson, So from eq: 4.25,

0S

2] - S (0| (%)
- (e (R ) (B2 022 )

(4.53)
a_N #_ % Z fg 1af
] . e
:2; _qf;’ l(w[u(q 1)6"T “} o )} (4.54)
[ fa+1 _ _ 2;3
_ Z qfa (;C; M) [1+(q_ 1)eaT ,LL:| q— :|
r q+1 _ 2=q
a—E#—Xaj aale —u)fTZ EERCERIE } (4.55)

Using these differentials and supplying to eq: 4.46,

@_fa_SJr_
LT

-3 | () (B e - ) )
[
-5 [ [ -] (72 -7

= ea) [QW [1 +(q— 1)@] 3—‘5]

ON| OE

Using, eq: 4.44,

s Z[ [< )fg+l<%_l>:|((BQ;M)[I—;GJJCQ}Q_Q>

fi (ea — 1) [1 + fa] 2—1
17 Ja ’

+(u—ea){q
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-y H(%)ﬁq‘l(% - 1)} (@[l *f“r_q)

a a

o )

T2
_ q 2¢-1 (ea — :U/) _1 1271 ((1 + fa)q_l o 1) -1 H— €q
;(q_l)‘fa T | _'_fa_ g_l +<q ) T )
_ q 2¢—1 (€a — ) _1 127 (1+ fa)q_l _ 11 1 €a —
;(q_l)fa T L _'_fa_ g—l +(q ) T )
_ q 2g—1 (ea — 1) T 1274 _(1 + fa)q_l (1+ fa)q_l
=> (q_—l)faq —7 |1t /a 1 = ;
=0
(4.57)
Relation: 4.31
OE OE
9B 5| AT + 52| du
ONls 9% dT + 9|
oT 17 6u T
0B _’ du (4.58)
an Td
) P d
T |, Gl it
Further, since S is kept constant so, dS =0,
aS
dS == dT+ —‘ dj = 0,
a5 (4.59)
$0 dn_ {BT “]
5 - W
dT —\T
on| %l %]
T8,
| = 4.60
ON Is 8_N B _| [%SIM} (4.60)
oT T35,

We can explicitly solve this eq. by substituting the corresponding derivatives. For Tsallis-

Bolt, using eqs: 4.36, 4.37,4.38, 4.47, 4.48, 4.49, we can write the numerator (N') as,

-5, [ - 01
s -] %

)

N = quaf2q gl ea_ [quafzq 1H ]qu}

b
T
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2g—176a — 3(171 ( ;-1 )6_ fg
zgqeafa [Tﬂ]_ [qu“fT HZZ)Z,,( - 1—[1)f{3] }

a

Hzaqeafzq et | ol = D] = | g ] | 2 5—1—1>[%T“1f5}]
Sy = =
2o [TQqu W 1—1)f£’} (%[ea—/ﬁ} —ea[eb—u})
Sy =101 ’
Z 2 [T2f2q " 1_1)fb:|< eaeb)
ST =1

(4.61)

Using,

(=D = =" |- D= (462

Substituting in eq: 4.61,

N,:ZaZb i 2[NS, 24 l[flq—l)%})} (eZ—eaeb>7
SR
T |7 = 072 1 (00— )k — euer)
_ S =D |
S [Fa =02 (e = eacd) = L 5y [FHa — DI (€2 - eaey)

ST =1
(4.63)

Similarly, we can write denominator (D) of 4.60 as,

R el | Gt B M U i il | ),
ST =D

(4.64)

Note, the first term in the numerator (4.63) and second term in denominator (4.64) are

‘zero’, So,

o) —HEa X [Fla— D] e - eon) s

ONls 5, %, [5Ha = 07 £ e - ]

Since exchanging labels a,b won’t affect the terms, so the numerator is equal to y times the

denominator,

I
= = 4.66
\S i (4.66)
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For Tsallis-Boson, using eq: 4.40, 4.41, 4.42, 4.53, 4.54, 4.55 and 4.44 in eq: 4.60, we can

write the numerator (N') as,

N' = quafq+1 lefa] —[[;q fq+11+f“ }
4]

