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Chapter 1

Introduction

Big Bang is the most widely accepted theory about the beginning

of the universe. In the very first moments after the big bang the universe

existed in an intensely hot and energetic state. It existed for an extremely

short duration and contained the building blocks of all matter. As the uni-

verse expanded and cooled these combined to produce the matter in the

state in which it exists today.

QGP is the state of matter discussed above, it is made up of quarks and

gluons. It is obviously impossible for us to go back in time to study the

universe in its very early stages but it is possible to mimic the conditions of

the early universe by colliding heavy nuclei such as gold or lead, at nearly

the speed of light therefore creating a system 105 times hotter than the

core of the Sun. These extreme conditions are sufficient for the possible

formation of QGP.

ALICE (A Large Ion Collider Experiment) is one of the four major exper-

iments at LHC (Large Hardon Collider) dedicated to studying the above

mentioned collisions which usually occur at GeV and TeV energies.

To study the QCD matter at extreme temperatures and energy densities

(where QGP is expected to form) the LHC accelerates ions to make them

collide at the centre of mass energy upto
?
sNN = 5.02 TeV per nucleon

pair. This energy is expected to be high enough to heat up the system

above the critical temperature required for QGP formation, therefore al-

lowing hadrons to undergo a transition into a deconfined state of quarks
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and gluons.

1.1 Relativistic heavy Ion collision

Figure 1.1: Relativistic heavy ion collision [1].

To clearly understand the state of matter and its behaviour in the

early universe, physicists have taken advantage of nuclear and hadronic

collisions at ultra-relativistic speeds. At the LHC, the energy of the col-

liding particles is of the order of TeV. With the availability of such high

energies, the temperature of produced matter increases to such a value that

the gluons and quarks become deconfined, this particular deconfined state

of gluons and quarks is known as Quark gluon plasma (QGP).

As these collisions take place at relativistic speeds, it becomes important

to understand the relativistic kinematics and a few of the widely used basic

terms such as rapidity and pseudorapidity.
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1.2 Relativistic Kinematics

1.2.1 Rapidity

As the velocity is not additive in the regime of relativistic velocities,

a new quantity is constructed which is linearly additive, termed as rapidity.

y =
1

2
ln

ˆ

1 + β

1− β

˙

(1.1)

The relation between rapidity y of a particle in the laboratory frame is

related to its rapidity y′ in a boosted Lorentz frame which is moving with

a velocity β in the specified z-direction is given as:

y′ =
1

2
ln

ˆ

p′0 + p′z
p′0 − p′z

˙

(1.2)

We know that under the Lorentz transformation the energy component of

four-momentum and its z-component in some frame F are related to their

respective components in a boosted lorentz frame F’.

p′0 = γ(p0 − βpz) (1.3)

p′z = γ(p′z − βp0) (1.4)

Here, β is the velocity of F’ with respect to F. Substituting Eq.(1.4)

and eq.(1.4) in Eq.(1.2), we finally get the formula for rapidity, given as;

y′ =
1

2
ln

„

γ(1− β)(p0 + pz)

γ(1 + β)(p0 − pz)

ȷ

(1.5)

= y − 1

2
ln

ˆ

1 + β

1− β

˙

(1.6)

1.2.2 Pseudorapidity

It is clear from Eq.(1.2) that to determine rapidity we need the in-

formation of p0 and pz and it is experimentally difficult to determine these

variables, but it is possible to approximate Eq.(1.2) in high energy cases

(p >> m) to a form which is only one variable dependent, this particular

3



quantity is known as pseudorapidity.

η = − ln rtan(θ/2)s (1.7)

Here, θ is the angle made of the momentum of particle p⃗ with the beam

axis. In terms of p, η variable can be expressed as

η =
1

2
ln

ˆ

|p|+pz
|p|−pz

˙

(1.8)

1.2.3 Relation between η and y

By the comparison of Eqs.(1.1) and (1.8), it can easily be seen that

at large momentum (|p|≈ p0) the pseudorapidity and rapidty variable co-

incides.

eη =

d

|p|+pz
|p|−pz

(1.9)

e−η =

d

|p|−pz
|p|+pz

(1.10)

by the addition of above two equations we can obtain the relation

|p|= pT cosh η

and by subtraction of Eq.(1.10) from (1.9), we can obtain

pz = pz sinh η

where pT is the magnitude if transverse momentum

pT =
a

p2 − p2z

By using the above results, we can write the rapidity variable in terms

4



of the pseudorapidity variable as

y =
1

2
ln

»

–

b

p2T cosh2 η +m2 + pT sinh η
b

p2T cosh2 η +m2 − pT sinh η

fi

fl (1.11)

If the particle distribution is expressed as d2N/dydpT in the terms of

y, then in terms of η the particle distribution is

d2N

dηdpT

=

d

1− m2

m2
T cosh2 y

d2N

dydpT

(1.12)

From Eq.(1.12), it can be inferred that in the region of y >> 0,

dN/dη and dN/dy are almost equal but in the region y ≈ 0, there is a

small dip in the dN/dη distribution as compared to dN/dy distribution.

Experimentally it is easy to measure the angle of outgoing particle with

respect to beam axis but it is difficult to measure all the components of

the four-momentum. So it becomes preferable to express all distributions

in terms of η.
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1.3 Quark Gluon Plasma (QGP)

The strange property of “asymptotic freedom and infrared slavery” [2]

of QCD suggest that it is impossible to observe free partons, still there have

been attempts to create a plasma of these partons. QGP is locally ther-

mally equilibrated strongly interacting phase of quarks and gluons which

can possibly be created in the laboratory by colliding two Lorentz con-

tracted heavy nuclei at relativistic energies. This can possibly be achieved

by raising the temperature of the nuclei up to the range of few hundreds

of MeVs (achieved at RHIC and LHC energies) or can be achieved by dif-

fusing hadronic boundaries by compression of nuclei [3].

