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CHAPTER 1

INntfroduction

1.1 Overview

The concept of strong interaction came about with the discovery of proton by
Rutherford experiment and that of neutron by Chadwick. In classical picture
of ordinary matter, positively charged nucleus and negatively charged elec-
trons are held together inside the atom by electrical force. The stability of
nucleus in normal nuclear matter implies the existence of some other force,
stronger than the electrical repulsion between the positively charged protons.
Later this was understood as "Strong Force’ after the discovery of meson, me-
diator of strong interaction by Yukawa in 1934. Strongly interacting particles
were divided into two families namely baryons and mesons. The members
of each family was distinguished accordingly by their charge, strangeness and
mass. In 1964 Gell-Mann introduced the idea of eightfold way, i.e. the baryons
and mesons were found to fit into patterns of octet or decuplet according to
their charge, strangeness and mass. It was not still well understood why
the hadrons fit into these peculiar pattern? In 1964, Gell-mann and Zweig
independently postulated the existence of quarks, the elementary particles by
which the hadrons are composed. According to their quark model every baryon
is composed of three quarks and every meson is composed of a quark and an
anti quark. The explanation of the eightfold way became quite straightforward
after the proposition of quark model.

At present six different types of quarks are observed in nature, the up(u),
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1.2. COLOR CONFINEMENT AND CHIRAL SYMMETRY BREAKING

charm(c) and top(t) with charge +2¢/3, and down(d), strange(s), and beauty(b)
quarks having charge —e/3. The quarks being spin half particles must obey
the Pauli exclusion principle. However, the A", is composed of three iden-
tical u quarks in the same state, inconsistent with the Pauli principle. The
problem was resolved when Greenberg proposed the idea of color quantum
number, i.e. the quarks not only come with different flavors but also with
three different colors (red, green, blue). Although A** is composed of three u
quarks, they are not indistinguishable because the color quantum numbers
are different for each quarks. To study the strong interaction between the
quarks, the mediator 'gluon’ was proposed and it’'s existence was confirmed
in the electron-positron collision experiment at DESY. There are theoretically
nine possible types of gluons belonging to a color singlet state in the U(1)
group and color octet state in SU(3) group. The existence of the color singlet
gluon has been ruled out because of the fact that the color singlet gluon will
lead to a long range color interaction between the hadrons which is absent in
nature. So there are only eight gluons as members of the color octet, all of
these carry color charge like quarks. The nice aspect of the color terminology
is that the all the particles in nature are colorless. Isolated colored quarks has
never been seen in nature or identified in experiments.

1.2 Color Confinement and Chiral Symmetry Break-
ing

In Standard Model, theory of strong interaction between the quarks is de-

scribed by Quantum Chromo Dynamics (QCD) in which color plays the role of

electric charge in QED. Since gluon carry color charge, it interacts with quarks

as well as with gluons unlike QED. In QCD, the coupling constant depends

on the energy scale of the theory, thus it is running coupling. The running
coupling of QCD to one loop order can be written as:

A7
as(P?) = 1.1
) = N, Z 2N in () -y
QCD

where, Agcp is the scale of QCD. Now, in infrared region (low energy), «;
becomes large and diverges at P> = A.,. Due to this behavior of running
coupling the theory cannot be explored in the low energy regions with the per-
turbative methods that have been enormously successful at high momenta.

8



1.2. COLOR CONFINEMENT AND CHIRAL SYMMETRY BREAKING

At high energies the coupling is small, and doing standard perturbative renor-
malization one can obtain

dog(€)

dlne
where, . 9 1 23
. . 2
bo=~fem M —gm)i Oi=(ggm) (102 = n) 19

where, € is the energy, n; is the number of flavors. We notice that, when n; < 16
(In reality, ny = 6), the coupling o, decreases to zero as the energy scale in-
creases to infinity. It predicts the interaction between quarks becomes weaker
as two quarks get closer. In the limit of » — 0, the quarks are noninteracting.
This is the so-called asymptotic freedom [1].

On the contrary, the behavior at large r is quite different and can be realized
from the interaction potential between a ¢ pair:

V() = - A0

+ Kr (1.4)

where, A(r) o« m It is clear that at large r, the second term is dominating,
and V(r) becomes linear. So it is difficult to separate two color sources as the
energy cost grows proportionally with the distance. This is the basic idea of
‘color confinement’.

Apart from color confinement, the another most important aspect of low
energy QCD is Chiral symmetry breaking. Chiral symmetry is the symme-
try of QCD Lagrangian under which the left-handed and right-handed quark
fields transform independently. This symmetry is perfect in the limit of van-
ishing quark masses. When the quarks acquire mass the left handed and
right handed chirality is mixed up and this symmetry is broken explicitly. By
adding and subtracting the generators of the symmetry groups of left handed
and right handed quarks one can obtain new generators of vector symme-
try group and axial vector symmetry group respectively. The QCD symmetry
groups at the vanishing quark masses can be written as: SU(3). x U(Ny), x
UNg)r = SU3). x SU(Ny)L xU(1)r x SU(Ny)gr x U(1)g, which is equivalently
SU(3)e x SU(Nys)y x SU(Ng)a x U(1)a x U(1)y. SU(Ny)y and SU(Ny)4 are exact
symmetry of the QCD Lagrangian of mass less quarks.

This can be understood in the following way [2]. Consider the Lagrangian
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of two flavor massless fermions.
£ = ity (1.5
Now, in two flavor case under vector transformation SU(2), the quark field v

transforms as:

where, 7 is the Pauli matrix and ¢ is the rotation angle in isospin space. Con-
sidering infinitesimal transformation, one gets

—

b= (L—ig By
Similarly,
B — (1+ z% )y

After a trivial algebra we get that the Lagrangian in Eq.(1.5) is invariant under
vector transformation with a conserved vector current:
a 7 Ta
Vi =g
Now, let us consider the axial vector transformation SU(2)4 on Eq.(1.5).

Here,
Y — e Ty

Proceeding in the similar way for the vector transformation, we get the La-
grangian is now also symmetric under SU(2), with a conserved axial vector
current: .

Al = 1/7%%%1# (1.6)
So the massless 2 flavor QCD Lagrangian is invariant under the chiral sym-
metry SU(2)y x SU(2) 4.

It can be shown that the axial vector transformation SU(2), is broken and
the vector transformation SU(2)y remains unbroken when we introduce a
mass term in mi7 in the Lagrangian. Since the light quark masses are very
small compared to the scale of QCD, one expects that SU(2), is an approxi-
mate symmetry and the axial current should be partially conserved which is
known as Partial Conserved Axial Current (PCAC) hypothesis .

Now, if we apply the vector and axial vector transformation on the mesonic

states, we find that the vector transformation simply gives an isospin rotation,
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1.3. PHASE STRUCTURE OF QCD

whereas the other one gives some non trivial relations resulting in a mass shift
in the mesonic states which is not expected if axial vector current is conserved.
On the contrary, the Goldberger-Treiman relation and the weak decay of pion
provides evidence for the axial vector current to be conserved. Again, if axial
vector current is really conserved, the chiral partners with opposite parity of
each hadrons should exist in nature, which we do not find. So, we may con-
clude that SU(2), is broken by spontaneous chiral symmetry breaking which
is manifested by the existence of a non-vanishing quark condensate (¢q), the
order parameter for the chiral symmetry breaking transition. Another hint for
the spontaneously broken chiral symmetry is the low mass of the pion which
comes about quite naturally if the pions are interpreted as the corresponding
Goldstone bosons in the two-flavor case. If chiral symmetry was exact on the
Lagrangian level (“chiral limit”) they would be massless, while the small but
finite pion mass reflects the explicit symmetry breaking through the quark
masses.

In the remaining part of this chapter a brief summary of the current under-
standing of the QCD phase transition along with the various signatures that
can be used to study the phase transition is discussed.

1.3 Phase Structure of QCD

The physics in the low-energy region of QCD is subject of ongoing intensive re-
search activities. Exploring the phase structure of quantum chromodynamics
(QCD) is certainly one of the most exciting topics in the field of strong interac-
tion physics. At very low energies QCD shows a large variety of bound states
which are color singlet hadrons. Low energies are identified with low tempera-
tures, where the system is in the hadronic phase we are living in. Hadrons be-
come deconfined at high temperature and/or high density when they strongly
overlap and loose their individuality. The system is then expected to be in the
form of quark-gluon-plasma (QGP). So there is clearly two distinct phases of
QCD, the hadronic phase and the quark gluon plasma phase. In general, the
study of hadron-quark phase transition involves two different kind of phase
transitions. These two phase transitions are defined for two extreme limits of
the current quark masses and are related to two distinct symmetries of the
QCD Lagrangian. The deconfinement phase transition, resulting from Z; (for
N. = 3) global center symmetry breaking, takes place in the limit of infinite
quark masses. The order parameter of this transition is the Polyakov Loop

11



1.3. PHASE STRUCTURE OF QCD

Ordinary
nuclear

matter

Figure 1.1: QGP formation at extreme condition

[3]. On the other hand, in the massless limit we have chiral phase transition
with the chiral condensate as an order parameter. At intermediate masses
there is no known exact symmetry. The dynamics of the system may give
hints for further symmetries. Numerical simulations show that, in QCD with
fundamental fermions, deconfinement and chiral symmetry restoration take
place at very close or coincident temperatures [4]. The question whether there
is a true phase transition or simply a rapid change (crossover) is fundamen-
tal. The presence or absence of a true phase transition is essential to under-
stand whether we can really interpret confinement/deconfinement in terms
of some exact symmetry of QCD. Whether confinement is an absolute prop-
erty of Nature or a fine tuned suppression of color charge, is also crucial for
understanding.

The phase diagram is a convenient pictorial way to describe various pos-
sible phases in terms of intensive thermodynamic quantities. The schematic
phase diagram in temperature-baryon density plane is shown in 1.2. The two
different regime of the phase diagram correspond to two different physical sce-
narios. In the limit of high temperature (~ 1 GeV) and low chemical potential
(almost ;1 = 0 axis) we have early universe scenario. On the other hand in the
limit of high chemical potential (> 200 MeV) and low temperature we have
situation similar to the one that may exist inside neutron stars. This phase
diagram remained the standard picture for a quite long time. Later there was a
great progress in the understanding of quark matter at sufficiently high densi-
ties [5, 6, 7, 8]. At high density and low temperature quark matter is expected
to be a color superconductor, which is a degenerate Fermi gas of quarks with

12
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Figure 1.2: Schematic phase diagram for confinement- deconfinement transi-
tion.

a condensate of Cooper pairs near the Fermi surface. Color superconductivity
comes as a result of the Cooper instability driven by an attractive interaction
between quarks. This gives rise to a new phase in the QCD phase diagram,
known as color superconducting phase. The possibility of having more than
one deconfined phase was not taken into account although the existence of
color superconductivity at very large densities and low temperature has be-
come an established consequence of QCD [9]. Since pair of colored quarks
cannot be color singlet, the condensate of the two quarks breaks the local
color gauge symmetry. Due to the spontaneous breaking of this symmetry
the gauge bosons (here gluons) become massive giving rise of ‘color Meissner
effect’. For two flavor quark matter five gluons out of eight become massive.

Since quarks have color, flavor as well as spin degrees of freedom a variety
of quark pairing is possible unlike electrons. At the highest possible densi-
ties strange quarks also participate in such pairing and gives rise to a color
flavor locked (CFL) phase. The CFL phase is a superfluid, an electromagnetic
insulator, and breaks chiral symmetry.

Thus, in addition to the two standard phases, there is a non-negligible
region at high density in the QCD phase diagram where strongly interacting
matter can be in a color superconducting as well as in a Color Flavor Locked
phase. The corresponding phase diagram is depicted in Fig.1.3.

13
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The QCD phase diagram
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Figure 1.3: QCD phase diagram with color super conducting phase.