> 75 "“H A [ -] [
{ -5, [ ] [y - 1[5 H

_quafqﬂ [1‘;afa] B [[quafé;rl [1‘;fa:|2—¢I:|
pptiileall uﬁff‘qﬂ
mai” ]

_ Sageaf U [ RS, £ IO - 1] [
S A (R ] [
[ Saae P [ g ) (25
S P
S0 Xy [ L A [ ) () = 1] (ealen = 1) — eales — 1)
YANIE w1 1R |
55 [ [[52) wf [ - 1] (¢ )

Eb q+1 [(1-}—{,])(1,1 _ 1] [1.;_{1,]241

(4.67)

Using,

[(1 ;bfb)q—l _ 1]

(- n2E] (4.68)

Simplifying eq: 4.67,

’ﬂ|@

5T [ (2] [252]]) [ - vage] | (e - )

N/

W [Q‘%“ (fufo) | [H2] [1?—;"’}]2_1 ((ev = m)(e2 = cas))




5.5 [ qﬂ[ 1y¢}”]@wé—e&w)
Sy fi [yt — 1) [
z:zb“qlfﬁqﬂ[f [248]]" ( 6—%%0}
> i ()t 1] [

(4.69)

Similarly, we can write denominator (D) of eq: 4.60 as,

/

o D0 {q(ngl) (fafp)it! ““Ji—af“] [1;_:,,]]24} (eb(ea — eb)>

Zb g+1 [(1;_17%)(]_1 B 1} [%} 2—q

550 | S [ [50) (e - )|

a

S [ -] [

(4.70)

Note, the first term in the numerator (4.69) and second term in denominator (4.70) are

‘zero’, So,

OF =2 |:q(g“_31) (fafo)it! “1;_?] [l}__bn}rq} (M(GZ — eaeb)>

—| = (4.71)
ON |s 2—q
£ S [ i [[52] [52]) ) (et - )
It can be noticed that numerator is equal to ¢ multiplied by the denominator,
oF
= = 4.72
N s = H (4.72)
Relation: 4.32
OE OE
0_E B W‘”deLa‘Td,u
oS In 95| dT + 22|
oT 15 8,LL T
B _} du (4.73)
9T lu " ouplrar
= 55 _‘
T | T oulrdr
Further, since N is kept constant so, dN =0,
ON ON
AN = ‘ dy = 0,
ow I
N (4.74)
S0 du_ [ or ]
’ | aN
dT Sulr
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. OE ‘ [%M}
aT | T Lo,
S In "~ as gj\u 4.75)
2, e

For Tsallis-Bolt, using eqs: 4.36, 4.37, 4.38, 4.47, 4.48, 4.49, we can write the numerator
(N') as,

N = quaf2q gl [Zq af2q 1} [Zb;::; :[%q

[Zaqeaffq l[ea ,u]} Zb 2q-1 [Z qea ]Zb 2q— l[ebTM]
S fyt ’
7 ea = 1] = | S Sy aeatir £ ew =

. et

— > 7 5T . (476)
q—1
| T [ e —u—(eb—m]
>l ’
D )
> fit
Similarly, we can write denominator (D") of eq: 4.75 as,
9 _(fq-1 _ q fb o
o TS [0 - 0s] S et e wr)
Zb 2q—1
Using eq: 4.62,
_ — €a —
(i =Dt = =2 g - )= (4.78)
Substituting this in eq: 4.77,
S [ e - D] e (et )
D = > 2q 1 )
b (4.79)

S8 [alr )| (o — ) - Z, 3, [al£207 8] G (ea — 1)
} N

Note that second term in D' is zero as its just the matter of labels, hence denominator is %

times that of numerator, so

0E

= = 4.
a8 |n (4.80)
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For Tsallis-Boson, using eq: 4.40, 4.41, 4.42, 4.53,4.54, 4.55 and 4.44 in eq: 4.75, we can

write the numerator (N') as,
q]