Figure 1.2: Phase diagram of QCD [4]

In Fig.(1.2), various phases of QCD have been depicted in a plot

in which the temperature (T) has been plotted as a function of baryon

chemical potential (µB). Some stellar objects like neutron stars belong to

the region of low temperature and high baryon chemical potential whereas

the early universe is usually imagined to have a extremely high temperature

and zero baryon chemical potential. RHIC and LHC experiments are able

6



to produce such high temperatures creating the suitable conditions for the

possible formation of QGP.

In such experiments, after a collision at relativistic energies of nu-

clei, series of processes possibly lead to formation of QGP and eventually

hadronization. The space-time evolutions (shown in Fig.(1.3)) in hadronic

and heavy-ion collisions involves various degree of freedoms at different

space-time coordinates [3].

Figure 1.3: Schematic representation of the space time evolution of high
energy collisions. Compares the system evolution with and without QGP
formation [3].

• Pre-equilibrium stage: When two Lorentz contracted nuclei col-

lide with each other, energy is deposited and a large number of par-

tons (quarks and gluons) are produced, leading to the inelastic inter-

actions among them, thus forming the pre-equilibrium phase.

• Formation of QGP and its evolution: In the overlap region of

two colliding nuclei, the constituents undergo multiple rescatterings

due to a smaller mean free path as compared to system size, therefore,

driving the system towards thermalization. When energy density be-

comes sufficiently high and at time τ = τ0 the system attains thermal

7



equilibrium therefore resulting in the formation of QGP. Using the

laws of relativistic hydrodynamics the evolution of QGP can be ex-

plained.

• Chemical Freeze-out: When energy density begins to drop below

the critical value required for the QGP formation the quarks and

gluons start to form hadrons. These hadrons inelastically interact to

produce new particles. The particular stage at which the inelastic

collisions cease to exist is called chemical freeze-out (CFO) and the

temperature corresponding to this stage is called freeze-out temper-

ature (Tch).

• Kinetic Freeze-out: Even though the production of new particles

is stopped, these particles can still elastically interact with each other

thus changing the momentum distribution and when the mean free

path becomes greater than the size of the system elastic interaction is

also ceased and the momentum distribution of these particles is fixed.

The temperature corresponding to this stage is the kinetic freeze-out

temperature (Tkin).
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1.4 Signatures of QGP

As it is known that the QGP is very short-lived so it is not possible to

probe its existence directly through experiments. The only way to exam-

ine QGP is to develop observables which can be experimentally measured

and the information about QGP is indirectly extracted. Few of the signa-

tures of QGP such as strangeness enhancement, dileptons and photons, jet

quenching, J/Ψ suppression are briefly discussed here.

• Strangeness enhancement: Enhancement in the production of

strange particles in the final yield in heavy-ion (AA, ’A’ is the heavy-

ion nucleus) collisions in contrast to pp and pA collisions is considered

to be an important probe of QGP [5]. There is no strange quark in

the initial colliding nuclei. Strange quark pair production is more

favourable in parton-parton interaction than hadronic interactions.

In the QGP phase, the temperature of the medium is greater than the

mass of the strange quark so as a consequence of this, strange quarks

and anti-quarks production takes place which leads to strangeness

enhancement. Strangeness enhancement is observed experimentally

in heavy ion collisions at SPS [6], LHC [7] and RHIC [8] energies.

These experiments have energies ranging from GeV to TeV scale.

• Jet Quenching: At relativistic hadronic or nuclear collisions, very

high-pT particles are formed because of the initial partonic interac-

tions [3]. High pT quarks and gluons are produced from partonic

scatterings, these fragments create a multitude of correlated particles

in the conical volume called “jets” [3]. Hard partons are produced

early (formation time τ ∼ 1
pT
) and therefore serve as a probe for the

study of early stages of collisions [3]. Eventually, these jets lose en-

ergy while traversing through high-density medium and this energy

loss is path length dependent. This resultant attenuation of the com-

ing out jet structure is known as “Jet Quenching”. Jet quenching is

measured via an observable called nuclear modification factor and is

9



an important probe for QGP medium formation. The nuclear mod-

ification factor quantifies the amount of suppression in jet yields in

nucleus-nucleus collision with respect to pp collision and is defined

as:

RAA(pT ) =
1

⟨Ncoll⟩

ˆ

d2Nch

dηdpT

˙

AA
ˆ

d2Nch

dηdpT

˙

pp

where ⟨Ncoll⟩ is the mean number of binary nucleon-nucleon collision

occurring in single nucleus-nucleus collision and d2Nch/dηdpT is the

yield. It is usually obtained from the estimations of Glauber model

[9].

• J/Ψ Suppression:

“J/Ψ” is a bound state of charm and anti-charm quark and it is

formed in the initial hard scattering. In the QGP medium, due to

the presence of various quarks and gluons, a charm quark may not

come in vicinity of an anti-charm quark (or vice-versa) to form a

bound state, this phenemenon is called color Debye screening. In

pp collisions, it is believed that no medium is formed (QGP), so the

charm and anti-charm can easily combine to form J/Ψ, whereas, in

case of heavy-ion collision there is a possible formation of a thermal-

ized medium (QGP) due to which Debye screening occurs and the

production of J/Ψ is suppressed. J/Ψ suppression was first proposed

in 1986 by Matsui and Satz [12]. At very high temperatures the

string tension between charm and anti-charm vanishes. Also due to

the Debye screening yields of open charms (D0, D± etc) are enhanced

since the unbounded charm quarks can possibly combine with nearby

light flavors [3]. It is also possible that a large number of charm

and anti-charms are formed in the system if the collision energy is

sufficiently high. This can possibly create a competetion between

suppression and regeneration/recombination and due to this reason

the J/Ψ suppresion is less in LHC heavy-ion collisions in comparison

10
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Figure 1.4: RAA for the inclusive J/ψ production at plotted as a function
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?
sNN = 5.02 TeV, compared to the results corresponding

to
?
sNN =2.76 TeV [10]. Plot is taken from [11].

with RHIC heavy-ion collision [3].
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1.4.1 New Observation in pp collisions

pp collisions are usually treated as the baseline for measurements

in the search for QGP in heavy-ion collisions. The formation of QGP is

generally associated with heavy-ion collisions at ultra-relativistic speeds

but some new experimental observations for high multiplicity pp at TeV

energies have strongly suggested the possible formation of QGP droplets.