The QCD phase transition at finite temperature with zero chemical poten-
tial has been studied extensively in the numerical simulation on the lattice
[10, 11, 12, 13]. Results depend on the number of colors and flavors. In
pure gauge theory for N, = 2 lattice study indicates that the deconfinement
transition is of second order [14, 15]. For N, = 4 the transition is first order as
claimed in [16] though there are questions about the strength of the first order
phase transition. Further increase in the number of colors does not change
the transition and it remains a first order transition. In the limit of infinite
number of colors there is a strong first order phase transition [17] . But for
three colors there exists some controversy about the order of transition. Some
results indicate that the transition is first order [18] but others suggest that it
is weakly first order or nearly a second order transition [19]. However, it was
argued in Ref. [20] that since N, = 3 is more close to two colors than infinity,
the order of the phase transition is likely to be a nearly second order phase
transition.

The situation is different in the presence of dynamical quarks. For two fla-
vor massless quarks there is a chiral phase transition from broken phase to
a chirally restored phase at some critical temperature 7.. For nonzero chem-
ical potential there are various QCD inspired models which indicate that at
low temperatures there is a possibility of first order phase transition for a
large baryon chemical potential pp,. . This up. is supposed to decrease with
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Figure 1.4: Prediction for Critical End Point from different theoretical frame-
works. Black points are different model predictions. Green points are from
different Lattice calculations and the open red circles are freeze-out points at
different center of mass energies per nucleon. The figure is taken from [22].

increasing temperature. Thus there is a first order phase transition line start-
ing from (T = 0, up = pup) on the up axis in the (7, up) phase diagram which
steadily bends towards the (1" = T,, up = 0) point and may actually terminate
at a critical end point (CEP) characterized by (I' = Ty , up = pupp ), which can
be detected via enhanced critical fluctuations in heavy ion reactions [21]. The
existence and location of the CEP has become a topic of intensive research.
Various phenomenological models and lattice results predict a wide range of
coordinates (7, up ) for the critical end point and they seem to be in no agree-
ment with each other as can be seen from the figure 1.4 . But it is interesting
to note, as pointed out in [22], that each of these models agree at 7' = pp = 0
to reproduce the vacuum.

1.4 Phase Transition in Early Universe and Com-
pact Stars

From the recent observational evidence, cosmologists came to the conclusion
that our Universe is expanding and cooling. The Cosmic Microwave Back-
ground Radiation (CMBR) provides information that the temperature and den-
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sities were infinitely large at the very beginning and there was an initial singu-
larity called Big Bang. As the Universe began to expand its temperature and
densities started to cool and disperse. At present this ambient temperature of
the universe is about 2.7K. At that time Universe was a plasma of relativis-
tic particles. A number of spontaneous symmetry breaking phase transitions

t = 15 billion years
T=3K (1meV)

Todayt,

Life on earh

Solar system
Quasars

Galaxy formation
Epoch of gravita tonal collapse

Recombination
Relic radiation decauples (CBR)

Matter domination
Onsetof gravitational ins @ bility

s oo |_t=1second |
Lightelements created - D, He. Li t=1second

T=1MeV
t=10""s
=1 GeV

Quark-hadron transition
Hadrons form - protons & neutrans

Electroweak phase transition
Electromagnetic & weak nuclear
forces become differen tiated:
SUB)SURU) > SUE)U(T)

t=10""s
T=10%Gev

The Parlicle Desert
Axians, supersymmetry?

Grand unification transition
G -> H -> SU(BJxSU[2)xU(1)
Inflaton, baryogenesis,
manopoles, cosmic strings, ete.?

The Planck epoch
The quantum gravity barrier

Figure 1.5: Phase transitions at early universe.

took place throughout the earlier stages of the universe. At a temperature of
10 to 10'® GeV, the Grand Unification phase transition occurred resulting the
separation of strong force from the electromagnetic and weak force. The de-
coupling of electromagnetic and weak force occurred during electroweak phase
transition at a temperature of about 300 GeV. After that, the Universe cools
further more, until temperature reaches about 100 to 300 Mev (t ~ 10°s), where
it was undergone through the phase transition associated with chiral symme-
try breaking and color confinement. The quarks and gluons combined to form
the color singlet baryons and mesons. The cosmic phase transitions have con-
siderable significance in the evolutionary history of the universe. The relics of
that era, if found, might have the imprints of the phase transitions. For ex-
ample, if there was quark-hadron phase transition in the early universe then
it must have influenced the process of nucleosynthesis and the measurement

16
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of abundance of various light elements can be used to learn about the quark-
hadron transition in the universe. There are also speculation of formation of
baryon rich quark nuggets [23, 24] in the cosmic quark-hadron transition. As
data from cosmological QCD phase transition proves to be unattainable, there
are efforts to recreate and detect the high temperature quark-gluon plasma in
laboratories. The heavy ion experiments at RHIC, LHC and FAIR are designed
to study strongly interacting matter under extreme conditions of high temper-
ature and/or high baryon density. The knowledge is of key importance for
understanding the physics of early universe and its evolution till date, com-
pact stars and other astrophysical phenomena.

The high density in the cores of massive astrophysical objects called neu-
tron stars (NS), inhibits the matter inside it, to stay in the hadronic form, re-
sulting a hadron quark phase transition. Neutron stars are dead stars formed
in the after math of a supernovae explosion. The production of thermonuclear
energy in the center of the normal stars helps them to counter the inward pres-
sure due to gravity. If the mass of the star goes beyond Chandrasekhar limit
[25], it keeps on contracting and becoming denser. At some stage the density
becomes so high that protons and electrons are forced to combine to form neu-
trons, and the whole star then becomes an ocean of neutrons. These stars are
called the Neutron Stars. After the supernova explosion during the first tens
of seconds, the newly formed proto-neutron star with a radius of about 50 km
stays very hot with temperatures of the order of 10'! —10'? K. Later the star be-
comes transparent to neutrinos generated in its interior via URCA processes.
The proto-neutron star thus rapidly cools down by powerful neutrino emission
and shrinks into an ordinary neutron star after 10 to 20 seconds. The central
density may be as high as approx. 10 times nuclear matter saturation density.
NSs have mass between 1.5 to 2.2 times the solar mass and the radius is of
the order of 10 kilometers. The gravitational field is as high as 2 x 10! times
than earth’s gravitational pull. NSs are born with very high rotational speed
and they gradually slow down. Due to their large central densities, they serve
as a natural laboratory to study the properties of the strongly interacting mat-
ter at high densities and small temperature. Normal nuclear matter at high
enough density and/or temperature, would be unstable against conversion
to two-flavor quark matter. Moreover, Witten’s conjecture says that strange
quark matter, consisting of almost equal numbers of u, d and s quarks, may
be the true ground state of strongly interacting matter [26, 27] at high density
and/or temperature. This was also supported by Bag model calculations [28]
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Figure 1.6: Composition of neutron star from core to surface.

for certain range of values for the strange quark mass and the strong coupling
constant. By considering realistic values for the strange quark mass (150
- 200 MeV) [29], it may be shown that the strangeness fraction in a chem-
ically equilibrated quark matter is close to unity for large baryon densities.
The above hypothesis may lead to important consequences both for laboratory
experiments as well as for astrophysical observations. The two-flavor quark
matter would be metastable and would eventually decay to Strange Quark
Matter in a weak interaction time scale, releasing a finite amount of energy in
the process. If this is true then there is a possibility of conversion of neutron
stars to strange stars or at least hybrid stars (HS). Hadron to quark phase
transition inside a compact star may yield observable signatures in the form
of quasi-periodic oscillations (QPOs) [30] and Gamma-ray bursts (GRBs) [31].

1.5 QCD Phase Transition in Relativistic Heavy
Ion Collision

A promising way to produce the strongly interacting matter at high temper-
ature or high density is nucleus-nucleus collision in the laboratory [32, 33,
34, 35, 36]. The evidence for the new state of matter came from the combined
data from the experiments in the heavy-ion programme at CERN. The aim was
to collide very high-energy lead ions from the Super Proton Synchrotron (SPS)
in the experiments, so as to create immensely high concentrations of energy
and break down the forces that normally confine quarks inside hadrons. The
collisions created temperature is approximately over 10° times as hot as the
centre of the Sun, and energy densities 20 times that of ordinary nuclear mat-
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Figure 1.7: Particle showers produced at heavy ion collision.

ter densities that have never been reached in laboratory experiments before.
The data provided compelling evidence that a new state of matter had been
created, featuring many of the characteristics of the theoretically predicted
quark-gluon plasma. It is believed that definite observation of the elusive
QGP would be found at higher collision energies with the Relativistic Heavy
Ion Collider (RHIC) at the Brookhaven National Laboratory, USA and Large
Hadron Collider (LHC) at CERN, Switzerland. There are several experimen-
tal evidences which might show that the Quark Gluon Plasma (QGP) could
have been formed during the heavy ion collision at RHIC energy. RHIC have
provided Au+Au, d+Au and p+p collisions at /syy = 200 GeV. The RHIC ex-
periments have measured the charged particle multiplicity as a function of
collision energy and centrality (impact parameter). The measurements were
found to be consistent with a temperature of about 176 MeV at the chemical
freeze-out. Currently most of the activities at CERN are based on the exper-
iments at Large Hadron Collider (LHC) and analyzing the data coming out of
them. Six experiments namely CMS, ATLAS, LHCb, TOTEM, LHCf and ALICE
are built to study heavy ion collision from a different point of view with differ-
ent technologies. Pb-Pb nuclei collisions will be studied at ALICE at a centre
of mass energy of 5.5 TeV per nucleon. The resulting temperature will be
enough to generate a quark-gluon plasma at temperature much higher than
RHIC energy (200 GeV per nucleon).

In the nucleus-nucleus collisions at ultra-relativistic energies, the energy
density is sufficiently high, leading to the formation of a system of quarks
and gluons- the QGP. The plasma initially may not be in thermal equilibrium,
but subsequent equilibration brings it to local equilibrium. The system then
evolves in space and time according to the law of hydrodynamics, expands
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and eventually cools down from an initial high temperature. When the par-
ticular temperature 7., i.e the transition temperature is reached the quarks
and gluons condense to form hadrons. With further expansion, the hadronic
system cools. Finally, at a temperature, usually referred to as the freeze-out
temperature, the hadrons cease to interact with each other and fly away to
the detectors. Thus, a space-time integrated history of the entire evolution is
detected through the hadrons. During the time when the matter is in QGP
phase the particles which emerges due to the interactions of the constituent
of the plasma will actually provide us the information concerning the state of
plasma. In the next section various QGP diagnostics mainly strangeness en-
hancement, J/¥ suppression, direct photons and dileptons will be discussed.
The advantage of considering dileptons as a good probe over the others will be
narrated as well. In addition, all the possible sources of dileptons in Heavy
Ion Collision will be discussed elaborately in section. In section 1.8 the space
time evolution of thermally generated dilepton pairs will be discussed.

1.6 Possible QGP Signatures

1.6.1 Strangeness enhancement

Strangeness enhancement [37] can be thought as a good signature of the QGP.
In normal hadronic matter it is energetically favorable to produce up and down
quarks rather than strange quarks in heavy ion collisions because the masses
of the up and down quarks are considerably less than the strange quarks. In
fact, the colliding ions consist not of s quarks, but of u and d quarks. The
mass of the strange quark goes down as temperature increases. Therefore it
is expected that there should be an increase in the number of strange quarks
and anti-quarks in the QGP phase where the temperature is high enough for
strangeness production. In fact, at u, = ps = us = 0; when the temperature of
the plasma is of the order of strange quark mass, the density of all quarks and
anti quarks are almost same [38]. In such a plasma the strangeness content
is much larger than that in a equilibrated hadron gas or in colliding nuclear
matter. These strange quarks and anti quarks subsequently combine with the
neighboring quarks and anti-quarks to form strange particles mainly strange
mesons. It has been suggested that the enhancement of strange quarks leads
to the enhancement of the strange mesons production and this can be used as
a signal of QGP. However, it is hard to argue that strangeness alone suffices
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to show the formation of the QGP phase. The CERN experiment WA97, which
studies strange particle production at central rapidity in Pb-Pb, p-Pb, p-Be
collisions at 158 A GeV/c, has already reported a pronounced enhancement
of hyperon production and these results have been supported by the STAR
experiment in RHIC which is capable of a wide variety of measurements of the
production of A and A~ particles in nuclear collisions. The particles studied
in these experiments are A, = and 2 hyperons and K and K™ mesons. The
experimental observation suggested that the ratios of K*/7+ , A/A and /=

increase [39].