Q+1 eb H 1+fb)2—q:|

1)

€a—fiy (14 far2- S A+ faromg) [ afy [ “}
g1 [ St qH zbqf:“ s

E C]eafCI-‘rl[ea u][lJ;fa]Q Q{Zb q+1[(1J}f,,)2_q” [Z qeafq+ 1+f

b

N, = quafg+1[

a

fo

NS N |
Z Zb |:T2fq+1 q+1[1+fa]2 q(l-}-bfb)2 q[ea(ea _N) _ ea(eb _M)H
S Sy |
E Zb |:T2 fq+1fq+1 [1+fa]2 Q(l}*bfb)Q q {e (€a _ eb)H
2o qH(lJ#fb) -1

Similarly, we can write denominator (D/) of eq: 4.75 as,

/ Db {( q) ?qul ((p}_afa)q_l - 1) (1;_?)2—1 f“(%)%q(—ea + ep)
> i ()

(4.81)

D =

(4.82)
From eq: 4.44,

(L ) =gt (4.83)

Simplifying eq: 4.82,

S |() B (- ) () (52) e e
P o (e |
S |t () T () () e - )
_ EC O |
S X0 | A () () () fea - )
_ NANC DI
LY {TquH q+1<1+fa> <1+f> }(%)(ea—ew
IO

(4.84)
It can be easily observe that the second term in above equation is zero and the first term is
1 - .
7 times the eq: 4.81, So

0E

— | =T 4.
0S INn (4.85)
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Since, we have proved all the thermodynamical relations, so our new form of statistics
based on Tsallis formalism is thermodynamically consistent. In next section we will be
using multiplicity formula based on this statistics for fitting pr spectra and will drive the

formula for Pressure.

4.2.2 pr Spectra

In Experiments we record pr spectra for particles detected, formula of py can be derived
from multiplicity formula as shown in section: 2.2, The modified form of multiplicity dis-

tribution in Tsallis statistics is given by eq: 4.20,

Nf‘G‘:%/d:ip[l—i—(q—l)(E(p)_u)}“l,

V L q
wpre i | T
[L+ (g — 1)=52 ] 4

(4.86)

One can note, under limit ¢ — 1, we get back our standard statistical form (2.8),

G a1 9V 3 _(E(P) — ) _ aA7BG.
Ny _>(2w)3/dpeXp< ) = N

v
NqB.E/F.D =1 g

[
ey ] Y exp (B) 1

(4.87)

_ NBE/FD

corresponding Yield’s formula from eq: 2.13, in mid-rapidity (y ~ 0) is given by,

BN *‘7(‘2/;')? [1 +(¢g—1) (mTTf“ )} 1 for Tsallis-Boltzmann,

— . (4.88)
o | ] L | for Tsallis-(B.E/FD)
7 L (g- 1) M) T T 4y

2prdprdy

In Fig: 4.2 we have shown the goodness of fitting, data used is of 2.76 TeV Pb-Pb collision[41].
In the plots, small circles represent the experimental data of yield for charged pions and
charged kaons and solid lines represents fitting by B-G, Boson, their Tsallis-variant distri-
bution functions. We used chi-square test, to determine the goodness of fit note in Table 4.1.
Chi-square goodness of fit is used to find out how the observed value of given phenomena
significantly different from the expected value and to compare the observed sample distri-
bution with expected/theoretical probability distribution. Lower the value of Chi-sq/NDF

better is the fit.
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6 Fitting for_x"+x for 2.76 TeV Pb-Pb collision (0-5) % centrality
10° g T ——T T T T
E —&— Tsallis-Boson “e"{2}
—&— Tsallis-Boltz *e*{1} -
—F— Boson *e"{0} E

E \ vl B
—&— Gibbs-Boltzmann ‘e/{-1}-4 10° F

—&— Tsallis-Boson *e*(2}
—&— Tsallis-Boltz "e*{1}
—&— Boson *e*{0}

—&— Gibbs-Bottzmann *e*(-1] §

(a) Charged m (b) Charged k&

Figure 4.2: Comparison between different Distributions by fitting to Experimental data

