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Synopsis

Lattice quantum chromo dynamics (lQCD) based calculations predict that at very

high temperature, and densities the hadronic matter undergoes a phase transition to

a new state of matter called quark gluon plasma (QGP) due to asymptotic freedom

and Debye screening of color charges. QGP is a thermodynamic state of matter where

the properties of the system is governed by quarks and gluons. It is expected that the

magnitude of temperature and/or density required for QGP-hadron transition can be

achieved by colliding heavy nuclei at relativistic energies (such as at SPS, RHIC and

LHC energies). Because of the transient nature of the matter produced at relativistic

nuclear collisions it is very difficult to confirm the formation of QGP. Electromagnetic

(EM) probes, such as photon and dilepton spectra, have been proposed as one of the

most promising tools to characterize the initial state of the collisions. Because of the

very nature of their interactions, photons and dileptons suffer minimum rescattering

but produced at every space time points, therefore, can be used as an efficient tool to

extract the initial temperature of the system. By comparing the initial temperature

and the transition temperature estimated from lattice QCD, one can infer whether

QGP is formed or not. In the present work we study the EM probes emanating from

the system formed in nuclear collisions at SPS, RHIC and LHC energies. The spectra

of photons and dileptons have been studied considering an extensive set of partonic

and hadronic interactions within the framework of thermal field theory. The space time

evolution of the matter is studied using boost invariant relativistic hydrodynamic model.

The theroetical results on the photon and dilepton spectra have been compared with

experimental data obtained by PHENIX and NA60 collaboration (respectively for RHIC

viii



and SPS energies). The transverse momentum (pT ) spectra of photons, dileptons and

their ratios for various lepton pair mass bins have been evaluated and shown that a less

model dependent information of the initial temperature of the system can be extracted

from the ratio. We study the evolution of radial flow vr using both photon and dilepton

spectra and argue that vr can be quantified from the simultaneous measurements of

photons and lepton pairs with a judiciuos choice of kinematic variables.

Production of strangeness in heavy ion collisions has also been studied to detect the

QGP expected to be formed in nuclear collisions. For the production of strange mesons

and baryons a microscopic calculation has been employed using momentum integrated

Boltzmann transport equation. The results have been compared with the experimental

data for K/π ratio obtained by CERES, NA49, STAR, PHENIX collaborations at

AGS, SPS and RHIC energies. The ‘horn’ like structure observed in the measurement

of K+/π+ ratio with different center of mass energies (
√
sNN) has been explained with

the assumption of an initial partonic phase beyond a threshhold in center of mass

energy. However an initial hadronic scenario fails to explain the data at higher center

mass energies. K−/π− data also have been explained within the same formalism.
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Notation and Conventions

In the thesis, the natural units have been used, h̄ = c = kB = 1. The matric tensor

used is gµν = diag(1,−1,−1,−1). Variables in bold face denote 3-vectors. Most of

the notation is introduced during the discussion and the frequently used notations are

enlisted below:

N −N Nucleon-Nucleon
p− p proton-proton
p− A proton-Nucleus with mass number A
A− A Nucleus-Nucleus with mass number A
s, t, u Madelstam Variables, where

s = (p1 + p2)
2, t = (p1 − p3)

2, u = (p1 − p4)
2

µB = µ Baryonic chemical potential

τ Proper time (=
√
t2 − z2)

y Particle rapidity (= 1
2
ln
[

E+pz

E−pz

]

)

η Space-time rapidity (= tanh−1(t/z)), thus t = τ cosh η and z = τ sinh η
M Invariant mass of lepton pairs
pT transverse momentum
mT transverse mass of lepton pair (m2

T = M2 + p2
T )

ǫ Energy density
P Thermodynamic pressure
s Entropy density
V Vector mesons
τi Thermalization time
Ti Thermalization temperature
Tc Transition temperature
Tch Chemical freeze-out temperature
Tf Thermal freeze-out temperature
d4x four-volume
K average pair momentum (= (p1 + p2)/2), off-shell
q relative pair momentum (= p1 − p2), off-shell
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Chapter 1

Introduction

“What are we made up of or made from” led the mankind to think and search for the

fundamental entities or building blocks of matter. Since the dawn of the civilization,

this question puzzled the human minds. Few thousand years ago Indian [1, 2] as well as

Greek philosophers proposed five basic elements of nature namely; earth (kshiti), water

(aap), fire (tejas), air( marut), Aether(vyom). The Greek philosopher Democritus,

asked more specific question: what would happen if we take a lump of some material,

and keep dividing it into smaller ones? He concluded that the continuation of this

division would lead to a stage where one can’t divide the material any more. He

referred it as the smallest unit of matter or ‘atom’. The ‘atom’ is a Greek word which

means ‘uncuttable’ or ‘indivisible’. Different kinds of atoms were postulated then with

different specific properties. In modern times, people started the journey from the

1Many also believe that Indian philosopher, Kanad originated the idea of smallest unit of indivisible
matter known as ‘anu’ [1], similar to the atom. He also told that anu’s of similar types combine to
form ‘dvyanuka’ and ‘tryanuka’ as atoms form diatomic and triatomic molecules.

1
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macroscopic world to the microscopic world to know the structure of matter i.e., from

the visible matter to the molecules, atoms, nuclei, nucleons, and finally reached up to

the quarks. With the advent of modern accelerators, the journey of exploration of the

microscopic world has taken a new dimension. It has become the saga of the discoveries

of fundamental particles. The kinetic energy from the remarkably high-speed collisions

in particle accelerators produce matter of new particles consistent with energy-mass

equivalence and the conservation principles of energy as well as momentum. Here we

discuss various fundamental particles those act as the building blocks of the matter.

1.1 Basic building blocks of matter and the funda-

mental interactions

During the last century, our understanding of the fundamental building blocks of the

universe has changed dramatically because of the construction of more powerful and

energetic particle accelerators. Along with the development of accelerator technology,

the formulation of new theoretical frame work, ‘the standard model’ has also acceler-

ated the journey with the successful predictions of new particles; including the recently

discovered new meson of mass 125 GeV (might be Higgs boson). The scattering experi-

ments have been proved to be key to reveal the structure of the matter. The matter that

we see in the naked eye are made up of molecules which contains atoms. Atoms already

unimaginably small, are built of even more minute particles-electrons, neutrons and

protons. Neutrons and protons are comprised of quarks which are bound by the gluons.

The quarks, like electrons, appear to be indivisible. Indeed all present day experiments
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Figure 1.1: Hierarchal structure of visible matter

have failed to display any substructure of the quarks. The hierarchical structure of

visible matter can be shown as in Fig. 1.1. Although this figure Fig. 1.1 tells about

the constituents of matter but it is not sufficient to know the properties of matter,

only from the constituents. It is necessary to understand how they interact among

themselves. The interaction can tell us how the constituents are bound together inside

a molecule, atom, proton, or neutron. Also the interaction can answer the question

like what happens when two constituents (like molecules, atoms, nucleons or quarks)

come close to each other. The answers to these questions are relevant for understanding

various reactions, such as chemical reactions, nuclear reactions and reactions involving

quarks. This issue has been addressed with four kind of fundamental interactions that

nature exhibits- Gravitational, Electromagnetic, Weak and Strong interactions.

In every day life the effect of two interactions are experienced by us namely gravita-

tional interaction acting between any two particle having mass and the electromagnetic
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Table 1.1: Elementary particles as in Standard model
Particle types particles

Quarks u1, u2, u3

d1, d2, d3

c1, c2, c3
s1, s2, s3

t1, t2, t3
b1, b2, b3

Leptons (e, νe)
(µ, νµ)
(τ, ντ )

Gauge bosons gluons (g1, ..., g8)
photon (γ)
W+,W−, Z

Higgs
φ

interaction acting between two charged particles. The other two interactions which we

do not observe in our day to day life are the weak interaction, responsible for radioactive

β decay and the strong interaction that binds the quarks inside a neutron or proton.

Strong interaction is also responsible for the binding of protons and neutrons inside the

nucleus. Apart from the gravitational interaction all other three interactions are well

described by the mathematically consistent theory, the ‘Standard Model’. This theory

has been successful in explaining most of the experimental results involving elementary

particles. The elementary particles predicted by standard model are tabulated in the

table 1.1 The anti particles of these particles are also considered for the sake of com-

pleteness. For example- a quark and an anti quark form a meson and three quarks form

a baryon. Standard model predicts both stable and unstable mesons and baryons that

are formed from the interaction of quarks and anti quarks. Some unstable mesons and

baryons are only observed in the particle accelerators. The particle zoo owing to the
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Table 1.2: Types of microscopic particles excluding gauge bosons

Particle family what does Particles What are the
the word means particles made of ?

Leptons Light Electron, muon and fundamental
tau lepton, neutrinos (till now)

Mesons Medium pion, kaon, J/ψ, quark + anti quarks
upsilon, etc.

Baryons Heavy proton, neutron, sigma, three quarks
cascade, delta etc.

Quarks up, down, top, fundamental
bottom, charm and strange (till now)

elementary particles and their interactions as predicted by standard model is shown in

Fig. 1.2. All these particles in the zoo have the intrinsic properties called spin. These

particles can be categorized as fermions (half integer spin) and bosons (integer spin)

according to their spin. It turns out that the fermions like leptons and quarks are

the fundamental building blocks of matter while the gauge bosons are the

force carriers.

1.2 The theory of strong interaction and quark gluon

plasma (QGP)

The strong interaction which is the interaction between color charged particles, quarks

and gluons, is described by quantum chromo dynamics (QCD). As a part of the Yang-

Mills theory [3] QCD describes the fundamental forces between colored fermions, the

quarks mediated by the gauge bosons, the gluons. QCD is very similar to Quantum
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Figure 1.2: Particle Zoo : This called particle zoo as the wide varieties of particles
can be understood by what they are made of (e.g., their fundamental constituents) or
what they make (e.g., stable matter, unstable matter, or forces). Courtesy: Facilitator’s
Guide High Resolution Graphics
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Electrodynamics (QED), the gauge theory corresponding to commuting symmetry group

U(1) with massless photons as gauge bosons. In contrast to QED, it is a non abelian

gauge theory of color fields corresponding to non-commuting local symmetry group

SU(3). The color charged gluons, unlike the photons (in QED) have self-interactions.

This makes QCD non abelian and more complex compared to the abelian QED.

The QCD, Lagrangian density which describes the interactions of quarks and gluons

is expressed as follows; [4, 5, 6],

LQCD = Linv + Lgauge + Lghost (1.1)

Linv is the classical Lagrangian density, invariant under local SU(Nc) gauge transfor-

mation, with Nc = 3 for QCD. This can be expressed in the following way [3];

Linv =
∑

f

ψ̄f (iD/−mf)ψf − 1

4
F 2

=
Nf
∑

f=1

4
∑

α,β=1

Nc
∑

i,j=1

¯ψf,β,j

[

iγµ
βαDµ,ji −mfδβαδji

]

ψf.α,i

−1

4

3
∑

µ,ν=0

N2
c −1
∑

a=1

Fµν,aF
µν
a (1.2)

where Linv is a function of quark and gluon fields, represented by (ψf,α,i) and (Aµ,a)

respectively with Dirac indices α, β (µ, ν) for quark fields (gluon fields). The color

indices for quark (gluon) fields are denoted by i, j(a). mf , is the mass of quark. There

are Nf independent quark fields. ′f ′ stands for quark flavors (See Fig. 1.3 for the

properties of different flavors of quarks).

Dµ,ij - is the co-variant derivative in Nc-dimensional representation of SU(Nc), which
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Figure 1.3: Properties of six flavors of quark according to the Standard Model [7].

acts on the spinor quark field in Eq. 1.1, with color indices i=1, ..., Nc. The covariant

derivative Dµ,ij and the non-abelian field tensor Fµν,a are defined as,

Dµ,ij = ∂µδij + igAµa(T
(F )
a )ij. (1.3)

Fµν,a = ∂µAν,a − ∂νAµ,a − gCabcAµbAνc (1.4)

. Fµν,a is defined in terms of the gluon vector field Aµ
a , with N2

c −1 group components a;

Nc being the “number of color”. “g” is the QCD (“strong”) coupling and Cabc is known

as the structure constants of SU(Nc), a,b,c=1,...,N2
c − 1 are real numbers, defining its

Lie Algebra. The Lie Algebra is defined by commutator relation of the N2
c −1; Nc ×Nc

matrices (T (F )
a )ij that appear in the definition of Dµ,ij (E. (1.3)),

[

T (F )
a , T

(F )
b

]

= iCabcT
(F )
c (1.5)

These commutation relations define the algebra. Here T (F )
a are known as the Gell-Mann

matrices.

Under local gauge transformation, quark fields transform as;

ψ′
f,α,j(x) = Uij(x)ψf,α,i(x) (1.6)
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where

Uij(x) =



exp







i
N2

c −1
∑

a=1

βa(x)T
(F )
a











ij

(1.7)

with βa(x) real. Uij(x) for each x is an element of the group SU(Nc), which acts on the

local invariance that has been built into the theory. The gluon field can be expressed

in terms of an Nc ×Nc matrix, Aµ(x)

[Aµ(x)]ij =
N2

c −1
∑

a=1

Aµa(x)(T
(F )
a )ij, (1.8)

The gluonic field transforms as,

A′
µ(x) = U(x)Aµ(x)U−1(x) +

i

g
[∂µU(x)]U−1(x) (1.9)

The Linv, following the above transformation rules, remain invariant under local gauge

transformation. But the gauge invariance of Linv actually makes it difficult to quantize.

This problem is solved by adding to Linv a gauge fixing (Lgauge) term and ghost densities

(Lghost).

Lgauge =















−λ
2

∑N2
c −1

a=1 (∂µA
µ
a)2 , ; 1 < λ <∞

−λ
2

∑N2
c −1

a=1 (n.Aa)
2 , λ→ ∞

(1.10)

where nµ is a fixed vector. The first defines the set of “covariant” gauges, the most

familiar having λ = 1, the Feynman gauge. The second defines the “axial” or “physical”

gauge, since taking λ to infinity eliminates the need for ghost field. Here, picking nµ

to be light-like, n2 = 0, defines the light-cone gauge. For λ → ∞, a non zero value

of n.A leads to infinite action and for this reason the physical gauges are often called

“n.A = 0” gauges. Finally, in covariant gauges we must add a ghost Lagrangian [8, 9],

Lghost = (∂µc̄a)(∂
µδab − gCabdA

µ
b )cd, (1.11)
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where ca(x) and c̄a(x) are scalar ghost and antighost fields respectively. In the quanti-

zation procedure, ghost fields anti-commute, despite the fact that they are scalars. In

SU(Nc) theory, the ghost field ensures that the gauge fixing does not spoil the unitarity

of “physical” S matrix that governs the scattering of quarks and gluons in perturbation

theory.

Feynman rules for QCD

While calculating the scattering cross section in perturbation theory, the interaction

between particles (which is stated by their interacting Lagrangian) can be described

by starting from free fields which describe the incoming and outgoing particles. The

amplitude for scattering is the sum of each possible interaction history over all possible

intermediate particle states. Feynman gave a prescription for calculating the amplitude

for any given diagram from a field theory Lagrangian, known as Feynman rules. Here

we summarize the Feynman rules for calculating different interactions following QCD

in Fig 1.4.

1.2.1 Properties of QCD

Quantum Chromo Dynamics shows the properties of ’Confinement’ and ’Asymptotic

Freedom’. When two quarks are separated then the force between them does not

decrease rather increases and an infinite amount of energy is required to separate them.
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Incoming quark :

Incoming anti− quark :

Incoming gluon :

Outgoing quark

Outgoing anti− quark :

Outgoing gluon :

Ghost Propagator :
(p2

ab
ip

ba

Quark Propagator :
ij

i
p

3 − Gluon Vertex

Quark−Gluon Vertex
)  [ Tc

(F)] ij

Ghost−Gluon Vertex

c

g Cabc p’

b

q
p ’

4 − Gluon Vertex

p − g Cabc[ (p−q)  g  + (q−r)  g  + (r−p)  g ]r

q

p

 ig2 C xac C xbd [g  g  − g  g ]−

− ig2 C xad C xbc [g  g  − g  g ]

− ig2 C xab C xcd [g  g  − g  g ]

Gluon Propagator :

− ab i

[p2
 [ g  +  (k  n + n k ) − n2   p p     ]   

(n.k)2(n.k)

p

 [ g p     ]   
[p2[p2

i
ab−

Figure 1.4: Feynman Rules for QCD in covariant gauge for gluons (red curly line),
quarks (blue line) and ghost field (black line).
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Figure 1.5: Running coupling constant αs established by various types of measurements
at different scales, compared to the QCD prediction for αs(Mz)=0.118 ± 0.003. The
open circles are results based on global event shape variables [10]. Q is the momentum
transfer

.

That’s why they are permanently bound to hadrons like baryons and mesons. This is

the ‘Confinement’ property of QCD. On the other hand, at very high energy reactions

when two quarks are close to each other, then they interact very weakly as if they are

free. This is called ‘Asymptotic Freedom’ , first discovered by David Politzer, Frank

Wilzek and David Gross [8, 11]. At low energy there is confinement [12] in QCD and

at high energy there is asymptotic freedom. These two remarkable features of QCD can

be explained from the coupling parameter αs.

The effective strong coupling constant αs depends on momentum transfer between

the interacting hadrons. The QCD running coupling constant, αs (= g2/4π) can be
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written in perturbative QCD (pQCD) as [5]:

αs(Q
2) =

12π

(33 − 2nf ) ln(Q2/Λ2)
(1.12)

The number of participating quark flavor(nf ) is determined by the available energy char-

acterized by Q2. The parameter Λ has to be determined by comparing QCD predictions

to experimental results and is commonly given as Λ ∼ 250 MeV. The Q dependence of

αs(Q
2) (shown in Fig 1.5) reproduces the phenomenologically determined behavior of

quarks:

• For small values of Q, the interaction strength between quarks is strong (as the αs

is large) and hence they remain confined within the hadrons and not seen isolated

in nature. This is known as confinement.

• On the other hand, for large Q which corresponds to small distance, the αs van-

ishes asymptotically. Due to the weak coupling the quarks behave like free parti-

cles. This feature is known as asymptotic freedom.

1.2.2 Deconfinement: QCD at extreme temperature and/or
density

Collins and Perry [13] showed that at extreme conditions of density, hadronic mat-

ter goes to a deconfined phase where it exhibits asymptotic freedom. In low coupling

regime, the asymptotically vanishing nature of αs does not allow the quarks to remain

intact inside the hadronic matter; rather they move freely due to anti-screening of color
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charges forming a new deconfined state of quarks and gluons. The deconfined phase

of QCD where the bulk properties of matter are governed by fundamental degrees of

freedom -quarks and gluons, in a finite volume is known as quark gluon plasma (QGP).

Quantum Chromo Dynamics, the theory of strong interactions predicts the formation

of QGP phase at a temperature 170 MeV [14] ( 170×1010 oK) for zero baryonic chem-

ical potential based on the lattice gauge theory calculations. Heavy ion collisions at

Figure 1.6: Phase diagram of Temperature (T) vs baryonic chemical potential (µB)
showing the transition from hadronic phase to a deconfined QGP phase.

ultra-relativistic energies have been targeted to create a hot and dense thermally equi-

librated system of partons or quarks & gluons, called Quark Gluon Plasma (QGP) in

the laboratory and to observe the properties of this system under extreme conditions of

temperature and/or pressure. Efforts have been made experimentally to produce such a

state of matter at extreme temperature at the above mentioned facilities. Careful theo-

retical investigations have also been carried out to explain the experimental observables

and to understand the properties of matter formed in these heavy ion collisions. Before

going to quark gluon plasma, let’s discuss the history of the term ’plasma’, as a special
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form of matter and its relevance to the quark gluon plasma.

1.3 Cell Plasma, electromagnetic plasma and quark

gluon plasma

When various corpuscles are removed from blood, there remains a transparent fluid,

which the Czech medical scientist Johannes Purkinje (1787-1869) called as ”plasma”.

This is termed after the Greek word ”πλασµα” which means moldable substance or

jelly [15]. In 1927, American Chemist Irving Langmuir was reminded of the blood

plasma which carries white and red corpuscles and resembles the ionized gas as elec-

trical fluid which carries electrons and ions and used this term to describe ionized gas.

This is the electromagnetic plasma discovered by Langmuir. Similarly the term quark

gluon plasma is coined by Russian-American physicist E. V. Shuryak for the assem-

blage of quarks and gluons in 1980 [16]. But its physics was already discussed much

before in 1975 by Collins and Perry [13]. They predicted that at extreme conditions of

temperature and pressure the hadrons lead to a de-confined state of color charged par-

ticles (quarks and gluons). This is nothing but quark gluon plasma. This phenomenon

is explained by the property of gauge theory called Asymptotic Freedom [11]. Big

Bang theory suggests the existence of such a state of thermalised partons, Quark Gluon

Plasma at the very early time, after few microseconds of the creation of the Universe.

Also the core of the neutron star is expected to be in quark gluon plasma phase.

When a structured system is formed then its binding energy is larger than the
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ambient thermal energy. If the ambient thermal energy is more then the system will

be unbound and decompose to its constituent particles. Hence, at extreme conditions

of temperature and pressure, the structured system decomposes e.g., the crystal melts,

molecule dissociates into atoms, atom ionizes to electrons and nuclei, nucleus breaks

giving nucleons, nucleon produces quarks.

If we consider a system which contains a particular type of atoms and is placed in

an extreme conditions of temperature such that the ambient thermal energy is near or

exceeding the atomic ionization energies. The atoms decompose into negatively charged

electrons and positively charged ions. The charged particles are by no means free rather

they are strongly affected by each other’s electromagnetic fields. Again the charges are

no longer bound; their assemblage becomes capable of exhibiting collective motions.

Such an assembly is basically the electromagnetic plasma. Multiple collisions inside the

system lead towards an equilibrium state. This assembly does not exclude some fraction

of neutral atoms since all atoms may not be ionized in a particular time scale. Hence

one can say it is a collection of charged and neutral particles showing the property

of collective behavior and quasi-neutrality. The quasi-neutrality refers to an approxi-

mately equal value of number density of both positive and negative charged particles

on a macroscopic length scale (ı.e. n+ = n−). Quasi-neutrality is not the necessary

criteria for a system to be called as plasma. There are non-neutral plasmas containing

one type of charged particles which are created in the laboratory. More specifically an

ionized gas can be called as plasma if it satisfies the following criteria [17, 18];

(i) λD << L

(ii) ωpτc ∼ 1
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(iii) ND >> 1

where λD, ωp, τc are respectively the Debye screening length, plasma frequency and

mean collision time. Debye screening length is the length scale within which the po-

tential of a test particle put inside the plasma is screened to 1/e of its value. L is the

dimension of plasma. ND is the number of the particles within the Debye sphere. ND is

defined for each type of particle separately. The plasma is predominantly characterized

by the excitation of various collective dynamic modes. Few examples of such electro-

magnetic plasma are; plasma inside the core of the sun, flame of a gas stove, tube light,

ionosphere of earth etc. These above plasmas are basically weakly coupled plasma (gas

like behavior). There are also examples of strongly coupled electromagnetic plasma

such as dusty plasma.

Now let’s come to a hadronic (particularly nucleonic) system where the constituent

particles are hadrons. We know that quarks, anti-quarks and gluons are confined or

bound within the hadrons due to strong interactions. Now if this system is subjected to

an extreme conditions of temperature and pressure such that ambient thermal energy

is near exceeding than their binding energies then the nucleonic system or hadronic

system deconfines to its constituent color charged particles-quarks and gluons. The

system is fully color neutral. Here the colored particles are affected by short range

strong interactions unlike the long range coulomb interactions in case of electromagnetic

plasma. This collection of color charged particles (quarks, anti-quarks and gluons)

where the system properties are manifested by color degrees of freedom, is called as

quark gluon plasma. As discussed already such a situation is created by colliding heavy

nuclei at relativistic energy using accelerator facility. Several experimental facilities
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have been developed to collide heavy ion like Au+Au, Pb+Pb and to create QGP in

the laboratory. Different experiments are carried out by different large collaborations

under the relativistic heavy ion collision program. A history of the QGP search has

been summarized in the next section.

1.4 History of the search for the QGP

The advent of the QCD and its application to the thermodynamics of strong interac-

tions urged us to create hot and dense nuclear matter in the laboratory. As the ideas

about the QGP formation in relativistic nuclear collisions matured [19] around eighties,

challenges were how to create the QGP and to distinguish it from the gas of hadrons.

Heavy ion collisions at ultra relativistic energies were first studied at Bevelac (Elab ∼ 1

GeV) at Lawrence Berkeley Laboratory, USA and at JINR (Joint Institute for Nuclear

research, Dubna) Russia. Next level of experiments were done at the Alternating Gra-

dient Synchrotron (Brook Haven National Laboratory, USA) during nineteen-eighties.

The first round of experiments were done with Silicon(Si) beam (with Au, Cu and Al)

at beam energy 14.6 A.GeV. With further developed technologies, the experiments were

carried out at Super Proton Synchrotron, CERN, Geneva with oxygen(O) and sulphur

(S) beam with energies 60-200 AGeV during 1986-1990 [20]. In the period 1990-1993

experiments were done with 14.6 A.GeV Gold (Au) beams at AGS and 200 A.GeV sul-

phur beams at the SPS. Also asymmetric collision between S+Au at 200 A.GeV were

performed at SPS followed by lead+lead (Pb+Pb ) collisions at 158 A.GeV. Then the

Relativistic Heavy Ion Collider (RHIC, BNL) came up around 2000. Here also several
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heavy ion collision experiments were done for different centre of mass energies. The

experimental data were taken by PHENIX, STAR, BRAHMS and PHOBOS collabo-

rations. In the mean time collaborations like NA49 used the SPS facility to collide

Pb+Pb (Elab=40, 80 and 158 A GeV) and NA60 to collide In+In (Elab=158 A GeV

or centre of mass energy,
√
sNN= 17.3 GeV). Presently at 2012, the Large Hadron

Collider(LHC) at CERN and the upcoming Facility for Anti-Proton and Ion Research

(FAIR, GSI, Germany) are the major focii to create and study the hot dense matter.

Different collaborations like ALICE, ATLAS and CMS are involved in the measurement

of experimental data. At LHC, we reached up to the
√
sNN ∼ 2.76 TeV. Simultaneously

the low energy RHIC scan program is complementing the observations for the search

of QGP. It is very important to know whether the matter which is produced in the

collisions is QGP or not. The theoretical efforts are simultaneously complementing the

experimental data to infer about the production of QGP in these collisions. Several

signals have been proposed to detect the QGP. The observations at higher SPS energy

and RHIC indicates the formation of a state of dense matter with observed collective

partonic properties [21, 22]. This might be the QGP.

1.5 Ultra-relativistic heavy-ion collisions and QGP

Heavy Ions like Oxygen (O), Sulphur (S), Silicon (Si), Gold (Au), lead (Pb) were

accelerated up to relativistic energies and collided at different facilities like AGS (BNL),

SPS(CERN), RHIC (BNL) and LHC (CERN) with an energy range from 2 A.GeV to

few TeV per nucleon. The matter density produced there is few times the normal
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Figure 1.7: Rapidity distribution of heavy ion collision in different scenarios

nuclear matter density. In the fixed target experiment a heavy ion or nucleus collides

with the other nucleus within a thin layer, ( for example, 0.1 mm Au (projectile) on 1

mm of S (target) material [20]) unlike the collider experiments where both (target and

projectile) nuclei are accelerated to collide. The amount of energy density created at the

point of collision depends on the amount of nuclear stopping. The amount of nuclear

stopping is defined as the percentage of kinetic energy loss of the projectile nucleons in

the nucleus-nucleus collisions. The schematic diagram of the heavy ion collision is in

figure 1.7.

Those nucleons from both the target and projectile nuclei which take part in primary

collisions are called ’participants’ and the non-interacting nucleons are called ’specta-

tors’. Since the nuclei move with relativistic energies they are represented with Lorentz
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Figure 1.8: A schematic diagram of heavy ion collision

contracted shapes along the direction of motion.

The stopping of the participant nucleons during the collision is generally explained

in two different models i.e., Fermi-Landau Model and Bjorken- Mclerran model. New

particles are produced because of the energy deposited at the point of collision, thus,

it leads to the formation of a hot-dense matter which expands dynamically and cools

gradually. The view of stopping are expressed in relativistic hydro dynamical model

where energy, momentum, entropy, and baryon numbers are conserved. The interact-

ing nucleons are treated as fluid of nuclear matter which are extremely compressed via

propagation of shock waves.

The particles, produced at the collision zone might be quarks(anti-quarks), gluons or

hadrons. The particles re-scatter among themselves and leads towards a equilibrium.

Then the equilibrated system which is at very high temperature, let’s say, at Ti, expands

with time and cools subsequently. The expansion can be simulated by a relativistic hy-
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Figure 1.9: Schematic representation of the evolution of the matter produced in rela-
tivistic nuclear collisions. Picture:Courtesy to prof. Steffan Bass

drodynamic model (if mean free path is less than the system dimension). The expansion

is likely to be adiabatic , which means no dissipation will occur during the expansion.

Therefore is-entropic expansion is presumed. This is explained using relativistic hydro-

dynamics in the later chapter. Before applying hydrodynamics to heavy ion collision

one has to be cautious about the thermal equilibrium of the produced system since

the transverse momentum distributions of the particles produced in p+p collision show

the Boltzman like behavior( e−
mT
T ) where mT =

√

p2
T +m2. This observations restrict

the straight forward interpretation of an exponential transverse momentum spectrum

in heavy ion collisions as the evidence of thermalization [23].

1.6 Formation and evolution of QGP in relativistic

nuclear collisions

Depending upon the energy density created due to the deposition of energy by the

colliding nuclei into the collision zone, the initial state of the heavy ion collision after
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undergoing sufficient re-scatterings may go to a QGP phase or a hadronic phase. The re-

scatterings among the initial hadrons or partons owing to the initial energy density leads

towards a local thermal equilibrium state. The equilibrium is achieved shortly. Now this

is like an hot-fire ball system with large pressure which expands dynamically. Because

of the expansion, the system cools down gradually. The evolution of the equilibrated

hot-fire ball may follow the following scenarios;

1. ( a) QGP → Mixed Phase → Hadron Phase → Freeze out (1st order transition)

(b) QGP → Hadron Phase → Freeze out (Continuous or cross over transition)

2. Hadron Phase → Freeze out

The scenario 1 describes the formation of a QGP with high energy density (ǫi) and

pressure. If it is a weakly coupled QGP that is the interactions among the quarks and

gluons are small then the energy density and pressure can be calculated using thermal

perturbation theory. But if a strongly coupled QGP is formed then the calculation of

energy density and pressure is very difficult. And mostly in the recent experiments there

are evidences of the formation of strongly coupled QGP. The QGP expands and the

energy density or temperature decreases due to the expansion. The temperature falls

gradually and when it reaches to a certain value, Tc such that the quarks and gluons

no more become free, then the quarks combine to form hadrons; and the QGP phase

goes to a hadronic phase. This phase transition may be a 1st order transition with an

intermediate mixed phase where the latent heat liberated because of the hadronisation
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keeps the temperature of the system constant for certain time till all the quarks get

hadronised to hadrons. In case of the 1st order QGP-hadron phase transition there

is a jump or discontinuity in the entropy density like other 1st order transition(e.g.,

liquid-gas). It may also happen that the QGP phase can directly go to the hadronic

phase continuously without any abrupt change in entropy density. This is 2nd order or

continuous phase transition. The other possibility that the QGP system may encounter

a crossover without any discontinuity at all, which the quantum chromo dynamics

based on lattice calculation predicts at zero baryon chemical potential [14]. Actually,

by definition, the crossover can’t distinguish two phases. In a naive sense, in case

of crossover one phase is above and the other phase is below the pseudo-transition

temperature. When an ionised (electrically charged ions) gas converts to plasma such

type of crossover scenario is also observed.

The temperature, due to continuous expansion, again decreases to a value Tch leading

to chemical freeze-out, where the ratios of the particle (hadron) numbers get fixed. On

further decrease to a temperature Tf , the system leads to kinetic freeze-out following

the free-stream of the particles towards the detector. The scenario (2) explains the

formation of initial hadronic mater which expands and cools from Ti to Tf following

the freeze out scenarios as described above.