1.6.2 J/V suppression in Quark Gluon Plasma

The suppression of J/W particle production can be used as a signature of the
formation of Quark Gluon Plasma as suggested first by Matsui and Satz [40].
The J/W particle is basically a bound state of charm and anti-charm quark.
In Quark Gluon Plasma the interaction between the ¢ and ¢ is weakened due
to Debye screening. At high temperature the range of attractive interaction
becomes so small that it is impossible for the c¢¢ pair to form a bound state.
So effectively the existence of the plasma makes the J/V¥ particle unbound.
Therefore the final yield of J/¥ particle will be suppressed as compared to
the case where there is no quark gluon plasma. In Sulfur-Uranium collisions
(NA38), the most weakly bound state V' is already dissociated while the more
tightly bound state J/¥ requires higher energy densities to ‘melt’. However,
analysis of the data collected by the NA5O collaboration with Pb-Pb collisions
at 158 GeV/ nucleon shows that J/V¥ is anomalously suppressed in central
collisions and the observed pattern can be considered as a strong indication
for QGP production [41].

1.6.3 Photon Production in QGP

Directly produced photons are considered as one of the most prominent probes
of the QGP. In the quark Gluon Plasma photons are produced by the quark
anti-quark annihilation process ¢¢ — v¢g. The analogous electromagnetic pro-
cess is ¢q¢ — v, but this process is less probable than the other because
a. < as. The gluon interacts with a quark or anti quark via Compton pro-
cess and photons are produced by the reaction g¢ — v¢ and gg — vq¢. Usually
high-energy photons produced in the interior of the plasma pass through the
surrounding matter without interacting, carrying information directly from
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wherever they are formed to the detector. The photon production rate and
its momentum distribution depend on that of quarks, anti-quarks and gluons
which are governed by the thermodynamic condition of the plasma. So pho-
tons carry the information of the thermodynamical state of the medium at the
moment of their production. Unfortunately, thermally generated photons are
not the only source of photons created in heavy ion collisions. They can also
be emitted during the hot hadron phase because many hadrons are electri-
cally charged. Pions and p mesons are the main constituents of such a phase.
The dominant contribution of photons from the hadronic sector are: =7 — pv,
T — Ty, T — Ny, T — T, W — 70y, p° — 777, If the thermally produced
photon component can be extracted from these huge background, it will pro-
vide an excellent diagnostic of the QGP created in ultra-relativistic nuclear
collisions. A measurement of direct photon production in Pb-Pb collisions at
158 A GeV has been carried out in the CERN WA98 experiment. Significant
direct photon excess is observed at pr > 1.5 GeV/c in central collisions [42].

1.6.4 Dilepton production and QGP signature

Direct lepton pairs (ete™ or pu*p~ ) are considered, by Feinberg, to be one of
the more reliable probes of hot and dense quark matter [43]. The specific
advantage for considering dileptons as a good probe is their nature of inter-
action. These electromagnetically interacting particles have very small inter-
action cross section compared to strong interaction, so they have large mean
free path and can leave the system without any distortion of their energy-
momentum. They thus carry the information from the reaction zone quite
effectively, as they do not get masked by the details of the evolution process.
The situation is clearly very different for the hadrons coming from the reaction
zone. Because hadrons interact strongly with the rest of the system during the
entire evolution, thus losing the initial information.

However, like photons here also difficulties arise because the dileptons orig-
inating from the QGP phase is masked by those produced from the initial hard
processes and hadronic decays. One has to subtract these background con-
tributions from the total yield of dileptons for getting an idea of the quark
matter created. In 1996, the CERES/NA45 collaboration reported an excess
of dileptons in the low invariant mass region approximately 0.2 to 0.6 GeV /c?
which can be explained by the presence of a QGP phase. Measurements at
SPS (center of mass energy, /syy = 17.3 GeV) [44, 45] and RHIC (\/syy =
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200 GeV) [46] have provided results for ete™ and pu*p~ dilepton pairs. Other
interacting dilepton data that have demonstrated an enhanced yield over that
measured in proton-nucleus reactions are the dimuon spectra in the inter-
mediate mass region from about 1 GeV to roughly 2.5 GeV, measured by the
Helios-3 and NA38/50 collaborations [47]. Hence theoretical calculations have
so far concentrated on e"e” and p"p~ dilepton production. With the starting
of the heavy-ion collision program at LHC in November 2010 we have reached
Vsnvn = 2.76 TeV and it is shortly planned to reach /syy = 5.5 TeV. At the LHC
energies we expect significant production of the third generation of leptons the
7-leptons. This opens up the possibility to make similar studies with 77~ pair
in addition to ete™ and pup~ pairs at LHC energies. This will be discussed in
detail in this thesis.

1.7 Sources of dileptons in Heavy Ion Collision

1.7.1 Thermal Dilepton

In a thermally equilibrated Quark Gluon Plasma quark anti quark annihilation
gives rise to s virtual photon which subsequently decays into a [T/~ pair. The

Figure 1.8: Dileptons from ¢g annihilation.

importance of the dileptons for the study of thermodynamic state of the evolv-
ing matter was first proposed by Feinberg in 1976 [43]. While, for most of the
purposes the dilepton emission rates are calculated in a classical framework,
Feinberg showed that the emission rates can be related to the electromagnetic
current current correlation function in a thermalized system in a quantum
picture and, more importantly, in a non-perturbative manner.

Let us begin our discussions with the dileptons arising from single virtual
photon. Following [34] one can write the matrix element Sy; for the transition
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|I) to |H;1"l™) as
Sy — ¢ / (11| () AP () Ty e (1.7)

where |/) is the initial state corresponding to the two incoming nuclei,

H;1"l7)
is the final state which corresponds to a lepton pair plus anything, the param-
eter 'e 'is the renormalized charge, and ¢ = (¢°, §) is the four momentum of the
lepton pair. We assume that the lepton pair does not interact with the emitting
system, we can factorize the matrix element in the following way:

(H1F07] T, (2) A% ()| T) = (HIAM(2) 1) {1717, (2)]0) (1.8)

where |0) is the vacuum state. Now, thermalization erases all the information
about a specific initial state, so we can replace the initial state |I) by the en-
semble average of all initial states each weighted by a Boltzman factor. Hence
the thermally averaged dilepton multiplicity is:

- se PPy | dPpo
M= 2 215l g5 Y Gy Gy o

where FE; is the total energy in the initial state, Z(/5) is the partition function.
Using the identity ) ,|/)(/| = 1 and Ey = E; + ¢y, N can be written in a compact
form as:

d*py d*py
N = e’ L' H,,
‘ "2 )3E, (27)°Es

Here, L' and H,, are the lepton and photon tensor respectively and given as:

(1.10)

L =" a(p)y"v(ps)v(p2)y ulps) (1.11)

spins

and
eﬁEl

H,, = /d‘lxd‘*yeiq'@w H|AM(2)|I) x (I|AY (y)|H) —— (1.12)

p ;% (!()I><\()|>Z<5)
The photon tensor can be written in terms of photon spectral function p,, [34]
and finally we arrive at the dilepton multiplicity per unit space-time volume

as:
dN

v, —B¢° d3p1 d3p2
dix

(27T>3E1 (27T>3E2

The photon spectral function is related with the imaginary part of photon self

= 2med L' pu(q)e (1.13)

energy.
For photon self-energies of not more than two-loop order, its imaginary part
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reduces to tree level diagrams, in which case it is usually more convenient to
find thermal rates using the relativistic kinetic theory. The number of /"]~
pairs produced per unit space-time volume is :

Ny
AN erve [ o1 dps
iy NCN3;(€)2/WWf(gl)f((F"z)U(M)UlQ (1.14)

o(M) is the bare cross-section of the process ¢g — [T{~. M is the invariant mass
of the dilepton pair. & and &, f(&) and f(&) are the energies and thermal
distribution functions of the quark and anti-quark in the Quark Gluon Plasma
respectively. vy, is the relative velocity between quark and anti-quark given

as[38].
M \/MZ = dm2 (1.15)

U1 = 26.E,

The perturbative character of this approach thus makes it advantageous over

at moderate and high energies and momenta.

1.7.2 Dileptons from Initial Hard Process : Drell-Yan Mech-
anism
In high energy nucleus-nucleus collision QGP is not the only source of dilep-

tons. Apart from the thermal contribution, an important contribution comes
from the Drell-Yan process. In this process a valence quark of a nucleon of one

N

Figure 1.9: Feynmann diagram for the production of dilepton pair via the
Drell-Yan process.

of the colliding nuclei interacts with the sea anti-quark of a nucleon of other
nucleus. This quark-anti quark annihilation process forms a virtual photon
which decay into a dilepton pair. In this process it is assumed that there is no
correlation between the nucleons inside the nuclei. So the production of dilep-
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ton pairs in this process is the collection of the individual nucleon-nucleon
collisions. If o, is the basic partonic cross-section of the process qq — [+~
then the differential cross-section in p-p collision can be written according to
[38],

do®P 1

ACdy ﬁczfaq[%?(xl, Q*)q7 (w2, Q%) + @ (21, Q%) (22, Q)] (1.16)

q(z;) and g(z;) are the quark and anti-quark distributions in the nucleon. z; is
the parton longitudinal momentum. y is the rapidity and N, is the number of
colors.

The differential cross-section in a nucleus-nucleus collision can be ob-
tained by using the Glauber model[38], which provides a quantitative con-
sideration of the geometric configuration of the two nuclei when they collide.

The DY production in nucleus-nucleus collision is;

dN . Ncoll<b) % doPP
dM2dy o dM2dy

in

where, N, (b) is the number of binary nucleon nucleon collisions at an im-
pact parameter b calculated using Glauber model and oy, is the inelastic cross

section for pp interaction.

1.7.3 Dileptons from Hadronic Interaction

Hadron collisions and hadron resonances are also an important source of
dileptons. Hadrons are produced in the initial nucleus-nucleus collision and
also in the final state when the quark gluon plasma cools down. The domi-
nant contribution in the hadronic interaction comes from the pion annihilation
process, i.e. 7t7~ — [T]~. [T]” pair also comes from the decay of hadron res-

Figure 1.10: Dileptons from hadronic decay.
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onances like p,w, ¢ and J/¢. These resonances may come through the initial
collisions as well as from the collision of pions in the dense pion gas during the
time of thermalization of hadron gas. The sharp peaks in the invariant mass
spectra of the dilepton pairs indicate the decay of such hadron resonances.

1.7.4 Heavy flavor decay and dileptons

Heavy quark production will be substantial at high energy. Both charm and
bottom quarks can be produced at high energies and fragmented into heavy
mesons which subsequently decay to lepton pairs [48]. Charm and anti-charm
pair is produced when a quark anti-quark pair annihilates to produce virtual
gluon. This gluon decays into a cc pair, i.e. ¢+ ¢ — ¢* — ¢+ ¢. The cc pair

(d)

Figure 1.11: Production of heavy flavors in quark gluon plasma.

can also be produced via the interaction of two gluons, i.e g + g — ¢+ ¢. The
produced ¢ and ¢ are then fragmented into D* and D~ mesons respectively
resulting the formation of D™D~ pair. Dilepton pairs are produced via the

subsequent decay of this D™D~ pair, i.e.,

Dt 1" +X D" > 1 +X (1.17)
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1.8 Space-Time Evolution : Bjorken Hydrodynam-
ical Model

In relativistic heavy ion collision the produced matter will either be a hot
hadronic gas or a quark gluon plasma. In the earlier section we have dis-
cussed about the rate of dilepton emission per unit time from unit volume
of a thermal system made up of quark matter at a fixed temperature T. Our
next goal is to consider its evolution in space and time. The space-time evo-
lution constitutes the most important aspect of quark-gluon plasma studies.
Hydrodynamics, although classical in concept and formulation, provides a
manageable computational tool to understand at least the gross features of
nucleus-nucleus collisions. This is so because the fundamental conservation
laws of energy momentum are built into a proper formulation of hydrodynam-
ics and one expects that the basic features of the space-time evolution are
governed largely by these conservation laws alone. Furthermore, the large
spatial sizes of the colliding nuclei provide a scenario where the mean free
path of the constituent particles could be significantly smaller than the size of
the system. These arguments have succeeded in making the use of classical
concepts of hydrodynamics in studying the space-time evolution in energetic
nucleus-nucleus collisions acceptable [49].