Enhancement of Multi-strange Particles

ALICE experiment has studied the multi-strange particles production en-

hancement in pp collisions (at
?
s =7 TeV) of high-multiplicity at mid-

rapidity (rapidity is y = 1
2
ln E+Pz

E−Pz
) [13]. Ratio of pT integrated yields

of multistrange particles with respect to pions is taken as the measure of

strangeness production. It is noted that pp collisions (high multiplicity)

show similar values as that of heavy-ion collisions(Pb-Pb) [13].

|< 0.5η|〉η/d
ch

Nd〈
10 210 310

)− π++ π
Ra

tio
 of

 yi
eld

s t
o (

3−10

2−10

1−10

16)× (
+Ω+−Ω

6)× (
+Ξ+−Ξ

2)× (Λ+Λ

S
02K

ALICE
 = 7 TeVspp, 

 = 5.02 TeVNNsp-Pb, 
 = 2.76 TeVNNsPb-Pb, 

PYTHIA8
DIPSY 
EPOS LHC

Figure 1.5: pT integrated yield ratios of strange and multi-strange hadrons
to pions as a function of mid-rapidity charged particle density. Measure-
ments in pp collisions at

?
s = 7 TeV are compared with results from p-Pb

and Pb-Pb collisions and also with theoretical MC models. This shows
strangeness enhancement in high-multiplicity pp collisions similar to that
of heavy-ion collisions [3]. Figure is adopted from [13].
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Figure 1.6: Two-particle correlation functions for pp at
?
s= 13TeV [17]

Collectivity and Multiparticle Ridge-like correlations

In case of pp collisions at LHC energies, the pT spectra can be well explained

by the Tsallis-Levy function. Low-pT part of spectra is taken to obtain the

collective radial flow velocity of system. For pp collisions at 7 TeV using

such analysis on multi-strange particle spectra gives Tfo = 163 ± 10MeV

and ⟨β⟩ = 0.49±0.02 [14], where Tfo is kinetic freeze-out temperature and

⟨β⟩ is radial flow velocity, this obtained temperature remarkably falls within

the temperature range which is required for the deconfinement transition as

per the lattice QCD estimates [15]. It is also noted that high-multiplicity

pp events show a high degree of collectivity too.

Long range near-side structure in two particle azimuthal correlations is

known as “ridge”. It has been observed in Au-Au [14] and Cu-Cu collisions

at RHIC and in Pb-Pb collisions at LHC. Ridge formation in heavy sys-

tems is explained by the hydrodynamic collective flow of strongly interact-

ing matter undergoing expansion. CMS experiment at LHC has observed

[16] a similar ridge like structure (∆ϕ ∼ 0) in the two particle correlations

produced in high multiplicity pp collisions. Along with many other obser-

vations, this has opened up a new direction in the understanding of particle

production in case of small systems (like pp collisions).
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1.5 Motivation

The observations discussed in the previous section make the high

multiplicity pp systems intriguing since such systems point towards the

possible presence of a thermalized medium (QGP) which puts in question

on the treatment of pp as the baseline for heavy-ion collisions. This moti-

vates us to apply a hydrodynamics-inspired model to study the evolution

of systems formed in high multiplicity pp collisions. Since the said system

may be QGP-like, which is believed to be a perfect fluid so it becomes in-

teresting to study the properties such as shear viscosity (η) and isothermal

compressibility (kT ). These dissipative quantities explicitly depend on the

thermodynamics of the medium. That medium can be at equilibrium or

away from it, to treat both the medium behaviour through a single formu-

lation we have considered the Tsallis distribution function to obtain η and

kT . This Tsallis distribution is used to fit the particle spectra available at

kinetic freeze-out. From fitting the spectra we obtain the kinetic freeze-out

temperature. However, Tsallis being an empirical relation the temperature

obtained through this also has a radial flow component. It is also possible to

obtain a common kinetic freeze-out temperature without radial flow com-

ponent [18]. The temperature obtained with these methods can be used to

estimate the dissipative properties of the medium at the kinetic freeze-out,

which is essentially an artifact of the initial thermodynamics. Further, it is

investigated in various studies that kinetic-freeze out temperature depends

on the event geometry. On the basis of the difference in thermodynamics

involved in different event geometry, it is reported in the Ref. [19], that

jetty events can be disentangled from the isotropic ones. This motivates

us to study the dissipative properties for different event shape geometry

separately. So, the objective of this study is to find the common freeze-out

temperature, the strength of average radial flow, isothermal compressibility

and shear viscosity for different multiplicity classes and event geometries.
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Chapter 2

Dissipative properties

The isothermal compressibility ( kT ) and shear viscosity (η/s) are

the useful thermodynamic quantities which give us the information about

the behaviour of system.

At the RHIC, the measurements of elliptic flow from heavy-ion collisions

have concluded that the medium formed in these ultra-relativistic collisions

have a η/s close to the KSS bounds [1], suggesting that QGP almost be-

haves as a perfect fluid [20], [21]. Therefore, in order to understand the

fluidity of the medium formed we must study η/s.

Similarly, kT is used to quantify the change in volume of the formed medium

with respect to pressure at a constant temperature [22]. Therefore, it helps

us to measure the deviation of a fluid from a perfect fluid. The system is

incompressible when its kT = 0, which makes the system a perfect fluid. A

recent finding has shown that QGP has the lowest estimated kT till now,

so it behaves nearly as a perfect fluid [23].

Speed of sound has a crucial role in having a complete understanding of the

equation of state of the system. It helps us to understand the hydrodynamic

evolution of the formed matter since it affects the final state momentum

distribution. It is concluded from observations that the speed of sound

(c2s) is different in various phases, namely the QGP phase, mixed phase

and hadronic phase. The value of c2s is 1/3 for the case of non-interacting

massless gas, while its value is 1/5 for a hadron gas [24].
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2.1 Formalism

In this study, the approach mentioned in [25] is used to calculate the

dissipative properties such as shear and bulk viscosity for a hadronic matter

using non-extensive statistics. We start with the Boltzmann transport

equation which is given by,

∂fp
∂t

+ vip
∂fp
∂xi

+ F i
p

∂fp
∂pi

= I(fp), (2.1)

where vip refers to the velocity of ith particle and F i
p corresponds to the

external force which is acting on ith particle. When the system approaches

q-equilibrium, the rate of change of non-equilibium distribution function is

given by the collision integral I(fp).