25

Figure 1.10: Space time evolution for a first order phase transition in the light cone
picture. If there is a crossover or 2nd order phase transition then there would be no
mixed phase in the light cone diagram.

1.7 Signals of QGP

Several signals have been proposed to detect the hot and dense matter produced in the

heavy ion collisions. The life span and size of the formed system is very small. Hence

to get the information of the system by inserting a direct probe into it looks impossi-

ble with the present day technology. Hence the radiations emanated from the system

during its evolution are considered as efficient signals. Some of the important sig-

nals are (i) electromagnetic radiations-spectra of photons and lepton pairs, (ii) strange

hadrons-strangeness enhancement, (iii) Charmonium or quarkonium productions- J/ψ,

Υ (Upsilon) production and suppression, (iv) Jet quenching etc..
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1.7.1 Electromagnetic radiations: Photons and dileptons

Probing the QGP formation in the relativistic heavy ion collision experiments using the

electromagnetic radiations such as photons and lepton pairs (e+e−, µ+µ−&τ+τ−) has

a special importance because of their nature of interactions with the medium in which

they are produced. The leptons respond to either weak or electromagnetic interactions.

Photons respond to electromagnetic interactions. When two heavy nuclei are collided

with relativistic energies then it is expected that either an initial quark-gluon matter or

a hadronic matter is formed depending upon the energy density created at the point of

collision. Whatever may be the produced initial system(quark-gluon matter or hadronic

matter), the properties of the state are governed by strong interactions although there

may be electromagnetic interactions. The produced system evolves in space & time

and eventually the particles decouple from each other and get detected in the detector.

During this whole evolution process, the entire system remains dominated by the strong

interactions (here coupling is stronger compared to electromagnetic interactions). The

photons and lepton pairs are emanated from each stages of the evolution. Since these

particles interact via electromagnetic interactions, their cross-section in such medium

is less or in other words the mean free path is more. That is why they come out of the

system after their productions without interacting with other particles of the system

and keeps the information of the system as such. A simple estimation says that the

mean free path (λ ≡ cτrelax) of photons in QGP with energies 0.5, 1, 2 and 3 GeV

at 200 MeV are 270, 356, 505 and 639 fm respectively [24]. The mean free path in

hadronic gas is of the same order. Since the production of these particles depend on

the intensive thermodynamic parameters like temperature, the study of their spectra
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has been proposed to be a promising probe for the extraction of the information of

temperature of the system. The initial temperature of the system extracted from the

spectra of electromagnetic particles gives an indirect signal for the QGP formation.

Like photons the study of the lepton pairs is equally important with similar reasons

and also sometimes more advantageous because of the extra kinetic variable (invariant

mass) involved in the calculation. The importance of the electromagnetic probes was

first proposed by Feinberg in 1976 [25]. The details of this signal have been discussed

in the later chapters 2 and 4.

1.7.2 Strangeness enhancement

The abundance of strange flavored hadrons i.e., strange mesons and baryons in the

relativistic nuclear collisions provide an opportunity to detect the quark gluon plasma

and study its properties. This has been proposed as a signal [26] in the following way

in 1980 [27]. Assuming equilibrium in the quark gluon matter, the density of strange

quarks (two spins and three colors) at any temperature T is given by,

Ns

V
=
N̄s

V
= 6

∫

d3p

(2π)3
e−

√
p2+m2

s/T = 3
Tm2

s

π2
K2(ms/T ) (1.13)

(Neglecting the perturbative corrections and weak decays). Here Ns(N̄s), V are the

number of strange quarks (anti quarks) and volume of the produced system respectively.

ms is the mass of the s-quark in the perturbative vacuum. Boltzmann distribution is

used as density of strangeness is relatively low. The light flavor quarks or anti quarks

( u and d) density is given as;

Nq

V
=
N̄q

V
= 6

∫ d3p

(2π)3
e−|p|/T−µq/T = e−µq/TT 3 6

π2
, (1.14)
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Table 1.3: Different experimental collaborations taken data for strangeness studies
Experiments Collaborations Colliding Nuclei Colliding Energy

AGS E802 Si+Au, Si+Cu, Si+Al Elab=14.6 A GeV
AGS E866/E917 Au+Au Elab=11.6 A GeV
SPS NA44 Pb+Pb Elab=158 A GeV

(Ecm=17.3 GeV)
SPS NA49 Pb+Pb Elab=40, 80 and 158 A GeV

(Ecm=9, 12 and 17.3 GeV )
RHIC BRAHMS Au+Au Ecm=200 and 130 GeV
RHIC STAR Au+Au Ecm=9.2 GeV

where the quark chemical potential µq=µB/3, µB being baryonic chemical potential.

From both the equations it is clear that there are more s̄ quarks compared to ū and

d̄ in the high energy nuclear collisions at finite µB. The ratio of s̄ to q̄ (q is the light

flavor) is

Ns̄

Nq̄
=

1

2

ms

T

2

K2(ms/T )eµB/(3T ) =
T

2
x2K2(x)e

µB/(3T ) (1.15)

The function x2K2(x) varies between 1.3 to 1.0 for x lying between 1.5 to 2.0. We

therefore always have more s̄ quarks compared to q̄. At µB → 0 we have almost same

number of s̄, ū and d̄ quarks. When hadronisation occurs, the quarks form mesons

and baryons. The s, s̄ forms strange mesons and baryons like K mesons (K+= us̄ ,

K− = ūs, K0 = ds̄, K̄0 = d̄s), φ = ss̄, baryons (Λ=uds), Λ̄, Σ; Σ+ = uus, Σ0 = uds,

Σ− = dds, Ω(sss) etc. ). The light flavors q and q̄ dominantly produce pions along

with other mesons and baryons.

Strange quarks s and s̄ are produced in equal abundance. Due to the initial con-

ditions in the heavy ion collisions, non strange quarks (light flavors u, d) will be more

abundantly available than non-strange anti quarks (ū, d̄) since colliding nuclei carry

finite µB or µq. For s̄ quarks this opens the possibility to form mesons K+, K0, φ while
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for s quarks it is easy to form Λ (uds) compared to K−, K̄0 as availability of ū and

d̄ is less ( µB=450 MeV in case of normal nuclear matter). The available phase space

for Λ production is less compared to K−, K̄0, K+ and K0. Because of the phase space

the total Λ production is also less compared to K+, K0. But the production is more

compared to K−, K̄0 as there is a probability of absorption of K−, K̄0 in a nucleonic

medium. Thus an enhancement of K+, K0 and Λ is expected compare to K−, K̄0 and

Λ̄. The ratio of K+/K− yield should be larger than 1. This was observed in several

experiments [28, 29, 30]. But the things are not that straight forward as the K+

may also come from associated production channels which are absent in K−. Hence a

detail microscopic calculation is required where the production mechanisms are taken

into account. In the chapter 8 of this thesis we discuss the production rates of strange

quarks(hadrons) in detail.

The strangeness production will be more if a QGP phase is produced at heavy ion

collision since the strange degrees of freedom in QGP is more compared to hadronic

medium. It is also expected that the p+ p collision, where the probability of formation

of a medium is less compared to heavy ion collision, will have less strange particles

produced. Several theoretical arguments have been proposed for the strangeness en-

hancement in the heavy ion collisions. Statistical model with canonical phase space

suppression is one of them. This tells about the canonical suppression of strangeness

in small systems as a source of strangeness enhancement in high energy heavy ion colli-

sions. The strangeness conservation laws require the production of an s̄ quark for each

s quark in the strong interaction. The main argument in such model is that the energy

and space-time extensions in smaller systems may not be sufficiently large. This leads
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to the suppression of strange hadron production in small collision system [31, 32, 33].

But the enhancement for the strange meson φ lies between strange hadrons having net

strangeness=1 (K−andΛ̄) and net strangeness=2 (cascade hyperon). The enhancement

for φ mesons is to be higher at
√
sNN=200 GeV compared to 62.4 GeV. These obser-

vations for the produced φ(ss̄)mesons clearly suggest that, at these collision energies,

the source of enhancement of strange hadrons is related to the formation of a dense

partonic medium in high energy nucleus-nucleus collisions and can not be alone due

to the canonical suppression of their production in smaller system [34]. Then Gadzicki

proposed the ratio of K+ to π+ as a signature of quark gluon plasma [35]. When the ra-

tio of the measured multiplicities of K+ to π+ is plotted with centre of mass energies of

the colliding nuclei a ’horn’ like structure appears. There are different models to explain

the horn structure which tells the formation of QGP beyond the threshold in energy (at

which the horn appears) [35, 36, 37, 38]. Also some other hadronic models (without

assuming QGP) also tried to explain the horn [32, 39, 40, 41] but these models do not

talk about the dynamics of the productions. We evaluate microscopically the kaon and

lambda productions in heavy ion collision using transport equations and compared with

the experimental data with different initial conditions which is described in chapter 8.

A strong rapidity dependence ( as the energy density is maximum at mid rapidity) of

the ratio K+/π+, K+/K− and K+/K− reveals the thermal origin of strange quarks.

The strangeness production in detail will be presented in Chapter 8.
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1.7.3 Quarkonia productions & suppression

Quarkonia (QQ̄) are the bound states of a heavy quark and anti-quark pair, and those

are stable under the strong decay. The concept of quarkonium suppression as a ‘smoking

gun’ was first put forward by Matsui and Satz [42] and considered as a good probe for

the thermal properties of hot and dense matter created in heavy ion collision. Being

highly massive, QQ̄ pairs are formed at very early stages of the collisions and their

properties can be studied using non-relativistic (potential theory) quantum mechanics.

Hence, the quarkonium spectrum can be calculated using Schroedinger equation.
{

2mQ +
1

mQ
∇2 + V (r)

}

ψn,l = Mn,lψn,l (1.16)

where the Cornell potential V (r) = σ.r − αs

r
, contains the confining long-distance part

σ.r and a Coulomb like short distance part αs

r
. Here σ and r are the string tension

and the distance of separation between static quark and anti-quark. αs is the coupling

constant. For different values of principal (n) and orbital (l) quantum number, the

masses Mn,l and the wave functions ψn,l(r) of different quarkonium states J/ψ, χ, ψ′,

Υ etc. in vacuum are obtained in terms of the constants mQ, σ and αs. Inside medium

the potential gets screened as follows;

V (r, rD) = σ.r(
1 − e−r/rD

r/rD
) − αs.e

−r/rD

r
(1.17)

The screening is a global feature of the medium, shortening the range of the binding

potential. Once rD becomes sufficiently small, the bound states begin to disappear. The

following table 1.4 taken from [43] gives an overview of the spectrum of quarkonia.

In a deconfined (partonic) medium the heavy quark potential gets screened and at
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a sufficiently high temperature, the screening radius would be smaller than the typical

size of the quarkonium state. As a result the screened potential no longer can support

the formation of the bound states. The screening of the potential strongly depends on

the number density of color charges. This is similar to the QED plasma, where the

screening radius, rD depends the number density n through rD = 1/(g
√

n/T ). The

rapid rise of parton density with temperature results the rapid decrease of screening

radius and decides the fate of the quarkonium bound states. This qualitative argument

suggests the quarkonium suppression to consider as a probe for the formation of partonic

phase.

However the difficulty in using the concept of suppression is because of the following

reasons. Although the long distance (infrared) properties of QCD prohibits the forma-

tion of heavy quark bound state at high temperature, but the effective smaller size of

the bound state (on the typical scale of QCD, 1/ΛQCD ∼ 1 fm) urges the screening to be

strong enough to modify the short distance part of the QCD potential. Hence different

length scales play crucial role and needs to be understood in detail before establishing

the quarkonia suppression as unique signature.

The other point to the concept of suppression considered in [42] is that creation of

a QQ̄ pair in heavy ion collision is a rare event; it is assumed that QQ̄ pair created

in dense medium would separate there after and both Q and Q̄ would no more find

another heavy quark partners to form the bound state again during the hadronisation.

This might be a good approximation at SPS energy but the scenario would be different

for RHIC and LHC energies. Then the process of recombination during the cooling of
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Table 1.4: Quarkonia spectroscopy
State: J/ψ χc ψ′ Υ χb Υ′ χb

′ Υ′′

M (GeV) 3.10 3.53 3.68 9.46 9.99 10.02 10.26 10.36
∆ E (GeV) 0.64 0.20 0.05 1.10 0.67 0.54 0.31 0.20
∆ M (GeV) 0.02 -0.03 0.03 0.06 -0.06 -0.06 -0.08 -0.07

r (fm) 0.25 0.36 0.45 0.14 0.22 0.28 0.34 0.39

(mc=1.25 GeV, mb=4.65 GeV,
√
σ=0.445 GeV, α=π/12)

hot plasma [44, 45] and subsequent pairing of heavy quarks originating initially from

different creation processes (statistical hadronisation) [46, 47] are considered. Hence

the suppression scenario might be changed.

1.7.4 Jet quenching

Jet quenching is considered as a very efficient signal of QGP. The high energy partons

of the colliding nucleons may produce energetic partons which fragments in to a set of

hadrons (pions, kaons etc.), called Jets. A Jet is basically a collimated set of hadronic

decay products of a parent parton. In general we can say that the collision of high energy

particles can produce jets of elementary particles that emerge from the collisions. In

case of high energy p+p collisions, the partons inside the protons collide and produce

jets, which has been observed since from 1980’s [48]. These Jets are produced at the

early stage of the collisions. Then the Jets will propagate in the produced medium.

If there is a medium then the Jets loose their energy during the propagation. If we

compare the p+p and A+A collisions then the probability of formation of a medium

and a large volume is more in case of A+A collision. Hence the energy loss of Jets in

A+A collision is more. According to QCD, high momentum partons produced in the
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Figure 1.11: Schematic diagram of back to back Jet Productions.

initial stage of the nucleus-nucleus collision will undergo multiple interactions inside the

collision region prior to hadronization. In these interactions the partons loose energy

through collisional energy loss and medium induced gluon radiation. The later one is

a dominant mechanism in case of QGP. If there is QGP phase then the energy loss of

energetic partons or Jets will be more which happens more likely in A+A collisions.

The magnitude of the energy dissipation depends on the density and temperature of

the produced medium. The energy loss is quantified in terms of nuclear suppression

factor, RAA. The RAA = (Yield)AA

Ncoll×(Yield)pp
is used to study the properties of QGP. The

energy loss of high energy partons leading to suppression in yields of high pT particles

is called is called Jet Quenching [49, 50]. The variation RAA with A is used to know

the transport properties of the medium.
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1.8 Motivation and organisation of the thesis

Search for the novel phase of primordial matter, quark gluon plasma, is quite exciting

and challenging in the field of high energy nuclear physics. Creating QGP in the labo-

ratory is not only challenging experimentally, its detection through theoretical analysis

is also equally interesting and motivating.

We have discussed several signals for probing the nuclear collision and studying the

properties of produced matter. Among them we have already discussed the importance

of the electromagnetic radiations; real and virtual photons which are more effective in

providing the information about the produced matter because of their nature of interac-

tion with the medium they are produced. In this thesis we present the phenomenological

study of two important signals; electromagnetic probes and strange probes - i.e., the

study of photon productions, lepton pair productions and strangeness productions to

diagonise the QGP in the relativistic nuclear collisions. It is already mentioned that the

photons and lepton pairs have large mean free path compared to the size of the system,

once produced they are emanated out of the system with unscathed thermodynamic

information of the medium. The thesis is organized as follows. In chapter 2, we have

discussed the emission rate of thermal photons and dileptons from quark gluon plasma

and hadronic matter.

Photons are emitted from different stages of the space time evolution. We consider

them from different sources according to their emission era as follows;
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1. Prompt photons : The photons produced from the hard scatterings of the partons

of the colliding nuclei are known as prompt photons. The spectra of these photons

are evaluated using perturbative quantum chromo dynamics(pQCD).

2. Thermal photons: Photons originating from the thermalized phases of the sys-

tems; i.e QGP phase or hadronic phase are called thermal photons. Here pT

spectra are calculated by folding the rate of production with space time evolu-

tion. The thermal spectra provides the temperature information of the system

and gives the indirect evidence whether QGP is formed in heavy ion collision or

not.

3. Photons from hadronic decays: Photons arising from the decay of hadrons and

their resonances after the system freezes out or the hadrons decouple from each

other, fall in to this category.These are the background photons and are important

for the separation of thermal photons from the total measured photons.

Similar to photons, the dileptons are also emitted from different stages and catego-

rized as follows;

1. Drell-Yan : The lepton pairs originating from the hard scatterings of the partons

of the colliding nuclei falls to this category. The dilepton spectra from the Drell-

Yan processes are evaluated using pQCD.

2. Thermal : The lepton pairs coming from the thermalised phase (QGP or Hadronic

phase) from the decay of vector mesons like ρ, ω, φ etc.
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3. Dalitz decays : The lepton pairs or dileptons emitted from the decay of hadrons

like π0, η etc. in the post freeze out era come under this category.

The relativistic ideal hydrodynamics(boost invariant with cylindrical symmetry)

has been discussed in chapter 3 to explain the space time evolution of the thermalised

system.

The photon productions at SPS, RHIC and LHC energies are discussed in chapter

4. The invariant yield in terms of transverse momentum (pT ) spectra (dN/d2pTdy) are

valuated. The pT spectra of photons for Pb+Pb collision at SPS energy
√
sNN=17.3

GeV [51], Au+Au collision at RHIC energy,
√
sNN=200 GeV [52, 53] are evaluated

and compared with the data taken by WA98 and PHENIX collaborations. There is also

prediction for LHC energy [54, 53].

The chapter 5 discusses, the virtual photon or lepton pair productions at SPS en-

ergy. Those are equally important as real photons for extracting the thermodynamic

information. Here instead of pT spectra we calculate mT =
√
pT

2 +M2 spectra i.e.,

dN
mT dmT

, since the lepton pair has extra kinematic variable invariant mass (M) unlike the

zero mass of photons. Like photons they are also emitted from different stages of the

evolution and categorized in a similar way. The thermal lepton pair spectra provides the

temperature information of the system and indicates the possibility of QGP formation

in the heavy ion collision. The mT spectra for In+In collision at
√
sNN=17.3 GeV has

been evaluated and compared with the data measured by NA60 Collaboration [55].
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Because of the extra kinematic variable, M, associated with lepton pair, the invari-

ant mass spectra (dN/dM) are also calculated which tells about the medium properties

of hadrons (ρ, φ, ω etc). The invariant mass spectra for In+In collision at
√
sNN for

√
sNN=17.3 have been evaluated and compared with the data taken by NA60 collabo-

ration [55].

While calculating the individual spectra of photons or dileptons, certain uncertain-

ties enters in to the calculation through hydrodynamic input parameters. To get rid of

the uncertainties associated with the input parameters we evaluate the ratio (Rem) of

spectra and extract the temperature information of the system [53]. This is discussed

in chapter 6. The collectivity of the system developed gradually during expansion is

studied using the photon and lepton pair momentum spectra. Here the collectivity

in terms of radial flow vr is discussed in chapter 7 and an attempt has been made to

extract vr using both photon and lepton pair(µ+µ−). We argue that the simultaneous

measurements of photons and dileptons will enable us to estimate the value of radial

flow vr for various invariant mass windows of the lepton pairs [56, 51] and the variation

of vr with invariant mass M gives the information of QGP formation.

In chapter 8 the strangeness productions; s and s̄ quarks in QGP phase andK+, K−,

K0, K̄0 mesons, Λ baryons in hadronic phase have been studied. The evolution of

strangeness with time has been studied using momentum integrated Boltzmann equa-

tions [57]. Finally we evaluate K+/π+, K−/π− and Λ/π+ ratio for different centre

of mass energies using different initial conditions and compare with the experimental

data available from E802, E866, E917, NA44, NA49, BRAHMS, STAR collaborations
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at AGS, SPS and RHIC energies [58, 59, 60, 61, 28, 29, 30, 34]. The observed horn,

a non-monotonic variation in the K+/π+ ratio with colliding energies is reproduced.

The non-monotonic behavior has been explained by assuming an initial partonic phase

beyond threshold energy
√
sNN ≥ 7.6 GeV [38, 62]. Finally, in the last chapter we

summarize our work.



Chapter 2

Thermal emission rates of real and
virtual photons from quark gluon
plasma and hadronic matter

Photons and dileptons(virtual photons) are important signals to probe the formation of
quark gluon plasma in relativistic nuclear collisions. Here the rate of photon and dilepton
productions in a thermal medium like quark-gluon plasma or hadronic matter is discussed
within the frame-work of thermal field theory.

2.1 Introduction

Just after the collision of two heavy nuclei at relativistic energies, the produced sys-

tem expands in time and may achieve thermal equilibrium after a certain time called

thermalisation time. We can categorize the state of evolving system as pre-equilibrium,

40
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thermal equilibrium(local) and freeze out state. Freeze out state is the post thermal

equilibrium state i.e., where the interactions among the particles cease to exist - con-

sequently they free stream towards the detector. The importance of electromagnetic

radiations, photons and lepton pairs (l+l−), in probing the matter produced in heavy

ion collisions have been discussed in chapter 1. Photons and lepton pairs are produced

from every space time point of the evolving matter and they escape out of the sys-

tem as their mean free path is larger than the size of the system produced in heavy

ion collisions. Hence they keep the footprints of every stages of evolution. Since their

production depends on temperature, the thermodynamic informations of the system

can be obtained from the study of their invariant mass and pT spectra. These pho-

tons and dileptons can be categorized according to the evolution of the system. The

photons which are emanated before the system attains equilibrium, are categorized as

pre-equilibrium and prompt photons. Similarly, the dileptons produced at very early

stage (before equilibrium) generally come from Drell-Yan sources. The photons (dilep-

tons) which come from the thermal equilibrium state follow a thermal distribution and

are called as thermal photons (dileptons). In the post equilibrium era, photons are

emitted from the decays of hadrons. The dileptons are also produced from the Dalitz

decays after the thermal freeze out. The photons excluding those coming from decay

of hadrons and their resonances are called as direct photons since they are produced

from the direct interactions of partons or hadrons. In this chapter we will discuss the

thermal emission rates of both photons and dileptons. In fact it is important to realize

that thermal emission rates of dileptons and photons are intimately connected, both

being based on the e.m. current-current correlator, albeit evaluated in distinct kine-

matic domains, i.e, time-like (M2 = q2
0 − q2 > 0) vs. light-like (M2 = 0), respectively.
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Figure 2.1: Categorization of photons and dileptons.
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The sources of photons can be categorized and summarized as in 2.1; In this thesis we

are mainly concentrating on thermal productions or thermal spectra.

2.2 Emission rates of photons and dileptons from a

thermal medium

2.2.1 Dilepton emission rate from a thermal medium

(A) Spectral function approach:

Let’s discuss the inclusive virtual photon(γ∗) or dilepton emission rate from a thermal

system produced in heavy ion collisions. Before the collision, the heavy nuclei are in

an asymptotic initial state |I >. The interaction of heavy nuclei producing lepton

pairs l+l− can be represented as |I >→ |F ; l+l− >, where F is for the others particles

produced along with the lepton pairs. We closely follow the Weldon’s work [63].

The inclusive differential probability for emission of leptons into dimensionless cells

V d3p/(2π)3 of phase space is given by,

∑

F

| < F ; l+l−|S|I > |2V d
3p1

(2π)3

V d3p2

(2π)3
(2.1)

where p1, p2 are the momenta of l− and l+. Sum over F represents the sum over final

states. S is the scattering matrix for the transition, |I >→ |F ; l+l− >. The free lepton

states are assumed to be normalized in a box of volume V. The inclusive probabilities

are not normalized to unity. Elementary counting results shows that integrating over

two particle inclusive probability yields the two particle multiplicity [64]. The multi-
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Figure 2.2: Schematic representation:- Dominance of different category of photons in
the invariant spectra .
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plicity obtained from 2.1 depends on the specific initial state |I >. The thermalisation

deletes all information about a specific initial state |I >. Hence the informations can

be replaced by an ensemble average over all initial states |I > each weighted by a Boltz-

mann factor. Integration of inclusive probabilities over all initial states then leads to

multiplicity, hence the thermally averaged lepton pair multiplicity is

N =
∑

I

∑

F

| < F ; l+l−|S|I > |2V d
3p1

(2π)3

V d3p2

(2π)3

e−βEI

Zc

=
∑

I

∑

F

|SFI |2
V d3p1

(2π)3

V d3p2

(2π)3

e−βEI

Zc

(2.2)

where Zc = Tr[exp(−βH)] is the canonical partition function with β = 1/T , T is the

temperature and H is the Hamiltonian. EI is the energy of the initial state. |SFI |2 is

the probability amplitude for the the initial state |I > going to final state|F ; l+l− >.

The above expression 2.2 describes the multiplicity in local rest frame of the produced

system. If the thermal system is expanding then the 4-velocity of the fluid element

uµ(=(γ, γ~v)) defined in the rest frame of the fluid then the energy EI which is ap-

pearing in the Boltzmann factor is replaced by uµpµ. Where the four momentum is

pµ = (E, ~p). The partition function also becomes Zc = Tr[exp(−βuµpµ)]. Feinberg

[25] in 1976 showed that the emission rates in a thermalized system can be related

quantum mechanically to the electromagnetic current -current correlation function in

a non-perturbative manner. The production of a particle which interact weakly with

the background thermal medium can be expressed in terms of the discontinuities or

imaginary parts of the self energies of that particle. It is important to note that the

produced particle may interact strongly with same species of particles [65, 66]. In

Heisenberg picture let’s define Aµ as the exact Heisenberg field which is the source of

leptonic current J l
µ. Considering to a lowest order of electromagnetic coupling one can
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Figure 2.3: Schematic representation:- Dominance of known sources of dileptons in
different mass windows of the invariant mass spectra . Courtesy-Prof. Ralf Rapp.
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define the scattering matrix element, SFI(amplitude),

SFI =< F ; l+l−|S|I > = < F ; l+l−|ei
∫

αI d4x|I >

≡ i < F ; l+l−|
∫

αId
4x|I >

= ie0

∫

< F ; l+l−|J l
µ(xµ)Aµ(xµ)|I > d4x (2.3)

Here the parameter ’e0’ is the un-renormalized charge and αI is the interacting part of

the Lagrangian density=e0j
µAµ. The produced lepton pairs are assumed not to interact

with the medium. Hence one can write

< F ; l+l−|jl
µ(xµ)Aµ(xµ)|I >=< F |Aµ(xµ)|I >< l+l−|J l

µ(x
µ)|0 > (2.4)

|0 > is the vacuum state. For high energy lepton pairs produced by a single virtual

photon γ∗, let’s call the four momentum of the lepton pair(γ∗) as qµ = (q0, ~q) with

energy q0 = E1 + E2 and momentum ~q = ~p1 + ~p2. Then the leptonic current can be

written as J l
µ(x) = e0ψ̄(x)γµψ(x) = e0

V

√

ml
2

E1E2
e−i(p1+p2).x[ū(p1, s1)γµv(p2, s2)], where ml

is the mass of the single lepton, ū(p1, s1) and v(p2, s2) are the Dirac spinors for l− and

l+. E1, E2, p1, p2 and s1, s2 are their respective energies, momenta and spins. γµ are

the Dirac matrices. e0 is the unnormalized charge. The four vector qµ is represented as

q and xµ as x. Putting the value of J l
µ(x) we get

SFI = e0
ū(p1, s1)γµv(p2, s2)

V
√

2E12E2

∫

d4xei(p1+p2)x < F |Aµ(x)|I >

= e0
ū(p1, s1)γµv(p2, s2)

V
√

2E12E2

∫

d4xeiqx < F |Aµ(x)|I > (2.5)

Squaring the scattering amplitude we get

|SFI |2 = e0
ū(p1, s1)γµv(p2, s2)

V
√

2E12E2

∫

d4xeiqx < F |Aµ(x)|I >×



48

[

e0
ū(p1, s1)γνv(p2, s2)

V
√

2E12E2

∫

d4yeiqy < F |Aµ(y)|I >
]∗

=
e20
V 2

ū(p1)γµv(p2)v̄(p2)γνu(p1)
1

2E1E2
×

∫

d4xd4yeiq(x−y) < F |Aµ(x)|I >< I|Aν(y)|F > (2.6)

Then the dilepton multiplicity N can be written as

N =
∑

I

∑

F

e20
V 2

ū(p1)γµv(p2)v̄(p2)γνu(p1)
1

2E1E2
×

∫

d4xd4yeiq(x−y) < F |Aµ(x)|I >< I|Aν(y)|F >
V d3p1

(2π)3

V d3p2

(2π)3

e−βEI

Zc
(2.7)

Normalizing the lepton spinors ūu = 2m and v̄v = −2m we can write the above eq. 2.7

as

N = e20LµνM
µν d3p1

(2π)3E1

d3p2

(2π)3E2

(2.8)

where lepton tensor Lµν and photon tensor Mµν are;

Lµν =
1

4

∑

spins

ū1γµv2v̄2γνu1

= p1µp2ν + p2µp1ν − (p1.p2 +m2)gµν (2.9)

and

Mµν =
∑

F

∑

I

∫

d4xd4yeiq(x−y) < F |Aµ(x)|I >< I|Aν(y)|F >
e−βEI

Zc
(2.10)

We can write the energy of initial states, EI = EF + q0, where q0 = E1 + E2 and

simplify the photon tensor Mµν . Because of the translational invariance, the matrix

element depend only on the difference (x − y = x′). The four dimensional integration

over x′ + y gives total space time volume Ω. Hence the photon tensor can be written

as,

Mµν = Ωe−βq02πρµν(q) (2.11)
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ρµν(q) ≡
∫

d4y

2π
eiq.y

∑

F

< F |Aµ(y)Aν(0)|F >
e−βEF

zc
(2.12)

Changing the dummy index y to x we can write,

ρµν(q) ≡
∫

d4x

2π
eiq.x

∑

F

< F |Aµ(x)Aν(0)|F >
e−βEF

zc
(2.13)

ρµν is a symmetric tensor (e−βq0ρµν(q0, ~q) = ρνµ(−q0,−~q)) called the photon spectral

function at finite temperature. At T = 0 it reduces to the usual spectral function

because the only state |F > that survives β → ∞ is the vacuum. Now we can write

the multiplicity N in eq. 2.8 as

N = 2πe20ΩLµνρ
µν(q)e−βq0

d3p1

(2π)3E1

d3p2

(2π)3E2
(2.14)

Since N is the total multiplicity in the entire four volume Ω, we can write N
Ω

= dN
d4x

and

the above equation can be written as

dN

d4x
= 2πe20Lµνρ

µν(q)e−βq0
d3p1

(2π)3E1

d3p2

(2π)3E2
(2.15)

The above equation gives the multiplicity of dileptons at finite temperature in terms

of the spectral function ρµν(q). The same result can be expressed in terms of matrix

elements of current as given by Mclerran and Toimela [67]. Using Maxwell’s equation

for Aµ and Aν , let’s define the tensor

W µν(q) =
∫

d4x

2π
e−iq.x

∑

F

< F |Jµ(x)Jν(0)|F >
e−βEF

zc
(2.16)

This is related to ρµν(−q) by Maxwell’s equation. Then above eq. 2.15 can be written

in terms of W µν as

dN

d4x
= e40Lµν

W µν(q)

q4

d3p1

(2π)3E1

d3p2

(2π)3E2
(2.17)

This is the result described by Mclerran and Toimela. The calculation of spectral

function ρµν or correlation function W µν plays the central role for the evaluation of the

multiplicity.
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Spectral function

It is useful to express the dilepton production rate in terms of photon spectral function

since the spectral function can be related directly to the photon proper self energy(one-

photon-irreducible self energy). The spectral function is related to imaginary part of

the thermal propagator as follows,

ρµν(q0, ~q) = −1

π

eβq0

eβq0 − 1
ImDµν

F (q0, ~q) (2.18)

where ImDµν(q) = (1 + 2
exp(q0/T )−1

)Dµν
F (q). The thermal propagator Dµν as a function

of q is calculated from the Fourier transform of the propagator represented in coordinate

space. If we express the real time thermal propagator in coordinate space,

Dµν(x) = −2πiθ(t)ρµν(x) − 2πiθ(−t)ρµν(−x) (2.19)

Taking the Fourier transform (over t and ~x ) and looking to the imaginary part we get,

ImDµν(q0, ~q) = −π(1 + e−βq0)ρµν(q0, ~q) (2.20)

The propagator Dµν
F can be related to proper self energy Πµν through Schwinger-Dyson

equation

(q2gµν
λ − Πµ

λ)DF
λν = −gµν +

αqµqν

q2
(2.21)

where α is a gauge parameter. From the current conservation we can have qµΠ
µν = 0.