We will restrict ourselves to the central rapidity regime only. The created
matter is treated as an ideal fluid. The complete dynamics of the system is
described by the pressure (p), energy density (¢), temperature (T) and the four
velocity of the fluid (u,) at different space-time points. The equation of state
of the system connects ¢, p and T, i.e. ¢ = ¢(p,T). Before solving the hydro-
dynamic equation, the boundary conditions and the initial conditions suitable
for the system under consideration should be specified. The boundary condi-
tions at the two edges of the fluid is such that it expands against vacuum, that
is the pressure P = 0 outside. By the initial condition we mean here the state
of the matter when the thermalization has taken place and the hydrodynamic
evolution can start. As it was observed experimentally that the particle spec-
tra for the secondaries in nucleon-nucleon collisions exhibit a central plateau
in rapidity space, Bjorken assumed that the same kind of plateau will also
be observed in the nucleus-nucleus collisions, which implies that the rapidity
density is constant over a large range of rapidity variable [50]. This constancy
leads to a state of Lorentz invariance in the longitudinal direction [51, 52]. In
other words this means that the energy density, and all the thermodynamic
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quantities are functions of the initial thermalization (proper) time 7, only and
do not depend on the space-time rapidity n. This initial symmetry of the ther-
modynamic quantities will be preserved throughout the evolution scenario. An
immediate consequence of perfect fluid hydrodynamics is the conservation of
entropy during the entire flow [35, 36]. Under these circumstances, it is rea-
sonably justified to assume that the entire evolution of the ‘fireball'from the

initial time 7, till the freeze-out time 7; is strictly adiabatic. Following Ref.[35]

274 dNy
45¢(3)TR%4ay, dy

be estimated. a; is degeneracy factor.

; from which the initial temperature can
AN

one can arrive at 77y =
is the hadronic multiplicity. The

dy
temperature of the plasma drops down to to 7., at the proper time 7. given by
T(10)\?
o= <TCO)) 7 (1.18)

After that the transition from QGP phase to hadronic phase takes place.

1.9 Plan of the thesis

In this thesis we concentrate mainly on the properties of strongly interact-
ing matter at finite density as well as finite temperature using Polyakov loop
extended Nambu Jona-Lasinio (PNJL) model. Due to the non perturbative na-
ture of the strongly interacting matter at low energy regime it is very difficult
to study it from the first principle. Lattice QCD, despite of its short com-
ings at finite chemical potential, has given us a wealth of information about
the system [4]. It is now well established that at zero chemical potential the
transition from hadronic to quark gluon plasma phase is a crossover and the
corresponding transition temperature is 7. ~ 200 MeV. The chiral symmetry
restoration and deconfinement transition are found to occur simultaneously
at this temperature. QCD inspired effective models are very useful tool by
which one can predict the properties of strongly interacting matter in a easier
way compared to lattice simulation or perturbative calculations. The predictive
power of these models is not very strong due to the lack of exact order param-
eter. But in PNJL model we have Polyakov loop, the thermal average of which
can be treated as the order parameter of deconfinement transition. There is a
lot of interest in the studies of thermodynamics of strongly interacting matter
using the Polyakov loop enhanced Nambu-Jona-Lasinio model[53, 54, 55]. A
very sensitive observable-the quark number susceptibility (QNS) and also the
higher order coefficients in the Taylor expansion of pressure in quark number
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chemical potential were estimated for different systems using this model. For
example, the 2 flavor and 2+1 flavor quark matter considering six as well as
eight quark interactions has been extensively studied in Ref.[56, 57]. Com-
paring with the data from Lattice QCD (LQCD) [58] one can see that the QNS
in the PNJL model and LQCD agree quite well both qualitatively and quantita-
tively. In the present thesis we are also going to explore the thermodynamics
as well as various other characteristics of quark matter using this model.

The thesis is organized as follows. In the next chapter we will discuss the
2+1 flavor isospin asymmetric quark matter at finite chemical potential. Phys-
ical characteristics of relevant thermodynamic observables will be discussed
within the framework of PNJL model. The asymmetry arises because of the
fact that we have considered beta equilibrium among the flavor chemical po-
tentials which are related through electron chemical potential.

pd = flu + fle 5 fbs = d (1.19)

It should be mentioned that for this study the masses of u and d quarks are
taken to be same whereas strange quark mass is quite larger than the other
two. We will give a comparative analysis with the corresponding observables
in the Nambu-Jona-Lasinio model. We will analyze the QCD phase diagram
under the beta equilibrium condition for different electron chemical potential
values. The present study is expected to give a better insight of superdense
matter inside the core of massive astrophysical objects. As the density of
matter changes nontrivially along the radial direction of massive stars, we dis-
cussed the variations of all thermodynamic quantities w.r.t. chemical potential
rather than temperature, which remains almost constant.

In chapter 3 we will describe the isospin asymmetric 1+1 flavor quark mat-
ter at finite temperature as well as finite density scenario, where for this case
the asymmetry arises entirely due to the mass difference of u-d quark. We
have restricted ourselves by considering zero isospin chemical potential. The
equality of u and d flavor quark masses are quite good approximation in na-
ture, however, not exactly true. In chapter 3, we are going to investigate the
imprint of this type of flavor asymmetry in the thermodynamical observables
of the system.

Analyzing the thermodynamic properties of QGP, we studied the signa-
tures of QGP because the most important objective in current research is to
search for the existence of the quark gluon plasma created at high temperature
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and/or high density. There is no doubt about the fact that the temperature
and density achievable in nucleus-nucleus collisions at ultra-relativistic en-
ergies would be favorable for the formation of such a phase. The only thing
observed in these experiments is a shower of various particles. Theoretically it
should be possible to analyze these signals and gain information about QGP.
Different kind of QGP signals have been proposed and studied so far. As men-
tioned earlier, dileptons created in heavy ion collision are thought to be one of
the most promising QGP diagnostics. At LHC energies the production of heavy
dileptons is supposed to be non-negligible. Since mass of these leptons are
order of magnitude higher than that of low mass dileptons, the background
production will be small. Hence we can expect a clear signal of QGP by study-
ing these heavy dileptons. This is the main advantage for studying 77~ pairs
in chapter 4. We will discuss the yield of 777~ pairs from various sources
in detail. Comparing the results we will be able to say whether these heavy
leptons can really help in search of QGP.
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CHAPTER 2

Strongly Interacting Matter at Finite Density With Beta
Equilibrium

2.1 Introduction

In the present chapter we are going to discuss the phase transition of strongly
interacting hadronic matter at finite density. The phase diagram of strongly
interacting matter has been at the center of attention for quite long time. At
very high density we also expect a hadron-quark phase transition and a new
state of matter called Quark Gluon Plasma (QGP) may be formed [1]. In nature,
the highest densities of matter are reached in central regions of compact stars
where the temperature is relatively low. The density might be as large as 10
times normal nulear saturation density. It is possible that baryonic matter
is deconfined under such conditions [2, 3, 4]. So an understanding of the
physics of strongly interacting matter at such environmental conditions would
have important cosmological and astrophysical significance.

In the laboratory such conditions of large temperatures and densities can
be created by the collision of heavy ions at high energies. Presently the
strongly interacting matter at high temperature and close to zero baryon den-
sities — a scenario relevant for early universe — is being explored at Relativis-
tic Heavy Ion Collider (RHIC) at BNL and the Large Hadron Collider (LHC) at
CERN. A wealth of information has been obtained from RHIC, and a lot more
is expected from both the future runs there as well as from LHC. More recently
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2.1. INTRODUCTION

a variety of energy scans at RHIC and the upcoming facility (FAIR) at GSI, are
expected to give us a glimpse of matter in the baryon-rich environments - the
so-called compressed baryonic matter (CBM). These experiments will also be
useful in the search for signatures of critical phenomena associated with a
second order critical end point (CEP).

At the same time, observational data are being collected by a large number
of telescopes and satellites [5] such as the radio telescopes at the Arecibo,
Parkes, Jo-drell Bank, and Green Bank Observatories, the Hubble Space
Telescope, European Space Agency’s International Gamma Ray Astrophysics
Laboratory (INTEGRAL) satellite, Very Large Telescope (VLT) of the European
Southern Observatory, the X-ray satellites Chandra, XMM-Newton and NASA’s
Rossi X-ray Timing Explorer and the Swift satellite. Observations from these
facilities are supposed to tell us about the properties of strongly interacting
matter at high densities relevant for the astrophysics of compact stars.

Thus on one hand the laboratory experiments are expected to scan the
phase space temperature and various conserved quantum number densities
of strongly interacting matter. On the other hand the astrophysical obser-
vations are expected to uncover the physics for high baryon number density
region of the phase diagram. It should be noted here that the physical char-
acteristics of the matter under consideration may be quite different in the two
cases. The time-scale of the dynamics of heavy-ion experiments is so small
that only strong interactions may equilibrate thermodynamically. While the
dynamics in the astrophysical scenario is slow enough to allow even weak in-
teractions may equilibrate. Thus a question naturally arises — to what extent
can laboratory experiments be used to infer about the compact star interiors?
The aim of this chapter is to address this question at a preliminary level from
the characteristics of the "f—equilibrated" phase diagrams.

One should be able to study the properties of systems described above from
first principles using Quantum Chromodynamics (QCD), which is the theory
of strong interactions. However, QCD is highly non-perturbative in the re-
gion of temperature and density that we are interested in. The most reliable
way to analyze the physics in this region of interest is to perform a numer-
ical computation of the lattice version of QCD (Lattice QCD). The scheme is
robust but numerically costly. Moreover, there are problems in applying this
scheme for the systems having finite baryon density. Thus it has become a
common practice to study the physics of strongly interacting matter under
the given conditions using various QCD inspired effective models. Generally
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the QCD inspired phenomenological models are much easier to handle com-
pared to Lattice or the perturbative QCD calculations. But in all these models
despite their simplicity, the absence of a proper order parameter for decon-
finement transition adds to the uncertainties inherent in such studies and
hence reduces the predictive power of such models. To investigate the proper-
ties of dense quark matter it is natural to start with a model for dense matter
which is built from the quark level. Until now various quark models, such
as, different versions of the MIT bag model [6, 7], the color-dielectric model
[8, 9] and different formulations of the NJL model [10, 11] have been used
to study the NS structure. Despite the similarity of the results on the value
of the maximum NS mass, the predictions on the NS configurations can dif-
fer substantially from model to model. The most striking difference is in the
quark matter content of the NS, which can be extremely large in the case of
EOS related to the MIT bag model or the color-dielectric model, but it is van-
ishingly small in the case of the original version of the NJL model [10, 12].
In the case of NJL model it turns out that, as soon as quark matter appears
at increasing NS mass, the star becomes unstable, with only the possibility
of a small central region with a mixed phase of nucleonic and quark matter.
This may be a result of the lack of confinement in NJL model. In fact an in-
direct relationship between confinement and NS stability has been found in a
study using NJL model with density dependent cut-off [13]. Hence it is impor-
tant to study the EOS from the Polyakov—Nambu—dJona-Lasinio (PNJL) model
[14, 15, 16], where a better description of confinement has been incorporated
through Polyakov loop mechanism. Moreover, a comparison with NJL model
might be helpful in understanding the role of Polyakov loop at high chemical
potential.

A detailed study of 2+1 flavor strong interactions has already been done
using the PNJL model. The general thermodynamic properties along with the
phase diagram [17], as well as details of fluctuation and correlations of vari-
ous conserved charges [18] have been reported. Here we extend the work by
including f—equilibrium into the picture. In the context of NJL model such
a study was done earlier in [19, 20]. In Ref.[21, 22] the properties of pseu-
doscalar and neutral mesons have been studied in finite density region within
the framework of 2+1 flavor NJ1 model in f—equilibrium.