Particle Statistics Chi-sq/NDF

7T + 7~ | Tsallis-Boson | 26.6022/33 = 0.806128
Tsallis-Boltz | 43.6842/33 = 1.332376
Boson 587.804/34 = 17.2883
Boltz 751.133/34 =22.0921
k™ + k~ | Tsallis-Boson | 4.69683/33 = 0.142328
Tsallis-Boltz | 5.70484/33 = 0.172874
Boson 155.242/34 = 4.56594
Boltz 196.348/34 = 5.77494

Table 4.1: Chi-Sq values

By fitting eq: 4.88 to pr spectra for particular system of particles one can get Temperature,
g, Volume of the system. These latent variables that we get by fitting are the kinetic-
freezeout Temperature, non-extensive parameter and volume of the system. These fitting
parameters can be used to extract further thermodynamical properties of system. Since
we are dealing in LHC energies we took chemical potential 4 = 0 in our analysis, as at
LHC energies there is particle-antiparticle symmetry (approximately equal production of

particles and anti-particles*).

It is found even at LHC energies, particle to antiparticle ratio not equal to 1, so z may not be taken to be

zero[42].
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4.2.3 Pressure Formulation

We know Tsallis statistics is themodynamically consistent. Formula of pressure can be

easily derivable using thermodynamical relations,

ST — E+ uN

P p—
V

(4.89)

Since we know the form of S, E, N we can derive the corresponding formula for Pressure,

For Tsallis-Boltz,

T( = Xolfing fa = ful) = X, foeat X, 2

V Y
=T fdIng fo+Tfo— flea + uféi}
i V

Y

—(1—q)

1—q

—q 1) (=p+ea) = _
_T[l—i_(q_l)wviﬁ[[pr(q D “T L= - +Tfa+fg<_6a+,u>

Vv

_ o [filea = p) + Tfa+ fi(—€a + u)}
V )

[+ (= 1)
—

For Tsallis-Boson,

P=

(=X, A fo = (14 f)"ng(1+ £)] ) = 30, flew+n 3, S

- >, f [T Ing fo + €q — u} + Z‘:T(l + fa)TIng(1 + f.)

S <1V— 0)(ea— )| + X, T+ £)7Iny(1+ £.)

_ ZMTfﬁq—0+@—néimﬂ+2ﬂﬂ+nﬁm0+m
— Y. L fa A= ()] + ;am + fa) Ing(1+ f)

%
— it 1 —(1+ fa)q‘l)] + 2. T(1+ fo)?Ing(1 + fa)
%

Y

— 2 Tfa(L 4 fo)T  Ing (1 + fa) + 37, T(1 + fo)?Ing(1 + fa)

V
T(1+ fo)* ' Ing(1 + fa)
= Vn

a
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Similarly we can derive the formula of pressure for Tsallis-Fermion. Now expressing

Pressure in terms of Transverse momentum (pr) and rapidity (y) and we take following

limit,

Vd3 dp.
Z / g , and e = mgcoshy, P
e

Expression of Pressure in differential form,

2P B 2P B d’*P
dp? (dpydpy)(dp,)  2mprdpr(edy)

For eq: 4.90 i.e. for Tsallis-Boltz,

d*P 9 (e —p), =1
2nprdpr(edy) — (27)3 [T[l +la=1) T Is ]’
*P  g(pr)e

dprdy B (27T>2

p— // dedyg(pT)mT coshy [T[l Fg—1) (mry coshy — )

(2m)2 T

Similarly for eq: 4.91 i.e. for Tsallis-Boson,

d*P g
= (1 ~11n,(1
Srprdpriedy) ~ @ T £ (14 1),
P __ 9pre

dprdy — (2m)?