At T = 0 self energy is finite and the T ≥ 0 contributions do not change this. Thus

Πµν(q) = (1 − 1

Z3
)(q2gµν − qµqν) +

1

Z3
Πµν

f (2.22)

Where Z3 is the T = 0 wave function renormalization constant and Πµν
f is a finite

function of qµ, T and the renormalized charge e. Current conservation requires that it



51

to be linear combination of two conserved tensors [68, 69].

Πf
µν = ΠTPT

µν + ΠLPL
µν (2.23)

In the rest frame of the fluid the tensors are P 00
T = 0, P rs

T = −δrs + qrqs

|q|2 , P 00
L =

− |q|2
q2 , P 0s

L = − q0qs

q2 , P rs
L = − qrqs

q2

[

q0

|q|

]2
. These tensors P µν

T and P µν
L are transverse and

longitudinal projection tensors. They are orthogonal to qµ. The 3-tensors P rs
T and P rs

L

are transverse and longitudinal to the three vector qs. These tensors are idempotent

(PTPT = PT , PLPL = PL) and orthogonal (PTPL = PLPT =0); also they sum up to

gµν − qµqν

q2 . The solution of Eq. 2.21 gives

Dµν
F (q) = − Z3P

µν
T

q2 − ΠT
− Z3P

µν
L

q2 − ΠL
+ qµqν (2.24)

With the substitution of the Dµν
F eq. 2.18, we get the spectral function becomes

ρµν(q) = −Z3

π

eβq0

eβq0 − 1
(ρTP

µν
T + ρLP

µν
L ) + qµqν . (2.25)

Here

ρj =
ImΠj

(q2 −ReΠj)2 + (ImΠj)2
(2.26)

j is for T or L. Substituting the spectral function into the expression of multiplicity 2.15

and renormalizing the bare charge e0 with the factor Z3 i.e., Z3e
2
0 = e2 we have the

simplified expression

dN

d4x
= 2e2Lµν(P

µν
T ρT + pµν

L ρL)
d3p1

(2π)3E1

d3p2

(2π)3E2

1

(eβq0 − 1)
(2.27)

The contribution from the last term vanishes. This above expression depends on the

direction of momenta ~p1, ~p2. If the data are binned only by the total qµ, then the

integration gives,

∫

d3p1

E1

∫

d3p2

E2
δ4(p1 + p2 − q)Lµν(p1, p2) =

2π

3

[

1 +
2m2

q2

] [

1 − 4m2

q2

]1/2

(qµqν − q2gµν)

(2.28)
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m is the mass of the lepton. Contracting this equation with P µν
T and P µν

L we get the

differential multiplicity as follows;

dN

d4xd4q
= − α

12π4
q2L(m2)(2ρT + ρL)

1

(eβq0 − 1)

dR

d4q
= − α

12π4
L(m2)q2(2ρT + ρL)

1

(eβq0 − 1)
. (2.29)

The term L(m2) =
[

1 + 2m2

q2

] [

1 − 4m2

q2

]1/2
arises from the Dirac spinor. α is the fine

structure constant. This is the exact expression for the dilepton emission rate from

a thermal medium of interacting particles. ImΠj is negative for q0 ≥ 0 [70]. This

expression are valid for a plasma at rest. But in our case the plasma expands in space

and time. Hence the term q0 appearing in the exponent in the Eq. 2.29 should be

replaced by qµuµ = q.u, where uµ is the fluid four velocity. The above expression is the

production rate of dilepton (e+e−, µ+µ−) at a finite temperature. The validity of the

above equation 2.29 is for small wave length compared to system size i.e., the mean

free path of the photons must be larger compared to the system size. The imaginary

and real parts of Π are proportional to electromagnetic coupling α hence they are very

small for large q2. So for large q2 we get

ρj =
ImΠj

(q2 − ReΠj)2 + (ImΠj)2
=
ImΠj

q4
(2.30)

Then the dilepton rate becomes,

dR

d4q
= − α

12π4
L(m2)

2ImΠT + ImΠL

q2

1

(eβq0 − 1)
(2.31)

This is the expression for dilepton production. We can also express this equation in

terms of retarded photon self energy or retarded propagator.

In most of the cases the dilepton production rate from a thermal system is calculated
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with the approximation ΠT = ΠL = Π, then the expression for dilepton production rate

becomes,

dR

d4q
= − α

12π4q2
L(m2)ImΠµ

µ

1

(eβq0 − 1)
(2.32)

This is the most widely used and known result for dilepton production rate [66].

Here the self energy Π is calculated from the retarded thermal propagator Dµν
R

1 using

Schwinger-Dyson equation as the retarded thermal propagator is analytic. Here multiple

re-scatterings or interactions virtual photons and multiple emission in the thermal bath

are neglected hence the result is valid up to order O(e2). But the expression is true for

all orders of strong interaction. Changing the notation from Π to ΠR (R for retarded)

we write the equation as

dR

d4q
= − α

12π4q2
L(M2)ImΠRµ

µ fBE(q0) (2.33)

where fBE(q0) = 1
(eβq0−1)

.

(B) Emission rate from current-current correlation function:

The dilepton emission rate can also be calculated from electromagnetic current-current

correlation function [67]. We denote the hadronic part of the current operator by Jh
ν and

the leptonic part of the current operator J l
µ. The free propagator which is the photon

propagator is denoted by D̄µν
0 . The scattering matrix element for this transition can

then be written as

SFI =< F ; l+l−|S|I > = < F ; l+l−|ei
∫

αI d4x|I >

= i < F ; l+l−|
∫

αId
4x|I >

1 D
µν
R (q0, ~q) =

∫

d4xeiqxθ(t)
∑

F < F | [Aµ(x)Aν(0)] |F > e−βEF

ρµν = − 1

π ImD
µν
R
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= i < F ; l+l−|
∫

J l
µ(x)A

µ(x)d4x|I >

= ie0

∫

< F ; l+l−|J l
µ(x)D̄

µν
O (x− y)Jν

h(y)|I > d4xd4y(2.34)

where Aµ(x) the photon current obtained from the hadron current as

Aµ(x) =
∫

D̄µν
O (x− y)Jν

h(y)d4y (2.35)

Using the Fourier transform of photon propagator and squaring the matrix element we

can get the dilepton production rate in terms of retarded current-current correlator,

given by ,

WR
µν(q) ≡ i

∫

d4xeiq.xθ(t)
∑

F

< F | [Jh
µ(x)Jh

ν(0)] |F >
e−βEF

zc

(2.36)

With further simplification one can end up the relation

dR

d4q
= − α

12π4q2
L(m2)ImPRµ

µ fBE(q0) (2.37)

where PRµ
µ = gµνPR

µν = 2PR
T + PR

L and PR
µν , the improper self energy is defined

in the coordinate space (we have to take the Fourier transform. PR
µν = −WR

µν(q)) as

follows,

iPR
µν ≡ θ(t)

∑

F

< F | [Jh
µ(x)Jh

ν(0)] |F >
e−βEF

Zc
(2.38)

This calculation is essentially non-perturbative till this point. Calculation to the order

of α or O(e2) improper self energy P reduces to proper self energy Π(=PD0D
−1) and

equation 2.37 reduces to 2.33

dR

d4q
= − α

12π4q2
L(m2)ImΠRµ

µ fBE(q0) (2.39)

For the details of the current-current correlation formalism and the relation between

current-current correlation function and spectral function see [71].
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Dilepton emission rate from the resonance decay

When a thermal medium at temperature T (= β−1) contains unstable particles like

ρ, ω, φ, J/ψ mesons, then the electromagnetic decay of these particles may provide cru-

cial information of the system. An off-shell vector meson V with four momentum (q,

where q2 = M2) may decay into a lepton pair e+e− or µ+µ− and others depending upon

the 4-momentum transfer. The emission rate of these lepton pairs or dileptons is given

by [72],

dR

d4q
=

2M

(2π)3
ρV

µνP
µνfBE(q0)ΓV →l+l− (2.40)

where ρV
µν is the spectral function of the off-shell vector meson. This is similar to

the previous description 2.13 where the photon field is replaced by the vector meson

field. The spectral function ρV
µν is given as is expressed in terms of retarded self energy

(ΠR
T = ΠR

L = ΠR) ρV
µν = 1

π
ImΠR

(q2−m2
V

+ReΠR)2+(ImΠR)2
Pµν where Pµν=

∑

ǫµǫ
∗
ν = −gµν + qµqν

q2

is the projection operator for vector meson V with the property P µνPµν = (2J + 1) ,

J being the spin of vector meson. ΓV → l+l− is the partial decay width of the decay.

The dilepton emission rate for the resonance decay is then given by

dR

d4q
= 2

(2J + 1)

(2π)3
fBEMΓV →l+l−

[

1

π

ImΠR

(q2 −m2
V +ReΠR)2 + (ImΠR)2

]

(2.41)

The retarded self energy is calculated using thermal field theory.
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2.2.2 Photon emission rate from a thermal medium

The photon emission rate is calculated in the similar way to that of dilepton rate. The

photon emission rate differs from the dilepton rate in the following way; the factor

e2Lµν/q
4 appearing in the dilepton rate 2.32 which is nothing but the product of

electromagnetic vertex γ∗ → l+l−, the leptonic current involving Dirac spinors and the

square of the photon propagator should be replaced by the factor
∑

ǫµǫ∗ν(=−gµν). And

the phase space factor d3p1

(2π)3E1

d3p2

(2π)3E2
should be replaced by d3p

(2π)3p0
. Then the photon

emission rate becomes

p0
dR

d3p
=

gµν

(2π)3
ImΠµν

1

eβp0 − 1

dR

d2pTdy
=

gµν

(2π)3
ImΠµν

1

eβp0 − 1
(2.42)

where pT is the transverse momentum y is the rapidity (y = 1
2
lnE+p

E−p
). The above

emission rate is correct up to O(e2) in electromagnetic interaction. But this is exact

to all order of strong interactions. The imaginary part of the photon self energy can be

calculated using thermal cutting rules [73, 74, 75]. The imaginary part of the n-loop

amplitude can be expressed in terms of physical amplitude of lower order. If the photon

self-energy is approximated by carrying out a loop expansion to some finite order, then

the formulation of Eq. (2.42) is equivalent to relativistic kinetic theory, i.e., when the

imaginary part of the self energy is calculated up to Lth order loop where L satisfies

(x+ y) < L+ 1, then one obtains the photon emission rate for the reaction

x particles → y particles + γ and the above formalism 2.42 becomes equivalent to the

relativistic kinetic theory formalism [24].
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Figure 2.4: Cutkosky rules: Imaginary part of the n-loop amplitude is expressed in
terms of physical amplitude of lower order.
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1. Photon emission from thermal medium using kinetic theory

According to relativistic kinetic theory formulation, the production of i-type par-

ticles from the reaction of type 1(p1)+2 (p2) → 3 (p3) + i(pi) is given by [24, 76]:

Ri = N
∫

d3p1

2E1(2π)3

d3p2

2E2(2π)3
f1(E1)f2(E2)(2π)4δ(p1

µ + p2
µ − p3

µ − pµ)

× |Mi|2
d3p3

2E3(2π)3

d3p

2E(2π)3
[1 ± f3(E3)] (2.43)

where N is the over all degeneracy, Mi =M1+2→3+ı, is the matrix element which

gives the amplitude (∼ |M |2) of the process under consideration. fj ’s are the

(Fermi-Dirac or Bose-Einstein ) thermal distribution functions of the incoming

and outgoing particles. The term [1 ± f3(E3)] represents the Bose enhancement

or Pauli suppression of the phase space of particle 3. p1, p2, E1, E2 carry their usual

meanings. Here we are looking for the inclusive productions of photon (particle i).

p is the Monet of produced photon. δ-function takes care of the energy-momentum

conservation of the process. The matrix element is a function of Mandelstem

variables s = (p1 + p2)
2, t = (p1 − p3)

2 and u = (p1 − p)2; Mi = Mi(s, t, u). Using

the Mandelstem variables we can write the differential photon production rate as:

E
dRi

d3p
=

N
(2π)7

1

16E

∫

dsdt |Mi(s, t)|2
∫

dE1dE2f1(E1)f2(E2)

× [1 ± f3(E1 + E2 − E)]θ(E1 + E2 −E)(aE1
2 + bE1 + c)−1/2(2.44)

where,

a = −(s + t)2,

b = 2(s+ t)(Es− E2t),

c = st(s + t) − (Es+ E2t)
2. (2.45)
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We denote Ri as R from now onwards. Further simplification of the above rate

equation gives

E
dR

d3p
=

N
16(2π)7E

∫ ∞

(m1+m2)2
ds
∫ tmax

tmin

dt |M|2
∫

dE1

×
∫

dE2
f(E1) f(E2) [1 + f(E3)]
√

a1E2
2 + 2b1E2 + c1

, (2.46)

where

a1 = −(s+ t−m2
2 −m2

3)
2

b1 = E1(s+ t−m2
2 −m2

3)(m
2
2 − t) + E[(s+ t−m2

2 −m2
3)(s−m2

1 −m2
2)

−2m2
1(m

2
2 − t)]

c1 = −E2
1(m

2
2 − t)2 − 2E1E[2m2

2(s+ t−m2
2 −m2

3) − (m2
2 − t)(s−m2

1 −m2
2)]

−E2[(s−m2
1 −m2

2)
2 − 4m2

1m
2
2] − (s+ t−m2

2 −m2
3)(m

2
2 − t)

×(s−m2
1 −m2

2) +m2
2(s+ t−m2

2 −m2
3)

2 +m2
1(m

2
2 − t)2

E1min =
(s+ t−m2

2 −m2
3)

4E
+

Em2
1

s+ t−m2
2 −m2

3

E2min =
Em2

2

m2
2 − t

+
m2

2 − t

4E

E2max = − b1
a1

+

√

b21 − a1c1

a1
.

2. Dilepton emission from thermal medium using kinetic theory Similar to

photon the dilepton production rate according to relativistic kinetic theory for

the process 1(p1) + 2(p2) → l+(p+
l )l−(p−l ) can be written as,

Ri =
∫

d3p1

2E1(2π)3
f(p1)

∫

d3p2

2E2(2π)3
f(p2)

∫

d3pl+

2El+(2π)3

∫

d3pl−

2El−(2π)3

| M |21+2→l+l− (2π)4δ(4)(p1 + p2 − pl+ − pl−) (2.47)
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where f(pj)’s are the thermal distribution functions. The Pauli blocking of the

lepton pair in the final state has been neglected.

2.3 Photon emission rate from quark gluon plasma

and hadronic matter

2.3.1 Photon emission rate from quark gluon plasma

The photon productions from QGP phase has been evaluated using hard thermal loop

(HTL) approximations. QGP at very high temperature (T >> Tc) can be studied using

QCD perturbation theory since at very high temperature the coupling constant αs is

very small. But naive perturbation theory at high temperature has two difficulties-(i)

the problem of infrared divergence and (ii) it has the problem of gauge dependence of

the physical quantities e.g., the gluon damping rate. The gauge dependence of the gluon

damping rate was cured by Braaten and Pisaraski [77] using HTL frame work. In HTL

frame work one has to basically expand the current-current correlation function in terms

of effective vertices and propagators not with the bare propagator and vertices. Where

effective quantities are the corresponding bare quantities plus the high temperature

limit of one loop corrections. But the HTL formalism could not solve the infrared

divergence problem. The quantities (in emission rate) which are quadratically divergent

in naive perturbation theory becomes logarithmic divergent in effective theory and the

quantities which have logarithmic divergence in naive perturbation theory becomes

finite in effective theory due to the application of HTL re-summation method. The
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hard photon emission rate (photon with energy E >> T ) falls to this category. The

divergence was cured by isolating the region of divergence by putting infrared cut-off.

The Lagrangian density for different processes of photon productions in QGP phase

is given by

LQGP = LQCD + Lγq (2.48)

where,

LQCD = −1

4

g
∑

a=1

Ga
µνG

aµν +
Nf
∑

f=1

ψ̄f (iγ
µ∂µ − gsγ

µGa
µ

λa

2
)ψf

Lγq = −1

4
FµνF

µν −
Nf
∑

f=1

ef ψ̄fγ
µAµψf (2.49)

Ga
µν is the non-abelian field tensor for the gluon field Ga

µ of color a., ψf is the Dirac field,

for the quark flavor f , gs is the color charge, ef is the effective (fractional) electric charge

of quark flavor f , λa are the Gell-Mann matrices, Fµν is the electromagnetic field tensor

and Aµ is the photon field. The main processes for photon productions from QGP are

the (i) annihilation of quark and anti quark- qq̄ → gγ and (ii) the Compton processes

- q(q̄)g → q(q̄)γ. The production rates from these processes have the difficulties of

divergence due to the exchange of massless particles. This is a well known problem in

thermal perturbative expansion of non-abelian gauge theory which suffers from infrared

divergence. This can be demonstrated if we look at the production cross section of a

particular process. The differential cross-section for mass less particles can be written

in terms of the matrix element as,

dσ

dt
=

|M|2
16πs2

(2.50)
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The cross-sections for annihilation and Compton processes (with mass-less quarks) are:

dσannihilation

dt
=

8πααs

9s2

u2 + t2

ut
(2.51)

and

dσCompton

dt
=

−πααs

3s2

u2 + s2

us
(2.52)

The total cross-section can be obtained after integrating over t. Here the differential

cross sections have singularities at t and/or u = 0. Now to get rid of these singularities

one has to isolate the region of phase space causing the divergences [24] The integration

is done by introducing a lower cut-off kc to make the integrals finite.

−s + kc
2 ≤ t ≤ −kc

2, 2kc
2 ≤ s ≤ ∞, (2.53)

where T 2 ≫ kc
2 > 0 is an infrared cut-off.

Now the divergence is regulated treating u and t symmetrically and maintaining the

identity for mass less particles s + t+ u =
∑

im
2
i = 0.

In the limit that kc
2 → 0,

E
dRCompton

d3p
=

5

9

ααs

6π2
T 2e−E/T [ln(4ET/kc

2) + CF ] (2.54)

E
dRannihilation

d3p
=

5

9

ααs

3π2
T 2e−E/T [ln(4ET/kc

2) + CB] (2.55)

where

CF =
1

2
− CEuler +

12

π2

∞
∑

n=2

(−1)n

n2
ln n = 0.0460.., (2.56)
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CB = −1 − CEuler −
6

π2

∞
∑

n=2

1

n2
ln n = −2.1472... (2.57)

These expressions have been obtained using the thermal distribution functions as Fermi-

Dirac (FD) or Bose-Einstein (BE) functions in the final state. Using the Boltzmann

distribution instead FD or BE functions in the final state we get [24]

E
dRCompton

d3p
=

5

9

2ααs

π4
T 2e−E/T [ln(4ET/kc

2) +
1

2
− CEuler] (2.58)

E
dRannihilation

d3p
=

5

9

2ααs

π4
T 2e−E/T [ln(4ET/kc

2) − 1 − CEuler]. (2.59)

The factor 5/9[= (2/3)2 + (1/3)2] arises from the sum of the squares of the electric

charges of the u and d quarks, the factor ααs comes from the topological structure of

the diagrams, a factor T 2 comes from phase space which gives the overall dimension

of the rate, and we have the Boltzmann factor e−E/T for photons of energy E. In this

approach the many body effects shield the infrared divergence.

The photon rate using the soft part of the phase space is handled using HTL re-

summation technique. For hard photon in HTL calculation, one of the soft quark

propagator should be replaced by effective quark propagators in the photon self energy

diagram, which consists of the bare propagator and high temperature limit of one loop

corrections (Fig. 2.5). When soft and hard contributions are added the emission rate

becomes finite because of the Landau damping of the exchanged quark in thermal bath

and the cut-off scale is canceled. The emission rate of hard photons then becomes

E
dRQGP

γ

d3q
=

5

9

ααs

2π2
T 2 e−E/T ln(2.912E/g2

sT ). (2.60)

where αs is the strong coupling constant. Apart from the annihilation and Compton

processes, the bremsstrahlung contribution to photon emission rate has also been taken
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Figure 2.5: Two loop contribution to the photon self energy. A diagram interchanging
the blob in the internal line of the third diagram should also be considered.

into account as computed in [78, 79, 80, 81] by evaluating the photon self energy in two

loop HTL approximation. The physical processes arising from two loop contribution

(Fig. (2.6)) are the bremsstrahlung of quarks, antiquarks and quark anti-quark anni-

hilation with scattering in the thermal bath. The rate of photon production due to

bremsstrahlung process for a two flavor thermal system with E > T is given by [78]

E
dRQGP

γ

d3q
=

40

9π5
ααsT

2 e−E/T (JT − JL) ln 2, (2.61)

and the rate due to qq̄ annihilation with scattering in the thermal bath is given by,

E
dRQGP

γ

d3q
=

40

27π5
ααsET e

−E/T (JT − JL) , (2.62)

where JT ≈ 4.45 and JL ≈ −4.26. The most important implication of this work is

that the two loop contribution is of the same order of magnitude as those evaluated at

one loop [24, 82] due to the larger size of the available phase space. Here in Fig.2.7

we show the Feynman diagrams for the processes considered for photon productions in

QGP phase. The Photon rate from QGP to the order αs has been considered with
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Figure 2.6: Two loop photon diagram relevant for bremsstrahlung processes. The blob
on the gluon (spiral line) indicates effective gluon propagator. The circle on the vertices
represent those required to evaluate the imaginary part of the photon self energy in the
framework of thermal cutting rules

Figure 2.7: Compton, annihilation and bremsstrahlung processes considered for photon
productions in QGP phase: qg → qγ, qq̄ → gγ, q1q2 → q1q2γ, qqq̄ → qγ, gq → gqγ etc.
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Figure 2.8: Photon production rates from Compton, annihilation processes and the
total (including bremsstrahlung) are displayed

re-summed ladder diagrams in the effective theory as in [83, 84]. Here we have used

the temperature dependence of strong coupling constant taken from [85]. The rates

from different processes have been displayed in Fig. 2.8

Photons from passage of jets through QGP

The productions of jets in heavy ion collisions are already discussed in the introduction

chapter and jet quenching is believed to be one of the important signals for probing

quark gluon plasma. The produced jets or high energetic partons loose energy while

traveling through a medium like QGP. They are produced at a time scale τ ∼ 1/pT (pT

is the transverse momentum of the energetic partons) before the medium is formed at

τi. When they travel in the medium like QGP they interact with the thermal quarks,
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antiquarks or gluons via annihilation or Compton processes. These interaction lead to

photon productions. The high energy photon productions due to jet-plasma interactions

are called jet-photon conversion [86]. It may be noted that the photon productions due

to jet-plasma interactions have not been considered in our evaluation of photon spectra

at SPS, RHIC and LHC energies.

2.3.2 Photon emission rate from hadronic matter

The photon productions from hadrons have been evaluated using the above described

thermal field theory frame work from a hot mesonic matter using massive Yang-Mills

(MYM) approach, extended to the SU(3) (strangeness sector) as in [87]. Some more

processes beyond MYM framework have also been considered. The photon production

rate can be written as

p0
dRγ

d3p
= Eγ

dRγ

d3p
= − α

π2
fB(p0;T ) ImΠT

em(p0 = p;T ) . (2.63)

fB(p0;T ) = 1
exp(p0/T )−1

is the Bose-Einstein distribution function. Vector meson dom-

inance model (VDM) relates the self energy Πem to in-medium vector-meson spectral

functions [88] thus making suitable for non-perturbative model calculations at low and

moderate energies and momenta.

For the productions from the hadronic phase we consider the Lagrangian as in [89, 90]

which describes the hadronic gas consisting of light pseudo-scalar, vector and axial

vector mesons (π,K, ρ,K∗, a1). The massive Yang-Mills (MYM) approach has been

adopted to this Lagrangian which gives various hadronic phenomenology at tree level
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with a limited set of adjustable parameters. In an effective nonlinear σ-model La-

grangian vector and axial vector fields are considered as massive gauge fields of the

chiral U(3)L× U(3)R symmetry[89, 90]:

L = 1
8
F 2

πTrDµUD
µU † + 1

8
F 2

πTrM(U + U † − 2)

−1
2
Tr
(

FL
µνF

Lµν
+ FR

µνF
Rµν

)

+m2
0Tr

(

AL
µA

Lµν
+ AR

µA
Rµ
)

+

γTrFL
µνUF

RµνU †γTrFL
µνUF

RµνU †

−iξTr
(

DµUDνU
†FLµν +DµU

†DνUF
Rµν

)

. (2.64)

In the above,

U = exp

(

2i

Fπ

∑

i

φiλi√
2

)

= exp
(

2i

Fπ

φ

)

,

AL
µ = 1

2
(Vµ + Aµ) ,

AR
µ = 1

2
(Vµ −Aµ) ,

FL,R
µν = ∂µA

L,R
ν − ∂νA

L,R
µ − ig0

[

AL,R
µ , AL,R

ν

]

,

DµU = ∂µU − ig0A
L
µU + ig0UA

R
µ ,

M =
2

3

[

m2
K +

1

2
m2

π

]

− 2√
3
(m2

K −m2
π)λ8 . (2.65)

λi is a Gell-Mann matrix, Fπ = 135 MeV. φ, Vµ and Aµ are matrices of the pseudo-scalar,

vector and axial vector meson fields of the Lagrangian. The strange and non-strange

fields are treated coherently. The reactions from the above Lagrangian Eq. (2.64) can

be categorized as: X + Y → Z + γ, ρ → Y + Z + γ and K∗ → Y + Z + γ. For X, Y ,

Z we have each combination of ρ, π,K∗, K mesons which respect to the conservation of

charge, isospin, strangeness and G-parity defined for non-strange mesons. All possible

s, t and u channels(Born graphs) are taken into account including all possible isospin

combinations. The axial a1 meson has been considered as exchange particle only (the
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a1 → πγ decay is automatically incorporated via s-channel πρ scattering). The Feyn-

man diagrams for all possible isospins of particular process πρ→ πγ and ρ→ ππγ have

been displayed in Fig. 2.9. The production from the process ρ→ ππγ is not considered

from the above mentioned Lagrangian rather we consider

L = | DµΦ |2 −m2
π | Φ |2 −1

4
ρµνρ

µν +
1

2
m2

ρρµρ
µ − 1

4
FµνF

µν (2.66)

where,

Dµ = ∂µ − ieAµ − igρρµ,

Φ is the complex pion field(pseudo scalar field), ρµν is the ρ field strength and Fµν is

the photon field tensor. The thermal photon production rates are obtained from the

coherently summed matrix elements in each channel, and convenient parameterizations

are used as in [87]. We assume a standard dipole form for each hadronic vertex appearing

in the amplitudes to take care of the finite size effect,

F (t) =

(

2Λ2

2Λ2 − t

)2

. (2.67)

Λ is taken as 1 GeV [91]. The four-momentum transfer is approximated in a given

t-channel exchange of meson X by its average t̄ according to

(

1

m2
X − t̄

)2 (
2Λ2

2Λ2 − t̄

)8

=
1

4E2

∫ 4E2

0

dt(2Λ2)8

(m2
X + t)2(2Λ2 + t)8

. (2.68)

. Here the form factors are considered for t-channel only. Since for high energy pho-

tons, the t-channel diagram dominates over s-channel diagram because of the large 1
t2

enhancement when there is a direct exchange between the incoming particle 1 and emit-

ted photon, and the small 1
s2 factor for the s-channel (phase space which favors larger

s, for higher photon energy). As cross section is dominated by t-channel diagram the
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Figure 2.9: Feynman diagrams for all isospin combinations of reactions πρ → πγ and
ρ→ ππγ
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Figure 2.10: Parametrization of the form factor

form factor is evaluated assuming an exchange of particle X in a t-channel diagram.

The form factor is parametrized as shown in Fig. 2.10.

The photon productions processes from non strange hadrons can be written as;

πρ → πγ, ππ → ργ, ππ → ηγ, πη → πγ, ρ → ππγ, ω → πγ. Similarly the reactions

included in strange sector are: πK∗ → Kγ, πK → K∗γ, Kρ → Kγ, KK → ργ,

KK∗ → πγ, and K∗ → πKγ. All possible isospin combinations are accounted for

in the rate calculations [87]. For a temperature of 200 MeV, the leading production

channels are shown in Fig. 2.11, with the inclusion of form factor expressed in 2.68.

The contribution from strange sector is displayed in Fig 2.12. The comparison from the
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Figure 2.11: Photon rates from different processes

contributions from strange sector and non strange sectors are displayed in Fig. 2.13.

The contributions from KK → ργ and K∗ → πKγ have negligible contributions.

At all energies Eγ ≥ 0.5 GeV 2, the K∗π → Kγ reaction, shows to be the dominant

source of photon emission source for strange sector and the πρ → πγ reaction in the

non-strange sector. Finally we show the comparison of photon production rate from

hadronic matter and QGP matter at a temperature 200 MeV. Now it is clear from the

Fig. 2.14 that the photon production rates at temperature T ∼ 200 MeV from QGP

and hadronic matter are similar at very low energy or pT . But the QGP rate is higher

compared to hadron rate by a factor of 1.5 for E= 1-3 GeV.

2photon energy Eγ = q0 = E
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Figure 2.12: Photon rates from processes involving strange mesons

2.4 Dilepton emission rate from QGP and hadronic

matter

Thermal dilepton production per unit space-time volume per unit four momentum is

given by[67, 92, 69]

dR

d4q
= − α2

6π3q2
L(M2)fBE(q0)W

µ
µ (q0, ~q) (2.69)

where α is the electromagnetic coupling, W µ
µ is the correlator of electromagnetic currents

and fBE(q0, T ) is the thermal phase space factor for bosons. The factor

L(M2) =

(

1 + 2
m2

M2

)

√

1 − 4
m2

M2
(2.70)
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Figure 2.13: Photon rates from processes involving strange mesons

arises from the final state leptonic current involving Dirac spinors of mass m (in this

case muon) and q2(= qµq
µ) = M2 is the invariant mass square of the lepton pair.

2.4.1 Dilepton emission rate from hadronic matter

In hadronic matter, this Eq. 2.69 can be simplified using vector meson dominance model

to give (see [93] for details) 3,

dR

dM2qTdqTdy
=

α2

π2M2
L(M2)fBE(q0)

∑

V =ρ,ω,φ

AV (q0, ~q) (2.71)

3 dR
d4q = dR

πdM2qT dqT dy
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Figure 2.14: Photon rates from QGP and Hadron at T=200 MeV

where M is the invariant mass and qT is the transverse momentum of the pair, y is

the rapidity. Where the spectral function of the vector mesons consists of a pole and

continuum,

AV = Apole
V + Acont

V (2.72)

For the ρ, the continuum part is parametrized as [71, 94]

Acont
ρ =

M2

8π

(

1 +
αs

π

)

1

1 + exp(ω0 − q0)/δ
(2.73)

with ω0 = 1.3 GeV and δ = 0.2 GeV and the pole part is given by [93]

Apole
ρ = −f

2
ρm

2
ρ

3

[

2
∑

ImΠR
t

(q2 −m2
ρ −

∑

ReΠR
t )2 + (

∑

ImΠR
t )2

+
q2∑ ImΠR

l

(q2 −m2
ρ − q2

∑

ReΠR
l )2 + q4(

∑

ImΠR
l )2

]

(2.74)
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with fρ = 0.130 GeV. As we have included the continuum in the vector mesons spec-

tral functions four pion annihilation process [95] is not considered here to avoid over

counting. The self-energy Π contains contributions from mesons as well as baryons in

the thermal medium so that

Π = ΠM + ΠB (2.75)

The longitudinal and transverse components of the meson part ΠM have been evaluated

in detail for one loop π − h graphs with h = π, ω, h1, a1 in the real time formulation

of thermal field theory [93]. The baryonic contribution ΠB has been estimated in the

approach of Eletsky et al [96] using resonance dominance in the low energy region and

a Regge model at higher energies. Dilepton emission from the ω and the φ have also

been included. The width of the ω in thermal bath is taken from the calculation of

Ref [97]. For the φ only the vacuum width has been considered.