We investigate and compare different properties of the NJL and PNJL mod-
els in the T-up plane. The specialization of these studies to the possible dy-
namical evolution of NS and/or CBM created in heavy-ion collisions will be
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kept as a future excersize.

2.2 Formalism

The supermassive compact objects like neutron stars are born in the after-
math of supernova explosions. The initial temperature of a new born NS can
be as high as 7' ~ 100 MeV. For about one minute following its birth, the star
stays in a special proto-neutron star state: hot, opaque to neutrinos, and
larger than an ordinary NS (see, e.g., [23, 24] and references therein). Later
the star becomes transparent to neutrinos generated in its interior. It cools
down gradually, initially through neutrino emission (¢t < 10° years) and then
through the emission of photons (¢t > 10° years) [25], and transforms into an
ordinary NS. The weak interaction responsible for the emission of these neu-
trinos eventually drive the stars to the state of f—equilibrium along with the
imposed condition of charge neutrality.

The mass, radius and other characteristics of such a star depend on the
equation of state (EOS), which in turn, is determined by the composition of the
star [26]. The possible central density of a compact star may be high enough
for the usual neutron-proton matter to undergo a phase transition to some ex-
otic forms of strongly interacting matter. Some of the suggested exotic forms
of strongly interacting matter are the hyperonic matter, the quark matter, the
superconducting quark matter etc. If there is a hadron to quark phase tran-
sition inside the NS, then all the characteristics of the NS will depend on the
nature of the phase transition [27, 28].

Furthermore, there have been suggestions that the strange quark matter,
containing almost equal numbers of u, d and s quarks, may be the ground
state of strongly interacting matter (see [29] and references therein). If such
a conjecture is true, then there is a possibility of the existence of self-bound
pure strange stars as well. In fact, the conversion of NS to strange star may re-
ally be a two step process [30]. The first process involves the deconfinement of
nuclear to two-flavor quark matter; the second process deals with the conver-
sion of excess down quarks to strange quarks resulting into a f—equilibrated
charge neutral strange quark matter. There are several mechanisms by which
the conversion of strange quark may be triggered at the center of the star
[31, 32]. The dominant reaction mechanism by which the strange quark pro-
duction in quark matter occurs [33] is the non-leptonic weak interaction pro-
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CESS.
U +d<<uy+s (2.1)

Initially when the quark matter is formed, 4y > ps, and the above reaction
converts excess d quarks to s quarks. But in order to produce chemical equi-

librium the semileptonic interactions,

d(s) > u+e + 1, (2.2)
ute —d(s)+ v (2.3)

play important role along with the above non-leptonic interactions. These
imply the f—equilibrium condition pg = pty, + pte + pp; and pg = pig.

Actually, the only conserved charges in the system are the baryon number
np and the electric charge ny. Since we are assuming neutrinos to leave the
system, lepton number is not conserved [10]. Strange chemical potential jg
is zero because strangeness is not conserved. So two of the four chemical
potentials (i, iq, s and pu.) are independent. In terms of the baryon chemical
potential (1), which is equivalent to the quark chemical potential (1,=ps/3),
and the charge chemical potential () these can be expressed as, p,, = uq+§,uQ;
[ta = Mg — SHQS [ts = g — $HQ} He = —[ig. These conditions are put as constraints
in the description of the thermodynamics of a given system through the NJL
and PNJL models which will be discussed in the next section.

2.2.1 NJL Model

Nambu and Jona-Lasinio (NJL) model is one of the widely used effective mod-
els that mimics QCD within certain limits [34]. In its original version, the NJL
model was a model of interacting nucleons. The (approximate) chiral symme-
try implies (almost) massless fermions on the Lagrangian level. There was no
proper explanation of the large nucleon mass without destroying the symme-
try. Nambu and Jona-Lasinio first proposed the idea that the mass gap in the
Dirac spectrum of the nucleon can be generated in the same way as energy
gap of a superconductor in BCS theory. They introduce the Lagrangian with a

point like four-fermi interaction as:

Ly =UNGEd" —m+ py ")y + g[WNQﬂNV + (YnivsTYN )] (2.4)
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Here Uy is the nucleon field, m is the small bare mass of the nucleon, 7 is a
Pauli matrix acting in isospin space, and G a dimensionful coupling constant.
The self energy of the nucleons induced by the interaction actually gives rise to
a large mass of the nucleons, even if their bare mass is zero (chiral symmetric
limit).

Reinterpretation of NJL model as a quark model was done in [35]. After
this reinterpretation the nucleon field ¥y is replaced by the quark field ¥ in
the NJL Lagrangian. The quark self energy is calculated in Hartree or Hartree-
Fock approximation, and this gives a constant shift in the quark mass.

4

d

M =mg+ QiG/—pTrS(p) (2.5)
(2m)t

where, mg is the bare quark mass, M is quark constituent mass and S(p) is

the dressed quark propagator.

Sp)=@p—M)"! (2.6)

Restricting the interaction term in scalar and pseudo scalar-isovector chan-
nels only, the NJL Lagrangian in terms of quark field ¥ is now

Ly = 00" —m+ ) + %[(WV + (iys7Y)’] 2.7)

Under mean field approximation we get the pion condensate (1iy;7y) = 0 and
the Lagrangian can be rewritten in terms of the chiral condensate o = (1)) as;

»CMF = &(Za —mg + Yol + GO‘)w — %O’2 (28)

where o is the mean field which is basically the trace of the modified fermionic
propagator (S(p)) corresponding to the modified quark mass M = m, — Go i.e.
[ d'p

o= —Z/WTIS(])) (2.9)
As we see from Eq.(2.5) or Eq.(2.9) the integrals are divergent. When thermo-
dynamic variables are calculated from this model generally a three momentum
cut-off A is used in most of the cases. Thus, NJL model has three parameters
i.e. the bare quark mass mg, the three momentum cut-off A and the cou-
pling constant G which are fixed by fitting the values of pion mass, pion decay
constant and the quark condensate.
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One of the important aspects of QCD namely the chiral symmetry breaking
is successfully realized in this model. The massless Lagrangian of NJL model
is chirally symmetric, but depending on the coupling strength, quark mass
can be generated dynamically by the formation of non zero chiral condensate.
Thus the chiral symmetry is broken i.e. SU(2)r x SU(2), — SU(2)y. However,
this model does not describe the confinement property of QCD because of the
absence of gluon dynamics.

2.2.2 PNJL Model

The incorporation of effect of confinement in NJL model is done by coupling
the model with the Polyakov loop. The Polyakov loop extended Nambu Jona-
Lasinio (PNJL) model was first introduced in Ref.[36, 37, 38]. In Refs.[39, 14]
the model is extended by the inclusion of the Polyakov loop effective potential
[40, 41]. While the NJL part is supposed to give the correct chiral properties,
the Polyakov loop part should simulate the deconfinement physics. With the
success of the Polyakov loop model, people were encouraged to include the
dynamical fermions along with the gauge degrees of freedom inside a single
theoretical framework. The PNJL model is the result of this endeavor. The
initial motivation for the PNJL model was to understand the coincidence of
chiral symmetry restoration and deconfinement transition observed in LQCD
simulation (see discussions in Ref.[42]).

The Lagrangian of PNJL model consists of two parts: the conventional NJL
part and an effective potential for gluons expressed in terms of the traced
Polyakov loop. The ordinary derivative in the NJL Lagrangian is replaced by
the covariant derivative incorporating the coupling between the gauge field
and the quark fields.

The explicit expression for the Lagrangian density for two flavor quark mat-
ter is given by [14]:

Ly = V(v D" —mg + )0 + %[(WV + (ivs7a)?]
U, D, T) 2.10)

where,

Dt =0t — 1A
A, = 8,0A° (2.11)

41



2.2. FORMALISM

Ar is given by A* = gA#2e with gauge coupling constant g, A” is the SU(3)
gauge field and )\, are the Gell-Mann matrices. ni, = current quark matrix
whose diagonal components are the up and down quark masses, ¢ is the
quark field and G is the effective coupling constant of the scalar-pseudo scalar
four-point interaction of the quark fields.

The effective potential U (®, ®,T') is expressed in terms of the traced Polyakov
loop ® = (Tr.L)/N, and its (charge) conjugate ® = (Tr.L")/N., where L is a ma-
trix in color space given by, L (Z) = Pexp [—z’foﬂ dr Ay (7, 7’)], p = 1/T is the
inverse temperature and A; = Aj\,, A} being the temporal component of the
Eucledian gluon field . Assuming a constant A and the A;’s to be zero for
(i = 1,2,3), ® and its conjugate ®, are treated as classical field variables in
PNJL model. The choice of U(®,®,T) differs among different versions of the
model. But, its form is chosen to reproduce the Lattice data.

Following the bosonization procedure the contact interaction term can be
written in terms of bosonized o and 7 fields and an effective Lagrangian can
be constructed [14]:

024—?2_

_ o .
5 UD, 0, T)—iTrin S, (2.12)

Lejr = —

where S~! is the inverse quark propagator given by,

S =iy, 0t — A" — M (2.13)

with ¢ and 7 are the chiral condensate and pion condensate respectively.
For two flavor quark matter in isospin symmetric limit (m, = m,) the chiral
condensate of u quark and d quark are same, and we write it as: ¢, = 04 = 0.
The constituent quark mass is;

Under mean field approximation we get the 7 condensate equals to zero
and the Lagrangian can be rewritten only in terms of the chiral condensate o.
All the thermodynamic quantities can be calculated from the thermodynamic
potential which is obtained from the effective Lagrangian [39, 14]).

Since gluon dynamics in this model is limited to spatially constant temporal
background field expressed in terms of Polyakov loop, the model cannot be
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applied to high temperature regime where transverse degrees of freedom starts
to contribute significantly.

In this particular work we have considered a system of u, d and s quark
matter in finite density. When strange quark is included in the model we have
to deal with the 2+1 flavor PNJL model Lagrangian. Here, m, = my # ms.

The thermodynamic potential of 2+1 flavor PNJL model for non-zero quark
chemical potential is [17]

_ d3
Q=U'D,®,T]+ 295 Z ot — Uuadas 6> / _ErO(A — [p)
f u,d,s f=u,d,s
_ (Ep—py) (Ef—py) (Ep—py)
{1 +3(P + Pe™ S e~ E o3 }
f=u,d,s

(Eft+py) (Ep+py) (Ep+py)
—2T ——In|[1+3(P+ P T )e T ST 2.15
f;l/ (2n)? n{+<+€ )e +e ] (2.15)

where, of = <77/_)f1/1f> and Ef = ,/pQ + M]% with, Mf =mys— 2g50'f + g7DO'f+1O'f+2.
U'(®,®,T) is so chosen to have exact Z(3) center symmetry and is given by,

“/(;Iff) _ ”(if) k[ (®, B)), (2.16)

where,

L{((I),(T),T)_ b2(T)— bs 3 . 53 by
1 = <1><1>—€(<1> +<1>)+4

with by (T) = ao + a1 () + a5 (2)° + a3 (2)°, and J[®, ] = (27/2472)(1 — 6 DD +
4 (03 + ®3) — 3(®®)?) is the Vandermonde determinant. A fit of the coefficients
a;, b; is performed to reproduce the pure-gauge Lattice data and T, = 270 MeV

(®)’ (2.17)

is adopted in our work. Finally x = 0.2 is used which gives reasonable values
for pressure for the temperature range used here at zero baryon density as
compared to full Lattice QCD computations. In the present work we have
considered a system of u, d, s quarks with electrons. For simplicity, electrons
are considered as free non-interacting fermions [10] and the corresponding
thermodynamic potential is,
4 22 24

(£ + “EGT + 77{85 ) (2.18)
where, f. is the electron chemical potential.