If no external force is assumed along with the relaxation time ap-

proximation then the collision integral can be approximated as,

I(fp) ≃ −
(fp − f 0

p )

τ(Ep)
, (2.2)

where τ(Ep) is the collision time (otherwiser known as relaxation time). A

non-extensive Tsallis distribution is taken as f 0
p [26] in the proximity of

the fluid’s local rest frame, where T , µB and fluid velocity, u, which varies

slowly in space and time [27] locally desribes the system, . The thermo-

dynamically consistent Tsallis distribution, (f 0
p ) [28] in the Boltzmann’s

approximation is given as,

f 0
p =

1

„

1 + (q − 1)

ˆ

Ep − p.u− µ

T

˙ȷ

q

q − 1

(2.3)

where u is the fluid velocity. T and µ are temperature and chemical poten-

tial, respectively. µ = bµB+sµs, where b and s are baryon and strangeness

quantum numbers, respectively. µB and µs are baryon and strange chem-

ical potentials. Strangeness neutrality condition is not considered here for

simplicity.
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Now, the stress-energy tensor (T µν) can be written as,

T µν = T µν
0 + T µν

dissi, (2.4)

where T µν
0 and T µν

dissi are the ideal part and the dissipative part respectively

(of the stress-energy tensor). When QCD is described hydrodynami-cally,

shear and bulk viscosities go into the dissipative part of the stress-energy

tensor. In the local lorentz frame, it can be expressed as [27],

T ij
dissi = −η

ˆ

∂ui

∂xj
+
∂uj

∂xi

˙

−
ˆ

ζ − 2

3
η

˙

∂ui

∂xj
δij. (2.5)

Also in the terms of distribution function, this can also be written as,

T ij
dissi =

∫
d3p

(2π)3
pipj

Ep

δfp, (2.6)

where δfp is the measure of deviation of the distribution function from the

q-equilibrium and it is expressed as (from Eqs. 2.1 and 2.2),

δfp = −τ(Ep)

ˆ

∂f 0
p

∂t
+ vip

∂f 0
p

∂xi

˙

. (2.7)

If a steady flow is assumed (of the form ui = (ux(y), 0, 0)) along with the

assumption of a space-time independent temperature, Eq. 2.5 simplifies to

T xy = −η∂ux/∂y. Now, from Eqs. 2.6 and 2.7, we get (using µ = 0),

T xy =

{
− 1

T

∫
d3p

(2π)3
τ(Ep)

ˆ

pxpy
Ep

˙2

q(f 0
p )

(2q−1)
q

}
∂ux
∂y

. (2.8)

Therefore, for a single component of hadronic matter, the corresponding

shear viscosity can be written as,

η =
1

15T

∫
d3p

(2π)3
τ(Ep)

p4

E2
p

q(f 0
p )

(2q−1)
q . (2.9)

At finite chemical potential, the shear viscosity of a multi-component

17



hadron gas are expressed as [29],

η =
1

15T

∑
a

∫
d3p

(2π)3
p4

E2
a

q
´

τa(f
0
a )

(2q−1)
q + τ̄a(f̄ 0

a )
(2q−1)

q

¯

, (2.10)

Here E2
a = p2 + m2

a and the antiparticles are represented by the barred

quantities. For the ath particle, f 0
a is the distribution function . Now, the

energy dependent relaxation time is given as,

τ−1(Ea) =
∑
bcd

∫
d3pbd

3pcd
3pd

(2π)3(2π)3(2π)3
W (a, b→ c, d)f 0

b , (2.11)

where W (a, b→ c, d) is the transition rate defined as,

W (a, b→ c, d) =
2π4δ(pa + pb − pc − pd)

2Ea2Eb2Ec2Ed

|M|2. (2.12)

Here |M| is the transition amplitude. Eq. 2.11 can be further simplified in

the center-of-mass frame as [29],

τ−1(Ea) =
∑
b

∫
d3pb
(2π)3

σab

?
s− 4m2

2Ea2Eb

f 0
b

≡
∑
b

∫
d3pb
(2π)3

σabvabf
0
b ,

(2.13)

where vab refers to the relative velocity and
?
s is the center-of-mass en-

ergy. σab corresponds to the total scattering cross-section in the process

a(pa) + b(pb) → a(pc) + b(pd). To further simplify, τ(Ea) is approximated

to averaged relaxation time (rτ) [30] and by averaging over f 0
a it can be

estimated from Eq. 2.13 as,
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rτa
−1(Ea) =

∫ d3pa
(2π)3

τ−1(Ea)f
0
a∫ d3pa

(2π)3
f 0
a

=
∑
b

∫ d3pa
(2π)3

d3pb
(2π)3

σabvabf
0
af

0
b∫ d3pa

(2π)3
f 0
a

=
∑
b

nb⟨σabvab⟩,

(2.14)

here nb =

∫
d3pb
(2π)3

f 0
b corresponds to the number density of bth hadronic

species. At zero baryon density the thermal average for the scattering of

particles of same species with a constant cross-section can be calculated as

follows [25], [31], [32].

⟨σabvab⟩ =
σ
∫
d3pad

3pbvabe
−Ea/T
q e

−Eb/T
q∫

d3pad3pbe
−Ea/T
q e

−Eb/T
q

. (2.15)

Here e
(x)
q is the q-exponential which is defined as e

(x)
q = [1+(q−1)x]q/(q−1).