2.4.2 Dilepton emission rate from QGP

In the QGP phase the emission rate of non-thermalized dileptons or lepton pairs are

calculated by factorizing the electromagnetic current and focusing on the emission rate

of a time-like virtual photon with energy p0 = E and invariant massM . In this approach

the dilepton rate is of the form [67, 63]

dR

d4q
=

dR

πdM2qTdqTdy
=

α

12π4M2
Γ(q) (2.76)

where Γ(q) is the virtual photon emission rate from the quark gluon plasma (summed

over all polarization). The lowest order comes from the quark anti-quark annihilation.
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The rate from Born terms is

Γ(0)(q) = Nce
2
q

∫

d4p

(2π)4
TrγµS

−(q − p)γνS−(p) (2.77)

where S− are the cutting fermionic propagator and given as,

S−(p) = 2(θ(−p0) − nF (p))πδ(p2)γµpµ (2.78)

nF is the usual Fermi-Dirac weight. Nc is the number of colors. Further simplification

with Nc=3 gives

Γ(0)(q) =
10α

3
M2e−E/T (1 +O(T/E)) (2.79)

Here only uū and dd̄ annihilations are taken into account. This term is leading one

when the energy and mass M is higher than temperature T . If the dilepton mass

becomes small compared to the energy and temperature then the higher order terms

contribute significantly. The annihilation of quark-antiquark pair is the major source of

dilepton production (qq̄ → l+l−) in the partonic phase. The rate of production from this

processes at finite temperature and quark (1/3×baryonic) chemical potential is taken

from [98]. The next order contributions (first order QCD radiative corrections ) come

from the diagrams shown in Fig. 2.15. With first order correction, the rate of virtual

photon production for processes like gluon emission (quark anti-quark annihilation,

qq̄ → gγ∗) and the Compton reaction (q(q̄)g → q(q̄)γ∗) is given by

Γ1(q) =
20α

3
m2

βe
−E/T

[

ln
2ET

M2
− 1 − γ +

ln2

3
+
ξ′(2)

ξ(2)

]

(2.80)

where m2
β = 2παsT

2/3 and ξ is the Riemann zeta function. Other first order process like

gluon absorption (qq̄g → γ∗) and virtual corrections also can contribute to the net rate.

But these processes are kinetically suppressed because of phase space constraint [99].
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Figure 2.15: Diagrams for the 1st order QCD correction

Here we have considered the dilepton production (from the virtual photon productions)

up to O(α2αs) corrections according to Ref. [99, 100]. However, we found that the

effects of this corrections is about 8% for M ∼ 0.3 GeV and it is negligible at higher

M .

The Eqs. 2.71 and 2.76 have been integrated over qT (for y=0) and the rates (of

dimuon-µ+µ− ) from QGP and hadronic matter have been displayed in Fig. 2.16.
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Chapter 3

Expansion scenario in the
relativistic nuclear collisions

This chapter discusses the dynamics of the expansion of the system produced in heavy ion
collision. Here we discuss the relativistic ideal hydrodynamics with boost invariance and
cylindrical symmetry. We also outline the boundary conditions and different equation of
states considered as the inputs to our calculation.

The hot and dense system formed in the relativistic nuclear collisions expands due

to the high pressure gradient created at the collision zone. It is assumed that the

system attains the local thermal equilibrium shortly due to the re-scattering among the

particles. The expansion of the system can be treated by relativistic hydrodynamics.

Hydrodynamics is the long wavelength and long-time effective theory of macroscopic

systems [101, 102, 103]. The hydrodynamic equation (to be discussed later) along with

the equation of state gives a complete description of the system evolving with space

and time. The simplest version of the theory is ideal hydrodynamics that assumes the

80
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thermal (local for expanding system) equilibrium to be maintained through out the

evolution of the system neglecting all the dissipative effects. If the scattering time of

the constituents is much smaller than the expansion time and the mean free path of

the system is smaller than the system size then it is safe to apply hydrodynamics. The

relativistic hydrodynamics developed over the years [104, 105, 106, 107, 108], and now

reformulated in the context of heavy ion collision [109, 110, 111, 112, 113, 114, 115, 116,

117, 118] is found to be successful in describing many of the observables like transverse

momentum spectra of hadrons, photons, lepton pairs, invariant mass spectra of lepton

pairs, flow, rapidity distribution of hadrons etc [51, 52, 55, 119, 120, 121]. Here in

this chapter we discuss the basics of relativistic hydrodynamics [101, 122] related to our

calculation.

3.1 Relativistic hydrodynamics of ideal fluid

As the system reaches thermodynamic equilibrium we treat the system to be an ideal

fluid. Then from the basic conservation laws, we get,

∂µT
µν = 0 Energy-momentum conservation (3.1)

∂µjB
µ = 0 Baryon number conservation (3.2)

where Tµν is the energy-momentum tensor and jB
µ is the baryon-number-current with

µ, ν=0,1,2 and 3. Here we assume fluid to be homogeneous and isotropic i.e., the

properties of the fluid element in the concerned frame of reference is isotropic. Also we

assume the fluid to be composed of a single particle species. we need to construct the
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energy momentum tensor-Tµν with the definition of velocity from a frame of reference.

3.1.1 Choice of frame

We consider the rest frame where the momentum of the fluid element is zero. The

thermodynamic variables are to be defined in this rest frame. The thermodynamic

variables of our interest are energy density ǫ, pressure P and number density nB that

are associated with the fluid element. The fluid-four velocity is defined as

uµ = (u0, ui) = γ(1, ~v) = γ(1, vx, vy, vz)

and uµuµ = 1 (3.3)

where the Lorentz factor γ= 1√
1−v2

and the metric tensor is gµν=diag(1,-1,-1,-1). The

derivative of γ is written as dγ = γ3vidvi and vdv = γ−3dγ. where v =
√

v2
x + v2

y + v2
z =

√

v2
⊥ + v2

z and v⊥ is the magnitude of transverse velocity. The total time derivative in

the Cartesian co-ordinates reads as

d

dt
=

∂

∂t
+ vx

∂

∂x
+ vy

∂

∂y
+ vz

∂

∂z
(3.4)

In cylindrical coordinates it has the form,

d

dt
=

∂

∂t
+ v⊥cosα

∂

∂r
+
v⊥sinα

r

∂

∂φ
+ vz

∂

∂z
(3.5)

α is the angle between the transverse velocity v⊥ and radial velocity vr ı.e., vr=v⊥cosα,

vφ = v⊥sinα.



83

Figure 3.1: Velocity components

3.1.2 Construction of the energy-momentum tensor

The energy momentum tensor of the fluid element in the local rest frame is given by,

T µν
0 = diag[ǫ,−P,−P,−P ] (3.6)

T µν
0 =



























ǫ 0 0 0

0 −P 0 0

0 0 −P 0

0 0 0 −P



























(3.7)

Since these thermodynamic variables are isotropic in the rest frame of the fluid element,

the other non-diagonal component of the energy momentum tensor i.e., the energy flux

Ti0 and the momentum density T0j would vanish in the rest frame of the fluid. i.e,

Tij = Pδij . Now let’s go to a frame which is moving with velocity ~v. In this frame the

T µν is given by,

T µν = Λα
µΛβ

νT0
αβ (3.8)
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where Λ, the Lorentz transformation matrix [101, 123] that contains the velocity com-

ponents is given by;

Λ =



























1 vx vy vz

vx 1 0 0

vy 0 1 0

vz 0 0 1



























(3.9)

The 4 energy-momentum tensor for an arbitrary fluid velocity becomes,

T µν =



























ǫ (ǫ+ P )vx (ǫ+ P )vy (ǫ+ P )vz

(ǫ+ P )vx P 0 0

(ǫ+ P )vy 0 P 0

(ǫ+ P )vz 0 0 P



























(3.10)

which can be written in a compact form;

T µν = (ǫ+ P )uµuν − Pgµν. (3.11)

This is the energy momentum-tensor for an ideal fluid.

3.1.3 Solution of the conservation Equations

The conservation of the energy momentum tensor of the perfect fluid in its most general

form is

∂µ[(ǫ+ P )uµuν − Pgµν] = 0 (3.12)
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The first law of thermodynamics gives

dǫ = Tds− pdV + µdn

dP = sdT + ndµ (3.13)

where s is the entropy density, T is the temperature, p = P/V and µ is the chemical

potential ( baryonic). The entropy density is given by the Durham-Gibbs relation

s =
ǫ+ P

T
− αn

Ts = (ǫ+ P ) − µn (3.14)

where α = µ
T
. For µ = 0 we get Ts = (ǫ+ P ) and dP = sdT . With these substitution

we have,

Tuν∂µ(suµ) + suµ∂µ(Tuν) = s∂νT . (3.15)

Multiplying both sides by uν and using the normalization condition for the 4-velocity,

uνu
ν = 1 we arrive at

T∂µ(suµ) + suµTuν∂µu
ν + suµ∂µT = suν∂

νT. (3.16)

The term uν∂µu
ν = 0 because of the 4 velocity normalization condition. Thus above

expression simplifies to

T∂µ(suµ) + suµ∂µT = suν∂
νT

which gives, ∂µ(suµ) = 0. (3.17)

This equation expresses the entropy conservation in the system - the hydrodynamic

expansion is adiabatic. Putting Eq. 3.17 in to the Eq. 3.15, we get

uµ∂µ(Tuν) = ∂νT (3.18)
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The Eq. 3.18 is the acceleration equation which is nothing but the the relativistic

generalization of the Euler equation for the classical fluid dynamics. The final form of

the hydrodynamic equations in the co-variant form are

uµ∂µ(Tuν) = ∂νT

∂µ(suµ) = 0 (3.19)

These equations do not form a closed system since they contain five independent vari-

ables T, s, vx, vy,and vz. An additional equation, that is the equation of state (EoS) is

required to close them. Since the equations are in T ans s we need the EoS in terms

of T and s (c2s = ∂P
∂ǫ

= s
T

∂T
∂s

). Similarly here we can also construct the hydrodynamic

equations in terms of energy density and pressure. We can write the equations of

temperature and entropy in non-covariant way as follows;

∂

∂t
(Tγvi) + ∇i(Tγ) = vj∇i(Tγvi) − vj∇j(Tγvi)

∂

∂t
(sγ) + ∇.(sγv) = 0 (3.20)

1. Boost invariance (Cartesian coordinates): The particle

yields do not vary much with rapidity at mid-rapidity region. One can safely

consider the number of particle per unity rapidity (dN/dy) is constant in the range

of |y| ≤ 1. Hence the mid rapidity zone can be assumed to be boost invariant

and the symmetry demands that the longitudinal component of velocity has the

form vz = z/t [124]. The thermodynamic scalar variables like temperature and

entropy density are the functions of proper time τ =
√
t2 − z2 and the transverse

coordinates x and y. That is we can solve the hydrodynamic equation for z = 0

and by using Lorentz transformations we obtain the solution for z 6= 0.
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Figure 3.2: Boost invariance.
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Azimuthal symmetry or cylindrical symmetry with boost invariance

If we assume azimuthal symmetry with the boost invariance along z-axis then the

hydrodynamic equations will be simpler. In this case the temperature equations in

Cartesian co-ordinates become,

(v2 − 1)
∂lnT

∂t
+
dlnT

dt
+

1

1 − v2
v
dv

dt
= 0. (3.21)

(1 − v2)
∂lnT

∂z
+ vz

dlnT

dt
+
dvz

dt
+

vz

1 − v2
v
dv

dt
= 0. (3.22)

These equations have the same form in cylindrical coordinates. Combining both the

boost invariance and cylindrical symmetry gives us only one independent equation

vr
∂lnT

∂t
+
∂lnT

∂r
+

1

1 − v2
r

∂vr

∂t
+

vr

1 − v2
r

dv

dt
= 0 (3.23)

[It may be noted that in the case of first order phase transition at zero baryon chem-

ical potential, another equation is required to deal with the the fraction of hadron (or

QGP) in the mixed phase.] The entropy equation for cylindrical symmetry with boost

invariance becomes

∂lns

∂t
+ vr

∂lns

∂r
+

vr

1 − v2
r

∂vr

∂t
+

1

1 − v2
r

∂vr

∂r
+
vr

r
+

1

t
= 0 (3.24)

To make it simpler let’s change the coordinates from (t, ~r) = (t, x, y, z) = (t, r, φ, z) to

(τ, r, φ, η), where η can be expressed as;

η =
1

2
ln
[

t+ z

t− z

]

= tanh−1(z/t) (3.25)

The fluid velocity is expressed as

uµ = γT (τ, r)(t/τ, vr(τ, r), z/τ) (3.26)
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where

γT = 1/
√

1 − v2
r , v2

r = v2
x + v2

y = v2
⊥ (3.27)

where the radial velocity vr and transverse velocity v⊥ of the fluid element are same.τ =
√
t2 − z2 is the proper time. The assumption of boost invariance and azimuthal asym-

metry simplifies the hydrodynamic equations. Now let’s describe the hydrodynamic

equations in terms of energy density ǫ and pressure P with fluid velocities as a function

of r and τ .

T 00 = (ǫ+ P )u0u0 − P (3.28)

and

T 01 = (ǫ+ P )u0u1 (3.29)

the hydrodynamic equations are [125]

∂rT
00 +

1

r
∂r(rT

01) +
1

τ
∂r(T

00 + P ) = 0 (3.30)

and

∂rT
01 +

1

r
∂r[r(T

0 + P )v2
r ] +

1

τ
T 01 + ∂rP = 0 (3.31)

These equations are solved numerically with the following boundary conditions (initial

and final conditions).

3.2 Boundary Conditions and EoS

Hydrodynamic equations are boundary value problems which require initial and final

conditions to describe the dynamics of a system at any intermediate stage. Here in
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case of ideal hydrodynamics for heavy ion collision we need the initial temperature (or

energy density ), velocity profile, initial time (here called as thermalisation time) and

equation of state (EoS). We need a freeze out temperature (Tf) or energy density(ǫf )

to stop the calculation.

1. Initial conditions

The matter formed after ultra-relativistic heavy ion collisions is assumed to un-

dergo space-time evolution [125] with longitudinal boost invariance [124] and

cylindrical symmetry. The initial conditions for the hydrodynamical evolution are

not unambiguously known. Some parametrization based on Glauber approach or

some other form of the initial stage may be considered so that the final multiplic-

ity of the observed charge hadrons is reproduced. In case of Glauber approach a

mixture of soft and hard collisions (90% soft, 10% hard for RHIC energies and

it depends on the colliding energy ) are accounted to reproduce the centrality

dependence of charge hadron multiplicity spectra where a novel parametrization

of longitudinal structure of initial fireball is assumed [126, 127]. One can also

consider the initial conditions (like the space-time dependence of initial energy

density) using Color Glass Condensate (CGC) model [128].

Here we consider a simple initial energy density ǫ(τi, r) (with a central flat region)

and radial velocity, vr(τi, r) profiles as follows:

ǫ(τi, r) =
ǫ0

1 + e
r−RA

δ

(3.32)

and

vr(τi, r) = v0

(

1 − 1

1 + e
r−RA

δ

)

, (3.33)
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which reproduce the charge hadron multiplicity with proper value of ǫ0. where the

surface thickness, δ = 0.5 fm. An smooth energy density profile with a peak at

the center may require higher ǫ0 to explain the spectra (of photons and dileptons

in our case) compared to the one we consider here. ǫ0 = ǫi is the initial central

energy density which is calculated from the initial temperature constrained with

initial thermalisation time τi from the experimentally measured multiplicity as

follows [129];

T 3
i τi ≈

2π4

45ξ(3)

1

4aeff

1

πR2
A

dN

dy
. (3.34)

where, dN/dy= hadron multiplicity, RA is the radius of the system, ξ(3) is the

Riemann zeta function and aeff = π2geff/90, where geff is the effective degen-

eracy of the produced initial system. If it is QGP then the effective degeneracy

geff = 2 × 8 + 7 × 2 × 2 × 3 × NF/8 assuming massless quarks and gluons.

NF=number of flavors. The above expression is valid for isentropic expansion

(at mid-rapidity). Here it is important to mention that in this thesis we have

assumed the initial states in the heavy ion collisions to be QGP or hadronic phase

depending on the colliding energies of different nucleus-nucleus collisions.

2. Equation of state (EoS)

EoS is the thermodynamic relationship between two thermodynamic parameters.

It is an important ingredient for hydrodynamic calculation. Here we express the

pressure, P in terms of the energy density ǫ , i.e., P = f(ǫ). The relevant equation

of states for the high energy nuclear collisions are

(a) MIT BAG Model equation of state: The energy den-
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sity and pressure of QGP according to this model is given by,

ǫqgp =
π2

30
gqgpT

4 +B

Pqgp =
π2

90
gqgpT

4 −B (3.35)

where B is the Bag constant and from hadron spectroscopy the value is ∼

200 MeV. gqgp is the effective degeneracy of qgp (geff). The above equation

gives ǫ− 3P = 4B. This leads to

Pqgp =
ǫqgp − 4B

3
(3.36)

It gives,

∂Pqgp

∂ǫqgp
=

1

3
or c2s =

1

3
(3.37)

Where cs is the velocity of sound. Similarly in the hadronic phase the pa-

rameters are

ǫhad =
π2

30
ghadT

4

Phad =
π2

90
ghadT

4 (3.38)

Here an first order phase transition is assumed occur from hadronic phase

to QGP phase at a temperature Tc called transition temperature. From the

above equations 3.38, the equation of state with velocity of sound is given

by

Phad =
ǫhad

3
∂Phad

∂ǫhad

=
1

3

or cs
2 =

1

3
(3.39)
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Figure 3.3: (a)Top panel: Pressure vs energy density is plotted for ansatz EoS with
Tc=175 MeV and width Γ=20 MeV. Which is a weak first order transition. (b)Bottom
panel: Effective degeneracy extracted from ansatz EoS is plotted with temperatureT
for Tc=175 MeV and width Γ=20 MeV. Which is a weak first order transition
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(b) BAG-HRG equation of state: In the BAG-HRG EoS, We

use BAG model EoS for QGP phase and for the hadronic phase an EoS

is constructed considering a non interacting gas of all the stable hadrons

and their resonances up to mass ≤ 2.5 GeV. The later one for hadronic

phase is called hadronic resonance gas (HRG) EoS. Here also a first order

phase transition is assumed from hadronic to QGP phase. In case of first

order transition we assume a fast hadronization due to lack of the concrete

knowledge of the hadronization.

(c) Ansatz equation of state: The ansatz equation of state has

been constructed from BAG EoS and HRG EoS. For T ≥ Tc the BAG EoS

is used to describe the QGP matter and the HRG EoS is used to describe

system below Tc. Here it is assumed that the transition does not happen

suddenly but within a range Γ, called width of the transition. The transition

region is parametrized smoothly using a tan-hyperbolic function. Basically

the entropy density which is parametrized [130] as follows;

s = f(T )sq + (1 − f(T ))sh (3.40)

where sq (sh) is the entropy density of the QGP(hadron) phase at transi-

tion temperature Tc. The f is the fraction of QGP at any time during the

transition and is given by

f(T ) =
1

2
(1 + tanh(

T − Tc

Γ
)) (3.41)

The Γ can be varied to make a strong or weak first order. Similarly also

we construct the ansatz EoS by replacing BAG EoS with the Lattice EoS.

Figure 3.3 shows the variation of P with ǫ for Tc=175 MeV and width Γ=20
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MeV. Which is like a weak first order transition. The effective degeneracy

which shows a smooth continuous change from hadronic QGP phase around

the temperature Tc=175 MeV.

(d) Lattice equation of state The EoS is constructed at finite

temperature from QCD partition function by numerical computations. The

QCD Lagrangian is given by,

L = −1

4
F a

µνF
µν
a − Σf ψ̄

f
α(iγµ∂µ +mf − gγµAµ)αβψα

β (3.42)

with

F a
µν = ∂µA

a
ν − ∂νA

a
µ − gfa

bcA
b
µA

c
ν . (3.43)

where Aa
µ denotes the gluon field of color a(a=1,2,....8) and ψf

α the quark field

of color α (α=1,2,3) and flavor f; the input bare quark masses are given by
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mf . The thermodynamic quantities are obtained from the partition function,

Z(T, V ) =
∫

dAdψdψ̄exp(−
∫

V
d3x

∫ 1

T

0
dτL(A,ψ, ψ̄)) (3.44)

which is expressed as a functional integral, that involves the Lagrangian den-

sity defining the theory. The spatial integration in the exponent of Eq.3.44

is performed over the entire spatial volume V of the system (in the thermo-

dynamic limit it becomes infinite). The time component x0 is ”rotated” to

make it purely imaginary, τ = ix0, thus turning the Minkowski manifold,

on which the field A and ψ are originally defined into a Euclidean space.

The integration over τ in Eq.3.44 runs over a finite slice whose thickness is

determined by the temperature of the system. From the partition function

the energy density and pressure are calculated as

ǫ = (T 2/V )(
∂lnZ

∂T
)V

P = T (
∂lnZ

∂V
)T (3.45)

For the study of the critical behavior, long range correlations and multi
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particle interactions are of crucial importance; hence perturbation theory

can not be used. The necessary non-perturbative regularization scheme is

provided by the lattice formulation of QCD [12]; it leads to a form which

can be evaluated numerically by computer simulation [132].

The energy-density and pressure calculated on the lattice are given as [133]

P = cT 4[1 − a(
mth

T
)2] = cT 4[1 − ag2(T )]

ǫ = 3cT 4[1 − ag2(T ) − 2amth

3
(
dg

dT
)] (3.46)

where c and a are the color and flavor dependent positive constants. mth

is the thermal mass of quarks and gluons mth ≡ g(T )T [134, 135, 136]. In

the Fig. 3.5 the energy-density calculated from lattice [131] is plotted with

temperature.

3. Freeze out conditions The last stage of the evolution of a system

in heavy ion collision is the freeze out. The two phenomena which keeps the

particles in a local equilibrium are; the interactions within the system and the

expansion of the system. The particles do interact strongly in heavy ion collision

system and the system expands and the particles recede away from each other

with the decrease of temperature. When the interactions are not sufficient enough

compared to the expansion of the system then the particles start decoupling and

lead towards freeze out. There are two freeze out scenarios, chemical and kinetic

freeze out which occur sequentially. As temperature falls owing to expansion

to a certain value Tch then the inelastic scatterings stop inside the system, that

is, the new particle productions are closed and the particle ratios remain fixed.

This we call as the chemical freeze out. Still the interactions or scatterings with
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momentum changes occur or elastic scatterings still dominate. However, further

decrease in temperature to a lower value Tf , leads to the scenario where even the

change of momenta between particles stop or the elastic scatterings stop. The

particle interactions fails to compete with the expansion to keep it as a system.

This is called kinetic freeze out. Then the spray of particles free stream towards

the detector. Different species of particles have different freeze out temperatures.

For the sake of simplicity we assume all the hadrons to have a single freeze out

scenario. The freeze out temperature is obtained by constraining the pT spectra

of hadrons.



Chapter 4

Photon productions at SPS, RHIC
and LHC energies

The rate of photon productions from QGP and hadron phase have been discussed
in chapter 2. Here we discuss the photon productions at SPS (

√
sNN=17.3 GeV or

Elab = 158 A GeV) & RHIC (
√
sNN=200 GeV) energies considering the dynamical

evolution of the system as discussed in chapter 3. The photon productions have been
evaluated in terms of invariant momentum spectra E dN

d3p
or dN

d2pT dy
and compared with the

experimental observations made by WA98 and PHENIX collaborations for Pb+Pb and
Au+Au collisions respectively. The experimental data are explained reasonably well with
the assumption of an initial QGP phase with a temperature T larger than the transition
temperature Tc, predicted by the lattice quantum chromodynamic calculation.

4.1 Introduction

Pb+Pb nuclei were collided at 158 A GeV energy (=Elab)in a fixed target experiment

at CERN Super Proton Synchrotron aiming to create QGP in the laboratory. Out of

99
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several observables measured by different experimental collaborations, WA98 collabo-

ration measured the direct photon invariant momentum spectra [137]. After a decade,

the Au+Au collision were made at Relativistic Heavy Ion Collider, BNL at centre of

mass energy 200 GeV to create and study the properties of QGP. At RHIC the photon

spectra were measured by the PHENIX collaboration [138].

Hence, on the experimental side substantial progress has been made in measuring

the transverse momentum spectra of photons to study the properties of the matter

formed in the nuclear collisions at SPS and at RHIC. In contrast to the earlier approach

[138] PHENIX collaboration has analyzed the data by using a novel technique and

reported [139] excess direct photons over the next to leading order perturbative QCD

(NLO pQCD) processes for Au + Au collisions at
√
sNN = 200 GeV. In this chapter,

the photon spectra ( dN
d2pT dy

) at SPS energy at
√
sNN=17.3 GeV have been evaluated and

compared with the data measured by the WA98 [137] collaboration. Also the transverse

momentum (pT ) spectra for RHIC energy
√
sNN=200 GeV have been evaluated and

compared with the new experimental data [139]. The sensitivity of the results on

various input parameters e.g. transition temperature(Tc), strong coupling constant

(αs), equation of states etc are presented for
√
sNN=200 GeV.

The photon productions are given by

(

dN

d2pTdy

)

total

=

(

dN

d2pTdy

)

prompt

+

(

dN

d2pTdy

)

thermal

+

(

dN

d2pTdy

)

decay

(4.1)

The total photons as mentioned originate from three primary sources which are cate-

gorized according to the evolution of the system.
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4.1.1 Prompt photons

The first term of the R.H.S of eq. 4.1, ( dN
d2pT dy

)prompt represents the yield of photons

emanating from the collisions of partons from the nucleus of the colliding nuclei. These

prompt photons are the best understood part of the total photon productions as the

perturbative QCD calculation works here. The prompt photon yield follow a power

law kind of behavior and dominates at large pT region of the spectra. Large momen-

tum transfer results in small coupling constant which justifies the use of perturbative

techniques. However, in experiments the collision of nuclei occurs which leads to the

collision of partons.This nuclear collision comes under the domain of non-perturbative

regime. There is a link required between the partonic interactions taken care by pQCD

and hadronic interaction (interaction of nuclei in the experiment) which falls to non-

perturbative regime. Hence the experimentally measured hadronic interaction cross-

section is connected to theoretically calculated partonic interaction via factorization

method . So factorization method is the technique to bridge the short-distance (pertur-

bative) and the long-distance (non-perturbative) behavior. The factorization method

can be written as follows [140]:

dσ = F (µ,ΛQCD) ⊗ dσ̂(Q, µ) (4.2)

where the dσ̂ is the differential partonic cross-section which is calculated perturbatively.

This is a function of αs which takes care of the short distance effect. The other factor,

F (µ,ΛQCD) which also depends on αs contains all long distance effects. Although it

depends on αs but it becomes large enough which results non-perturbative situation

and therefore, is obtained from data of various type of hard scattering processes. The
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factorization scale µ (an arbitrary parameter) is considered to be the scale which sep-

arates the long and short-distance physics. Hence when a parton emitted with small

pT i.e., pT < µ, that is considered as a part of hadron structure and is absorbed into

the parton distribution function. The processes which contribute to prompt photon

Figure 4.1: The inclusive photon production in collision of particles A and B in partonic
level by the direct partonic subprocess and the fragmentation of partons is shown in
(a) and (b) respectively.

productions are (i)Compton scattering (qg → gγ), (ii)quark anti-quark annihilation

process (qq̄ → gγ) and quark fragmentation (q → qγ) of the partons of the nucleons in

colliding nuclei (shown in Fig. 4.1) and are well controlled by pQCD techniques [141].

The contribution from the annihilation process qq̄ → γγ is negligible because both the

vertices here are electromagnetic.

The invariant cross section of the reaction(A + B → X + γ) can be written in the

factorized form as in [142]:

Eγ
dσ

d3pγ

=
∑

a,b,c

∫

[dxadxbF
a
1 (xa, µ)F b

2 (xb, µ) × {Eγ
dσ̂

d3pγ

(a+ b→ γ)

+
∫

dzcEγ
dσ̂

d3pγ
(a+ b→ c)Dc

3(zc, µ)}], (4.3)
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where a, b are the partons inside the hadrons A and B respectively. c is the produced

partons from the interaction of a and b. F1,2(x, µ) is the parton distribution func-

tions and D3(z, µ) is the fragmentation function. σ̂ is the partonic cross section. In

Figure 4.2: Schematic diagram for the nucleus nucleus collision in Glauber model in
the optical limit approximation. Figure is taken from Miller et al. [143]

the Eq. 4.3, the partonic cross sections are leading order cross-sections and have been

written in two different terms. The first term represents the direct partonic processes

like -Compton scattering and annihilation processes (see Fig 4.1(a)), and the second

term represents the quark fragmentation process (see Fig 4.1 (b)). The yield of prompt

photons is given by,

(

dNAB

d2pTdy

)

prompt

=
Ncoll(b)

σpp
in

dσNN

d2pTdy
= TAB(b)

dσNN

d2pTdy
(4.4)
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where, TAB(b) is the nuclear overlap function and given by ˆTAB(b) =
∫

T̂A(s)T̂B(s− b)d2s,

where T̂A(s) is the probability per unit transverse area of a given nucleon being located

in the target flux tube (according to optical Glauber model figure 4.2). T̂A is given by

the equation T̂A(s) =
∫

ρ̂A(s, zA)dzA with ρ̂A(s, zA) is the probability per unit volume,

normalized to unity for finding the nucleon at (s, zA). Here the two flux tubes (target

and projectile) are located at a displacement s from the centre of the target nucleus

and (s − b) from the centre of the projectile nucleus. b is the impact parameter.

Ncoll(b) is the number of binary inelastic nucleon-nucleon collisions and σNN
in is the

inelastic cross-section of nucleon-nucleon scattering. The TAB(b) and Ncoll(b) is calcu-

lated using Glauber model [144] and σNN
in is calculated by using pQCD.

4.1.2 Thermal photons

The second term of the R.H.S of the Eq. 4.1 represents the thermal contribution of the

photon productions i.e., and given by,

(

dN

d2pTdy

)

thermal

=
∑

i=phases

∫

i

dR

d2pTdy
d4x (4.5)

where i represents the different thermally equilibrated phases of the evolution of the

system. dR
d2pT dy

=E dR
d3p

is the static rate of production. The static rate is convoluted

with the expansion dynamics through the integration over d4x. This is taken care of

by the boost invariant relativistic hydrodynamics with cylindrical symmetry [125] as

explained in chapter 3. The formalism for the calculation of the thermal rates are

already discussed in chapter 2.
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When an initial QGP phase with 1st order phase transition is assumed then the

above Eq. 4.5 becomes

(

dN

d2pTdy

)

thermal

=
∫

QGP

dR

d2pTdy
d4x+

∫

Mix

dR

d2pTdy
d4x+

∫

Had

dR

d2pTdy
d4x (4.6)

representing the contributions from QGP, mixed and hadronic phases. For a continuous

transition only QGP and hadron phases are assumed to contribute. In case of crossover

the QGP phase moves to hadronic phase smoothly without any discontinuity around

the pseudo-transition temperature. Here also, the contributions from QGP (above

pseudo-transition temperature) and hadrons (below pseudo-transition temperature) are

assumed.

The last part of the R.H.S of the Eq. 4.1 ( dN
d2pT dy

)decay is for the contribution from decay

of hadrons occurring after the thermal freeze-out of the system. The experimental data

for SPS and RHIC energies are available after the subtraction of decay contribution.

Hence in the present analysis the photons from post freeze out hadronic decays are

ignored and we evaluate,

(

dN

d2pTdy

)

direct

=

(

dN

d2pTdy

)

prompt

+

(

dN

d2pTdy

)

thermal

. (4.7)

4.2 Photons from Au+Au collisions at
√
sNN=200

GeV RHIC energy.

Theoretically the prompt photons and thermal photons have been evaluated at this

energy and compared with the direct photon data taken by PHENIX collaboration [139].
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4.2.1 Prompt photons at
√
sNN=200 GeV

Let us identify the possible sources of “excess” photons above those coming from the

decays of π0, η mesons etc. as provided by the data. Photons from the decays of π0,

η etc.. are subtracted from the data and hence will not be discussed here. For the

transverse momentum spectra of the photon, first we focus on the high pT domain.

These are populated by the prompt photons that originate from the hard collisions

of initial state partons in the colliding nuclei. We use next -to- leading order (NLO)

predictions by Gordon and Vogelsang [145] from pp collisions and scale it up by the

number of binary collisions for Au+Au interactions to obtain the prompt contributions.