Q= -
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2.3 Results and Discussions
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Figure 2.1: Constituent quark masses as functions of y, for (a) p. = 0 MeV and
(b) p. = 40 MeV, at T' = 50 MeV.
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The thermodynamic potential 2 is extremised with respect to the scalar
fields under the condition uy; = p, + p. and ps = pg. The equations of motions
for the mean fields o,, 04, 0,, ® and @ for any given values of temperature T,
quark chemical potential y, and electron chemical potential y. are determined
through the coupled equations,

on _ o _, . o9 o9

T AT L T S (219

In Fig.2.1, we show the typical variation of constituent quark masses as a
function of p,, for two representative values of electron chemical potential
e = 0 MeV and p. = 40 MeV, with a fixed temperature 7' = 50 MeV. At this
temperature, both m, and m; in the PNJL model, show a discontinuous jump
at around p, = 350 MeV indicating a first order phase transition. The jump
in m, is smaller, and is actually a manifestation of chiral transition in the two
flavor sector, arising due to the coupling of the strange condensate to the light
flavor condensates. On the other hand in the NJL model the quark masses
show a smooth variation at this temperature, indicating a crossover. It is
important to note that the constituent mass of the strange quark goes down to
the current mass at a larger 4, in both the models, leading to sort of a second
crossover at around p, = 500 MeV. This will have important implications for
some of the thermodynamic observables as we discuss below.

2.3.1 Phase Diagram

The phase diagrams for NJL and PNJL models are obtained from the behavior
of the mean fields, and are shown in Fig. 2.2(a) and Fig. 2.2(b) for y. = 0 MeV
and p. = 40 MeV respectively.

As is evident from the figures, the broad features of the phase diagrams
remain same in all cases. The difference between the NJL and PNJL models
arise mainly due to the Polyakov loop, whose presence is primarily responsi-
ble for raising the transition/crossover temperature in the PNJL model. Thus
the CEP for PNJL model occurs at slightly higher 7" and lower 1, compared to
NJL model. Note that the phase diagram with p. = 0 MeV is identical to the
case without g—equilibrium [17]. This is because the minimization conditions
(2.19) are independent of the electrons except through the f—equilibrium con-
ditions. However this is true only so far as the phase diagram is concerned.
Various other physical quantities are found to differ even for py. = 0 as dis-
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Figure 2.2: Comparison of phase diagram in NJL and PNJL model at
f—equilibrium for (a) ©.=0 ; (b) ©.=40. The solid circle and square represent
the CEP for NJL and PNJL model respectively.
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cussed below. For non-zero p. we find a slight lowering of the temperature
for the CEP by about 10 MeV. This is an important quantitative difference
between the physics of neutron stars and that of compressed baryonic matter
created in the laboratory. In this context we would like to mention that in
Ref. [43] QCD phase diagram has been studied both for isospin asymmetric
and symmetric situations. The authors considered a two equation of state
model where non-linear walecka model was used to describe hadronic sector
and (P)NJL model for quark sector. It has been shown in [43] that CEP remain
unaffected by the isospin asymmetry.

2.3.2 Equation of State

The system under investigation can be characterized primarily by the behavior
of the EOS. Generally for a many body system, increase in pressure at large
densities is indicative of a repulsive behavior of the interaction at large den-
sities (large 1) or short distances and an attractive nature at larger distances
or lower densities [44, 45]. Consequentially the energy density will show sim-

ilar behavior. The resulting EOS given by the variation of pressure P = —()
with energy density ¢ = —T"> 6(%?), is shown in Fig. 2.3(a) at 7' = 50 MeV, for

both NJL and PNJL models, for the two representative electron chemical po-
tentials. Here again for the PNJL model there exists a discontinuity due to a
first order nature of the transition, whereas for NJL model the EOS is smooth.
Beyond this region a smaller steepening in e is visible, that occurs due to sec-
ond crossover feature noted above as the strange quark condensate starts to
melt. A possible implication for this small surge may be that in a strange
quark star, at a given central density, the pressure would be somewhat lesser
than the situation without this surge.

Generally, the EOS can be used to study the dynamics of neutron star
and that of heavy-ion collisions through the respective flow equations. The
main differences would be due to the presence of 5—equilibrium and the back
reaction of the non-trivial space-time metric on the EOS for neutron stars.
Such a comprehensive comparative study will be taken up in a later work.

In Fig. 2.3(b), the variation of the isentropic speed of sound squared ¢? =
dP/0e is plotted against u, at T = 50 MeV. In the NJL model the ¢? starts
from a non-zero value, steadily decreases and then shows a sharp fall around
the crossover region at y, ~ 320 MeV. This is followed by a sharp rise, a dip
and then approaches the ideal gas value of 1/3. In contrast the ¢? in the PNJL
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Figure 2.3: (a) Equation of state and (b) isentropic speed of sound, for NJL
and PNJL models at 7' = 50 MeV.

model starting from the ideal gas value remains almost constant up to y, ~ 200
MeV and then falls sharply to almost zero. This is followed by a discontinuous

48



2.3. RESULTS AND DISCUSSIONS

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

P/Pgg

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

P/Pgg

400 600 800 1000
Hg(MeV)

(a)

400 600 800 1000
Hg(MeV)

(b)

Figure 2.4: Comparison of pressures quark matter with and without
strangeness at . = 0; (a) T=50 MeV and (b) T=100 MeV in PNJL model .

jump, a similar dip at p, ~ 500 MeV and a gradual approach to a non-zero

value quite different from the ideal gas limit.
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The difference at p, = 0 MeV occurs specifically due to the Polyakov loop

2
s

which suppresses any quark-like quasi-particles. As a result the ¢; is com-
pletely determined by the ideal electron gas. On the other hand those quasi-
particles with heavy constituent masses tend to lower the ¢? in the NJL model.
The difference at the transition region is again mainly due to the discontinu-
ous phase transition in PNJL model which leads to ¢? almost going down to
zero, and a crossover in the NJL model where ¢? is small but non-zero. In [46]
it was noted that for two conserved charges, pressure is not constant any more
in the mixed phase, rather its variation becomes slower, resulting in a smaller
but non-zero speed of sound. In our computation though we do not find ¢?
exactly equal to zero, but to confirm such an effect we need a full space-time
simulation of the mixed phase through the process of bubble nucleation which
is beyond the scope of the present work.

In both the models the dip around y, = 500 MeV arises due to the behavior
of the strange quark condensate as discussed earlier. If it were possible to
achieve such extremely high densities in heavy-ion experiments, then such a
dip would slow down the flow and would result in a larger fire ball life time.
At even higher p, the ¢? in NJL model approaches the free field limit quite
fast but in the PNJL model it still remains quite low due to the non-trivial
interaction brought in by the Polyakov loop. It would be interesting to study
the implication of slow speed of sound inside the core of a neutron star.

If Witten’s conjecture is true, then the free energy should be minimum in a
strange quark matter compared to the matter without strangeness. We have
checked by comparing the pressures of a 2+1 flavor and 2 flavor quark matter
separately for two different temperatures in PNJL model at p. = 0 as shown
in Fig.2.4. As we see the pressure of 2+1 flavor is larger than that of 2 flavor
quark matter. Since pressure is negative of thermodynamic potential (free
energy), we can say that 2+1 flavor matter is more stable.

2.3.3 Specific Heat and Compressibility

Specific heat and isothermal compressibility are two most important thermo-
dynamic quantities which show critical behaviors near the phase boundary.
They should reflect the large fluctuation near critical point because they are
proportional to the fluctuations of the entropy and the density, respectively.
Commensurate with the relative stiffening of the equation of state we find that

the compressibility « = #(

Ong

o > , where n, is the quark number density, be-
a)
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Figure 2.5: (a) Variation of compressibility ~ with p,. The peak around s, = 500
MeV is shown in the inset where « represents the compressibility in both NJL
and PNJL models. (b) Variation of specific heat scaled by its Stefan Boltzmann
value.

haves accordingly. While « in the NJL model is found to be higher than that of
the PNJL model in the hadronic phase, it is just the opposite in the partonic
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phase as shown in Fig. 2.5(a). In the NS scenario this would mean that the
core of the star would be much softer compared to the crust if described by
the PNJL model rather than the NJL model.

The variation of the specific heat Cy = T (2

T
density of the system, is shown in Fig. 2.5(b). For a crossover (here in NJL

),» where s = (95) is the entropy

model) the specific heat shows a peak. For a first order transition (here in the
PNJL model) the Cy is discontinuous. Also we see that the specific heat in
the PNJL model is lower than that in the NJL model for a general variation of
1g and p.. A system described by the PNJL model is thus less susceptible to
changing temperature than that described by the NJL model.

The variation of compressibility and specific heat shown here also cap-
tures the signature of a phase transition in the PNJL model and a crossover
in the NJL model. Both compressibility as well as specific heat are second
derivatives of (2 and represent respectively the quark number fluctuations and
energy fluctuations [44]. Discontinuity in compressibility as well as specific
heat indicates a first order phase transition for the PNJL model. At p, ~ 500
MeV, both the models exhibit a small peak due to the onset of melting of the
strange quark condensate.

2.3.4 Quark Number Densities and Charge Neutral Contours

We now consider the net charge density given by ng = 2n, —3nq—3n,—n., where

the number density of individual quarks and electrons are obtained from the

(oY) __ 0Q _ 00 00,

Ope’ 'Y T Buye ns = s’ and Ne = Otie

e = pg = ps. Since masses of light flavors (u and d) are equal,we have n, =

relations, n, = . For p. =0, n. = 0 and
nq in the whole chemical potential range. However, n, is very small at low g,
because of the large mass of strange quarks. At large 1, the number density
ns of strange quarks become almost equal to the light quark number densities
as the constituent masses of strange quarks are reduced significantly. So the
net charge density ng will be close to zero and the system will become charge
neutral asymptotically as shown in Fig. 2.6(a). At small p,, ng << 1 as the indi-
vidual number densities themselves are exceedingly small. In fact this feature
continues till the transition region where the light constituent quark masses
drop sharply giving rise to non-zero number densities. Therefore n, shows a
non-monotonic behavior, rising from almost zero it reaches a maxima at cer-
tain 4, determined mainly by the melting of the strange quark condensate and
thereafter decreases steadily towards zero.
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Figure 2.6: Total charge and quark number densities scaled by 7° as a func-
tion of quark chemical potential in the PNJL model

For non-zero (., even at non-zero moderate values of j, one can expect
charge neutral configuration. In the present study we have taken a constant
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Figure 2.7: Electron fraction at y. = 40 MeV for (a) NJL and (b)PNJL model

value of the electron chemical potential so at a particular temperature the

electron number density is fixed and it is negligible compared to the quark

number densities at high ;. For small y,, it is the n. which dominates and
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keeps ng negative. As soon as n, becomes large with increasing p,, ng goes
through zero and becomes positive. Now since u, and p, are greater than u,
due to f—equilibrium, both n, and n, start to grow faster with the increase of
1. Finally at some p, the net charge becomes zero due to the mutual cancel-
lation of n,, n4, and ns, and thereafter it remains negative for higher p, as d
and s quarks overwhelms the positively charged « quark. So the quarks alone
are responsible for the occurance of charge neutrality at high p,. The elec-
tron fraction (;}¢) basically diminishes to zero as one goes to higher chemical
potential as shown in Fig.2.7.

The behavior of ng is similar for both PNJL and NJL model though the
actual values of the various chemical potentials for the charge neutrality con-
ditions vary.

Given that one may be interested in the charge neutral condition e.g. in
the case of neutron stars, in Fig. 2.8 the charge neutral trajectories for NJL
model are compared with those of PNJL model along with the phase diagrams.
The trajectories are quite interesting in that they are closed ones pinned on
to the yu, axis. They start off close to p, = M,,., the constituent quark mass
in the model in vacuum. They make an excursion in the 7" — u, plane and
join back at a higher p,. There is a maximum temperature 7, up to which
the trajectory goes. Beyond this temperature no charge neutrality is possible.
Below this temperature we have essentially two values of ;, where charge
neutrality occurs. There are significant differences between the contours of
NJL and PNJL model in the hadronic phase. However beyond the transition
and inside the deconfined region, the differences subside as the Polyakov loop
relaxes the confining effect leading to the PNJL model behaving in a similar
way to that of the NJL model.