The volume elements in momentum space are expressed as,

d3pad
3pb = 8π2papbdEadEbd cos θ. (2.16)

The numerator in Eq. 2.15 is written as,

σ

∫
d3pad

3pbvabe
−Ea/T
q e−Eb/T

q = σ

∫
8π2papbdEadEbd cos θ e

−Ea/T
q e−Eb/T

q

×
a

(EaEb − papb cos θ)2 − (mamb)2

EaEb − papb cos θ
.(2.17)

and the denominator is written as,

∫
d3pad

3pbe
−Ea/T
q e−Eb/T

q =

∫
8π2papbdEadEb

×d cos θe−Ea/T
q e−Eb/T

q . (2.18)
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Now, in the case of generalized Tsallis non-extensive statistics for

q-equilibrium, the ⟨σabvab⟩ takes the following form,

⟨σabvab⟩ =
σ
∫
8π2papbdEadEbd cos θ e

−Ea/T
q e

−Eb/T
q ×

?
(EaEb−papb cos θ)2−(mamb)2

EaEb−papb cos θ∫
8π2papbdEadEbd cos θ e

−Ea/T
q e

−Eb/T
q

.

(2.19)

Here σ refers to the cross-section in the case of hadronic collision, for the

purpose of calculations it is taken as a constant of value 11.3 mb [25], [29].

Ea and Eb are integrated in the limit ma to ∞ and mb to ∞, respectively.

The calculation of relaxation time is done by using Eqs. 2.14 and 2.19.

In non-extensive statistics, the other important thermodynamical quanti-

ties such as number density (n), energy density (ϵ) and pressure (P ) are

calculated as [28],

n = g

∫
d3p

(2π)3

„

1 + (q − 1)
E − µ

T

ȷ− q
q−1

(2.20)

ϵ = g

∫
d3p

(2π)3
E

„

1 + (q − 1)
E − µ

T

ȷ− q
q−1

(2.21)

P = g

∫
d3p

(2π)3
p2

3E

„

1 + (q − 1)
E − µ

T

ȷ− q
q−1

. (2.22)

The non-extensive entropy density, s can be calculated from the above

expression as,

s =
ϵ+ P − µn

T
. (2.23)

In our study we have used the basic equation for entropy addition (while

estimating for the multi-component hadron gas) in the case of non-extensive

statistics, this equation is given by,

s(A+B) = s(A) + s(B)− (q − 1)s(A)s(B), (2.24)

here s(A+ B) is the total entropy of A and B. The entropies of A and B

are denoted by s(A) and s(B), respectively.

We have also estimated the isothermal compressibility for hadron

gas using non-extensive statistics. The isothermal compressibility (κT ) is

20



defined as [33],

κT = − 1

V

ˆ

∂V

∂P

˙

T

, (2.25)

where V corresponds to the volume of system. Also, the isothermal com-

pressiblity can be described in terms of fluctuation and average number as

[33], [34],

〈
(N − ⟨N⟩)2

〉
= var(N) =

T ⟨N⟩2

V
κT . (2.26)

As we have used the thermodynamically consistent Tsallis statistics,

the above mentioned thermodynamical relation is valid in this particular

case. By implementing the basic thermodynamical relation
〈
(N − ⟨N⟩)2

〉
=

V T
∂n

∂µ
, Eq. 2.26 can further be described in terms of number density and

compressibility as,
1

κT
=

∑
a

n2
aq

ˆ

∂naq

∂µ

˙ , (2.27)

where
∂nq

∂µ
is given as,

∂nq

∂µ
=
gq

T

∫
d3p

(2π)3

„

1 + (q − 1)
E − µ

T

ȷ

1−2q
q−1

. (2.28)

In our study, we have implemented the above-discussed formalism to obtain

the kT and η/s. The inputs of the above formalism are temperature and

the non-extensive parameter, which we have obtained by fitting Tsallis

function on the obtained multiplicity-wise pT spectra for pions and kaons

for all three cases of event geometries.
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Chapter 3

Methodology

As discussed previously, several interesting observations for high mul-

tiplicity pp collisions raise a question on the baseline treatment of pp col-

lisions for heavy-ion collisions because these observations point towards

the possible formation of a thermalized medium in high multiplicity pp

collisions. Based on these observations it becomes desirable to apply a

hydrodynamics-inspired model to study various properties of such colli-

sions, one such model is EPOS. It is also discussed in previous studies [19]

that high multiplicity pp collisions are dominated by isotropic events and

also that there is a difference in thermodynamics involved in events with

different spherocity classes. So we have used the EPOS-LHC model for the

purpose of involving the hydrodynamic evolution in our study. We have

extracted the T and q parameters by fitting the Tsallis under the hydrody-

namics limit, for the sake of visualisation of pT spectra for pions and kaons

we have shown their respective multiplicity-wise spectra in Appendix A.

We have also implemented event geometry classification so that a distinc-

tion in thermodynamics and dissipative properties can be done on the basis

of event geometry. The various steps of this study are shown in Fig.(3.1)

below.
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Figure 3.1: Step-by-step procedure followed in this study

3.1 EPOS-LHC

Basic features of EPOS 1.99

AA ( and also pp ) collisions amount to numerous parallel collisions

of elementary particles. This elementary scattering is known as the “parton

ladder”, it is also referred to as cut Pomeron [35].

The parton ladder is the representation of parton evolutions from

the projectile and the target side towards the centre (small x) [36]. It has

already been established that the parton ladder may be considered as a

quasi-longitudinal colour field which is known as a “ flux tube” [37] and it

is conveniently treated as a relativistic string.

It is worthwhile to note that in EPOS the initial conditions for hadroniza-

tion are not based on partons, rather they are based on strings. The “initial

conditions” refers to the system’s state after the initial and final state radi-

ation of jets when partons hadronize in HEP models and before the possible

hadron or parton rescattering like in HI collisions(final state interactions)

[36]. The formation of initial strings is caused by the initial scatterings,

which then break into segments, usually identified with hadrons. Then a
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situation is considered at an early τ0 (proper time), which is long before the

formation of hadrons: the distinction between string segments in the dense

region (higher than some critical density ρ0 segments per unit volume) and

segments in low-density region are done. The region with high and low

density is referred to as core and corona respectively [38]. The corona is

important for aspects like the centrality dependence of all observables in HI

collisions. Here it corresponds to the unmodified string fragmentation (just

like usual models of HEP) and it dominates at the large η and in events

with low multiplicity. The most unique and significantly important feature

of EPOS is the core since it provides several fascinating effects which are

not considered in other HEP models (which are all “corona”-like) [36].