It should be noted here that NLO prediction does not require any intrinsic kT smearing

to explain the p−p data [146]. This effect is ignored in the analysis of Au+Au data in

the present work. The fast quarks propagating through QGP lose energy due to gluon

radiation and hence produce photons with reduced energy via fragmentation processes.

This indicates that photon production by these processes will be suppressed. However,

the induced emission of photons by the hard partons due to multiple scattering in the

QGP will enhance the photon radiation. It is shown in Ref. [80] that the enhancement

due to induced radiation compensates the suppression due to jet energy loss for the pT

domain considered here. Therefore, we ignore these mechanisms in the current analysis.

Photon productions from the interaction of thermal gluons and non-thermal quarks were

first considered in [147] within the framework of Fokker Planck equation. Contributions

from the hard partons undergoing annihilation and Compton processes with the quarks

and gluons in the thermal medium [86] have been evaluated and their importance

has been highlighted recently in [148]. The duration of the pre-equilibrium stage will
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be small since the thermalization time taken here is small (∼ 0.2 fm) and hence the

contribution from this stage is assumed to be small. Photons from the pre-equilibrium

stage and hard-thermal conversion are neglected here. The current experimental data

are explained without these contributions.

4.2.2 Thermal photons at
√
sNN=200 GeV

The estimation of the thermal contribution depends on the space-time evolution sce-

nario that one considers. In case of a de-confinement phase transition, which seems

to be plausible at RHIC energies, we assume that QGP is formed initially. The equi-

librated plasma then expands in space and time, cools as temperature falls. Then at

a point it reverts back to hadronic matter and finally freezes out at a temperature ∼

120 MeV. Hence the thermal radiations are from the quark-gluon fireball and also from

luminous hadronic fireball which has to be evaluated properly in order to have a reliable

estimate of the initial temperature. The photon emission rate from QGP due to Comp-

ton (q(q̄)g → q(q̄)γ) and annihilation (qq̄ → gγ) processes was evaluated [24, 82] by

using Hard Thermal Loop (HTL) approximation(described in chapter 2). Later it was

shown [78] that photon production from the reactions, gq → gqγ, qq → qqγ, qqq̄ → qγ

and gqq̄ → gγ contribute in the same order as annihilation and Compton processes.

However, this calculation does not incorporate suppression due to multiple scattering

during the emission process. This point was later clarified in Ref. [83]. The complete

calculation of photon emission rate from QGP to order αs has been completed by re-

suming ladder diagrams in the effective theory [84]. We use the results of Ref. [84] in
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the present work. The parameterizations of the emission rates for various processes are

available in Ref. [149]. The temperature dependence of the strong coupling constant is

taken from Ref. [85]. While evaluating the photons from hadronic phase we consider an

exhaustive set of hadronic reactions and the radiative decay of higher resonance states

[150, 151, 152, 153]. The relevant reactions and decays for photon productions are: (i)

π π → ρ γ, (ii) π ρ → πγ (with π, ρ, ω, φ and a1 in the intermediate state [152]),

(iii)π π → η γ and (iv) π η → π γ, ρ → π π γ and ω → π γ. The corresponding

vertices are obtained from various phenomenological Lagrangians described in detail in

Ref. [150, 151, 152, 153]. Contributions from other decays, such as K∗(892) → K γ,

φ → η γ, b1(1235) → π γ, a2(1320) → π γ and K1(1270) → π γ have been found to

be small [154] for pT > 1 GeV. All the isospin combinations for the above reactions

and decays have properly been taken into account.

Various experiments suggest that the spectral functions of hadrons are modified in a

dense nuclear environment [155, 156, 157, 158, 159, 160, 161]. The enhancement of lep-

ton pair yield in CERES data [162] below the ρ-mass can only be explained by assuming

the in-medium modifications of the ρ meson [163, 164, 165, 166]. The photon spectra

measured by WA98 collaboration at CERN-SPS energies have been reproduced by as-

suming the reduction of hadronic masses in the thermal bath [167, 168]. It was shown

in Ref. [168] that the pT distribution of photons changes significantly with a reduced

mass scenario and is almost unaffected by the broadening [168] of the vector meson

spectral function in the medium. On the other hand the invariant mass distribution

of the lepton pairs is sensitive to both the reduction in vector meson masses [164, 165]

as well as the enhanced width of the vector mesons [163, 166]. Thus, by looking only
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at the dilepton spectra, it is difficult to differentiate the above scenarios. We need to

analyze both the photon and dilepton spectra simultaneously.

Although the NA60 data favors the broadening of the spectral function of low mass

vector meson, the issue of the medium modification is yet to be understood. The

shift in hadronic spectral function depends on the temperature and (baryonic) chem-

ical potential of the thermal bath created after the collisions. The value of baryonic

chemical potential for system produced after the collision at
√
sNN = 200 GeV is much

smaller [169] compared to the other lower energy collisions [170]. Therefore, the extrap-

olation of the nature of change observed in these low energy experiments to RHIC energy

may suffer from various uncertainties, because for matter formed at RHIC collision the

net baryon number is very small (baryon - anti-baryon ∼ 0). Because of these reasons

and the insensitivities of photon spectra on broadening we consider the reduction of

hadronic masses to evaluate photon productions from hadronic matter to estimate Ti.

The nature of changes in the hadronic spectral function at non-zero temperature and

density is not known from first principle at present. Thus one has to rely on calcula-

tions based on various phenomenological models (see [71, 163, 171] for a review). In

this particular work we use Brown-Rho (BR) scaling scenario [173] (see also [174]) for

in-medium modifications of hadronic masses (except pseudo scalars). BR scaling has

been used here to indicate how far the value of initial temperature is affected when the

reduction of the hadronic mass is incorporated in evaluating the photon spectra. The

BR scaling indicates stronger reduction of hadronic masses as compared to Quantum

Hydrodynamics (QHD) [175]. As the abundances of hadrons increase with the reduc-

tion in their masses, photon yield is expected to increase from hadronic phase with BR
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Figure 4.3: π+ (filled circle) and K+ (filled diamond) spectra at
√
sNN = 200 GeV

are measured by PHENIX Collaboration. Solid (dashed) line depicts the pion (kaon)
spectra obtained in the hydro dynamical model. The data is taken from [172] for Au
+ Au collisions at

√
sNN = 200 GeV for (0 − 5)% centrality. Type I EoS has been

considered here with Ti = 400 MeV, τi = 0.2 fm and Tf = 120 MeV.
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scaling. Therefore, in this scenario a conservative estimate of the photons from QGP

phase and hence a conservative value of the initial temperature is obtained.

Table 4.1: Different sources of photon productions.

Prompt qg → qγ, qq̄ → gγ, NLO (Vogelssang) Included
q1q2 → q1q2γ

Thermal QGP qg → qγ (Compton),
qq̄ → gγ (Gluon emission),
q1q2 → q1q2γ, qqq̄ → qγ,

gq → gqγ Included
Hadronic πρ→ πγ, ππ → ργ,

ππ → ηγ, πη → πγ,
ρ→ ππγ, ω → πγ,

πK∗ → Kγ, πK → K∗γ, Kρ→ Kγ,
KK → ργ, KK∗ → πγ, K∗ → πKγ.

Decay π → γγ, η → γγ Not included

• Space time evolution :

The ideal relativistic hydrodynamics with longitudinal boost invariance [124] and

cylindrical symmetry [125] has been used for the space time evolution. This is described

in chapter 3.

• Initial Condition :

In case of isentropic expansion the experimentally measured hadron multiplicity can

be related to the initial temperature and thermalization time by the following equa-

tion [129]:

T 3
i (b)τi =

2π4

45ζ(3)πR2
A4ak

dN

dy
(b) (4.8)
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where dN
dy

(b) is the hadron (predominantly pions) multiplicity at a given impact pa-

rameter b, RA is the radius of the system, τi is the initial thermalization time, ζ(3)

is the Riemann zeta function and ak = (π2/90)geff and geff is the effective statistical

degeneracy of the system. The hadron multiplicity resulting from Au+Au collisions is

related to that from pp collision at a given impact parameter and collision energy by

dN

dy
(b) = [(1 − x)Npart(b)/2 + xNcoll(b)]

dNpp

dy
(4.9)

where x is the fraction of hard collisions. Npart is the number of participants and

Ncoll is the number of collisions evaluated by using Glauber model. dN ch
pp/dy = 2.5 −

0.25ln(s) + 0.023ln2s, is the multiplicity of the produced hadrons in pp collisions at

centre of mass energy,
√
s [176]. We have assumed that 25% hard (i.e. x = 0.25 )and

75% soft collisions are responsible for initial entropy production.

We further assume that the system is formed in a thermalized phase of quarks and

gluons at the initial thermalization time τi = 0.2 fm. Taking the number of flavors,

NF = 2.5, dN/dy ∼ 1100 and solving Eq. 4.8 the value of the initial temperature (Ti)

is obtained as Ti = 400 MeV. The initial energy density profiles is considered as:

ǫ(τi, r) =
ǫ0

1 + e(r−RA)/δ
(4.10)

where ǫ0 is the central energy density calculated from the initial temperature Ti (π2

30
geffT

4
i

), The value of the geff is obtained from the equation of state considered for that phase.

Similarly the radial velocity profile is given by,

v(τi, r) = v0

[

1 − 1

1 + e(r−RA)/δ

]

(4.11)

where v0=0 and δ ∼ 0.5 fm.
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4.2.3 Equation of state (EoS)

Two types of equation of state are used here to study the photon spectra to indicate

the sensitivity of the results. (I)BAG-HRG EoS: Bag model type EoS has been used for

QGP and for the hadronic matter the equation of state has been constructed considering

all the resonances with mass < 2.5 GeV /c2 (HRG EoS). The velocity of sound is taken

as c2s = 1/3 and 1/5 [177] for QGP and hadronic phase respectively. The effect of

baryonic chemical potential is neglected here.

(II) EoS from lattice QCD [178] has also been used here to show the sensitivity of

our results on the equation of state and to find out the conservative value of Ti.

The transition temperature is taken as Tc ∼ 190 MeV guided by the lattice QCD

[179, 180]. However, the sensitivity of the results on Tc will also be demonstrated.

The freeze-out temperature, Tf has been fixed by studying the transverse momentum

distribution of hadrons.

4.2.4 Results for the pT spectra at RHIC

First we use the type I EoS and initial conditions described above to solve the rel-

ativistic hydrodynamic equations for studying the pT spectra of pions and kaons. To

reproduce the transverse momentum distribution of pions and kaons (Fig. 4.3) measured

experimentally by PHENIX collaboration [172], the required value of Tf ∼ 120 MeV.
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Figure 4.4: Direct photon spectra at RHIC energies measured by PHENIX Collabo-
ration for (0 − 20)% centrality. Dashed line indicates hard photons from NLO pQCD
calculations [145]. Solid (dot-dashed) line depicts the total photon yield obtained from
QGP initial state with Ti = 400 MeV and τi = 0.2 fm (Ti = 590 MeV τi = 0.15
fm). Type I EoS has been used to obtain the thermal contributions shown in this fig-
ure. In medium effects on hadrons are included (ignored) in the results shown by solid
(dot-dashed) line. Photon production rate from QGP is taken from [84].

In all the results shown below the value of the freeze-out temperature is fixed at 120

MeV. The dependence of the pT distributions of hadrons on the initial temperature is

rather weak for the pT values under consideration. It is assumed here that the chemical

equilibrium is maintained down to Tf . Now we evaluate the pT spectra of photons and

compare the resulting spectra with the recent PHENIX measurements of direct photons

in Fig. 4.4. We observe that the data is reproduced with Ti = 400 MeV and τi = 0.2 fm

with in-medium modification of hadrons and type I EoS. It is found that the contribu-

tions from quark matter and hadronic matter to the photon production are similar in
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Figure 4.5: Same as Fig. 4.4 for type II EoS, with Ti = 300 MeV, τi = 0.5 fm and
Tf = 120 MeV. Photon production rate from QGP is taken from [84].

the pT interval, 1 ≤ pT (GeV)≤ 3, the range where thermal contribution dominates. In

Ref. [181] the initial temperature and thermalization time are taken as 590 MeV and

0.15 fm respectively to evaluate the photon spectra. They have used the hadronic pho-

ton production rates of Ref. [87]. We reproduce the photon spectra with this initial

condition by using the hadronic emission rates of photons from [150, 151, 152, 153].

As in Ref. [181] the medium effects are neglected in this case. The resulting photon

spectrum is also shown in Fig. 4.4 for comparison. If we fix τi = 0.15 fm then the data

can also be described reasonably well for Ti = 440 MeV (keeping T 3
i τi ∝ dN/dy fixed)

if the medium effects on hadrons are taken into account. It may be mentioned here

that photons from strange hadrons [87] is down by a factor of 2 (at pT ∼ 2 GeV) com-

pared to the production rates from non strange hadrons (π, ρ, ω, η). The contributions

involving η mesons are neglected in Ref. [87]. As mentioned earlier the reduction of

hadronic masses in a thermal bath increases their abundances and hence the rate of
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photon emission gets enhanced [71, 150, 151]. As a result a smaller initial temperature

compared to the one obtained in Ref. [181], is seen to reproduce the data reasonably

well. The variation of hadronic masses with temperature in QHD model [71, 175] is

slower than the BR scaling. As a result the PHENIX photon data requires higher value

of Ti in QHD than BR scaling scenario. Hence to pinpoint the actual initial temperature

through photon spectra it is imperative to understand the properties of hadrons in hot

and dense environment. However, it is clear that the initial temperature obtained in the

present analysis is more than the value of Tc obtained from lattice QCD calculations.

The initial temperature obtained from the analysis of the RHIC data is ∼ 400 MeV

in the present work and ∼ 590 MeV in [181]. This may be compared with the value

of the initial temperature obtained from the analysis of SPS data. The value of initial

temperature obtained from the analysis of the single photon data from Pb + Pb colli-

sions at SPS [137] is within the range ∼ 200− 230 MeV [167, 168, 182, 183, 184, 185].

A much higher value of Ti ∼ 335 MeV is obtained in [186] by assuming a very small

value of τi ∼ 0.2 fm for SPS energy.

To show the sensitivity of the results on the EoS we evaluate the photon spectra

using type II EoS (lattice QCD) in hydro-dynamical evolution. It is seen (Fig. 4.5)

that the data can be reproduced with lower initial temperature, Ti ∼ 300 MeV (and

hence larger thermalization time scale ∼ 0.5 fm). This is so because in the case of type

II EoS the space time evolution of the system for temperature below the transition

temperature is slower than type I EoS. Hence the hadronic phase lives longer for type

II EoS, radiating more photons from this phase. However, it should be mentioned here

that the slope of the pT spectra of hadrons can not be reproduced by type II EoS with
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the value of the initial temperature mentioned above.

It may be mentioned at this point that the photon emission rates obtained in [84]

are valid in weak coupling limit, although the QGP formed after Au + Au collisions

at RHIC energy could be strongly coupled[187]. However, photon production from

strongly coupled QGP is not available from thermal QCD. Therefore, results in strong

coupling limit would be useful even if it comes from a theory which is not real QCD. Re-

cently, results from N = 4 Super-symmetric Yang Mills (SYM) theory have been made

available [188, 189] in the strong coupling limit. The rate obtained in this case could

be treated as an upper limit of photon production from QGP. The thermal photons

obtained in this case are compared with that from thermal QCD in Fig. 4.6. Pho-

tons from SYM is enhanced by about 20% as compared to thermal QCD in the pT

region ∼ 2 GeV. When the results obtained from SYM is added with thermal photons

from hadronic phase and photons from pQCD it describes the data reasonably well

(see Fig. 4.7). The initial temperature and time are taken as 300 MeV and 0.5 fm

respectively. The type II EoS is used here. It should be mentioned here that for type

I EoS and production rate from SYM, Ti ∼ 400 MeV and τi ∼ 0.2 fm is required to

reproduce the data. In Fig. 4.8 the dependence of photon spectra from QGP phase on

strong coupling is demonstrated. The temperature dependence of αs has been taken

from [85]. The difference in photon spectra at pT ∼ 3 GeV for αs = 0.3 and temper-

ature dependent αs is about 13%. A 20% enhancement is obtained at pT ∼ 2 GeV in

total thermal photon production if transition temperature is increased from 170 to 190

MeV (Fig. 4.9). Photons from hadronic phase populate mainly the low pT region of the

spectra. Larger value of transition temperature means that hadrons survive up to larger
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Figure 4.6: Solid (dotted) represents pT spectra of thermal photons when photons
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Figure 4.7: Direct photon spectra at RHIC energies measured by PHENIX Collabora-
tion. Solid (dotted) line depicts the pQCD + thermal (thermal) photon yield. Thermal
photons from QGP phase is obtained from SYM theory [84]. Here Ti = 300 MeV and
τi = 0.5 fm. Type II EoS is used to obtain the thermal contributions.
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Figure 4.8: Photon emission from QGP phase for two values of strong coupling constant
αs. Solid (dotted) line indicates results for αs = 0.3 (temperature dependent coupling).
Here Ti = 400 MeV, τi = 0.2 fm and Tf = 120 MeV. Type I EoS has been used here.

temperature and emit more photons at low pT region. All the results presented above

are obtained with vanishing initial radial velocity i.e. for v0 = 0 in Eq. 4.11. Finally,

we demonstrate the sensitivity of results on the value and shape of the initial velocity

profile. In Fig. 4.10 we show the results for v0 = 0 (solid line) and v0 = 0.2 (dashed

line) in Eq. 4.11. The difference in results is rather small. However, for a different

velocity profile, vr(τi, r) = v1
0 r/RA a substantial change in the spectra is observed for

v1
0 = 0.2, because this gives a stronger radial velocity distribution of the fluid compared

to Eq. 4.11. It will be interesting to put constrains on the initial velocity profile from

experimental data on the pT distributions of various types of hadrons [55].

We have also evaluated the pT spectra of direct photons for different centralities

for Au+Au collisions at
√
sNN=200 GeV. It is important to mention here that while
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Figure 4.10: Thermal photon spectra with different initial velocity profile. Solid
(dashed) line indicates results for v0=0 (0.2) for the radial velocity profile given in
expression 4.11. Result for different velocity profile vr(τi, r) = v1
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0=0.2 is

shown in dotted line. Here Ti=400 MeV, τi=0.2 fm, Tf=120 MeV and Type-I EoS.
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evaluating the spectra for different centralities we have assumed the value of x (frac-

tion of hard collision) to be 0.1 and calculate the initial entropy production in terms

of hadronic multiplicities dN/dy using Glauber model. Also we have considered the

thermal photon productions from hadronic phase by using the non-linear sigma model

Lagrangian described in chapter 2. The results are compared with the experimental

data [190] and shown in [51]. The initial conditions taken for different centralities are

mentioned in table 4.2.

Table 4.2: The values of various parameters - thermalization time (τi), initial tempera-
ture (Ti) and hadronic multiplicity dN/dy - used for the calculations at SPS [137] and
for RHIC [190] √

sNN centrality dN
dy

τi(fm) Ti(MeV)

17.3 GeV 0-06% 700 1.0 200
200 GeV 0-20% 496 0.6 227

20-40% 226 0.6 203
min. bias 184 0.6 200

4.3 Photons from Pb+Pb collisions at
√
sNN=17.3

GeV, SPS energy.

Similar to RHIC, the direct photons have been evaluated for
√
sNN=17.3 GeV at SPS

energy and compared with the available data for Pb+Pb collisions [51].
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Figure 4.11: Transverse momentum spectra of prompt photons for Pb+Pb collision at√
sNN=17.3 GeV obtained by scaling the p+p collision at

√
sNN=19.4 GeV

4.3.1 Prompt Photons at
√
sNN=17.3 GeV

One can obtain the prompt photon contribution from A+A collision using the technique

of pQCD as described 4.2. The prompt production from A+A collision can also be

evaluated by scaling the photon productions from p+p collision [137] with number of

binary collisions (in Au+Au). Here we have used the second way to evaluate the spectra

at SPS energy,
√
sNN=17.3 GeV. Since no data are available for p+p collision at this

energy, we used the photon data for p+p collision at
√
sNN=19.4 GeV and scale it

for Pb+Pb collision at 17.3 GeV. Then we estimate the prompt photon production for

Pb+Pb collision. The prompt photon spectra is displayed in Fig. 4.11.
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4.3.2 Thermal photons at
√
sNN=17.3 GeV

The formalism for the rate of thermal photon productions from the QGP phase is similar

to RHIC and are already discussed in chapter 2. The emission from thermal hadrons

have been considered from [87]. Here we discuss the initial conditions for the space

time evolution and evaluate the spectra at
√
sNN=17.3 GeV.

Initial Conditions for hydrodynamics:

We assume that the system reaches equilibration at a time τi after the collision. We

take Ti=200 MeV, calculated from the relation 4.9 for the multiplicity dN/dy. The

value of dN/dy for various beam energies and centralities are calculated from the above

mentioned equation 4.9. and tabulated in table I. The number of collision, Ncoll

contribute to x fraction to the multiplicity dNpp/dy measured in pp collision. The

number of participants, Npart contributes to fraction (1− x) of dNpp/dy. The values of

Npart and Ncoll are estimated for this energy by using Glauber Model and the results

are in agreement with [146]. We have used dNpp/dy = 2.43 and x = 0.1 at
√
sNN = 200

GeV. It should be mentioned here that the values of dN/dy (as depend on Npart and

Ncoll ) and Ti (through dN/dy in Eq. 6.2) depend on the centrality of the collisions.

The values of RA for different centralities have been evaluated by using the equation

RA ∼ 1.1N
1/3
part. The initial energy density and radial velocity profiles are considered

as taken for RHIC: with central energy density ǫi=
π2

30
geffT

4
i . The values of Ti are

tabulated above. The EoS obtained from the lattice QCD calculations by the MILC

collaboration [191] has been used. All hadrons are assumed to freeze out thermally at

the same time and the temperature is taken to be Tf=140 MeV. The chemical freeze

out temperature where the hadrons decouple chemically are taken to be Tch = 170
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MeV obtained from the experimentally measured particle ratios [22, 192]. The system

remains out of chemical equilibrium from Tch to Tf . The deviation of the system from

the chemical equilibrium is taken in to account by introducing chemical potential for

each hadronic species. The chemical non-equilibration affects the yields through the

phase space factors of the hadrons which in turn affects the productions of the EM

probes. The value of the chemical potential has been taken in to account following

Ref. [193]. It is expected that the chemical potentials do not change much for the

inclusion of resonances above ∆. The pT spectra of thermal photons at SPS energy

√
sNN=17.3 GeV is displayed in Fig. 4.3.2. It is important to note that the different

initial conditions with BAG-HRG equation of state or Ansatz equation of state as

described in chapter 3 also explain the data. Although we discuss the effect of EoS

on the photon spectra in chapter 5, still it is very much important to know the exact

equation of state in case of A+A collisions.

4.3.3 Results at SPS

The thermal photons with initial temperature of 200 MeV along with the prompt con-

tributions explain the WA98 data well [51] with the inclusion of non-zero chemical

potentials for all hadronic species considered [193](see also [194]). In some of the previ-

ous works [167, 168, 186, 183, 195, 182, 196] the effect of chemical freeze-out is ignored.

As a result either a higher value of Ti or a substantial reduction of hadronic masses in

the medium was required [167, 168]. In the present work, the data has been reproduced

without any such effects.
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Figure 4.12: Transverse momentum spectra of photons at
√
sNN=17.3 GeV SPS energy

for Pb+Pb collision at mid-rapidity.

4.4 Photons at LHC energy

Using the same formalism for thermal photon productions discussed in the above sec-

tion 4.3, the pT spectra of (dN/d2pTdy) thermal photons have been evaluated for LHC

energy. The initial temperature Ti is considered to be 850 MeV and initial thermalisa-

tion time, τi, is taken as 0.08 fm.(for a hadron multiplicity 4000, see for details [54, 53]).

Freeze out temperature is taken as 120 MeV. BAG-HRG EoS for a first order phase

transition is assumed. The pT spectrum is displayed in Fig. 4.13.
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Figure 4.13: pT spectra for LHC energy (assuming hadron multiplicity dN/dy=4000)

4.5 Summary & Conclusion

The transverse momentum spectra of direct photons at RHIC energy (
√
sNN=200 GeV)

for Au+Au collision and at SPS energy (
√
sNN=17.3 GeV) for Pb+Pb collision have

been studied using the formalism and expansion dynamics explained in chapter 2 and

3 respectively. For RHIC energy (mid rapidity) we take an initial temperature Ti=400

MeV and initial thermalisation time τi=0.2 fm being constrained together from that

experimentally measured hadron multiplicity. The freeze out temperature Tf (assuming

equal-time freeze out scenario) has been taken to be 120 MeV which is also constrained

from the hadron (pion and kaon) pT spectra. We observe that different boundary con-

dition with different initial conditions can also explain the data well. All the cases we

assume an initial QGP phase. If we assume an initial hadronic state for example in
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Au+Au collision at RHIC energy then we can calculate the Ti for an effective hadronic

degeneracy geff=10 (a large value) from the eq. 4.8 T 3
i τi = 2π4

45ζ(3)π R2
A

4ak

dN
dy

. This calcu-

lation is for mid-rapidity. Here ζ(3)=1.2, aeff = π2

90
geff=

π2

9
, RA=6 fm, dN/dy = 1100

for RHIC. Putting all these values we get T 3
i τi = 7.99fm−2. If we take τi=10 fm which

is a very unrealistic larger value then also we get Ti=185 MeV. With this value of Ti

and geff the data for pT spectra of photons is not reproduced for all pT range. If we

take a value of τi=1 fm then we get Ti=400 MeV. A lower value of geff leads to higher

value of Ti and higher value of geff is not realistic for hadronic matter. This value

of Ti is much larger than the value of the transition temperature Tc predicted by the

lattice QCD at zero baryonic chemical potential. We can remind here that the baryonic

chemical potential µB obtained from the particle ratios are of the order of 25 MeV for

Au+Au collision at RHIC energy
√
sNN=200 GeV. Which rules out the initial hadronic

state at this energy again the theoretical evaluation of spectra with the assumption

of an initial QGP phase explains the data nicely. The data for different centralities

have also been explained with the same production and expansion mechanism. As we

mentioned different EoS (Lattice EoS (MILC Collaboration) etc.) with different initial

conditions also explain the data. Similarly photon spectra Pb+Pb collision at SPS

energy (
√
sNN=17.3 GeV or Elab=158 A GeV) have been explained with initial tem-

perature Ti=200 MeV and τi=1 fm with lattice EoS. From the initial temperature Ti

inferred for spectra at both energies we conclude the data along with the theoretical

evaluation supports the formation of an initial QGP phase at
√
sNN=17.3 GeV, Pb+Pb

collision and at
√
sNN=200 GeV, Au+Au collision.



Chapter 5

Thermal dilepton productions from
In+In collisions at SPS energy and
the information of radial flow

The importance of the lepton pairs(µ+ & µ− pairs) for probing the state of the mat-
ter that is produced in the heavy ion collision has been discussed earlier. Here the
production of lepton pairs in terms of invariant yield has been evaluated for In-In
collision at

√
sNN = 17.3GeV SPS energy. The theoretical estimations of invariant mass

(dN/dMµ+µ−) spectra and transverse mass spectra (dN/mTdmT ) have been contrasted
with the available experimental data measured by NA60 Collaboration. The assumption of
an initial QGP state explains the data where the hadronic initial state fails to reproduce.
While evaluating the invariant mass spectra we restrict our calculation up to M∼1.5
GeV. The excess dimuon observed in the low mass region of the invariant mass spectra
may be due to the melting of ρ meson due to the interactions with the thermal baryons
and mesons. The non-monotonic behaviour of Teff extracted from the transverse mass
spectra indicates the presence of two different thermal sources (may be partonic or
hadronic). The theoretical evaluation of the spectra after comparing with the experimental
observations suggests the formation of QGP phase in relativistic In+In nuclear collisions.
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5.1 Introduction

In this chapter, the thermal dimuon yields have been evaluated from a system formed

in heavy ion collisions using thermal field theory and relativistic hydrodynamics as

discussed in previous chapters 2 & 3. We compare our results [55] with the dimuon

spectra (mT −M and M) measured by NA60 collaboration [197] from In+In collisions

at beam energy 158A GeV (or center of mass energy,
√

NN=17.3 GeV ), SPS energy.

The high quality data have been made available [197, 198, 199] for both the kinematic

variables - the transverse momentum (pT ) and the invariant mass (M) of the muon

pairs. The available data are excluded from the non-thermal sources like Drell-Yan

and decay of vector mesons after the freeze out. Theoretically we evaluate invariant

mass spectra dNµ+µ−/dM i.e., the number of dimuons produced per unit invariant

mass, M =
√

(E1 + E2)2 − (P1 + P2)2 of dimuons produced from In+In collision at SPS

energy
√
sNN=17.3 GeV. Here 1 &2 represents µ+ and µ− respectively. To compare

with the experimental data we express the invariant mass spectra in terms of normalized

spectra as (dN/dMdy)/(dNch/dy) and plot with the invariant mass M . Here y is

the rapidity and dNch/dy is the charge hadron multiplicity [55]. The evaluation is

for different pT windows. Also we evaluate the transverse mass spectra (dN/mTdmT

≡ dN/pTdpT ) where mT =
√

p2
T +M2. pT is the transverse momenta of the pair. The

transverse mass spectra have been evaluated for different M widows and plotted against

mT −M and finally compared with the data [55]. From the experimental observations

an interesting result is obtained for the mT spectra which gives an indication of the

formation of QGP in In+In nuclear collision. A non-monotonic behavior of the inverse

slope parameter, Teff is observed when extracted from the transverse mass spectra of
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the thermal lepton pairs - as a function of invariant mass. This non-monotonic trend

of Teff may possibly indicate the origin of lepton pairs from a partonic phase formed

initially in the collisions. Teff has been extracted from the theoretical estimation of the

mT spectra of In+In collisions and compared with the data.

The probability that a muon pair of invariant mass, M with transverse momentum,

pT will be emitted from a thermal system at temperature T is determined by the Boltz-

mann factor ∼ e−
√

M2+p2
T

/T . For a dynamically evolving system like the one produced

after In-In nuclei collisions at ultra-relativistic energies - the temperature decreases with

time because a part of the thermal energy is spent to develop the collective motion in

the system. Consequently the Boltzmann factor is modified to ∼ e−
√

M2+p2
T

/Teff , where

Teff ∼ Tth + Mv2
r - here the first term represent thermal part and the second term

stands for the flow part of the energy. It is expected that the large M thermal pairs are

originated from early time when temperature is large and flow velocity is small and the

small M pairs are originated from the late stage of the evolution when the temperature

is low but flow velocity is large. Therefore, the variation of the Teff with invariant mass,

M may very naively be treated as a chronometer of the heavy ion collisions. A detail

discussion on Teff vs M would be given in the next chapter.

We assume the following two scenarios for the collisions: (i)In+In → quark gluon

plasma (QGP) → mixed phase of quarks and hadrons → hadronic phase and (ii) In+In

→ hadronic phase and check by comparing with data which is the possible scenario

realized in these collisions. Some earlier studies [194, 200, 201, 202] with the assumption

for scenario-I are also available.
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5.2 Dimuon productions at
√
sNN=17.3 GeV fron

In+In collision

Let’s recall the rate of thermal dilepton production i.e., the number of thermal pairs

per unit space-time volume per unit four momentum volume (discussed in chapter 2),

[63, 67, 92] as follows;

dR

d4p
= − α2

6π3p2
L(M2)fBE(p0)W

µ
µ (p0, ~p) (5.1)

Recalling α as the electromagnetic coupling, Wµ
µ is the correlator of electromagnetic

currents. fBE(E, T ) (~p, p0 is nothing but the three momentum and energy, E of the

pairs) is the thermal phase space factor for Bosons. For an expanding system the energy

E appearing in the phase-space factor should be replaced by uµpµ having four velocity

uµ at each space-time point of the system. p2(= pµp
µ) = M2 is the invariant mass

square of the lepton pair. The term L(M2) =
(

1 + 2 m2

M2

)
√

1 − 4 m2

M2 comes from the

final state muonic current involving Dirac spinors, m is the muon mass.