The behavior of the charge neutral contour is highly dependent on p.. With
increasing p. the contour gradually closes in towards the transition line. For
a given T there are two 1, values where charge neutrality is obtained — one on
the hadronic side and one on the partonic side. As a result of the closing in of
the contour, these two values come closer to the transition line from opposite
sides with increasing p.. Higher the . closer we are to the transition region.
Now suppose we are looking for an isothermal evolution of a system, or the
isothermal configuration of a system such as the NS. Given the constraint of
charge neutrality we would have a varying p. as the density profile changes.
Similarly if x. is held constant then charge neutrality would not allow the
temperature to remain fixed throughout and the evolution would take place
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along the contours described above. So in general a combination of 7" and

1. is expected to maintain charge neutrality in a given system. A practical
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picture of NS which has a profile of low density crust to gradual increase in
density to have a highly condensed core would be that there is a complex
profile for temperature and . inside the NS. In fact if there exist a hadron-
parton boundary, it may be either with high temperature or high electron
density.

2.3.5 Constant Baryon Number Density (n—B) Contours
no

To contemplate this scenario in the light of the baryon densities achieved we
plot the contours for constant baryon densities, scaled by the normal nuclear
matter density (no = 0.15fm™3) in Fig. 2.9 for u. =40 MeV. The charge neutral
trajectories are also plotted along with the phase boundary. Obviously with
increasing baryon (quark) chemical potential baryon density would increase.
What is interesting is the fact that high densities can also occur for lower
chemical potential if the temperature is higher. For both NJL and PNJL model
at and above 3 times nuclear matter density the matter seems to be always in
the partonic phase. A little below this density matter may be in partonic phase
if it is at high temperature otherwise in the hadronic phase at low temperature.
Thus the actual trajectory on the phase diagram would determine whether
a hadron-parton boundary in the NS is in the mixed phase or in a state of
crossover. Within the range of the charge neutral contour we find the baryon
density increasing from a very small value to almost 10 times the normal
nuclear matter density. If u. is increased further the baryon densities would
also be much higher for a given p,. So if we assume local charge neutrality as
well as isothermal profile along a hadron-parton phase boundary, the baryon
density close to the phase boundary may be too large. On the other hand
for reasonable densities close to the phase boundary it would be impossible
to maintain local charge neutrality along an isothermal curve. In that case it
may be possible that the charge neutrality condition takes the system around
the CEP to hold on to a reasonable density in the phase boundary region. This
leads us to speculate that the transition in a NS itself may also be a cross-over,
quite unlike the picture in most of the studies of NS.

2.3.6 Contour of Net Strangeness Fraction (E)
np

The net strangeness fraction (n,/np) along with ng/ny is shown in Fig. 2.10.
For a given temperature, there is a critical j;, below which there is no net
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Figure 2.10: The contour of net strangeness fraction (n;/ng) along with ng/ng
at 1,=40 for (a) NJL model and (b) PNJL model; the values of ng/ny are 0.5, 1,
3, 5 and 10 (from left).

strangeness formation. At the critical x, a non-zero ns;/ng occurs depend-
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ing on the 7. This strangeness fraction continues to appear at lower 7T for
some higher p,. So a given strangeness fraction can occur only upto a cer-
tain critical temperature. The intersection of lines of constant baryon density
and strangeness fraction indicates the possibility of evolution of a system to
higher (lower) strangeness fraction with increase (decrease) of 7" at a constant
density. In the range of 5 - 10 times nuclear matter density we see that the
strangeness fraction is increasing significantly towards unity indicating a pos-
sibility of formation of quark matter with almost equal number of u, d and
s quarks. Similar results have also been found in other model studies [8].
Chunks of matter with nys/np = 1, called strangelets is expected to be stable
(metastable up to weak decay) relative to nuclear matter in vacuum [47]. In-
vestigation of these and various other properties of strange matter would be
undertaken in future.

2.3.7 Isentropic Trajectories

Usually the hydrodynamic evolution of a system is expected to follow certain
adiabat along which the entropy per baryon number (s/npg) is a constant quan-
tity. Among the various adiabats the system would choose one given its initial
conditions. In the context of NS, a fixed entropy per baryon is expected in a
proto-neutron star as well which is very different from a cold neutron star. It
is usually hot and rich in leptons i.e. electrons and trapped neutrinos. Few
seconds after birth, the matter in the core of a hot NS has almost constant
lepton fraction (0.3 -0.4) and entropy per baryon (1 - 2, in units of Boltzmann
constant) [48, 49]. The question as to whether the later evolution of the NS can
be described to be one close to an adiabat is a matter of debate. On the other
hand the commonly used approach of an isothermal evolution looks not quite
favorable according to the above discussion on charge neutrality condition.
The behavior of s/np in a plasma and in a hadron gas was analyzed within
the framework of an extended Bag model by [50]. A case study of such adia-
bats was done in NJL model in [51]. It was found that unlike the prescription
of adiabats meeting at the CEP given by [52], they meet close to the critical
value of 1, at ' = 0 which is incidentally equal to the constituent quark mass
M,.. in the model in vacuum. It was argued in [51] that as T" — 0, s — 0 by
the third law of thermodynamics. Hence in order to keep s/np constant, np
should go to zero. This condition is satisfied when p, = M,,. of the theory.
These authors also found similar results for the linear sigma model. In the
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PNJL model the introduction of Polyakov loop produced a slight change in the
configuration of the adiabats [53]. The constraint on the strangeness number
to be zero also was found not to have a very significant effect [54].
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Figure 2.11: The isentropic trajectories along with phase diagram for (a) at
1.=0, 2+1-flavor PNJL, (b) at ;.=40, 2+1-flavor PNJL, (c) at x.=0, 2-flavor PNJL
and (d) at p.=40, 2+1-flavor NJL model. s/n3=300,100,30,10,5,3.5 (from left).

The corresponding picture of isentropic trajectories with the condition of
f—equilibrium is shown in Fig. 2.11. Four cases are depicted here. Fig.
2.11(a) and Fig. 2.11(b) show the cases with 2+1 PNJL model at py. = 0 MeV
and . = 40 MeV respectively. From these two figures we find that the electron
density does not have a significant effect on the isentropic trajectories. This
means that the quark degrees of freedom seem to have dominant effect in
entropy over the electrons. The case with n, = 0, i.e. effectively for a 2—flavor
system is shown in Fig. 2.11(c). In general the situation is similar. For small ,
there is almost no change in Fig. 2.11(c) and Fig. 2.11(a) as both the cases are
identical to 2 flavors. At intermediate values strange quarks start to pop out.
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Now the contours in Fig. 2.11(c) appear to be shifted and bent towards higher
1,- This is because for 2 flavors, a given baryon number density appears at a
higher 1, than that for 2+1 flavors. Hence to get a fixed s/np the u, required
is also higher. At even higher ;, the thermal effects are negligible and hence
s/np become almost independent of the degrees of freedom. Thus again the
contours become identical.

The results in the NJL model are significantly different from that of the
PNJL model as can be seen by comparing the PNJL results with that of the
NJL model shown in Fig. 2.11(d). Even for low 7" and , there is a significant
entropy generation as there is no Polyakov loop to subdue the same. Similar
differences continue to appear even in the partonic phase.

Considering a system that has been compressed to a few times the nuclear
matter density it can try to relax back to lower densities along the adiabats.
Interestingly the isentropic trajectories in the high density domain seem to
behave as isothermals in the PNJL model. However as soon as the system
converts into the hadronic phase, the adiabats drive it to a steep fall in tem-
perature. We would like to mention that for a hadronic proto neutron star
with beta-equilibrated nuclear matter with nucleons and leptons in the stellar
core, the EOS evaluated in Bruckner—Bethe—Goldstone theory, was found to
be similar for both isothermal and isentropic profiles [55].

In Ref.[56] isentropic trajectories were found in PNJL model for two different
sets of parameters which were obtained by using the cutoff in the zero tem-
perature integrals only (case I) and in all integrals (Case II). We in the present
study followed the first method (case I) for regularisation and our result for
PNJL model is quite similar to those studied in [56].

While the possibility that a neutron star can be described using adiabatic
conditions is a point to be pondered about, we note here that an excursion
of the phase diagram of a fg—equilibrated matter is highly possible even in
heavy-ion collisions to some extent. This is because both the isentropic lines
as well as the characteristics of the phase boundary are quite similar for a
wide variation of y. and y,. At the same time one should remember that in the
laboratory conditions n; is strictly zero. Anyway if a system is found to have
travelled along an adiabat with s/np ~ 3 to 4, it has most probably traversed
close to the CEP. One can therefore try to correlate different observables like
the enhancement of fluctuations of conserved charges and s/np to be in the
above range to study the approach towards the CEP in heavy-ion collisions.
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2.4 Summary

In this chapter we have studied the 2+1 flavor strongly interacting matter
under the condition of f—equilibrium. We have presented a comparative study
of NJL versus PNJL model. The phase diagrams in these two models are
broadly similar, but quantitatively somewhat different. The presence of the
Polyakov loop delays the transition for larger values of temperature for a given
quark chemical potential. As a result the CEP in the PNJL model is almost
twice as hot as that in the NJL model. We have illustrated characteristics of
the phase diagram with the behavior of some thermodynamic quantities like
the constituent mass, compressibility, specific heat, speed of sound and the
equation of state for y, = 0 MeV and p. = 40 MeV at 7=50 MeV. We found
striking differences between the NJL and PNJL model in terms of the softness
of the equation of state in the hadronic and partonic phases.

The behavior of electric charge and baryon densities in the two models also
differ in the hadronic phases to some extent. The differences become less with
increasing electron density. We explained how the charge neutral trajectory is
important in deciding the path along which the core of NS can change from
hadronic to quark phase. For all values of ;. we find that the contours are
all closed ones and give a restricted range of temperature and densities that
are allowed. We speculated a possible scenario in which the quark-hadron
transition in a NS would be a crossover. Again the baryon density contours
seemed to suggest that if a system has baryon density three times the nuclear
matter density it is quite surely in the partonic phase. We also found that the
strangeness fraction increases steadily with increasing baryon density imply-
ing a possibility of having a strange NS.

The isentropic trajectories were obtained along which a system in hydro-
dynamic equilibrium is expected to evolve. The adiabats flow down from high
temperature and low density towards low temperature and p, = M,,., the con-
stituent quark mass in vacuum. The adiabats then steeply rise along the
transition line, thereafter goes towards higher densities with almost a con-
stant slope. For small s/np ratio the slope is so small that the isentropic
trajectories almost become isothermal trajectories as well.

To summarize the scenario inside neutron stars we note that inside a newly
born NS the temperature drops very quickly and gives rise to a system of low
temperature nucleonic matter which may also be populated by hyperons and
strange baryons due to high density near the core. The star is assumed to
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be f—equilibrated and charge neutral. Now it is possible that due to some
reason, e.g. sudden spin down, this nucleonic matter will start getting con-
verted to predominantly two flavor quark matter within strong interaction time
scale. This transition would start at the center and a conversion front moving
outward will convert much of the central region of the star. Along the path
of the conversion front, each point inside the star may lie on an isentropic
trajectory. Gradually this system of predominantly 2 flavor quark matter will
get converted to strange quark matter through weak interactions and finally
a f—equilibrated charge neutral strange quark matter will be produced. The
strangeness production occurs mainly through non-leptonic decay [33], the
system is expected to lie on a constant density line and move towards the point
with highest strangeness possible at that density. Finally the semi-leptonic
processes will take over and system will then evolve along a f—equilibrated
charge neutral contour.

The natural extension of the work is to obtain the detailed evolution of a
family of neutron stars starting with different initial conditions and gravity
effects incorporated. We hope to study this in future. It would also be impor-
tant to consider colored exotic states like diquarks [57] that may arise at high
densities.
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CHAPTER 3

1+1 Flavor Quark Matter With Explicit Isospin Symmetry
Breaking

3.1 Introduction

In the previous chapter we have discussed the various properties of strongly
interacting quark matter at high density region. The study has been done by
considering 2+1 flavor quark matter and the masses of u and d quarks were
same. Introducing the beta equilibrium condition i.e. pg = u, + 1., among the
different flavor chemical potentials, we have found that u-d flavor asymmetry
arises at non zero electron chemical potential ;.. Flavor asymmetry can also
be generated if the masses of u-d flavor are taken to be different.