()

T+ £ g (14 £)]
p— // dedyg(pT)mT coshy [T(l + fa>q—1 lnq(l + fa)i|

=

(4.92)

(4.93)

(4.94)

(4.95)

(4.96)

In the next chapter we have calculated Pressure using these relation for different system of

particles formed in heavy-ion collision. We have done analysis on pions(7", 7™, 77) and

kaons(k™, k™), and taking chemical potential, ;1 =0 for all the particles and considering the

value of g(degeneracy factor) for 7° to be 2, 7™ + 7~ to be 2 and for k™ + &k~ to be 2. We

have used the limits of integration, for py from 0 to the maximum value of py considered,

and for y from -0.5 to 0.5.
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Chapter 5
Analysis

In this chapter we will discuss the analysis and calculation done using the synthetic data
made using UrQMD[16] for Pb-Pb collision at 2.76 TeV for different centralities and for
experimental data for Au-Au collision at 200 GeV by PHENIX collaboration [43],Au-Au
collision at 200 GeV by STAR collaboration [44], Pb-Pb collision at 2.76 TeV[41] and 5.02
TeV [45]. The invariant yields of various partiles are fitted using Tsallis distributions and
the extracted parameters are used to calculate Pressure. We have used ROOT, CERN data
analysis framework for fitting [46]. In Fig. 5.1 we have shown that production of charged
pions yield is relatively higher than other hadrons particles. This multiplicity analysis is
done on final state particles for 52k events generated using UrQMD in hydro mode([47][48]
for Pb-Pb collision at 2.76 TeV. So in our analysis we have used system of charged pions

(7T+ 77) and neutral pions (7°) for calculating thermodynamical quantities.

;)

250

\\\\\\\\Z(‘
o

50 [ g o e =

L e e e o —

Number of Particles

B0 [ o R -

Figure 5.1: Number of Particles in (0-5)% centrality for Pb-Pb collision at 2.76 TeV

47



5.1 Hydrodynamics evolution

Hydrodynamics gives dynamical evolution of various thermodynamical quantities with one
important assumption of local thermal equillibrium. It stands on pillar of conservation laws.
Given the initial input parameter along with the equation of state to be used for the system
in considration, we can extract space-time evolution of thermodynamical quantities. We
have used UrQMD for solving hydrodynamic equations. UrQMD uses ideal hydrodynam-
ics along with SU(3) parity duality model based equation of state[28]. We have plotted
variation of thermodynamical quantities with time, calculated by fitting p spectra using
Tsallis-Boson statistics for pions, in different centralities at 2.76 TeV for Pb-Pb collision
generated by UrQMD in hydro mode. Data is generated for time-steps 10 fmsec to 150

fmsec with freezeout at time 150 fmsec.

In Fig 5.2 and Fig 5.3 we have calculated dynamical variation of Pressure, Temperature,
non-extensive parameter(q) and the normalizing constant,Volume for charged pions and
neutral pions formed in different centrality for Pb-Pb collision at 2.76 TeV. As one can note
that Pressure for charged pions is more than that of neutral pions due to more abundance
of charged pions formed. Also with time, volume of either particles, is increasing and the
Temperature is decreasing, this is due to expansion and cooling of system with increase
in number of particles in the system with time. Note that non-extensive parameter(q) is
almost constant with time. One can quantify from value of q, how much system deviates
from its equilibrium. when q value approach unity it is close to equilibrium. The geometric
information i.e. centrality dependence is also important to understand. Also with centrality
the value of Pressure, Temperature, Volume is decreasing as expected, as centrality decides
the overlap region of two nucleus colliding, less centrality, more is the overlap and more
volume of the system formed. There is decrease in Temperature, it indicates the energy

deposition is more in central then peripheral collisions.
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Pressure for 10-150fsec for 7*+1"

5.2: Thermodynamical quantities for 7"+ 7~ in Pb-Pb collision at 2.76 TeV
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Figure 5.3: Thermodynamical quantities for 7° in Pb-Pb collision at 2.76 TeV
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5.1.1 Final state particles

In this section comparison of different distribution function used to fit the p spectra for

final state particles formed after freeze-out from UrQMD data i.e. at 150 fmsec. pr spectra

of pions is fitted with B-G, Boson, Tsallis-Boltz and Tsallis-Boson. In the following ta-

ble, goodness of fit, Chi-sq/NDF and Thermodynamical quantities are listed for system of

charge pions and system of neutral pions. One can see from value of Chi-sq/NDF, measure

of goodness of fit, that Tsallis-Boson fits better than other used distributions. Fig 5.4 shows

the visualization of fitting for system of charge pions.