When we consider the lepton pair production from quark gluon plasma phase then

the major sources are the annihilation of quark anti-quark pairs(qq → ll̄) [98]. In the

present work the QCD corrections through the processes qq̄ → gl+l− gq(q̄) → q(q̄)l+l−

(see Ref. [99, 100]) have been taken into account. When we look into the lepton pair

production from hadronic matter then we consider the decay of vector mesons to µ+µ−

and we use the vector meson dominance model. The the above equation 5.1 reduces to

[93]

dR

dM2pTdpTdy
=

α2

π2M2
L(M2)fBE(p0)

∑

V =ρ,ω,φ

AV (p0, ~p) (5.2)
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where the spectral function of the vector meson AV contains a pole part and continuum

part. i.e.,

AV = Apole
V + Acont

V . (5.3)

Here we consider the vector mesons ρ(I=1, J=1, P=-1), ω(I=0, J=1, P=-1) and φ(I=0,

J=1, P=-1) for the production of lepton pairs. Since our study of the invariant mass

spectra is limited up to mass =1.5 GeV, the low mass region(LMR), we have not

added the contribution from other thermal sources like J/ψ , DD̄, Υ. These sources

contribute substantially to the intermediate mass range (IMR: 1.5 < M(GeV) < 4.5

GeV). As mentioned before in the chapter-2 there are other non-thermal sources of

productions. These non-thermal dimuons consists of Drell-Yan contributions resulting

from hard interactions of partons of the colliding nuclei and from the decay of various

mesons (π, η, ω, η′, ρ, φ etc.) after the freeze out of thermal system. The non-thermal

contributions (apart from the decay of ρ meson) are subtracted from the data under

consideration [197, 198, 199]. The contributions from the decay of ρ mesons after

the freeze-out have been estimated as these have not been subtracted from the data.

Cooper-Frye formula is used to evaluate the mT distributions of dileptons originating

from the decay of ρ mesons in the post freeze-out [203] period.

dNγ∗

mTdmT
= 2π

∫

dr
∫

dη
∫

dφ rτ

×
(

mT cosh(y − η) − ∂τ

∂r
pT cosφ

)

×ρ(M)ΓV →µ+µ−/Γtot
V funstable

dM2dy (5.4)

Here r is the radial cordinate, τ is the proper time and φ is the azimuthal angle( from

0 to 2π), η is the space time rapidity and ρ(M) is the spectral function of the unstable
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vector meson ρ and funstable is the thermal phase space factor of the unstable vector

meson. For a stable particle the spectral function is replaced by Dirac-delta function

and consequently the usual thermal phase space factor is recovered. Γtot
V is the total

decay width of the ρ vector meson. The funstable is given by

funstable =
g

(2π)3

1

exp(p0)/T − 1
ρ(M) (5.5)

where p0 =
√
p2 +M2, g is the statistical degeneracy. As we have included the contin-

uum in the vector mesons spectral functions four pion annihilation process [95] is not

considered here to avoid over counting.

To evaluate the thermal dilepton spectra the static rate of emission dR/d2mTdM
2dy

has to be integrated over the space time dynamics , governed by relativistic hydrody-

namics as

dN

mTdmT
= 2π

∑

phases

∫

(

dR

d2mTdydM2

)

phase

×dM2dyd4x (5.6)

where d4x is the 4 dimensional volume element, mT is the transverse mass defined as

mT =
√

M2 + p2
T and y is the particle rapidity ; pz is the longitudinal momentum

of the virtual photon(lepton pair). The limits for the integration over invariant mass

M is fixed according to the experimental measurements for any desired mass windows

(Mmin ≤ M ≤ Mmax). Similarly, the invariant mass spectra is obtained by integrating

above Eq. 5.6 over the appropriate pT windows. The space time evolution of the system

(the integration over d4x) has been studied using ideal relativistic hydrodynamics with
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longitudinal boost invariance [124] and cylindrical geometry [125] as already described

in chapter 3. The system when produced after collision undergoes rapid thermalization

process and reaches a thermalised state at a temperature Ti and time (τi). The initial

temperature Ti and time τi are unknown quantities and constrained by the Eq. 3.34

for the hadron multiplicity, dN/dy= 3
2
dNch/dy, dNch/dy=110 for In+In collision. The

effective radius RA radius of the system is taken as 4 fm for impact parametre b=5.34

fm. The geff = 32 in the QGP phase is considered from the lattice QCD results for

a 2 flavor QGP. The initial radial velocity, vr(τi, r) and energy density, ǫ(τi, r) profiles

are taken similar to that photon productions (mentioned in the previous chapter) as

follows:

vr(τi, r) = 0, ǫ(τi, r) = ǫ0/(e
r−RA

δ + 1) (5.7)

where surface thickness δ = 0.5 fm. Initial energy density ǫ0=4.5 GeV /fm3.

The system thermalised at temperature Ti cools down to the freeze out temperature

Tf , where the particles decouple and free stream towards the detector. It is already

mentioned that we have assumed two kind of scenarios for the system produced in In-In

collision; one with initial QGP phase that goes to hadron phase via first order phase

transition and the other scenario with pure hadronic phase through out the evolution.

When an initial QGP phase is assumed the temperature evolves as Ti −→ Tc −→ Tf

and in case of an initial hadronic phase it goes as Ti −→ Tf . The transition temperature

Tc is taken to be 175 MeV [180, 204, 205]. Freeze out temperature is taken to be Tf=130

MeV which can reproduce the slope of φ spectra measured by NA60 collaboration for

In-In collision [206]. We use Ansatz EoS: the bag model of equation of state for QGP

phase and HRG EoS for the hadronic phase where all the resonances with mass ≤ 2.5
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GeV have been considered [177]. The transition region has been parameterized as

follows [130] :

s = f(T )sq + (1 − f(T ))sh (5.8)

where sq (sh) is the entropy density of the quark (hadronic) phase at Tc and

f(T ) =
1

2

[

1 + tanh(
T − Tc

Γ
)
]

(5.9)

the value of the parameter Γ can be varied to make the transition strong first order

or continuous. Γ=20 MeV. The ratios of various hadrons measured experimentally

at different
√
sNN indicate that the system formed in heavy ion collisions chemically

decouple at a temperature (Tch) which is higher than the temperature for kinetic freeze-

out (Tf)determined by the transverse spectra of hadrons [207]. Tch is taken to be 170

MeV. Therefore, the system remains out of chemical equilibrium from Tch to Tf . The

chemical non-equilibration affects the dilepton yields at two levels: (a) the emission rate

through the phase space factor and (b) the space-time evolution of the matter through

the equation state. The value of the chemical potential and the its inclusion in the EoS

has been taken in to account [193].

5.3 Results

The invariant mass spectra and transverse mass spectra using the above mentioned

values of Ti, τi, Tc, Tch, Tf , EoS etc as inputs to hydrodynamics. First we discuss the

results for scenario(I)-here it is assumed that a thermalised state of quarks and gluons
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Figure 5.1: In variant mass spectra(acceptance corrected inclusive mass spectrum
pT > 0) of dimuon from quark gluon plasma and hadronic phase at T=0.175 GeV
and µB=0.250 GeV.
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Figure 5.2: In variant mass spectra(acceptance corrected inclusive mass spectrum ) for
different pT window (pT <0.2 GeV and 0.2 < pT (GeV)<0.4) of the dimuon measured
by NA60 collaboration for semi central In-In collision (

√
sNN=17.3 GeV). The solid line

is the theoretical result for scenario-I.
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Figure 5.3: In variant mass spectra(acceptance corrected inclusive mass spectrum ) for
different pT window (0.4<pT (GeV) <0.6 GeV and 0.6 < pT (GeV)<0.8) of the dimuon
measured by NA60 collaboration for semi central In-In collision (

√
sNN=17.3 GeV).

The solid line is the theoretical result for scenario-I.
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Figure 5.4: In variant mass spectra(acceptance corrected inclusive mass spectrum ) for
different pT window (1.0<pT (GeV) <1.2 GeV and 1.2 < pT (GeV)<1.4) of the dimuon
measured by NA60 collaboration for semi central In-In collision (

√
sNN=17.3 GeV).

The solid line is the theoretical result for scenario-I.
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Figure 5.5: In variant mass spectra(acceptance corrected inclusive mass spectrum ) for
all pT (pT (GeV) <2.4 GeV) of the dimuon measured by NA60 collaboration for semi
central In-In collision (

√
sNN=17.3 GeV). The solid line is the theoretical result for

scenario-I.

is formed after the collisions which reverts to hadronic phase through a weak first

order phase transition. In Fig. 5.1 the static invariant mass spectrum (dR/dM2 vs M)

is plotted up to M=1.5 GeV. Vacuum (without continuum) contribution, the quark

matter and hadronic matter (meson+baryon) contribution to the dimuon production

rate is displayed in this Fig. 5.1. The curve with open circle shows the contribution

from vacuum ρ in a hadronic matter. The long dashed curve shows the contribution

when medium effects are considered with only meson loop and the solid line with star

symbol represents the contribution when both meson and baryon loops are considered.

It clearly says that the inclusion of baryon loops along with meson loops enhances the

spectra substantially in the low mass region. The dotted curve is from quark matter.

In the mass region M < 0.5 GeV and M > 1.02 GeV (∼ mφ) dilepton from the quark

matter populate notably to the spectra.
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In Figs. 5.2, 5.3 and 5.4 the invariant mass spectra are plotted for different pT

windows. Theoretical evaluation for low pT window of the M spectra matches reasonably

well with the measured data. But in the high pT window 1.0 < pT (GeV ) < 1.2,

1.2 < pT (GeV ) < 1.4 theory over predicts the data in the low M region. In Fig. 5.5 the

invariant mass spectra for all pT (0 < pT (GeV ) < 2.4) is displayed and the theoretical

evaluation matches quite well with the data except a slight disagreement in the very

low mass region.

Before discussing the mT spectra it is important to mention here that initially there

is no transverse collective flow (v(τi, r) = 0), the entire energy of the system is thermal at

mid-rapidity. With the progress of time some part of the thermal energy gets converted

to the collective (flow) energy for a system undergoing hydrodynamic expansion. The

measured mT spectra of muon pairs therefore, contains contributions from both thermal

as well as collective degrees of freedom i.e. the inverse slope parameter, Teff can be

written as Teff = Tth + Mv2
r as mentioned earlier. Therefore, it is important to know

the domains of M where the thermal contributions from early (quark matter) and late

(hadronic) phases dominate corresponding to small and large radial flow respectively.

We observe significant enhancement in the dilepton yield in the mass region below

the ρ pole compared to vacuum, nevertheless the total dilepton yield in this region of

M contains notable the contribution from the partonic phase. However, the thermal

pairs for M beyond mφ-peak is dominated by QGP phase. Therefore, it is expected

that the slope parameters extracted from the transverse mass distribution of lepton

pairs for mass region above the φ-peaks should reflect the properties of quark matter



140

0 0.5 1 1.5
mT−M   (GeV) 

10
3

10
4

10
5

10
6

10
7

10
8

10
9

1/
m

T
  d

N
/d

m
T
 (

ar
b.

 u
ni

ts
)

0.2<M(GeV)<0.4
0.4<M(GeV)<0.6
0.6<M(GeV)<0.9
1.0<M(GeV)<1.4

Semicentral In−In−

0 0.5 1 1.5
mT−M   (GeV) 

10
3

10
4

10
5

10
6

10
7

10
8

10
9

1/
m

T
  d

N
/d

m
T
 (

ar
b.

 u
ni

ts
)

0.2<M(GeV)<0.4
0.4<M(GeV)<0.6
0.6<M(GeV)<0.9
1.0<M(GeV)<1.4

Semicentral In−In
Pure initial hadronic state

Figure 5.6: mT −M spectra of muon pair for different invariant mass ranges for semi
central In+In collision at

√
sNN=17.3 GeV. The solid line is the theoretical result for-

Left panel: scenario-I (initial QGP phase) Right panel: scenario-II (initial hadronic
state).

phase. Therefore, slopes at these M region will correspond to the early time when the

radial follow is small. On the other hand the contributions in the region of ρ mass are

overwhelmingly from the hadronic phase and hence the slope at this region correspond

to the late time containing larger radial flow. For M < mρ the situation is complex as it

contains significant contributions from both the hadronic as well as the partonic phase.

In Fig. 5.6 we plot the transverse mass spectra for various M windows. The resulting

mT −M spectra of µ+µ− are compared with the data for different mass window. The

left panel of the Fig. 5.6 shows the calculation for scenario-I, where the initial QGP

phase was assumed. For scenario (ii) with initial hadronic phase we keep dN/dy fixed

and evaluate the initial temperature corresponding to a hadronic degrees of freedom

geff . The right panel shows the calculation for an initial hadronic state (secnario-II).

The data is very poorly explained with this scenario. In the scenario-II the pT spectra
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Figure 5.7: Inverse slope parametre obtained from the mT − M spectra of different
mass ranges of muon pair for scenario-I and scenario-II. The long-dashed curve is for
hadronic initial state.

have higher slopes i.e, because the system here has a long life time and development of

flow velocity is more. The scenario-I calculation agrees well with the data for all the

mass ranges shown.

Finally in Fig 5.7 the effective temperature obtained from the inverse slope of these

spectra have been plotted and compared with the data. The slopes have been estimated

from theoretical results (scenario-I by solid lines and scenario-II by long dashed lines)

by parameterizing to an exponential function within the (mT −M) range 0.3 ≤ mT −

M(GeV)≤ 1.0. It is clear from the results that the slope is reproduced well if the

source is predominantly partonic. A similar non-monotonic behavior is observed in the

variation of the elliptic flow (v2) of photons as a of transverse momentum [208, 209].

The modification of hadronic spectral functions in a thermal bath and its effects on
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electromagnetic radiation is a field of great interest. The invariant mass distribution of

lepton pairs are sensitive to both the pole shift and broadening [96, 163, 164, 165, 166,

168, 173, 210, 211, 212]. But the pT spectra of the EM radiation is insensitive to the

broadening of the spectral function provided the integration over the M is performed

over the entire region. This is because broadening does not change the density of vector

mesons significantly ( [168]). However, the number density of vector mesons depends

on the nature (shape) of the spectral function within the integration limit. Therefore,

the pT spectra may change due to broadening when the integration over M is done in

a limited M domain.

5.4 Summary

Similar to photon productions the dimuon productions have been evaluated. Here the

productions have been estimated considering two scenarios of the expanding system :

(I) with the assumption of an initial QGP phase which goes to hadronic phase via a

1st order phase transition and (II) with the assumption of an initial hadronic state.

For the productions from QGP we consider the lepton pair productions from the major

sources like the annihilation of quark anti-quark pairs(qq → ll̄). The QCD corrections

through the processes qq̄ → gl+l− gq(q̄) → q(q̄)l+l− have been taken into account. The

lepton pair productions from hadronic matter have been considered from the decay of

vector mesons (ρ, ω, φ) to µ+µ− using the vector meson dominance model. Real time

formalism is considered for the production from hadronic matter. Since our study of the

invariant mass spectra is limited up to mass =1.5 GeV, the low mass region(LMR), we
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have not added the contribution from other thermal sources like J/ψ , DD̄, Υ. These

sources contribute substantially to the intermediate mass range (IMR: 1.5 < M(GeV)

< 4.5 GeV). As mentioned before in the chapter-2 there are other non-thermal sources

. These non-thermal dimuons are originated from Drell-Yan processes involving hard

interactions of partons of the colliding nuclei and from the decay of various mesons

(π, η, ω, η′, ρ, φ etc.) after the freeze out of thermal system. Since the non-thermal

contributions apart from the decay of ρ meson are subtracted from the data under

consideration. But the contributions from the decay of ρ mesons after the freeze-out

are considered using Cooper-Frye formula as these have not been subtracted from the

data. We do not consider four pion annihilation process (as some author considers)

as we include the continuum in the vector mesons spectral functions to avoid over

counting. The invariant mass spectra normalized with the charge hadron multiplic-

ity, (dN/dMdy)/(dNch/dy) have been evaluated as a function of invariant mass M

for different pT windows for scenario(I). Also we evaluate the transverse mass spectra

(dN/mTdmT ≡ dN/pTdpT ) for different M widows as a function of mT −M for both

scenarios (I) and (II) and finally compared with the data [55]. It has been observed that

the scenario(I) with the initial QGP phase explains the data well. Our study restricts

up to low mass region (LMR: M < 1.5 GeV). It is clear from the study that the excess

dimuons in the very low mass region (M < Mρ) of the invariant mass spectra are due

to the broadening of ρ spectral function due to the interaction with the thermal mesons

and baryons. From the experimental observations an interesting result is obtained for

the mT spectra which gives an indication of the formation of QGP in In+In nuclear

collision. A non-monotonic behavior of the inverse slope parameter, Teff is observed

when extracted from the transverse mass spectra of the thermal lepton pairs - as a
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function of invariant mass. This non-monotonic trend of Teff may possibly indicate

the origin of lepton pairs from a partonic phase formed initially in the collisions. The

scenario-I reproduces the data when scenario-II fails to explain. The thermal dimuon

pairs for M beyond mφ-peak (Mφ=1.02 GeV) is dominated by QGP phase. Therefore,

it is expected that the slope parameters extracted from the transverse mass distribu-

tion of lepton pairs for mass region above the φ-peaks should reflect the properties of

quark matter phase. Therefore, slopes at these M region will correspond to the early

time when the radial flow is small ( Teff is small). On the other hand the contribu-

tions in the region of ρ mass (0.77 GeV) are overwhelmingly from the hadronic phase

where the radial flow is more (there by Teff is more) and hence the slope at this region

correspond to the late time containing larger radial flow. The theoretical analysis of

both M-spectra and mT −M spectra supports the formation of QGP in In+In nuclear

collision at
√
sNN=17.3 GeV SPS energy.



Chapter 6

Ratio of the electromagnetic spectra
and the initial temperature of the
system formed in heavy ion collision

The ratios of the spectra of thermal photons to thermal dileptons have been evaluated at
SPS, RHIC and LHC eneries. The ratio, Rem = (dNγ/d

2pTdy)y=0/(dNγ∗/d2pTdy)y=0

has been evaluated for different invariant mass windows of dileptons. Since the individual
thermal spectra of photons and dileptons suffer from uncertainties present in the input
parametres like Ti, τi, EoS, Tc, vr etc., we evaluate the ratio to get rid of some of these
uncertainties involved in the model while extracting the thermodynamic information of
the system created in the heavy ion collision. It has been studied that while considering
the ratio of the two spectra at various pT , the ratio reaches a plateu beyond certain
value of pT and some of the uncertainties get cancelled away. The ratio is found to be
least sensitive to Tc, EoS and vr for the invariant mass window 1.2 < M(GeV ) < 1.3
of dileptons. But it is highly sensitive to Ti. Hence it is argued that the simultaneous
measurements of photons, dileptons by choosing the mass window judiciously and thus
evaluating ratio would help in extracting the temperature information of the initial stage
of the system produced in heavy ion collision.
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6.1 Introduction

In the previous chapters we have discussed the importance of the study of photons

and dileptons in heavy ion collision. The thermal photon productions and thermal

dilepton/dimuon productions at SPS, RHIC and LHC energies have also been discussed

in the last two chapters. As discussed, the thermodynamic information of the system

can be obtained from the thermal spectra of photons and dileptons. However, this

is a difficult task, because on the one hand the thermal radiation from QGP has to

be disentangled from those produced in initial hard collisions and from the decays of

hadrons and on the other hand the evaluation of thermal photon and dilepton spectra

need various inputs such as initial temperature (Ti), thermalization time (τi), equation

of state (EoS), transition temperature (Tc), freeze-out temperature (Tf ) etc, which

are not known unambiguously. The sensitivity of the photon spectra on these inputs

are demonstrated in [52, 213]. Therefore, the theoretical results on the transverse

momentum (pT ) spectra of photons and dileptons always suffer from these uncertainties.

Of course, certain constraints can be imposed on these inputs from experimental results -

e.g. transverse mass spectra of hadrons and hadronic multiplicities are useful quantities

for constraining freeze-out conditions and initial entropy production. Here the aim

is to get rid of these model dependence of the input parameters and to extract the

thermodynamic information of the system. Therefore, in the present work we evaluate

the ratio of the transverse momentum spectra of thermal photons and lepton pairs [53,

54]: in which most of the uncertainties mentioned above are expected to get canceled

so that it provides accurate information [214, 215] about the state of the matter formed

initially. We calculate the ratio, Rem for SPS, RHIC and LHC energies.
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6.2 Ratio of electromagnetic probes

The ratio, Rem of the pT spectra of thermal photons to dileptons can be written as

follows [53]:

Rem =
( d2Nγ

d2pT dy
)y=0

(
d2N⋆

γ

d2pT dy
)y=0

=

∑

i

∫

i

(

d2Rγ

d2pT dy

)

i
d4x

∑

i

∫

i

(

d2Rγ∗

d2pT dydM2

)

i
dM2d4x.

(6.1)

The numerator (denominator) is the invariant momentum distribution of the thermal

photons (lepton pairs). In Eq. 6.1 pT , y and M denote the transverse momentum, ra-

pidity and the invariant mass of the lepton pair. The summation in Eq. 6.1 runs over

all phases through which the system passes during the expansion. (d2R/d2pTdy)i and

(d2R/d2pTdydM
2)i are the static rates of photon and dilepton productions from the

phase i, which is convoluted over the expansion dynamics through the space-time inte-

gration over d4x. The integration over M is done by selecting invariant mass windows

- Mmin ≤ M ≤Mmax appropriately and we define < M >= (Mmin +Mmax)/2.

6.3 Thermal photons and lepton pairs(e+e−)

The formalism for the thermal photon productions from QGP and hadronic phases con-

sidered here is same as described in sec. 4.3.2 of chapter 4. The mechanism of thermal

dilepton productions from QGP phase are also discussed earlier in chapter 5. For the

dilepton production from hadronic phase we use a parametrization to evaluate the de-

cay of vector mesons. For a case study of how effectively the radial flow of the system

can be extracted by using ratio,Rem, as a tool we consider the following parametriza-
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tion [94, 210] to evaluate the dilepton emission rates from light vector mesons (ρ, ω and

φ):

d2Rγ∗

dM2d2pTdy
=

α2

2π3
fBE[

fV
2MΓV

(M2 −mV
2)2 + (MΓV )2

+
1

8π

1

1 + exp((w0 −M)/δ)

×(1 +
αs

π
)]. (6.2)

These parameterizations are consistent with the experimental data from e+ e− →

V (ρ, ω or φ) processes [94, 163, 210]. Here, fBE, is the Bose-Einstein distribution.

fV is the coupling between the EM current and vector meson fields, mV and ΓV are the

masses and widths of the vector mesons and ω0 is the continuum threshold above which

the asymptotic freedom is restored. We have taken αs = 0.3 (already we have shown in

chapter 4 that the temperature dependent αs(T ) and the constant αs with value 0.3 do

not differentiate the pT spectra substantially (see Fig. 4.8) , δ = 0.2GeV , ω0 = 1.3 GeV

for ρ and ω. For φ we have taken ω0 = 1.5 GeV and δ = 1.5 GeV. The EM current in

terms of ρ, ω and φ field can be expressed as Jµ = Jρ
µ + Jω

µ /3 − Jφ
µ/3. Therefore, the

contributions from ω and φ will be down by a factor of 9 [53].

6.4 Initial conditions

For the space time evolution, the relativistic hydrodynamic equations are solved with the

following initial conditions as described earlier in 5.7. The initial energy density,radial

velocity are given as:

ǫ(τi, r) =
ǫ0

1 + e
r−RA

δ

(6.3)



149

and

vr(τi, r) = v0

(

1 − 1

1 + e
r−RA

δ

)

, (6.4)

where the surface thickness, δ = 0.5 fm. We have taken v0 = 0 . The energy density ǫ0

is calculated from the Ti obtained from Eq. 3.34 constraining the hadron multiplicity

dN/dy. The values of initial temperatures and thermalization times for various beam

energies are shown in Table-6.1. In the present work we assume Tc = 192 MeV [180]

and 175 MeV for comparison. In a first order phase transition scenario - we use the

bag model EoS for the QGP phase and for the hadronic phase all the resonances with

mass ≤ 2.5 GeV have been considered [177]. The effect of the chemical freeze out of

the system before kinetic freeze out is included in the present study through non-zero

chemical potential discussed before.

One point may be added here for other initial conditions. One can consider Glauber

or CGC initial conditions. For example if the energy density profile ǫ0(τi, r) is smooth

with a peak at the center unlike the simple one we consider here, then the required ǫ0

or Ti would be larger. But it would have less effect as far as ratio of the spectra (photon

to dilepton) are considered.

To show the sensitivity of the results on the EoS we also use the lattice QCD EoS

for T ≥ Tc [191]. For the hadronic matter (below Tc) all the resonances with mass

≤ 2.5 GeV have been considered [177]. The transition region is obtained from the

parametrization [130] of entropy as s = f(T )sq + (1 − f(T ))sh. where sq (sh) is the

entropy density of the quark (hadronic) phase at Tc and f(T ) = 1
2
(1 + tanh(T−Tc

Γ
)).

The value of the parameter Γ can be varied to make the transition strong or weak first
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Table 6.1: The values of various parameters - thermalization time (τi), initial temper-
ature (Ti), freeze-out temperature (Tf) and hadronic multiplicity dN/dy - used in the
present calculations. dn/dy for LHC is taken from [216]
Accelerator dN

dy
τi(fm) Ti(GeV) Tf (MeV)

SPS 700 1 0.2 120
RHIC 1100 0.2 0.4 120
LHC 2100 0.08 0.7 120

order1. Results for various values of Γ are given below.

6.5 Results

The values of the initial and freeze-out parameters shown in table 6.1 along with the

EoS mentioned above have been used as inputs to hydrodynamic calculations. The

experimental data from SPS on pT spectra of hadrons [217], photons [137] and mT &

M distribution of dileptons [162] have been reproduced in [218], [167, 168] and [164]

respectively by using different input parameters mentioned in the table. The values of

the initial parameters for SPS agree with the results obtained from the analysis of pho-

ton spectra in Refs. [182, 183, 184, 185]. Recently the data from PHENIX collaboration

at RHIC [219, 220] has also been explained in [52] (see also [181]) with the parameters

mentioned in table 6.1.

The emission rate of lepton pairs from hadronic and quark matter at a temperature

of 200 MeV has been displayed in Fig. 6.1. The contribution from QGP dominates

over its hadronic counterpart (without any medium effects) for M < 600 MeV and

1Although it is discussed earlier, here it is mentioned again for the ready reference
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Figure 6.1: The invariant mass distributions of thermal dileptons from QGP and
hadronic matter at T = 200 MeV. Solid (dashed) line indicates the emission rates from
QGP (hadronic matter). The dot-dashed line stands for emission rate from hadronic
matter at the transition temperature (see text).

M > 1.1 GeV, therefore, these windows are better suited for the detection of QGP.

However, it should be mentioned here that the modification of the spectral functions

of vector mesons (especially ρ and ω) - pole shift [173] or broadening [163] may give

rise to dileptons at the lower M region making it difficult to detect contributions from

QGP below ρ-peak. The change in the hadronic spectral function will enhance the

dileptons from the hadronic contribution in the lower mass (M < 600MeV ) window,

however the overall structure in the ratio, Rem will not change appreciably. At the

transition temperature (∼ 200 MeV) if one assumes the vector mesons masses go zero a

la Brown-Rho scaling [173] then all the peaks in the dilepton spectra disappeared and

the rates obtained from EM current-current correlator (dot-dashed line) are close to

the rate from QGP, indicating that the qq̄ interaction in the vector channel has become

very weak, signaling the onset of deconfinement. This also indicates the quark-hadron

duality [221, 222] near the transition point.



152

0.5 1 1.5 2 2.5 3
pT (GeV)

10
2

10
3

10
4

10
5

10
6

R
em

0.2<M(GeV)<0.3
0.3<M(GeV)<0.4
0.7<M(GeV)<0.8
1.0<M(GeV)<1.1
1.1<M(GeV)<1.2
1.2<M(GeV)<1.3

SPS

Figure 6.2: The thermal photon to dilepton ratio, Rem as a function of transverse
momentum, pT for various invariant mass window.
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Figure 6.3: Same as Fig. 6.1 for RHIC energy
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Figure 6.4: Same as Fig. 6.1 for LHC energy

The pT dependence of the ratio, Rem for SPS, RHIC and LHC energies are shown in

Figs. 6.2, 6.3 and 6.4 respectively. It is observed that at a given pT , the ratio decreases

with M , reaches a minimum around ρ-peak and increases beyond the ρ-peak. This

trend is valid for all the cases, i.e. SPS, RHIC and LHC as expected because at a given

pT the Rem is actually the inverse of the invariant mass distribution of lepton pairs (the

denominator i.e. the photon spectra is same for all the mass windows). It is observed

from Figs. 6.2,6.3 and 6.4 that the ratio, Rem decreases with Ti for given pT for M

below the ρ-peak and the opposite behavior is observed above the ρ-peak. The slope

of the ratio at low pT also indicates substantial change with increasing M , the slope is

minimum at the ρ-peak. Therefore, the minimum of the slope may be used to locate

the effective mass of the vector meson in medium.

It is clear from the results displayed in Figs. 6.2 6.3 and 6.4 that the quantity,

Rem, reaches a plateau beyond pT = 1.5 GeV for all the three cases i.e. for SPS, RHIC

and LHC. It may be noted here that the degree of flatness increases from SPS to RHIC
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and LHC. As mentioned before for all the three cases, except Ti all other quantities e.g.

Tc, v0 and EoS are same, so the difference in the value of Rem in the plateau region

originates due to different values of initial temperature, indicating this can be a measure

of Ti.

The following analysis will be useful to understand the origin of the plateau at

high pT region. The strong three momentum dependence in the dilepton and photon

emission rates (Eqs. 2.69 and 2.42 respectively) originates from the thermal factor,

fBE(E, T ). For a static system the energy, E can be written as E = MT coshy, where

MT =
√

p2
T +M2 y = tanh−1pz/E. At high pT (>> M), MT ≈ pT , the exponential

momentum dependence become same for real photon (M2 = 0) and dilepton (M2 6= 0)

spectra and hence plateau is expected in the static ratio for large pT for all the M

values.

We recall that for an expanding system out of the two kinematic variables describing

the dilepton spectra, pT is affected by expansion but M remains unchanged. The range

of M under present study is 0.3 < M(GeV) < 1.3. The energy, E appearing in both the

photon and dilepton emission rates should be replaced by uµpµ for a system expand-

ing with space-time dependent four velocity uµ. Under the assumption of cylindrical

symmetry and longitudinal boost invariance uµ can be written as

uµ = γr(t/τ, vrcosφ, vrsinφ, z/τ) (6.5)

where τ =
√
t2 − z2 t = τcoshη, z = τsinhη, vr(τ, r) is the radial velocity, γr(τ, r) =

(1 − vr(τ, r))
−1/2. The four momentum, pµ = (MT coshy, pT , 0,MT sinhy) where pL =
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mT sinhy. Therefore, for dilepton

uµpµ = γr(MT cosh(y − η) − vrpT cosφ) (6.6)

for photon the factor uµpµ can be obtained by replacing MT in Eq. 6.6 by pT . The pT

dependence of the photon and dilepton spectra originating from an expanding system

is predominantly determined by the thermal factor fBE. Therefore, we discuss following

three scenarios. (i)At high pT (>> M), MT ≈ pT , the exponential momentum depen-

dence become same for real photon and dilepton spectra, hence for large pT a plateau is

obtained in the ratio, Rem (Figs 6.2-6.4). In other words, the effect of radial flow on the

photon and dilepton is similar at high pT region. (ii)If the large M pairs originate from

early time (when the flow is small) the ratio, Rem which includes space-time dynamics

will be close to the static case and hence will show plateau. (iii) However, at late time

when the radial flow is large and M is comparable to or larger than pT the effect of

flow on dilepton will be larger (receives larger radial kick due to non-zero M) than the

photon and hence the plateau may disappear. Therefore, the disappearance of plateau

structure in Rem in moderate or high M region will indicate the presence large radial

flow. This can be understood from the results shown in Figs 6.5 and 6.6.

In Fig. 6.5 the ratio has been displayed only for quark matter. Here the flow is

expected to be small within the present framework. A plateau is observed for all the

M windows. It is observed that for high M (∼ 1.2 GeV) and low M (∼ 0.3 GeV) the

ratio for QM is close to the total for LHC energy (not shown separately).