The core is formed of various clusters in each η bin to keep the distribu-

tion of local energy density and hadronization of each cluster is done via a

microcanonical procedure with an additional radial and longitudinal flow

exactly explained in [38]. Energy, flavours and momentum are perfectly

conserved by this procedure [36].

For each of the above-mentioned clusters, its mass M is defined as

M =

b

(ΣiEi)2 − (ΣiP⃗i)2 (3.1)

where the index i ranges over all the segments which forms the cluster

and (Ei, P⃗i) is the segment’s four-momentum vector. Event-by-event a

particular part of string segments normally hadronizes (corona) and the

other part is used to generate a core with a collective hadronization as

depicted in Fig.(3.2). If the local string segment density is sufficiently high

enough, then only the core appears. This limit is easily achieved in the

case of central heavy ion collisions at LHC or RHIC because of the large

number of nucleon pairs undergo inelastic interaction [36].
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Figure 3.2: This is the schematic depiction of the space-time evolution of
particle production in hadronic interaction in EPOS 1.99 or EPOS LHC
[36]

New features in EPOS LHC

The number of secondary particles produced by the clusters is a con-

sequence of rescaling due to collective flows (particularly the radial flow).

This property becomes relevant in the case of heavy-ion collisions where

less number of particles are observed than generated by the model with any

final state interaction [36]. Certainly, the proper hydrodynamic treatment

(like in EPOS 2 and EPOS 3) requires a high multiplicity in the initial

state so that after a long enough evolution of the core’s large volume, it

can finally give the correct multiplicity. It is referred to as the nuclear AA

flow, which is characterized by the yAA
rad (maximal radial rapidity) [36].

Using EPOS 2 or EPOS 3 with a more practical treatment involving hydro-

dynamical evolution with appropriate hadronization to deal with smaller

systems such as pp, such effect was not observed [39]–[41]. Here, due to

the rapid expansion of an extremely small volume of core, the large flow

originates [36]. As a consequence, in the scenario of a highly dense system

in a compact volume (where the critical energy density is achieved as a
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consequence of multiple scatterings among partons in a pair of nucleons

like pp ) a distinct type of radial flow is introduced in the EPOS LHC.

The cluster mass M remains unchanged before hadronization (multiplicity

is conserved) for this pp flow, characterized by the ypprad ( maximal radial

rapidity) but by the rescaling of total momentum P (smaller pz compen-

sates larger pT ) after the radial boost, energy conservation is imposed.

In a study on identified particle spectra from CMS [42], it has been ob-

served that ⟨pT ⟩ as a function of multiplicity is independent of the available

center-of-mass energy but with an increase in multiplicity it increases. As

this effect is directly linked to the intensity of radial flow [41], it becomes

natural to parameterize all the flows as a function of Mcore(total mass)

which is directly related to the final multiplicity [36].

For the longitudinal flow

ylong = ymx
long. log(exp(

ymi
long

ymx
max

) +
Mcore

Mmin

) (3.2)

also the radial AA flow is

yAA
rad = ymx

rad. log(
Mcore

Mmin

) (3.3)

and the radial pp flow becomes

ypprad = ypxrad. log(
Mcore

Mmin

) (3.4)

where the ymx
rad parameter fixes the multiplicity and radial flow in HI and in

pp the ypxrad determine the evolution of < pT > as a function of multiplicity

[36]. Since the longitudinal flow is the weakest, the parameters ymx
long and

ymi
long are used for the fine tuning of multiplicity in pp(ymi

long) as well as in

the case of HI interactions(ymx
long).

Using the EPOS-LHC model we have generated data for pp collisions

at
?
s =13 TeV and to ensure the quality of this generated data, we have

compared its pT spectra (charged particle) Fig.(3.3) and η distribution

(charged particle) Fig.(3.4) with the available ALICE data. The ratio of
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ALICE data and the simulated data is shown in the lower panel of the

mentioned figures and it can be seen that the generated data agrees well

with the ALICE data.
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Figure 3.3: charged particle pT spectra in pp collisions at
?
s = 13 TeV

using EPOS-LHC is compared with experimental data from ALICE. The
lower panel shows the ratio of both, indicating a nice agreement.
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3.2 Spherocity: A tool to categorize event

geometry

Spherocity is constructed to categorize the event geometry and it is

conclusive from a previous event shape engineering analysis study [19] that

for a better selection of events, spherocity along withNch must be preferred.

In the same study, it has been discussed that there is a significant difference

between the thermodynamics of events with different event topologies. One

of the obvious conclusions of this study was that the isotropic events had a

lower q as compared to jetty events, which means that they were tending

more towards equilibrium. So it becomes essential for us to implement

spherocity classification in our study too.

For an event, the transverse spherocity is defined as

S0 =
π2

4

ˆ∑
i|p⃗Ti

× n̂|∑
i pTi

˙2

(3.5)

Here, the unit vector n̂(nT , 0) is chosen such that it minimizes the Eq.3.5.

It must be noted that the n̂(nT , 0) is that particular unit vector which is

near to the majority of high pT vectors, therefore, it does not necessarily

always be in the region (in transverse plane) where the number of pT vec-

tors is large.

Spherocity is infrared and collinear safe [43] since it is confined to the

transverse plane. Values of spherocity are related to event configuration

in the transverse plane. Its extreme values are 0 and 1, where the 0 value

corresponds to pencil-like events and 1 corresponds to isotropic events.

S =
π2

4

ˆ

∫ π

0
|pT sin θdθ|∫ π

0
pTdθ

˙2

= 1

It is expected that high multiplicity pp collisions must be dominated

by isotropic events and low multiplicity are jetty dominated.

In this study, the spherocity distributions are taken in the pseudora-
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Figure 3.5: Figure showing jetty and isotropic events in the transverse
plane. Figure taken from [44].

pidity range of |η|= 0.8 with a constraint of at least Nch = 5 with pT > 0.15

GeV/C. The disentanglement of the jetty and isotropic events from the S0

integrated events is done by implementing spherocity cuts on the simulated

events (shown in Appendix A). Also, to mimic the experimental conditions

Nch have been chosen in the acceptance of ALICE’s V0 detector with a

psuedorapidity range of V0A (2.8 < η < 5.1) and V0C ( −3.7 < η < −1.7)

[45]. The number of Nch in an event in various V0 multiplicity classes is

mentioned in Table 3.1.