&N 2

5 Nevadedy (GeV/c)
. 3 3
T T

1

—T————T—T——— T3

E —&— VYield
3 Boltzmann_Fit
10°E Tsallis_Boltz_Fit 3
F -\ Boson_Fit
i ‘\\ Tsallis_boson_Fit
E 2
\,\.
LS ]
@
., 3
e
Loy N
Ve, E
\\Q 3
= N
.
e @
= -
D E
e E
Ea
-
b !‘"Q} .
S 03
| | | | | |
0.5 1 1.5 25 3
p_ (GeV/c)

Figure 5.4: pr spectra for 7+ + 7~ for (0-5)% centrality Pb-Pb 2.76 TeV

Particle Statistics Chi-sq/NDF T (MeV) q V (fm3) | P(MeVfm™3)

Tt 4+ Boltz 1051.53/38=27.6720 | 193.862 - 4898.954 -
Boson 879.346/38=23.1407 | 193.978 - 4882.749 -

Tsallis-Boltz | 98.5430/37=2.66332 | 109.249 | 1.06600 | 47312.825 0.753839

Tsallis-Boson | 66.9183/37=1.80860 | 115.710 | 1.06118 | 36701.636 0.960561
70 Boltz 1064.03/38=28.0007 | 194.590 - 2469.730 -
Boson 888.353/38=23.3777 | 194.679 - 2464.414 -

Tsallis-Boltz | 101.977/37=2.75614 | 109.519 | 1.06633 | 23896.530 0.384938

Tsallis-Boson | 69.5178/37=1.87886 | 116.171 | 1.06138 | 18421.526 0.493278
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5.2 Experimental data

In previous section we studied the system generated using event generator,UrQMD. In real
experiment we don’t have time-wise information of whats happening inside the collider,
we get information of final stage particles free-streaming to detectors after from the freeze-
out surface. We have used pr of these particles as our kinematic observable for probing
thermodynamical properties of the system produced. We have used Au-Au collision at 200
GeV by PHENIX collaboration [43], Au-Au collision at 200 GeV by STAR collaboration
[44] and Pb-Pb collision at 2.76 TeV [41] and 5.02 TeV [45] for the analysis.
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Figure 5.5: pr spectra fit with Tsallis-Boson for different Centralities and Beam-energies
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Figure 5.6: pr spectra fit with Tsallis-Boson for Au-Au collision at 200 GeV

Fig. 5.5 shows the py fit of charged pions and charged kaons for different centralities and
energies for low pr value i.e. upto 3-GeV, as for large pr values hard process are domi-
nated. Fitting is done for Au-Au collision at 200 GeV by PHENIX collaboration [43] and
Pb-Pb collision at 2.76 TeV [41] and 5.02 TeV [45]. Fig. 5.6 is for Au-Au collision at 200
GeV by STAR collaboration [44]. Systematic errors are used for the error bars and for com-
posite system the errors of individual particle kind are added in quadrature. By Chi-square
goodness of fit method, being a good fit to the spectra [4.2.2], we have used Tsallis-Boson

for fitting the pp spectra with constrain chemical potential p = 0.

Fig. 5.7 shows the variation of thermodynamical quantities for charged kaons with Np,,.; or
centrality at different energies, where Np,,; is the average number of participating nucleons
in the collision. More the value of Np,,; more central is the collision. Centrality table is
shown in Table: 5.1 for Pb-Pb coliision at 2.76 TeV and 5.02 TeV.