In Fig.6.6 the ratios has been displayed for hadronic matter only. Here the flow is

expected to be very large. Within the ambit of the present modeling the contribution
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Figure 6.5: Same as Fig. 6.2 for quark matter phase only.
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Figure 6.6: Same as Fig. 6.2 for hadronic phase only.
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Figure 6.7: The variation Rem with pT for invariant mass window, M = 0.7− 0.8 GeV.
An unrealistically large value to radial flow has been given initially to demonstrate that
large flow can destroy the plateau structure of Rem. Other inputs are similar to those
of Figs.6.3 and 6.4.

from the hadronic matter is overwhelmingly large in the M region, 0.7 < M < 0.8

GeV. Therefore, this region will have large effects from the radial flow and hence it

may destroy the plateau. This is clearly seen in Fig. 6.6 for the curve corresponding to

0.7 < M < 0.8 GeV.

To demonstrate the effect of flow on the plateau we use an initial velocity profile

(which gives rise to stronger radial flow than Eq. 6.4) of the form vr(τi, r) = v′0
r

RA
with

an unrealistically large value of v′0 ∼ 0.5 (just to demonstrate the point). These inputs

are used only for results shown in Fig.6.7, which clearly indicates the disappearance of

plateau. Variation of Rem with pT corresponding to hadronic phase is steeper than the

total because of larger radial flow in the late stage of the evolution.

Now we demonstrate the effect of other parameters on Rem. We show the sensitivity
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of the results to Tc in Fig. 6.8 for two invariant mass windows. The results show that

Rem is not very sensitive to Tc.

The EoS has a large effect on the individual spectra. At pT =1 GeV if we observe

the value in the pT spectra of photons and dileptons for BAG-HRG and Lattice EoS

(as here described) then photon spectra differ by 81 % and dilepton spectra by 96%

within the ambit of the present calculation. But the Rem changes by 16 % only. The

effect of the EoS on Rem is demonstrated in Fig. 6.9, by varying width parameter Γ. It

is observed that the effect of EoS on Rem for both the mass windows are small. Again

the effect of EoS on Rem differs for different mass windows. Similar to the effect of Tc,

here also the larger mass window (1.2 ≤ M(GeV)< 1.3) is less affected by the change

in EoS. This is because the effect radial flow (and other hydrodynamic effects) are less

at early times from where higher mass lepton pairs originate. Replacement of lattice

QCD EoS for QGP phase by bag model shows negligible effects on Rem.

In Fig. 6.10 the dependence of Rem(pT = 2.5GeV) is depicted as a function of Ti for

1.2 ≤M(GeV)< 1.3. This mass window is selected because the contributions from the

hot quark matter phase dominates this region and the effects of Tc, EoS etc are least

here. pT = 2.5 GeV is taken because Rem achieved a complete plateau at this value

of transverse momentum. The change in Rem from SPS to RHIC is about 40% and

from RHIC to LHC this is about 20%. A simultaneous measurements of photons and

dileptons with required accuracy, will be useful to disentangle the effects of flow and

true average temperature in a space-time evolving system formed in heavy ion collisions

at ultra-relativistic energies.
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Figure 6.8: Rem as a function of pT for different values of Tc for invariant mass windows,
M = 0.7 − 0.8 GeV and M = 1.2 − 1.3 GeV.
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Figure 6.9: Rem as a function of pT for different EoS for invariant mass windows,
M = 0.7 − 0.8 GeV and M = 1.2 − 1.3 GeV.
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Figure 6.10: Initial temperature is plotted as function Rem(pT = 2.5GeV) for the M
window 1.2-1.3 GeV.

We have evaluated RpQCD
em , the ratio (d2Nγ/d

2pTdy)y=0/(d
2Nγ∗/d2pTdy)y=0 for hard

processes using pQCD (Fig. 6.11). The hard photon contributions has been constrained

to reproduce the PHENIX data [223] for pp collisions at
√
sNN = 200 GeV. We consider

qq̄ → γ∗ → l+l−, qq̄→gγ∗ and qg(q̄)→qq̄γ∗ for the lepton pair production. The M

integration of lepton pair spectra is done over the range 0.2 ≤ M(GeV)≤ 0.3. We

observe that RpQCD
em increases for pT up to ∼ 3 GeV, above which it reaches a plateau.

Therefore, for pT ∼ 1−3 GeV, Rem for the thermal and pQCD processes show different

kind of behavior. The plateau arises from the fact that at large pT both photon and

dilepton show power law behavior [140, 142]. In the low pT domain lepton pairs (photon)

from pQCD processes indicate a Gaussian type [140] (power law) variation resulting in

the increase of Rem with pT .
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Figure 6.11: The variation Rem for hard photons to dileptons ratio as a function of pT

for
√
sNN = 200 GeV and invariant mass window, M = 0.2 − 0.3 GeV.

6.6 Summary and Conclusions

We have studied the variation of Rem, the ratio of the transverse momentum spectra of

photons and dileptons and argued that measurement of this quantity will be very useful

to determine the value of the initial temperature of the system formed after heavy ion

collisions. We have observed that Rem reaches a plateau beyond pT = 1.5 GeV. The

value of Rem in the plateau region depends on Ti. However, the effects of flow, the

dependence on the values of Tc and v0 get canceled away in the ratio, Rem. The effect

of EoS on Rem is less in the mass window 1.2 < M(GeV ) < 1.3. For M above and

below the ρ peak and pT ≥ 2 GeV the contributions from quark matter dominates,

therefore these regions (pT ≥ 2 GeV and 1.2 < M(GeV ) < 1.3) could be chosen to

estimate the initial temperature of the system formed after the collisions [53].

It is well known that Teff , the inverse slope (see e.g. [197]) extracted from the pT
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spectra of EM radiation contains the effect of temperature as well as flow. We have seen

that when the flow is less (in the initial stage of the evolution) the ratio, Rem shows a

plateau for large pT (>> M), the height of the plateau in this region will give a good

measure of the average temperature. However, a large flow can destroy the plateau

and hence the deviation from the flatness of the Rem versus pT curve may be used as

a measure of flow. So a careful selection of M and pT regions will be very helpful to

disentangle the effect of average temperature and the flow (see also [224]).

We have included the effects of chemical off-equilibrium of mesons on the photon

and dilepton production rates. This is implemented by appropriately introducing non-

zero pionic chemical potential, µπ (µρ = 2µπ, µω = 3µπ) in the thermal factors [225]

appearing both in photon and dilepton emission rates. We observed that the plateau

structures in Rem do not change for RHIC and LHC, but for SPS it has little effect.

The change in hadronic spectral function at non-zero temperature and density is a

field of high contemporary research interest as this is connected with the restoration

of chiral symmetry in QCD. From the QGP diagnostics point of view the background

contributions (photons and dileptons from thermalized hadrons) are affected due to

medium effects on hadrons. Therefore, some comments on this issue are in order here.

We have checked that the pT spectra of both photons and dileptons are sensitive to

the pole shift of hadronic spectral function, as the reduction of hadronic masses [173]

in a thermal bath increases their abundances and hence the rate of emission gets en-

hanced [150, 151, 167, 168, 210]. The invariant mass distribution of lepton pairs are



163

sensitive to both the pole shift and broadening [55, 163, 164, 165, 166, 168]. But the

pT spectra of the EM radiation is insensitive to the broadening of the spectral function

provided the integration over the M is performed over the entire region. This is because

broadening does not change the density of vector mesons significantly (see also [168]).

However, the number density of vector mesons depends on the nature (shape) of the

spectral function within the integration limit. Therefore, the pT spectra may change

due to broadening when the integration over M is done in a limited M domain. We

have checked that doubling the ρ width (∼ 2 × 150 MeV) changes Rem by 10%. It is

important to note that the change in mass and widths can not be arbitrary it should

obey certain constraints as discussed in [226]. Therefore, simultaneous measurements

of pT spectra and invariant mass distribution of real and virtual photons could be very

useful to understand the nature of medium effects on hadrons [168].



Chapter 7

Ratio of the spectra and radial flow
of partonic & hadronic phases

In the previous chapters we discussed the production of photons and dileptons at different
center of mass energies (

√
sNN) measured by different experiments from different heavy

ion collisions. Also we discussed the importance of the evaluation of ratio of the pT

spectra in extracting the thermodynamic (Temperature) information of the system in
a less model dependent way. Here we study the collectivity in terms of radial flow, vr

developed in the system. The vr has been extracted simultaneously using the pT spectra of
photons and dileptons at various invariant mass windows. The variation of vr has been
studied with the average temperature Tav and invariant mass M . The variation of vr with
M shows a non-monotonic behaviour for an initial QGP phase. vr has been evaluated for
RHIC and LHC energies for different invariant mass windows. Also an attempt has been
made to extract vr using the experimental data at SPS.
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7.1 Introduction

The hot and dense matter formed in the partonic phase after ultra-relativistic heavy ion

collisions expands in space and time due to high internal pressure. Consequently the

system cools and goes to hadronic matter from the partonic phase. Initially (when the

thermal system is just born) the entire energy of the system is thermal in nature and

with progress of time some part of the thermal energy gets converted to the collective

(flow) energy. In other words during the expansion stage the total energy of the system

is shared by the thermal as well as collective degrees of freedom. The evolution of

the collectivity within the system is sensitive to the EoS. Therefore, the study of the

collectivity in the system formed after nuclear collisions will be useful to shed light on

the EoS [193, 227, 228] of the strongly interacting system at high temperatures and

densities. In this chapter we try to discuss the study of collectivity in terms of radial

flow, vr, developed in the system produced in the heavy ion collisions.

It is well known that the average magnitude of radial flow can be extracted from the

transverse momentum (pT ) spectra of the hadrons. However, hadrons being strongly

interacting objects can bring the information of the state of the system when it is

too dilute to support collectivity. On the other hand electromagnetic (EM) probes

i.e. photons and dileptons are produced and emitted from each space time points.

Therefore, estimating radial flow from the EM probes is more advantageous and it

sheds light on the time evolution of the collectivity in the system. The collectivity

in terms of Teff is demonstrated by NA60 collaboration [197, 229] through dilepton

measurements in In+In collisions at SPS energy. The slope of the transverse mass



166

spectrum of lepton pairs, Teff of invariant mass M can be related to the space-timed

averaged quantities like radial flow velocity vr and the average temperature Tav as

Teff ∼ Tav +Mv2
r . Teff is estimated from dilepton spectra [197] shows a different kind

of behavior [55, 194, 200, 201, 202, 225] as compared to that from hadronic spectra.

Teff when extracted from the spectra of hadrons it shows a monotonic increase with

mass (mass ordering). But the effective temperature extracted from transverse mass

spectra of dileptons increases linearly with invariant mass M up to ρ-mass and then

falls. This is observed by NA60 Collaboration [197]. But the PHENIX data does not

show this trend [230]. Here we show that although the above trend is maintained for

RHIC energy but Teff increases continuously with mass M for LHC energy without

any decrease beyond ρ peak. In this work we also argue that Teff may not be a direct

answer to the radial flow since it depends on both average temperature of the system

and flow velocity. We use both photon and dilepton transverse momentum spectra

simultaneously to extract the radial flow for different invariant mass. In the previous

chapter we have shown that the ratio (Rem) of the pT spectra of photons to lepton

pairs has an advantage over the individual spectra because some of the uncertainties

or model dependence pertaining to the individual spectra gets canceled in the ratio.

Hence the ratio can be used as an efficient tool to understand the state of an expanding

system. In the present work we focus on the extraction of the radial flow from ratio,

Rem as in 6.1. We also argue that the simultaneous measurements of photons and

dileptons will enable us to estimate the value of vr for various invariant mass windows

of the lepton pairs. The vr obtained from the analysis of both the spectra vary with M

non-monotonically. Such a behavior may be interpreted as due to the presence of two

different kinds of thermal sources of lepton pairs of the expanding system.
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Figure 7.1: The pT spectra of photons and dileptons from hadronic and quark matter
at RHIC energy. The dilepton spectra is obtained by doing M integration from M =1.0
GeV to 1.4 GeV

.

While evaluating ratio, here, we have assumed Tc= 192 MeV as obtained in lattice

QCD calculations [180]. The initial conditions are same as in the last chapter see 6.1.

7.2 Results and Discussion

In Fig. 7.1 the photon and dilepton spectra have been displayed for RHIC conditions.

Results indicate that the photon spectra from QGP dominates over its hadronic coun-

terpart for pT > 1.5 GeV. The dilepton from QGP and hadrons are comparable in

magnitude for entire range of pT for M ∼ 1.2 GeV (this is because of the inclusion of

the continuum of the vector meson spectral functions [71, 94] without the continuum
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the quark matter part dominates). However, for M ∼ 0.75 GeV the dileptons from

the hadronic matter are overwhelmingly large compared to quark matter contributions

(not shown in the figure). Therefore, an appropriate selection of pT and M will be very

useful to characterize a particular phase of the system.

Now we consider the variation of the ratio, Rem as a function of pT for different

invariant mass windows. The results are shown in the Fig. 7.2 and Fig. 7.3 below. The

variation of Rem with respect to pT can be parametrized as follows:

Rem ≡ A3[
mT

pT
]B3exp[C3(mT − pT )]

(7.1)

where A3, B3 and C3 are constants and MT , the transverse mass of the lepton pair is

defined as, MT =
√

p2
T + < M >2. It is observed that the ratio decreases sharply and

reaches a plateau beyond pT > 1.5 GeV. This behavior of Rem as a function of pT can

be understood as follows: (i) for pT >> M , MT ∼ pT and consequently Rem ∼ A3

giving rise to a plateau at large pT . The height of the plateau is sensitive to the initial

temperature of the system [53]. (ii) For pT < M Rem ∼ exp(−pT /Teff )/p
B3

T indicating

a decrease of the ratio with pT (at low pT ) as observed in the Fig. 7.2 and Fig. 7.3.

To indicate the effect of the radial flow velocity, vr we have evaluated the Rem with

and without radial flow (see Fig. 7.2 and Fig. 7.3). In case of vanishing radial flow the

ratio can be parametrized as follows:

R1
em ≡ A1[

mT

pT
]B1exp[C1(mT − pT )]

(7.2)
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Here C1 contains the information of the average temperature, Tav of the system (C1 ∼

1/Tav).

In case of vanishing radial flow velocity the inverse slope of the photon and dilepton

spectra represent the average temperature, Tav of the system. However, in case of non-

zero radial flow the inverse slope contains the effect of average temperature as well as

that of vr. Therefore, the difference in the slopes of the two cases will enable us to

estimate the amount of collectivity in the system. As mentioned before for large initial

temperature transverse momentum distribution of photons from QGP dominates over

its hadronic counterpart for pT ≥ 1.5 GeV. However, in case of dileptons one has to

select both the M and the pT windows to observe QGP. For example the thermal

dileptons from hadrons dominate over those from QGP for M ∼ 0.75 GeV. Therefore,

for estimating the radial velocity in the hadronic phase we chose pT ∼ 0.5 GeV and

M ∼ 0.75 GeV for demonstrative purpose. Similarly a pT and M windows may be

selected where contributions from QGP dominates.

The exponential slope of the ratio (C3) can be related to the individual slopes of

photons (T−1
eff1) and dileptons (T−1

eff2) as follows:

C3 × (mT − pT ) =
mT

Teff2
− pT

Teff1
(7.3)

writing the effective (blue shifted) temperatures of the photon spectra and dilepton

spectra as
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Figure 7.2: Rem as a function of pT with and without radial flow for invariant mass
0.6 < M(GeV ) < 0.9. The spectra with radial flow is normalized to the one without
radial flow at pT = 0.5 GeV
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Teff1 = Tav

√

√

√

√

(1 + vr)

(1 − vr)
, (7.4)

Teff2 = Tav +Mvr
2 (7.5)

we obtain,

C3 × (mT − pT ) =
mT

Tav +Mvr
2
− pT

Tav

√

(1 + vr)/(1 − vr)
(7.6)

Further simplification leads to

aT 2
av + bTav + c = 0 (7.7)

where a, b and c are functions of vr. Solving Eq. 7.7 for a given C3, M and pT we obtain

vr as a function of the average temperature. The results are displayed in Figs. 7.4 and

7.5 for initial conditions of RHIC and LHC energies for invariant mass and pT windows

indicated. The contributions in the M and pT windows shown in Fig. 7.4 are dominated

by the hadronic phase i.e. from temperature range Tc ∼ 192 MeV to TF ∼ 120 MeV.

The radial velocity increases sharply with decrease in Tav in the hadronic phase.

We have estimated vr with the EoS described earlier with two values of width param-

eter, Γ= 20 MeV and 1 MeV. A small value of Γ → 0 mimick the first order transition.

In Fig. 7.4, the vr is plotted with Tav for two values of Γ. Indicating that the presence

of the mixed phase (of hadrons and QGP) characterized by zero sound velocity slowed

down the expansion of the system, resulting in a lower radial flow. Therefore, extraction

of vr from experimental data will be useful to understand the nature of the transition.

In Fig. 7.5 the radial velocity is displayed for (average) temperature range which is

dominated by QGP phase. The results indicate a moderate vr for RHIC but a large vr
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Figure 7.4: Variation of vr with Tav for M = 0.75 GeV and pT = 0.5 GeV. The
solid (dashed) line indicate the results for RHIC (LHC) for EoS with first order phase
transition. The line with asterisk (dotted line) stands for RHIC (LHC)for an EoS which
excludes the mixed phase.

is achieved even in the QGP phase for LHC energies. The vr for LHC is much larger

than RHIC because of the longer life time and larger internal pressure of the partonic

phase in LHC than RHIC.

In a first order phase transition scenario the QGP formed (at Ti) in heavy ion

collisions returns to hadronic phase with a sharp change in entropy at Tc. We estimate

the average values of the radial velocity (visoth) on the constant temperature surfaces

determined by the conditions: T (r, τ) = TS, for various values TS. The variation of

(visoth) with TS is depicted in Fig. 7.6 both for RHIC and LHC energies. visoth for LHC

is larger than RHIC because of higher initial temperature and hence internal pressure.

In contrast to the results shown in Figs. 7.4 and 7.5, the variation of visoth with TS

is not measurable as it does not depend on the kinematic variables, pT and M . The
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Figure 7.5: Variation of vr with Tav for M = 1.2 GeV and pT = 0.5 GeV at RHIC and
LHC energies for EoS with a first order phase transition.

expansion is slower in the hadronic phase because of the softer EoS as compared to

the QGP phase. For given Tc and TF the life time of the hadronic phase is larger for

softer EoS - allowing the system to develop large radial flow as evident from the results

depicted in Fig. 7.6 for the low temperature part. The effective temperature extracted

from the ratio is displayed in Fig. 7.7 as a function ofM for RHIC energy. Teff increases

with M up to the ρ-peak and then decreases beyond ρ mass. The reduction of Teff

beyond ρ is indicating the dominance of the radiation from the high temperature phase

in the high M region. For LHC, however, no clear reduction of Teff beyond ρ - peak

is observed (Fig. 7.8). At LHC the average temperature and the flow velocity in the

early phase (from where large M pairs originate) are large (see Fig. 7.4). Hence the

combination of both large vr and large Tav does not allow Teff to fall above the ρ-peak.

The dependence of individual spectra on TF is quite strong, however, we have observed

that the slope of the ratio is insensitive to TF and also to Tc. The slope of the ratio does
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Figure 7.6: Variation of average radial velocity of the fluid on the constant temperature
surface.

not change when the parameters like TF changes from 0.120 GeV to 0.150 GeV and Tc

from 0.192 GeV to 0.175 GeV. Eliminating Tav from Eq. 7.5 and taking the values of

Teff1 and Teff2 from photon and dilepton spectra one can obtain the variation of vr as

a function of M . The results are shown in Fig. 7.9 for RHIC and LHC energies. A non-

monotonic behavior of vr with M is observed. Comparison of dilepton production from

QGP and hadronic sources [53] indicate that in the low M(< mρ) and high M(> mφ)

region the emission rate from QGP dominates over its hadronic counter part if the

medium effects on the vector meson spectral functions are neglected. In other words,

for a dynamically evolving system the low and high M pairs are emitted from early

QGP phase, whereas lepton pairs with M around ρ - mass are emitted from the late

hadronic phase. Therefore, low and high M domains represent early time where vr is

low and the M ∼ mρ domain represent late time - where vr is large - giving rise to

the observed variation in Fig. 7.9- indicative of a two different kinds of source in early

and late times of the evolving system. For < M >∼ 1.2 GeV the flow velocity is not
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panel: the variation of average temperature of the system. The left (right) vertical label
is for left (right) panel of the curve

very small since this window is populated by both hadronic and partonic contributions

almost equally. Again at LHC energy the partonic phase life time is more which favors

the development of larger flow compared to RHIC energy. It is important to note at

this point that for LHC, although the slope C3 does not show a clear non-monotonic

behavior with M , vr does so. Because as described, before the slope C3 depends not

only on vr but also on Tav and both are large in the partonic phase at LHC.

The two time scales - the life time of the partonic phase (τQGP ) and the time an

inward moving rarefaction wave takes to hit the center of the cylindrical geometry decide

whether radial flow play any important role in the partonic phase or not. The later

time scale is defined as τrw ∼ R/cs where R is the transverse size of the system and

cs is the velocity of sound. If τQGP ∼ τrw then vr will be large in the partonic phase.

Therefore, an increase in τi (τQGP ∝ τi) will increase the radial flow in the partonic
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Figure 7.9: Radial velocity as a function of M for RHIC and LHC energies.
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phase if the initial and the critical temperatures are kept fixed. However, an increase

in τi from τ1 to τ2 produces same flow if the Ti decreases by a factor (τ2/τ1)
1/3. For a

fixed Ti an increase in τi will increase the effective slope as evident from the right panel

of Fig. 7.10. Therefore, the slope of the ratio may be used effectively to estimate the

value of initial thermalization time.

At SPS energy, the pT spectra of photons from Pb+Pb collision at
√
sNN=19.4 GeV

and the dimuon (mT and M) spectra from In+In collision at
√
sNN=17.3 GeV have

been explained using the formalism described in chapter 4 and 5 [51]. The ratio has

been evaluated for
√
sNN=17.3 GeV and the vr has been extracted. The non-monotonic

variation of vr with M is shown in [51].
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7.3 Summary and Discussions

It has been shown that the pT distribution of thermal photons and lepton pair spectra

may be used simultaneously to estimate the magnitude of the radial velocity of different

phases of the matter formed in nuclear collisions at ultra-relativistic energies. Judicious

choices of the kinematic variables e.g. the invariant mass and the transverse momentum

windows may be selected to estimate the flow velocity in the partonic and hadronic

phases of the evolving matter. It has been observed that for RHIC and LHC energies the

flow velocity increases with invariant mass up to the ρ peak beyond which it decreases.

The Teff may not decrease with mass beyond ρ peak if the average temperature and the

flow velocity are large in the partonic phase as in case of LHC energy. By doing a simple

analysis of photon and dilepton spectra we have extracted the radial flow velocity for

various invariant mass windows. vr varies with M non-monotonically. We argue that

such a variation indicates the presence of two different types of thermal sources of lepton

pairs.



Chapter 8

Strangeness production in heavy
ion collision: kaon to pion and
lambda to pion ratio

We study the strangeness productions in relativistic nuclear collisions at various centre
of mass energies. A microscopic approach has been employed to study the kaon and
Λ productions in heavy ion collisions. The momentum integrated Boltzmann equation
has been used to study the evolution of strangeness in the system formed in heavy ion
collision at relativistic energies. The kaon and Λ productions have been calculated for
different centre of mass energies (

√
sNN) ranging from AGS to RHIC. The results for

kaon productions have been compared with the available experimental data. We obtain a
non-monotonic horn like structure for K+/π+ and Λ/π+ when plotted with

√
sNN with the

assumption of an initial partonic phase beyond a certain threshold in
√
sNN . However,

a monotonic rise of K+/π+ is observed when a hadronic initial state is assumed for all√
sNN. Experimental values of K−/π− are also reproduced within the ambit of the same

formalism. Results from scenarios where the strange quarks and hadrons are formed in
equilibrium and evolves with and without secondary productions have also been discussed.
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8.1 Introduction

In the collision of two heavy nuclei at relativistic energies, some strange mesons and

baryons are also detected along with other hadrons. Both strange particles and anti

particles are produced keeping the net strangeness zero. Strangeness enhancement

[37] has been proposed as a good signal for the production of QGP. Here the relative

abundance of kaons (strange meson) to pions has been studied to analyze the QGP

formation in the heavy ion collisions. For a simple understanding of the strangeness

enhancement let us consider the baryon free system of non-interacting particles. While

considering a hadronic system at thermodynamic equilibrium temperature , we can

assume that the strangeness is contained in strange mesons and baryons, like K− (ū s),

K̄0 (d̄ s) and Λ (uds), Σ(uus, uds, dds) etc.; also in their corresponding antiparticles

like K+, K̄0 Λ̄. The relative abundance of Λ,Σ is less compared to K−, K̄0 since they

have small phase space density because of higher masses. So in a hadronic system

(at relatively small temperature compared to mass of Λ,Σ) the strangeness density is

effectively decided by the kaon degrees of freedom (2 degrees of freedom-K−, K̄0). Same

argument is valid for K+ and K0 if antistrange particles are considered. In a quark

gluon plasma phase the strangeness is carried by the s-quark (s̄ quark if antistrange

particles are considered). The strangeness density in QGP phase is more compared to a

hadronic phase at the same temperature since the degrees of freedom of s-quark is more

(6: 2 for spin and 3 for color) compared to kaons (K−, K̄0) and the phase space is also

more as mass of s-quark (current mass ∼ 150 MeV) is smaller than that of kaon (∼ 490

MeV). Hence a partonic system formed at a temperature T will show more strangeness

compared to a hadronic system at the same temperature. But if the system has some
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net baryons initially then strangeness density will change depending on the baryonic

chemical potential (µB). The study of strangeness to entropy ratio is a subject of high

interest and the ratios, R+ ≡ K+/π+ and RΛ ≡ Λ/π+ are currently debated issues.

R+ is measured experimentally [231, 232, 233, 234] as a function of centre of mass

energy (
√
sNN). It is observed that the R+ increases with

√
sNN and then decreases

beyond a certain value of
√
sNN giving rise to a horn like structure, whereas the ratio,

R− ≡ K−/π− increases faster at lower
√
sNN and tend to saturate at higher

√
sNN .

Explanation of this structure has ignited intense theoretical activities [192, 235,

236, 237, 238, 239, 240, 241, 242]. Several authors have attempted to reproduce the

experimental data ofK+/π+ ratio using different approaches. While the authors in [236]

use a hadronic kinetic model, in Ref. [237] high mass unknown hadronic resonances

have been introduced through Hagedorn formula to describe the data. In Ref. [238] a

transition from a baryon dominated system at low energy to a meson dominated system

at higher energy has been assumed to reproduce the ratio K+/π+. The release of color

degrees of freedom is assumed in [235] beyond a threshold in
√
sNN (resulting in large

pion productions) or the production of larger number of pions than kaons from higher

mass resonance decays has also been employed [192] to explain the data. In the present

work we employ a microscopic model for the productions and evolution of strange quarks

and hadrons depending on the collision energy. Here we examine whether the K+/π+

experimental data can differentiate between the following two initial conditions or two

scenarios - after the collisions the system is formed in: (I) the hadronic phase for all

√
sNN or (II) the partonic phase beyond a certain threshold in

√
sNN. Other possibilities

like formation of strangeness in complete thermal equilibrium and evolution in space
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time (III) without and (IV) with secondary productions of quarks and hadrons have

been considered. (V) Results for an ideal case of zero strangeness in the initial state

has also been presented. The ratio RΛ has been evaluated for scenario (II).

In this work, we assume an initial state where non-strange sectors are in equilibrium

but the strange degrees of freedom are out of equilibrium (having density below their

equilibrium values). The strangeness production in a deconfined (partonic) phase is

enhanced compared to the their production in the confined (hadronic) phase because of

the higher mass and less degrees of freedom of the strange hadrons, K, Λ, ω etc. than

the strange quarks. Therefore, the strangeness production during the space time evolu-

tion of the system for partonic initial state will be enhanced compared to the hadronic

initial state, hence the enhanced production of strangeness could be an efficient signal

for deconfinement [243, 244, 245]. In contrast to these studies Gazdzicki and Goren-

stein [235, 246, 247] within the ambit of statistical model considered the strangeness

production where both the strange and non-strange degrees of freedom are in thermal

equilibrium and the production of strangeness during the expansion stage is ignored.

In the present work we would like to compare the results on kaon to pion ratio from

these two contrasting scenarios.

When the non-strange quarks and hadrons are in complete thermal (both kinetic

and chemical) equilibrium and the strange quarks and strange hadrons are away from

chemical equilibrium, the evolution of the strange sector of the system is governed by

the interactions between the equilibrium and non-equilibrium degrees of freedom. The

momentum integrated Boltzmann equation provides a possible framework to study the
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temporal evolution of strangeness in such scenarios. Similar approach has been used to

study the sequential freeze-out of elementary particles in the early universe [248].

For the strangeness productions in the partonic phase we consider the processes

of gluon fusion and light quarks annihilation. For the production of K+ and K− an

exhaustive set of reactions involving thermal baryons and mesons have been considered.

The time evolution of the densities are governed by the Boltzmann equation.

8.2 Strangeness productions

The productions of s and s̄ in the QGP and the K+ and K− and Λ in the hadronic

system are discussed below.

8.2.1 Strange quark productions in the QGP

The two main processes for the strange quark productions are gluon fusion (gg → ss̄)

and quark(q)-antiquark (q̄) annihilations (qq̄ → ss̄). The cross sections in the lowest

order QCD is given by [243]:

σqq̄→ss̄ =
8πα2

s

27s
(1 +

2m2

s
)w(s) (8.1)

and

σgg→ss̄ =
2πα2

s

3s
[G(s)tanh−1w(s) − 7

8
+

31m2

8s
w(s)] (8.2)
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Figure 8.1: Rate of production of s̄ quark from gg → ss̄ and qq̄ → ss̄ with temperature.

where m is the mass of strange quark, s = (p1 + p2)
2, is the square of the centre of

mass energy of the colliding particles, pi are the four momenta of incoming particles,

G = 1+4m2/s+m4/s2, w(s)=(1− 4m2/s) and αs is the strong coupling constant that

depends on temperature [85].

8.2.2 Strange hadron(K+ and K− Λ ) productions in the hadronic
phase

The rate of K+(us̄) and K−(ūs) and Λ productions in the hadronic phase can be

categorized as due to (a) meson-meson (MM), (b) meson-baryon (MB) and (c) baryon-

baryon (BB) interactions. Here we quote the main results [249] for kaon productions

in the hadronic matter.
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(a) For the first category MM → KK̄, we considered the following channels: ππ →

KK̄, ρρ → KK̄, πρ → KK̄∗ and πρ → K∗K̄. The invariant amplitude for these

processes have been calculated from the following Lagrangians [249]. For the K∗Kπ

vertex the interaction is given by,

LK∗Kπ = gK∗KπK
∗µτ [K(∂µπ) − (∂µK)π] (8.3)

Similarly for the ρKK vertex the interaction is,

LρKK = gρKK [Kτ(∂µK) − (∂µK)τK]ρµ (8.4)

The isospin averaged cross section (σ̄) for MM → KK̄ (i.e., ππ → KK̄, ρρ → KK̄

and πρ→ KK̄∗, πρ→ K∗K̄) is evaluated by using,

σ̄ =
1

32π

P ′

sP

∫ 1

−1
dxM(s, x) (8.5)

where P and P ′ are the three-momenta of the meson and kaons in the centre-of-mass

frame, x is the cosine of the angle between P and P ′. M(s, x) is the iso-spin averaged

squared invariant amplitude.

(b) For meson baryon interactions the dominant channels are (MB → Y K (Y-

hyperon)); π N → ΛK, ρN → ΛK, π N → N K K̄ and π N → N πK K̄. The isospin

averaged cross section is given by [250]:

σ̄MB→Y K =
∑

i

(2Ji + 1)

(2S1 + 1)(2S2 + 1)

4π

k2
i

Γ2
i

4

(s
1

2 −mi)2 + Γ2
i /4

Bin
i B

out
i (8.6)

Ji, Γi and mi are the spin, width and mass of the resonances, (2S+1) is the polarization

states of the incident particles, k is the centre of mass momentum of the initial state.
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Figure 8.2: The rate of kaon production from dominant meson-meson interactions with
temperature.