V0M class I II III IV V VI VII VIII IX X
Nch 50-140 42-49 36-41 31-35 27-30 23-26 19-22 15-18 10-14 0-9

Table 3.1: V0M classes and their corresponding multiplicities (charged
particles)

In our study, we have iterated over the whole transverse plane (360◦)

with a precision of 0.1◦ to find out the correct n̂ and used that to calculate

the spherocity for each event.

Also, for the classification of the jetty and isotropic events, we have im-
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plemented cuts on the spherocity distribution at the top 20 % and bottom

20 % events for isotropic and jetty events respectively (shown in Appendix

A). The cuts are obtained to be S0 = 0.35252 for jetty and S0 = 0.69925

for isotropic events.

To ensure the quality of simulated data, we have plotted the spherocity

distribution for different multiplicity classes Fig.(3.6). As expected, it is

found that the high multiplicity pp collisions are dominated by isotropic

events whereas jetty events dominate the low multiplicity collisions.
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Figure 3.6: Spherocity distribution for the mentioned multiplicity classes.
pp collisions at

?
s = 13 TeV using EPOS-LHC
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3.3 Tsallis statistics

As the Boltzmann-Gibbs function only describes the pT spectra up

to a certain low value of pT , so a generalisation is done for this function,

namely the Tsallis function. Its low-pT exponential and high-pT power-law

behaviour gives a complete spectral description of identified secondaries

produced in pp collisions. This function gives a much better description

of the systems which have not attained equilibrium yet [44]. There are

various different versions of Tsallis distribution among which we have used

a thermodynamically consistent Tsallis nonextensive distribution shown

in [46]. The particle distribution at midrapidity is given in the tsallis

formalism by,

1

pT

d2N

dpTdy
=
gV mT

(2π)2

”

1 + (q − 1)
mT

T

ı−q/(q−1)

(3.6)

where V is the volume parameter, g is the degeneracy factor,mT =
a

p2T +m2

is the transverse mass and q is the non-extensive parameter which gives

the extend of non-equilibrium. Tsallis distribution reduces to Boltzmann-

Gibbs distribution in the limit of q −→ 1. This function is widely used to

describe particle spectra in high-energy hadronic and heavy-ion collisions

[47]–[49].

In this study, we have implemented the above-mentioned Tsallis function

to describe the multiplicity-wise pT spectra of pions and kaons for all three

event geometries. By fitting Tsallis function the T , q and R parameters

are obtained for each multiplicity and spherocity class. In the later sec-

tions we have discussed the physical significance of the obtained values of

these parameters and have used these parameters to obtain the common

freeze-out temperature and the strength of average radial flow by using the

formalism introduced in [18].
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Chapter 4

Results and Discussions

In this chapter, the results of our study are presented and discussed.

In Fig.(4.1) the Tsallis fitted multiplicity wise pT spectra of kaons and pi-

ons for isotropic, spherocity integrated and jetty cases are shown. In these

figures, the lower panel shows the ratio of the fit values with respect to the

simulated value.

In Fig.(4.2) the Tsallis extracted temperature parameter and q (non-extensive

parameter) are shown. Later we used these extracted parameters to cal-

culate the isothermal compressibility. For each particle, these parameters

are obtained for each spherocity class. The Tsallis volume parameter is

also extracted and shown in Fig.(4.3). It is briefly discussed below that

this so-called “volume parameter” is actually not related to the size of the

system [50].

In Fig.(4.4) we have shown the linear fit using the formalism introduced

in [18] to obtain the freeze-out temperature and strength of radial flow.

A few assumptions and features of the mentioned formalism are also dis-

cussed below.

The obtained spherocity-class-wise freeze-out temperature and ⟨ut⟩ are

shown in Fig.(4.5). The difference in values of freeze-out temperature for

each spherocity class is also discussed below. Then the obtained common

freeze-out temperature is used to calculate the kT which is shown for each

spherocity class in Fig.(4.6).
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4.1 Tsallis fit for the obtained pT spectra

The multiplicity-wise pT spectra are obtained for pions and hadrons

using the EPOS-LHC model, the multiplicity classes are mentioned in Ta-

ble.(3.1). For this study, we have first implemented the spherocity classi-

fication and then the multiplicity classes on the pT spectra for both pions

and kaons.

The Tsallis function Eq.(3.6) is then used to fit multiplicity-wise pT spectra

to obtain the information of T , q and R parameters. Since one of the pur-

poses of this study is to study the system using hydrodynamics so we have

fitted the Tsallis function under the hydrodynamic limit. The purpose of

this is to see the variation of T , q and R parameters with respect to the

charged particle multiplicity i.e. the information of non-equilibrium and

thermalization based on multiplicity.

The fitting is also done separately for all three spherocity classes, thus it will

help us to establish the difference in thermalization and non-equilibrium

among the isotropic and jetty events, this discussed distinction is discussed

in the next sections.

Fig.(4.1) shows the multiplicity-wise Tsallis fitted pT of pions and kaon for

each spheroctiy class, namely isotropic, spherocity integrated and jetty. In

the lower panel, the ratio of obtained fit value and simulated value (from

the EPOS-LHC generated data) is shown and it can be seen that all the

fits reasonably agree with the simulated data.
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Figure 4.1: Fitting of multiplicity-wise pT spectra of pions and kaon for all
three spherocity classes
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4.2 Extracted T, q and R parameters

Using the EPOS-LHC generated data, the fits are performed to ob-

tain the T , q and R parameters using the Tsallis function for different

spherocity and multiplicity classes. The results are shown in Fig.(4.2) and

it can be seen that the temperature parameter is higher for isotropic events

as compared to the case of jetty events while the q parameter shows an op-

posite trend. The values of q are shown to be lowest for isotropic events

and maximum for jetty events, which means that jetty events are further

from equilibrium as compared to isotropic events.
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Figure 4.2: T for identified particles are shown here from EPOS-LHC data
for Spherocity integrated,isotropic and jetty events
( ) S0 integrated
( ) Isotropic
( ) Jetty