It is observed that value of Volume, Temperature and Pressure decreases when going from
central to peripheral collisions i.e towards lower value of Np,,;. Also the values of these
thermodynamical quantities decreases with collision energy. Similarly in Fig. 5.8, system
of charged pions is studied for Au-Au collision at 200 GeV (STAR), Pb-Pb at 2.76 TeV and
5.02 TeV. It can be noted that Temperature of system of charged kaons is more then that of
charged pions, this can be attributed due to earlier freezing-out of heavier particles. Also
massive the particles is, smaller the kinetic freeze-out volume, suggesting freeze-out sur-
faces are different for different mass hadrons. The non-extensive parameter ‘q” approaches

to 1 for large value of Np,,. i.e. it moves towards equilibrium for most-central collisions.
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Pressure (MeV fm‘s)

Temperature(MeV)

Centrality(%)

2.76 TeV

Oto5
5to 10
10 to 20
20to 30
30 to 40
40 to 50
50 to 60
60 to 70
70 to 80
80 to 90

381.184
327.837
258.549
182.308
127.181
83.8042
51.7977
29.364

15.1838
7.81635

383.852
331.695
262.698
188.181
130.501
86.5005
53.8448
30.7842
16.0166
8.2189

Table 5.1: Centrality Table
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In Table 5.2, thermodynamical parameters are listed, which are extracted using Tsallis-

Boltz and Tsallis-Boson for different beam energies in most central collision.
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Figure 5.8: Thermodynamical Parameters for 7 + 7~
Particle Statistics Energy | T(MeV) | V(fm?) q P(MeV fm=3)

kT + k= | Tsallis-Boltz | 2.76 TeV | 241.175 | 1437.65 | 1.04445 36.8885
5.02TeV | 245.078 | 1646.63 | 1.05193 42.5081
Tsallis-Boson | 2.76 TeV | 258.217 | 1120.53 | 1.03384 47.303
5.02 TeV | 259.158 | 1334.92 | 1.04372 52.3702
7T + 7~ | Tsallis-Boltz | 200.0 GeV | 114.154 | 20652.8 | 1.09598 2.55433
276 TeV | 129.404 | 33401.3 | 1.10688 6.54471
5.02TeV | 121.792 | 48000.6 | 1.12272 5.8307
Tsallis-Boson | 200.0 GeV | 123,59 | 15567.0 | 1.08597 3.38964
2.76 TeV | 138.881 | 25675.4 | 1.09945 8.55601
5.02 TeV | 139.678 | 30118.8 | 1.10765 9.36845

Table 5.2: Thermodynamical quantities for most-central collision at different energies
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Appendix A

Natural Units

They are simple and have practical advantage for making equations less bulky.It is easy to
convert cgs/MKS to natural units or vice-versa.They are natural in sense they provide scales
appropriate in quantum or relativistic physics. One have to follow dimensional analysis for

making sense of quantities in the eqs.

1K g =5.610 x 1026 GeV
1GeV =1.160 x 10" K
1fm = 5.068 GeV !
Lhe = 197.32 MeV fm

Pressure =8.878 x 10 ?MeV fm ™3 = 1.400 x 10'® atm

Comparison between familiar values in both the unit systems,
 Temperature in the center of Sun, is around 1.571x 107K or 1.354x 1073 MeV,
e Pressure in central region of sun is around 2.447 x 10! atm or 1.552x 107 Y*MeV fm =3,

e Pressure in central region of Neutron star is around 1.579 x 10% atm or 10.01 x 10 MeV fm 3.
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Appendix B

Modified Bessel Function of Second kind

Defination of K, (z):

2l 1

K,(z) = @n)l /ZOO dr(z* — 22)"’% exp(—x)

According to standard thermodynamics,

v (2m)3

These formulas can be written in form of X, Let,

E
xr=— =

m
z2=—
T’ T

p| = TVa? — 22, |p|d|p| = T*xdx
IplPdlp| = T?2v2? — 22dx

So,
gT*
—4
" s P A
g1 T m
=gt () =05 (%
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