Bin and Bout are the branching ratios of initial and final state channels respectively. The

index i runs over all the resonance states. For interactions πN → ΛK, ρN → ΛK we

have considered N∗
1 (1650), N∗

2 (1710) and N∗
3 (1720) as the intermediate states. Values

of various hadronic masses and decay widths are taken from particle data book [250].

(c) For the last category of reactions i.e. for baryon baryon interactions (BB → BY K)

[251, 252, 253] the dominant processes are: N N → N ΛK, N ∆ → N ΛK, ∆ ∆ →

N ΛK, N N → N N K K̄, N N → N N π πK K̄ and N N → N N πK K̄.

The isospin averaged cross section of kaon production from the process like N1N2 →

N3ΛK is given by [251, 252, 254]

σ̄NN→NΛK =
3m2

N

2π2p2s

∫ Wmax

Wmin

dWW 2k ×
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Figure 8.3: Rate of kaon productions from the meson-baryon interactions with temper-
ature.

∫ q2
+

q2
−

dq2f
2
πNN

m2
π

F 2(q2)
q2

(q2 −m2
π)2

σ̄0(W ; q2). (8.7)

Pion is the intermediate particle for the above interaction, mN is the mass of N , W is

the total energy in the centre of mass system of pion and N2, Wmin = mK +mΛ,Wmax =

s1/2 −mN . Momentum of the pion, k = 1
2W

[W 4 − 2W 2(M2
π +M2

Λ) + (M2
π −M2

Λ)2]
1/2

.

q2
± = 2m2

N − 2EE ′ ± 2pp′ where p, p′ are the momenta and E, E ′ are the energies

of N1 and N3 respectively. We take fπNN =1 and to constrain the finite size of the

interaction vertices we use the form factor F = (Λ2 −m2
π)/(Λ2 − q2). σ̄0 is the isospin

averaged cross section of πN2 → ΛK. Cross sections for the processes: N∆ → NΛK

and ∆∆ → NΛK have been taken from [252]. The cross section of other reactions e.g.

N N → N N K K̄, N N → N N π πK K̄ and N N → N N πK K̄ have been taken

from [253]. In a baryon rich medium, K− gets absorbed due to its interaction with

the baryons. The reactions K−p → Λπ0, K−p → σπ0, K−n → σp, K−p → K̄0n,
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Figure 8.4: Rate of kaon productions from baryon-baryon interactions with tempera-
ture.

K−n→ K−n have been considered for K− absorption [253] in the nuclear matter.

8.2.3 Rate of strangeness productions

The number of s quarks produced per unit time per unit volume at temperature T and

baryonic chemical potential µB is given by

R =
dN

d4x
=
dN

d4x
=
∫

d3p1

(2π)3
f(p1)

∫

d3p2

(2π)3
f(p2)vrelσ (8.8)

where pi’s are the momenta of the incoming particles and f(pi)’s are the respective

phase space distribution functions (through which the dependence on T and µB are

introduced), vrel = |v1 − v2| is the relative velocity of the incoming particles and σ is

the production cross sections for the reactions. The same equation can be used for kaon
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production by appropriate replacements of phase space factor and cross sections.

8.3 Evolution of strangeness using Boltzmann trans-

port equation

The possibility of formation of a fully equilibrated system in high energy nuclear colli-

sions is still a fiercely debated issue because of the finite size and life time of system. In

the present work we assume that the strange quarks or the strange hadrons (depend-

ing on the value of
√
sNN) produced as a result of the collisions are not in chemical

equilibrium. The time evolution of the strangeness in either QGP or in hadronic phase

is governed by the momentum integrated Boltzmann equation. We have assumed that

the initial density of strange quarks or kaons (depending on the initial conditions (I) or

(II)) is 20% away from the corresponding equilibrium density. We will comment on the

amount of deviations from chemical equilibrium later.

8.3.1 Evolution in QGP and hadronic phases

The momentum integrated Boltzmann equations describing the evolution of i (particle)

and j (anti particle) with proper time τ is given by:

dni

dτ
= Ri(µB, T )[1 − ninj

neq
i n

eq
j

] − ni

τ

dnj

dτ
= Rj(µB, T )[1 − njni

neq
j n

eq
i

] − nj

τ
. (8.9)
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where, ni (nj) and ni
eq (nj

eq) are the non-equilibrium and equilibrium densities of i (j)

type of particles respectively. Ri
1 is the rate of production of particle i at temperature T

and chemical potential µB, τ is the proper time. First term on the right hand side of Eq.

8.9 is the production term and the second term represents the dilution of the system due

to expansion. The time variation of temperature and the baryonic chemical potential

of the thermal bath is governed by the hydrodynamic equations (next section). The

indices i and j in Eq.8.9 are replaced by s, s̄ quark in the QGP phase and by K+, K−

in the hadron phase respectively.

8.3.2 Evolution in the mixed phase

For higher colliding energies i.e.,
√
s ≥ 8.76 GeV an initial partonic phase is assumed.

The hadrons are formed at a transition temperature, Tc = 190 MeV through a first

order phase transition from QGP to hadrons. The fraction of the QGP phase in the

mixed phase at a proper time τ is given by [255, 256]:

fQ(τ) =
1

r − 1
(r
τH
τ

− 1) (8.10)

where τQ (τH) is the time at which the QGP (mixed) phase ends, r is the ratio of sta-

tistical degeneracy in QGP to hadronic phase. The evolution of the kaons are governed

by [255]:

dnK+

dτ
= RK+(µB, Tc)[1 − nK+nK−

neq
K+n

eq
K−

] − nK+

τ
+

1

fH

dfH

dτ
(δns̄ − nK+)

1It is noted that Ri/j is the rate of production, reader should not be confused with the ratio
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dnK−

dτ
= RK−(µB, Tc)[1 −

nK+nK−

neq
K+n

eq
K−

] − nK−

τ
+

1

fH

dfH

dτ
(δns − nK−) (8.11)

Similar equation exist for the evolution of s and s̄ quarks in the mixed phase (see [255]

for details). In the above equations fH(τ) = 1−fQ(τ) represents the fraction of hadrons

in the mixed phase at time τ . The last term stands for the hadronization of s̄(s) quarks

to K+(K−) [255, 257]. Here δ is a parameter which indicates the fraction of s̄(s) quarks

hadronizing to K+(K−). δ = 0.5 indicates the formation of K+ and K0 in the mixed

phase because half of the s̄ form K+ and the rest hadronize to K0.

8.3.3 Space time evolution

The partonic/hadronic system produced in nuclear collisions evolves in space-time. The

space-time evolution of the bulk matter is governed by the relativistic hydrodynamic

equation:

∂µT
µν = 0 (8.12)

with boost invariance along the longitudinal direction [258]. In the above equation

T µν = (ǫ + P )uµuν − gµνP , is the energy momentum tensor for ideal fluid, ǫ is the

energy density, P is the pressure and uµ is the hydrodynamic four velocity. The net

baryon number conservation in the system is governed by:

∂µ(nBu
µ) = 0 (8.13)

where nB is the net baryon density. Eqs. 8.12 and 8.13 have been solved (see [259, 260]

for details) to obtain the variation of temperature and baryon density with proper time.
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The initial temperatures corresponding to different
√
sNN are taken from Table 8.2. The

baryonic chemical potential at freeze-out are taken from the parametrization of µB with

√
sNN [261](see also [192]) and the baryonic chemical potential at the initial state is

obtained from the net baryon number conservation equation. The initial state might

be a QGP or a hadronic that depends on the colliding energies. The baryonic chemical

potential for both QGP and hadronic phase is obtained as follows.

For a QGP phase we treat the light flavors to be massless compared to the temper-

ature of the system. The net baryon number is then given by

nB
q = nq − nq̄ =

gq

2π2
T 3[exp {µ(T )/T} − exp {−µ(T )/T}],

=
gq

π2
T 3 sinh(

µ

T
). (8.14)

Assuming boost invariance and neglecting the transverse expansion, the baryon number

conservation ∂µn
Bµ
q = 0 leads to

nB
q τ = const.

gq

2π2
T 3 sinh(

µ

T
)τ = const. (8.15)

we get, Since, T 3τ = const., from Eq. 8.14 we get,

µ

T
= const. (8.16)

where, nBµ
q is the net baryon number density at temperature T and chemical potential

µq. µ = µq(= µB/3) is the quark(baryonic) chemical potential. Eq.8.16 represents

the temperature evolution of chemical potential in quark matter medium. Similarly, in

hadronic medium, the net baryon density is given by

nB
p = np − np̄
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=
gp

π2
m2

pTK2(
mp

T
) sinh(

µB

T
), (8.17)

where np, np̄ are the proton and anti proton densities in the hadronic system. Here K2

is the modified bessel function of second kind of order two. Again, using baryon number

conservation formula, we get

1

T 2
K2(

mp

T
) sinh(

µB

T
) = const. (8.18)

1

T 2
K2(

mp

T
) sinh(

µ

T
) =

1

T 2
ch

K2(
mp

Tch

) sinh(
µch

Tch

). (8.19)

The chemical potential µch at a temperature Tch for different centre of mass energies

(
√
sNN) are given in the Table 8.2. The variation of temperature (see [38]) and net

baryon density has been obtained from the solution of boost invariant relativistic hy-

drodynamics [124]. Then to start the equation we need the initial temperature (TI) or

energy density (ǫi). The initial temperatures of the systems formed after nuclear col-

lisions have been evaluated from the measured hadronic multiplicity, dN/dy by using

the relation 3.34: Initial temperatures for different
√
sNN are tabulated in Table 8.1

8.4 Results and discussions

The variation of the number of strange anti-quarks produced per unit volume per unit

time with temperature has been displayed in Fig. 8.1 for a baryonic chemical potential

µq = 107 MeV. It is observed that the process of gluon fusion dominates over the qq̄

annihilation for the entire temperature range under consideration, primarily because at

high µB(= 3µq) the number of anti-quarks is suppressed. In Fig. 8.2, the production

rate of K+ from the MM → KK̄ type of reactions has been depicted for
√
sNN = 7.6
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Table 8.1: Initial conditions for the transport calculation. Colliding energies are in
centre of mass frame

√
sNN (GeV) Ti (GeV) Tc (GeV)

3.32 0.115 -
3.83 0.128 -
4.8 0.150 -
6.27 0.160 -
7.6 0.187 -
8.76 0.210 0.190
12.3 0.225 0.190
17.3 0.25 0.190
62.4 0.3 0.190
130 0.35 0.190
200 0.40 0.190

GeV. The production rate from pion annihilation dominates over the reactions that

involves ρ mesons, because the thermal phase space factor of ρ is small due its larger

mass compared to pions and smaller production cross section. Results for interactions

involving mesons and baryons are displayed in Fig. 8.3. It is observed that the interac-

tions involving pions and nucleons in the initial channels dominate over that which has

a ρ meson in the incident channel. In fact, contributions from the reactions ρN → ΛK

has negligible effect on the total productions from the meson baryon interactions. The

kaon production from baryon-baryon interaction is displayed in Fig. 8.4. The contribu-

tions from N ∆ → N ΛK dominates over the contributions from N N → N ΛK and

∆ ∆ → N ∆K for the temperature range T = 120 to 180 MeV. It has been investi-

gated earlier in [252, 262] that BB → BY K has a dominant contribution to the rate at

BEVELAC energies but here at these energies (from AGS to RHIC) the contribution

from BB → BYK is not dominant but considered for the sake of completeness. In
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196

0.1 0.13 0.16 0.19
T (GeV)

10
−9

10
−8

10
−7

10
−6

10
−5

R
(µ

B
,T

)

K
 +

K
 −

0.1 0.13 0.16 0.19

K
+

K
−

sNN

1/2
=7.6 GeV sNN

1/2
=200 GeV
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Fig.8.5 the rates of K+ productions from meson-meson interactions has been compared

with those involving baryons i.e. with meson-baryon and baryon-baryon interactions for

different
√
sNN (different µB). The results clearly indicate the dominant role of baryons

at lower collision energies which diminishes with increasing
√
sNN. At low temperature

the baryonic contribution is more than the mesonic one for lower beam energy. Rate of

productions (from MB+BB interactions) at
√
sNN=4.8 GeV is more compared to the

rates at
√
sNN=7.6 and 200 GeV, since µB at

√
sNN=4.8 GeV is more (see Table 8.1).

Production rate from pure mesonic interactions does not depend on µB hence same

for all. It is quite clear from the results displayed in Fig.8.5 that more the baryonic

chemical potential (lower the centre of mass energy), more is the rate from BB and MB

interactions compared to MM interactions. For a system having lower chemical poten-

tial (higher centre of mass energy) the rate of production from mesonic interactions is
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dominant. A comparison is made between rates of kaon productions from meson meson

Table 8.2: Chemical potential for different centre of mass energies

Center of mass energy(
√
sNN ) Chem. potential (µB)

(in A GeV) (MeV)
3.32 595
3.83 568
4.8 542
6.27 478
7.6 432
8.76 398
12.3 321
17.3 253
62.4 86
130 43
200 28

interactions (MM) and meson-baryon (MB) plus baryon-baryon (BB) interactions for

√
sNN = 7.6 GeV. At this energy baryons and mesons are equally important as shown

in Fig. 8.6.

In Fig. 8.7 the net rates of productions for K+ and K− have been depicted for

√
sNN = 7.6 GeV (left panel) and 200 GeV (right panel). At

√
sNN = 7.6 GeV the

production of K+ dominates over K− for the entire temperature range. However, for

large
√
sNN (low µB) the productions of K+ and K− are similar. The strong absorption

of the K− by nucleons in a baryon rich medium resulting in lower production yield

of K− compared to K+. This may be contrasted with the experimental findings of

BRAHMS experiment [233] where it is observed that at mid-rapidity (small µB due to

nuclear transparency at RHIC energy) the K+ and K− yields are similar but at large
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Figure 8.8: Rate of production of K+, K− and Λ at
√
sNN = 7.6 GeV.

rapidity (large µB) K− yield is smaller than K+ due to large K− nucleon absorption.

The rate of productions for Λ is displayed in Fig. 8.8 and Fig. 8.9. The production

rate is much less compared to kaons as the phase space and production cross section is

less. The rates for
√
sNN=7.6 and 200 GeV are displayed. In Fig. 8.10 the variations

of R+ with
√
sNN are depicted. The experimental data on R+ is well reproduced if a

partonic initial phase (scenario-II) is assumed beyond
√
sNN=8.7 GeV. A “mindless”

extrapolation of hadronic initial state (scenario-I)for all the
√
sNN up to RHIC energy

show an increasing trend in disagreement with the experimental data at higher
√
sNN.

In both the scenarios, I and II, the curves at higher
√
sNN (RHIC energies) becomes

flatter. That is because at higher energies the K+ productions in the hadronic phase

are dominated by mesonic interactions and the production rates from mesons are same

for all
√
sNN for a given temperature range. But at lower energies the rates of kaon

productions are dominated by the effective interactions among the baryonic degrees of
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Figure 8.9: Rate of production of K+, K− and Λ at center of mass energy=7.6 GeV.

freedom. The composition of matter formed in heavy ion collision changes from baryon

to meson dominated region with the increase in colliding energy. The µB changes from

86 MeV to 28 MeV as
√
sNN varies from 62.4 GeV to 200 GeV (Table 8.1). The change

in the K+ production in the hadronic phase due to the change in µB mentioned above

is marginal - resulting in the flatness in R+ at higher energies. The decrease of the

value of the R+ beyond
√
sNN=7.6 GeV showing ‘horn’ like structure is realized when

an initial partonic phase is considered. Such a non-monotonic behavior of R+ can be

understood as due to larger entropy productions from the release of large color degrees

of freedom (resulting in more pions yield) compared to strangeness beyond energy 7.6

GeV .

In the lower panel of Fig. 8.10, the variations of R− with
√
sNN is displayed. R− has

a lower value compared to R+ at lower energies since K− get absorbed in the baryonic
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√
sNN
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√
sNN . Lower panel: Same thing for K−/π−

See text for details.
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medium. At higher energies K− is closer to K+ because production of K+ and K− is

similar in baryon free medium, which may be realized at higher collision energies. The

variation of R+ can be understood from the results displayed in Fig. 8.11 where the

variation of densities of K+, K− and π+ are depicted with centre of mass energies in

the upper panel of the figure. The π− productions are assumed to be similar as π+.

The dotted and dashed lines are for K+ and K− productions respectively and long solid

line is for π+ density. The inset in the upper panel of the Fig.8.11 show K+ and K−

densities as a function of
√
sNN . The slopes of the number densities of K+, K− and

π± are displayed in the lower panel of the curve. The sharp change in the slope of K+

compared to K− at low
√
sNN (high µB) makes difference in the ratios R+ and R−.

Where as at high
√
sNN (low µB) the slopes are almost same which makes the ratios

similar. Also it explains the constancy of ratio at higher centre of mass energies. In the

upper panel of Fig. 8.12 the R+ is depicted as a function of
√
sNN for other scenarios

(III, IV and V). We observe that when the strange quarks and kaons are formed in

complete equilibrium but their secondary productions are neglected during the evolution

(scenario III) then the data is well reproduced. It is also important to note that in the

scenario (IV), when the system is formed in equilibrium (as in III) but the productions

of strange quarks and kaons are switched on through secondary processes then the data

is slightly overestimated at high
√
sNN . However, we have seen that the data is also

reproduced well in the scenario II as discussed above. This indicate that the deficiency

of strangeness below its equilibrium value as considered in (II) is compensated by the

secondary productions. In scenario V we assume that vanishing initial strangeness and

observed that the production of strangeness throughout the evolution is not sufficient

to reproduce the data. The productions from secondary processes are small but not
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Figure 8.11: Upper panel: The variation of density with centre of mass energies.
Lower panel: The variation of slope of density with centre of mass energies.
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Figure 8.12: Upper panel: K+/π+ ratio for different centre of mass energies. Scenario-
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through secondary processes have been ignored. Scenario IV is same as III with sec-
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K−/π−.
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Figure 8.13: The ratio RΛ at various center of mass energies.

entirely negligible (V). In the lower panel of Fig. 8.12 the R− has been displayed as a

function of
√
sNN . A trend similar to the results shown in Fig. 8.12 is observed. The

data is overestimated for the intermediate
√
sNN in the scenario IV, reproduced well in

scenario III and underestimated for the scenario V.

In Fig. 8.13 the RΛ is displayed for the scenario (II). It shows a behavior similar

R+.

The inclusion of Σ, Ω do not change the productions of K+, K− drastically. Here we

solve the Boltzmann equations including Σ with the K and Λ to show the differences.

The equations have been solved for ratio of ri where (should not be confused with

Ri(= ni/π
i) with ri = ni/n

eq
i . The ni and neq

i are the non-equilibrium and equilibrium

densities of the species i. The strangeness productions for QGP phase (s, s̄ quarks),
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Mixed phase (s, s̄ quarks, K,Λ,Σ ) and hadronic phase (K,Λ,Σ ) have been considered

using the following equations in terms of ratio ri.

In the QGP phase the evolution equation of strangeness is given by:

drs̄

dτ
=
Rs̄(T )

neq
s̄

[1 − rsrs̄] (8.20)

where, ri = ni/n
eq
i , ni and neq

i are the non-equilibrium and equilibrium densities of the

species i in the QGP phase. Ri is the rate of production of particle i at temperature T .

When the temperature of the QGP phase approaches the transition temperature

Tc due to expansion, then the s and s̄ quarks hadronize to strange hadrons like K+,

K−, Λ etc. The evolution of K+ (us̄) in the mixed phase is governed by the following

equation:

drK+

dτ
=

RK+(Tc)

neq
K+

(1 − rK+rK−) +
RΛ(Tc)

neq
K+

(1 − rK+rΛ)

+
RΣ(Tc)

neq
K+

(1 − rK+rΣ) +
1

f

df

dτ

(

δ
rs̄n

eq
s̄

neq
K+

− rK+

)

, (8.21)

Similar coupled equations can be written for Λ and Σ(uus). In the above equation f

represents the fraction of hadrons in the mixed phase at time τ . The last term stands for

the hadronization of s̄ quarks to K+ [255, 257]. Here δ is a parameter which indicates

the fraction of s̄ quarks hadronizing to K+. The value of δ = 0.25 if we consider that

s̄ hadronizes to K+ and K0, Λ and Σ with equal probabilities. The initial values of

s̄ quarks are taken close to their equilibrium values. However, a small change in the

initial value of rs̄ does not change the final results significantly. Similar equations are

solved for hadronic phase. We solve for scenario (II) for Tc=175 MeV and µB=0. Even
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Figure 8.14: The time evolution of the ratio of non-equilibrium to equilibrium density
of quarks/various hadrons when initial phase is assumed to be QGP (Ti > Tc ). Here
s̄, K+ etc. stand for their corresponding number densities.

with lower initial values of rs̄ the system reaches equilibrium very fast due to their

production at the high temperature heat bath. We solve the above-mentioned coupled

set of differential equations numerically. In Fig. 8.4 the ratio ri’s are shown with the

time τ [57].

8.5 Summary and Conclusions

The evolution of the strangeness in the system formed in nuclear collisions at relativistic

energies have been studied within the framework of momentum integrated Boltzmann

equation. The Boltzmann equation has been used to study the evolution of s and s̄ in

the partonic phase and K− and K+ in the hadronic phase. The calculation has been

done for different centre of mass energies ranging from AGS to RHIC. We get a non-

monotonic variation of K+/π+ with
√
sNN when an initial partonic phase is assumed
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for
√
sNN = 8.76 GeV and beyond. A monotonic rise of K+/π+ is observed when a

pure hadronic scenario is assumed for all centre of mass energies. The K−/π− data is

unable to differentiate between the two initial conditions mentioned before.

Some comments on the values of the initial parameter are in order at this point.

We have seen that a 10% variation in the initial temperature does not change the re-

sults drastically. We have assumed that the initial density of strange quarks or kaons

depending on the scenario (I) or (II) is about 20% away from the corresponding equi-

librium density. Results from a scenario where strange quarks or kaons are formed in

complete equilibrium and the production is ignored during the evolution then the data

is well reproduced (scenario III). If the the strangeness is produced in equilibrium and

the production is included during the expansion stage then the data is overestimated.

However, if the system is formed with zero strangeness then the theoretical results un-

derestimate the data substantially. This indicate that the production of strangeness

during the expansion of the system is small but not entirely negligible. The deficiency

assumed in scenario (II) is compensated by the production during evolution.



Chapter 9

Summary

With a brief introduction to the basic building blocks of matter and their interactions,

we have discussed the properties of QCD in chapter 1. The phenomenology of rela-

tivistic heavy ion collisions and the production of QGP under the extreme condition of

temperature has been outlined. Different experimental programs aiming to create QGP

and several signals to detect it have also been discussed. In the chapter 2, the thermal

emission rates for both dilepton and photon productions have been described. The rates

from thermal medium like QGP and hadronic matter have been discussed within the

framework of thermal field theory. The photon production rate from QGP has been

considered from the annihilation (qq̄→gγ) and Compton (q(q̄)g → q(q̄)γ) processes us-

ing hard thermal loop (HTL) approximation. Higher order processes like : gq→gqγ,

qq→qqγ, qqq̄→qγ and gqq̄→gγ have also been taken into account. For the photon rate

from hadronic phase we have considered an exhaustive set of hadronic reactions and the

radiative decays of higher resonance states. The relevant reactions are: (i) π π → ρ γ,

208
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(ii) π ρ → πγ (with all possible mesons in the intermediate state) , (iii)π π → η γ and

(iv) π η → π γ, ρ → π π γ and ω → πγ. The corresponding vertices are obtained

from various phenomenological Lagrangian. The reactions involving strange mesons:

πK∗ → K γ, πK → K∗ γ, ρK → K γ and KK∗ → π γ have also been incorporated in

the present work. Contributions from other decays, such as K∗(892) → K γ, φ → η γ,

b1(1235) → π γ, a2(1320) → π γ and K1(1270) → π γ have been found to be small

for pT > 1 GeV. All the isospin combinations for the above reactions and decays have

properly been taken into account. The effects of hadronic form factors have also been

incorporated in the present calculation.

For dilepton or lepton pair productions from QGP phase we have considered the

annihilation of quarks and anti-quarks (qq̄ → ll̄). The QCD corrections through the

processes qq̄ → gl+l− gq(q̄) → q(q̄)l+l− have also been taken into account. The lepton

pair productions from hadronic matter have been considered from the decay of vector

mesons ρ(I=1, J=1, P=-1), ω(I=0, J=1, P=-1) and φ(I=0, J=1, P=-1) to l+l− using

the vector meson dominance model taken from [93]. We have included the continuum

in the vector mesons spectral functions and four pion annihilation process (as some

author considers), therefore, have not been considered here to avoid over counting.

Chapter 3 deals with the space time evolution of the matter formed in relativistic

heavy ion collision. (2+1) dimensional relativistic ideal hydrodynamics with longitudi-

nal boost invariance and cylindrical symmetry is considered to describe the space time

dynamics. The inputs like Ti, τi, Tf and EoS to the hydrodynamic calculation have also

been discussed. The parameters are constrained from the available experimental data.
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In chapter 4 we have studied the photon productions in terms of invariant yield

from heavy ion collisions. Using thermal field theory and relativistic hydrodynamics as

discussed in chapters 2 and 3 we have estimated the net invariant yield of direct photons

from Au+Au collisions at RHIC energy
√
sNN=200 GeV [52] and from Pb+Pb collisions

at SPS energy
√
sNN=17.3 GeV [51, 54]. Also we have predicted for thermal photons

from Pb+Pb collision at LHC energy (for hadron multiplicity, dN/dy=4000). For RHIC

energy (mid rapidity) we have assumed an initial QGP phase with an initial temperature

Ti=400 MeV and initial thermalisation time τi=0.2 fm. Those are constrained together

from the experimentally measured hadron multiplicity. The freeze out temperature

Tf has been taken to be 120 MeV which is also constrained from the pT spectra of

hadrons(pions and kaons). With these inputs the photon spectra measured by PHENIX

collaboration were explained reasonably well. This value of Ti is much larger than the

value of the QGP-hadron transition temperature Tc predicted by the lattice quantum

chromodynamics at zero baryonic chemical potential. Hence at RHIC, the possibility of

initial hadronic state seems to be ruled out. The data for different centralities have also

been explained with the same production and expansion mechanism. The sensitivities

of different input parameters like transition temperature Tc, strong coupling constant

αs and equation of states, radial velocity (vr) to the pT spectra have been studied.

Similarly photon spectra at
√
sNN=17.3 GeV, SPS energy, have been discussed with

initial temperature Ti=200 MeV and τi=1 fm with lattice EoS and shown in [51].

From the initial temperature Ti inferred for spectra at both energies we say the data

along with the theoretical evaluation supports the formation of an initial QGP phase

at
√
sNN=17.3 GeV Pb+Pb collision and at

√
sNN=200 GeV Au+Au collision. Finally

we have predictions for pT spectra of photons from Pb+Pb collision at LHC energy.
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In chapter 5, the dilepton (dimuon) productions in heavy ion collision have been

discussed using formalism discussed in chapters 2 and 3. The productions have been

estimated considering two scenarios of the expanding system : (I) with the assump-

tion of an initial QGP state and (II) with the assumption of an initial hadronic state.

We have compared the theoretical evaluation of the spectra with the dimuon data

taken from In+In collision at
√
sNN=17.3 GeV or Elab=158 A GeV by NA60 collab-

oration. The invariant mass spectra normalized with the charge hadron multiplicity,

(dN/dMdy)/(dNch/dy) have been evaluated as a function of invariant mass M for dif-

ferent pT windows for scenario(I). We have also evaluated the transverse mass spectra

(dN/mTdmT ≡ dN/pTdpT ) of the pair for various M windows as a function of mT −M

for both scenarios (I) and (II) and finally compared with the data. It has been observed

that the scenario(I) with the initial QGP phase explains the data reasonably well, where

as, the scenario (II) fails to reproduce. Our study is restricted up to low mass region

(LMR: M < 1.5 GeV). A non-monotonic behavior of the inverse slope parameter, Teff is

observed when extracted from the transverse mass spectra of the thermal lepton pairs

as a function of invariant mass. This non-monotonic trend of Teff may possibly indicate

the origin of lepton pairs from a partonic phase formed initially in the collisions. The

theoretical analysis of both M-spectra and mT −M spectra supports the formation of

QGP in In+In nuclear collision at
√
sNN=17.3 GeV SPS energy.

In chapter 6 we have studied the variation of Rem, the ratio of the transverse mo-

mentum spectra of photons to dileptons and argued that measurement of this quantity

would be very useful to determine the value of the initial temperature of the system

formed in heavy ion collisions. We have observed that Rem reaches a plateau beyond
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pT = 1.5 GeV for all M windows. The value of Rem in the plateau region depends on

Ti. However, the effects of flow, the dependence on the values of Tc and v0 get canceled

away in the ratio, Rem. The effect of EoS on Rem is found to be the least in the mass

window 1.2 < M(GeV ) < 1.3. For M above and below the ρ peak and pT ≥ 2 GeV

the contributions from quark matter dominates, therefore these regions (pT ≥ 2GeV

and 1.2 < M(GeV ) < 1.3) could be chosen to estimate the initial temperature of the

system formed after the collisions.

In chapter 7 we discussed the importance of the evaluation of ratio of the pT spectra

in extracting the thermodynamic (temperature) information of the system. It was

argued in the literatures that the non-monotonic behavior of Teff with M as observed

from the dimuon data of In+In collisions at SPS energy is because of the presence of

two thermal sources- QGP and hadronic matter. To address this issue more closely we

have theoretically evaluated the dimuon spectra for SPS, RHIC and LHC energies and

the non-monotonic behavior of Teff is observed for SPS and RHIC energies. However

a monotonic rise of Teff has been noticed for LHC energy. Hence it is argued in this

chapter that the non-monotonicity of Teff may not be a direct answer to prove the

presence of two thermal sources as it depends on both average temperature, Tav and

flow velocity vr of the system. We then extract radial flow vr using both photon and

dilepton pT spectra simultaneously. In the present work we focus on the extraction of vr

from the ratio, Rem for various M windows. The vr obtained from the analysis of both

the spectra vary with M non-monotonically for SPS, RHIC and LHC energies but not

the Teff . The non-monotonic behavior of vr may be interpreted as due to the presence

of two different kinds of thermal sources of lepton pairs of the expanding system.
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In chapter 8 we have studied the strangeness productions in heavy ion collision at

various centre of mass energies starting from AGS to RHIC and explore the possibility

of QGP formation. The study of strangeness to entropy ratio is a subject of high interest

and the ratio, R+ ≡ K+/π+ (ratio of the multiplicities) is one such currently debated

issue. R+ is measured experimentally as a function of centre of mass energy (
√
sNN). It

is observed that the R+ increases with
√
sNN and then decreases beyond a certain value

of
√
sNN giving rise to a horn like structure, whereas the ratio, R− ≡ K−/π− increases

faster at lower
√
sNN and tend to saturate at higher

√
sNN . In the present work we

have employed a microscopic model for the productions and evolution of strange quarks

and/or hadrons. Here we have examined whether the K+/π+ experimental data can

differentiate between the following two initial conditions or two scenarios : (I) the

hadronic phase for all
√
sNN or (II) the partonic phase beyond a certain threshold in

√
sNN. Other possibilities like formation of strangeness in complete thermal equilibrium

and evolution in space time (III) without and (IV) with secondary productions of quarks

and hadrons have been considered. (V) Results for an ideal case of zero strangeness

in the initial state have also been presented. For the strangeness productions in the

partonic phase we consider the processes of gluon fusion and light quarks annihilation.

For the production of K+ and K− an exhaustive set of reactions involving thermal

baryons and mesons have been considered. The time evolution of the densities are

governed by the Boltzmann equation. The Boltzmann equation has been used to study

the evolution of s and s̄ in the partonic phase and K− and K+ in the hadronic phase.

The calculation has been done for different centre of mass energies ranging from AGS to

RHIC. We get a non-monotonic variation ofK+/π+ with
√
sNN when an initial partonic

phase is assumed for
√
sNN = 8.76 GeV and beyond. A monotonic rise of K+/π+ is
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observed when a pure hadronic scenario is assumed for all centre of mass energies. The

K−/π− data is unable to differentiate between the two initial conditions mentioned

before. We also evaluate the Λ/π productions for the scenario (II) and observe the

similar non-monotonic horn when plotted against
√
sNN .
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