In Fig.(4.3) R parameter is extracted from the Tsallis function and it
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is shown as a function of Nch for different event shape classes. It must be

noted that this radius parameter, R, is not necessarily related to the size

of the system, from the HBT experimental analysis, it is determined that

this R parameter is actually related to the normalisation in distribution

function which explains the particle spectra [50].
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4.3 Kinetic freeze-out temperature and ra-

dial flow strength
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Figure 4.4: Fitting is done using Eq.(4.1) to extract Tfro and ⟨ut⟩
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The temperature parameter which is obtained from Tsallis fitting is

hadron mass dependent [51]. This is usually interpreted as the presence

of a radial flow in the system, which produces an increment in the pT of

hadrons proportional to their respective masses. This ultimately results

in a different value of the temperature instead of the original freeze-out

temperature which is same for all hadrons [18], [52], [53]. In our study we

have used the formalism introduced in [18]. In this formalism the radial

flow is explained as

T = Tfro +m ⟨ut⟩2 (4.1)

where Tfro refers to the freeze-out temperature and ⟨ut⟩ corresponds to the

strength of average radial flow. It is the innate assumption of this formalism

that different particle species freeze-out at a common temperature. As

shown in Fig.(4.4), we have used this formalism along with the event shape

categorization to extract the freeze-out temperature and ⟨ut⟩ .
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It is observed that Tfro decreases with Nch and shows the maximum

value for isotropic events and the minimum for jetty events. For all the

spherocity classes, the Tfo is found to be decreasing with an increase in

multiplicity, this can be explained by the fact that flow is higher in events
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with high multiplicity as compared to low multiplicity events, therefore,

the higher the multiplicity the more the time system takes to freeze-out

which results in lower freeze-out temperature.

It is also found out that the maximum strength of average radial flow is

observed for isotropic events whereas it is minimum for jetty events, it is

also observed that ⟨ut⟩ shows an increasing trend with Nch as shown in

Fig.(4.5).

This extracted Tfro along with q values for different different spherocity

classes can be used to calculate kT for pions and kaons. The extracted kT

profile for pions and hadrons is shown in Fig.(4.6).

4.4 Results: Dissipative properties

4.4.1 Spherocity-wise kT profile for pions and kaons
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Figure 4.6: kT for identified particles are shown here from EPOS-LHC data
for Spherocity integrated,isotropic and jetty events
( ) S0 integrated
( ) Isotropic
( ) Jetty

We have used the common freeze-out temperature (without the radial

flow component) for the purpose of calculating the isothermal compress-

ibility for each spherocity class. The obtained values of kT are shown in the

above Fig.(4.6). It is evident from these results that there is an increase in
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kT with an increase in charged particle multiplicity and this trend of kT is

a direct consequence of the fact that the Tfo is found to be decreasing with

an increase in charged particle multiplicity.

4.4.2 Spherocity-wise η/s profile for pions and kaons
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Figure 4.7: η/s for identified particles are shown here from EPOS-LHC
data for Spherocity integrated,isotropic and jetty events
( ) S0 integrated
( ) Isotropic
( ) Jetty

Here we have used the common freeze-out temperature (without ra-

dial flow component) for calculating the η/s for each spherocity class. For

both kaons and pions it is observed that η/s increase with multiplicity and

for jetty events η/s remains higher as compared to isotropic events. The

increasing trend of η/s is the direct result of the decreasing nature of Tfo

(common freeze-out temperature) with respect to Nch. The obtained values

of η/s are shown in the above Fig.(4.7).
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Chapter 5

Summary and Conclusion

In this study, we have analysed pp collisions at
?
s = 13 TeV using a

hydrodynamics-inspired (EPOS-LHC) model. We have also implemented

spherocity classification to disentangle isotropic events from the jetty ones.

T, q, and R parameters were extracted by Tsallis fitting on generated pT

spectra for pions and kaons for all spherocity classes. Later we used the

values of these obtained parameters to calculate the common freeze-out

temperature and strength of average radial flow for all three spherocity

classes. The obtained freeze-out temperature along with the q input was

then used to calculate kT and η/s for both kaons and pions.

The results obtained for the discussed parameters and quantities are men-

tioned below:

1. For both kaons and pions the Tsallis extracted temperature param-

eter is found to be more for isotropic events as compared to jetty

events.

2. The Tsallis extracted non-extensive parameter is found to be less for

isotropic events as compared to jetty events for both pions and kaon.

3. For both kaons and pions the Tsallis extracted R parameter is found

to be minimum for isotopic events as compared to jetty events. Also

the trend of R parameter with respect to Nch for all spherocity classes

is decreasing for kaons while for the pions it follows an increasing

trend.
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4. The common freeze-out temperature (Tfo) is found to be decreasing

with respect to Nch for all spherocity classes. This occurs because

higher multiplicity systems take longer to freeze-out as compared to

low multiplicity systems.

5. The Tfo is found to be more for isotropic events as compared to jetty

events.

6. For all the spherocity classes the strength of average radial flow (⟨ut⟩)

is found to increase with respect to Nch.

7. It is found that for all the spherocity classes the isothermal compress-

ibility and shear viscosity are found to be increasing with an increase

in multiplicity, this can be explained by the decreasing kinetic freeze-

out temperature with an increase in multiplicity.
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Appendix A

A.1 Spherocity cuts

To classify the jetty events and isotropic events, we have implemented

cuts on the spherocity distribution. The cuts are taken at the top 20 %

(isotropic) and bottom 20 % (jetty) of the spherocity distribution. The

cuts values are obtained to be 0.35525 and 0.69252 for jetty and isotropic

events respectively.
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Figure A.1: Cuts on spherocity are implemented for the classification of
jetty and isotropic events
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A.2 Unscaled pT spectra of pions and kaons
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Figure A.2: pT -spectra of pions and kaons from EPOS-LHC for pp at
?
s =

13 TeV for S0 integrated events
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