In the present chapter we will analyze the properties of two flavor quark
matter by considering the flavor asymmetry where the asymmetry comes solely
through the assumption of different mass of u and d quarks. Signatures of
phases of matter with deconfined color charges is under critical investigation
for last few decades, both theoretically and experimentally. Quantum Chro-
modynamics (QCD), the first principle of strongly interacting matter, has a
number of global symmetries associated with it, apart from the local color
symmetry. As discussed earlier, for a two flavor system, in the limit of zero
quark masses, the QCD Lagrangian obeys the symmetry SU(2)®SUg(2), which
can be recast into the form of vector and axial vector symmetry SUy (2)®SU4(2).
When quarks acquire non-zero masses, the axial symmetry SU4(2) is explicitly
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3.1. INTRODUCTION

broken. The QCD Lagrangian is then symmetric under SUy(2), the isospin
symmetry which is a good approximation in nature. Isospin symmetry SUy (2)
is explicitly broken for non-zero mass difference of v and d quarks. At low
energies the isospin symmetry breaking (ISB) has relevance in many aspects
of hadronic observables [1]. There are some recent work where the isospin-
breaking effects play a prominent role. In the invariant mass distribution for
k — 37 a pronounced wigner cusp was observed and it was proposed that the
cusp was due to the mass difference of charged and neutral pion [2] implying
the mass difference of u and d quarks. Apart from the quark mass difference
ISB effects may be brought in by electromagnetic contributions as well. Low
energy m — K scattering has been studied considering the inclusion of electro-
magnetic correction into the effective Lagrangian [3]. The isospin symmetry at
parton level indicates that u(d, @, d) quark distribution in the proton is equal
to the d(u,d,u) quark distribution in the neutron. The flavor asymmetry in
the nucleon sea and isospin symmetry breaking between the proton and the
neutron can lead to the violation of the Gottfried sum rule reported by the New
Muon Collaboration[4].

ISB of valence and sea quark distributions in protons and neutrons has
been studied in the chiral quark model [5, 6]. ISB may also have significant
effect in the context of existence of CP violating phase [7]. First Lattice QCD
(LQCD) investigation of the effect of unequal quark masses was done in Ref.
[8] and recently a study has shown the effect of ISB on different hadronic
observables like Kaon masses, Kaon decay constant, neutron-proton mass
splitting etc [9, 10]. Within the framework of chiral perturbation theory the
isospin breaking effect in quark condensates has been studied considering
m, # mg and electromagnetic corrections as well, where the authors have
given an analysis of quark condensate and scalar susceptibilities [11, 12]. It
has been shown that the order parameter for chiral symmetry restoration i.e.
0. + 04 Teceives a very small changes due to isospin breaking effect. In the
context of high energy heavy ion collisions where strongly interacting mat-
ter is supposed to exist in a state of thermal and chemical equilibrium, the
ISB effects have not been explored much. Fluctuations and correlations of
conserved charges are important and sensitive probes for heavy ion physics.
Most of the theoretical studies in this respect are in isospin symmetric limit
[13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. Now, in experiment
the situation is not exactly isospin symmetric, as predicted by Particle Data
Group. Whether this asymmetry puts some imprints on the observables or
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3.2. FORMALISM

not, is a matter of crucial investigation, which serves as the motivation for our
current study. In this chapter we are going to present first case study of ISB
effect on fluctuations and correlations of strongly interacting matter within
the framework of the Polyakov loop enhanced Nambu—Jona—Lasinio (PNJL)
model.

3.2 Formalism

The PNJL model Lagrangian for two flavors can be written as [28, 29, 30]:

L="Ly+Ly+Ly—UDA], DA, T) (3.1)
where,
Lo = @ —m)y (3.2a)
Ly = Gil(Y0)* + (UTY)? + (Vi) + (YivsT)?] (3.2b)
Ly = Go[(v)? — (WTY)? — (Qis)® + (YiysTY)?] (3.2¢)

with ¢ = (u,d)” and D* = 0" — igA:(x)\,/2. A¥(z) are SU(3) gauge fields
and )\, are Gell-Mann matrices. L, represents the t'Hooft determinant term
and breaks U,(1) axial symmetry [31, 32, 33, 34]. The effective Polyakov loop
potential is given by;

U(CI),CI),T) B bo(T) - b3 3 . =3 by -~
= -0t - 200+ ) + (B0, (3.3)
T, T, T,
bo(T) = ap+ al(TO) + CLQ(?O)Q + ag(?o):s.

® is Polyakov loop and & is its complex conjugate [30]. Values of coefficients
ap, a1, as, ag, bs, by have been taken from Ref. [35]. For studying isospin asym-
metric situation, here we have taken the mass matrix in the PNJL Lagrangian,
Eq.3.2, as

m = ml]lgxg — M9yT3
~[ma—ma 0 (M 0
0 my + mo 0 my '

where, 1,4, is the identity matrix in flavor space and 73 is the third Pauli
matrix. This is in sharp contrast with our previous works [30, 36], where we
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took ms = 0. When m, # my4, it can be shown that the m,7; term explicitly
breaks the isospin symmetry SUy(2). The thermodynamic potential can be
written as:

AT, pro pa) = U (P[A] RIALT) ++ > (T, piyi my)
f=ud
+2G4 (05 + 0021) + 4Gy0,04 (3.4)

where the fermionic part of the thermodynamic potential is given by;

d3
(T, piyimy) = —w%/—4%5wm2—ﬁ%
(27)

3
o7 / L (14 8e B/ 4 3o Br /T | =355 -up)/T]
(2m)

3
_QT/ a P3 In [1 + 3De Ertup)/T | 3@e—2Estus)/T | 6_3(Ef+ﬂf)/T}
27)

where, the energy E; and constituent quark mass M, are given by,

E; = /MZ+p? (3.5)

Mf = mf—4G10f—4G20f/, (36)

where, f, f' € u,d and f # f’. Flavor chemical potentials are given by,

_ _

P =3 - 5 and g 3 5 (3.7)
with pp and p; as the chemical potential corresponding to conserved baryon
number (B) and third component of isospin (I3) respectively. The Polyakov loop

potential /' with the Vandermonde (VdM) term [36] can be expressed as;
U(@,0,7)/T* =U(D,®,T)/T* — kIn[J (P, D)] (3.8)

where the Vandermonde determinant is given by,

J[®,®] = (27/247%)(1 — 60D + 4(D° + &%) — 3(0D)?)

For the present work, we restrict ourselves in the mean field approximation
and consider GG; = G,. It could be easily checked that, under the second
constraint, difference between the constituent masses of two flavors is equal
to difference in current masses.
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3.3 Results

Here we consider the average quark mass m; = (m,+my)/2 fixed at 0.0055 GeV
and study the effect of ISB with three representative values of my = (mgs—m,,)/2.
The parameter set in the NJL sector has been determined separately for the
different values of m,. The differences in the parameter values were found to
be practically insignificant. The bulk thermodynamic properties of the system
expressed through pressure, energy density, specific heat, speed of sound etc.
did not show significant dependence on m,. Even the diagonal susceptibilities
were almost identical to those at the isospin symmetric limit. However, in-
teresting differences were observed for the off-diagonal susceptibilities in the
B — I sector. The fluctuations and correlations of conserved charges and their
higher order cumulants are important to study because they provide informa-
tion about the degrees of freedom of strongly interacting matter. They also
help to analyse the existence of critical behavior of the system, if any. In Lat-
tice QCD as well as in PNJL model they are extracted by studying the diagonal
and off diagonal susceptibilities, respectively.

3.3.1 Baryon-Isospin Correlators at iz =0

Let us first discuss the up = 0 case. We shall consider x; = 0 in this work.
It should be noted that even for ;; = 0, a non-zero m,; would generate some
non-zero isospin number.

In Fig.3.1 the second order off-diagonal susceptibility !, is plotted against
T/T., for different values of m,. Here 7, is the crossover temperature obtained
from the inflection point of the scalar order parameters - the mean values of
chiral condensate and Polyakov Loop [20, 30, 36]. As expected we find y2/ =0
for my = 0. For non-zero m, the non-monotonic behavior observed here can
be understood as follows. At low temperatures the fermionic excitations are
suppressed due to their large constituent masses as well as the suppression
due to the Polyakov loop. On the other hand at high temperatures the mass
difference m, become insignificant compared to the temperature scale. There-
fore only at some intermediate temperatures one can expect a non-zero x!.
The peak value appears very close to 7.. The sensitivity of yP! on m, is clearly
visible. An exciting feature observed here is the almost linear scaling of y?!
with m,. This is shown in the inset of Fig.3.1.

At the fourth order we have the off-diagonal susceptibilities, 7/, xJ! and

1

xS, For up = 0 the T dependence for the first two quantities and their linear
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Figure 3.1: Second order off-diagonal susceptibility in B — I sector at upz = 0.

scaling with m, is shown in Fig.3.2. For y%! we found no such scaling behavior
and the m, dependence was insignificant. Qualitatively one can understand
the behavior of x7/ and x?! by noticing that these are correlators between
the fluctuations y! of isospin and yZ baryon number respectively, with the
B — I correlator x5!. In our earlier studies [20, 30, 36] we found that the both
the fluctuations increase monotonically with temperature. Here we found in

Fig.3.1 above that with increase in 7', x/

first increases and then decreases
with a turning point close to 7,.. Thus x?! is correlated with y4 and 7 below
T. and is anti-correlated above. Therefore one can expect that the correlations
given by y7! and P! are positive and negative respectively below and above
T.. To understand the presence of m, scaling for some correlators and absence
in others we first note that the different B — I correlators may be expressed
in terms of those in the flavor space. The corresponding relation between the
chemical potentials are p, = 3up + 547 and juy = 5 — 30 This implies,

1

Xt = s0¢ - X3). (3.9)

The flavor diagonal susceptibilities can be expanded in a Taylor series of the
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Figure 3.2: Fourth order off-diagonal susceptibilities.

quark masses around m, = my = 0.

o0 n
X4 (e, mq) = Z Z azf’jmimﬁl

n=0 =0

(3.10)

74



3.3. RESULTS

f_1[8"x£

6g gl Bm,ﬁ(’)mfi

where, a are the Taylor coefficients, with i + j = n and

-
J € u,d. Here a5, and agzuéfél }Oespectively v and d flavor susceptibilities in the
chiral limit; hence they are equal. Moreover, response of x4 to a change in m,
(mg) and that of y¢ to a change in m, (m,) are identical in the chiral limit. Thus
we have ¢ ; = ad;, V i, j. Therefore we get,

- J?i’

x4 (n"order) — x4(n"order)

= Z ayml mly(mly~ — m ). (3.11)
=0
where «; = a¥,_; = al_;,. It is clear that for any given n and i, the R.H.S.

contains a factor (my — m,). Therefore 5!

(Eq.3.9) is proportional to m, if the
higher order terms are sub-dominant. This is what we observed for the range

of m, considered here. For the higher order correlators one can similarly write,

1 u U U

Xty = 53 (X = X4+ 2x15 — 2x47) (3.12)
1

g = =0 - X5 — 2x4 + 2x47) (3.13)
1

Xy = =5 (0 + X5 — 2x49) (3.14)

For all these quantities the first two terms on R.H.S. were found to be domi-
nant. Considering again the Taylor expansion in quark masses, x5/ and y%!
were found to be proportional to m,. No such proportionality was found for

BI
X292 -

3.3.2 Baryon - Isospin Correlators at finite .3

Finally let us discuss !

for non-zero up. In Fig.3.3 we present the results
for three different temperatures - one above, one below and one close to the
crossover temperature 7. For large T, up effects are small and 5! while re-
maining positive slowly approaches zero with increasing . Close to T, x7!
changes fast with increase of yp and in fact changes sign and then slowly
approaches zero. This effect becomes much more prominent at lower temper-
atures and at the first order phase transition boundary changes sign almost
discontinuously. The negativity of the correlator indicates that the isospin
number decreases while increasing the baryon chemical potential. This is not
expected for an ideal gas of quarks even with non-zero masses. Given my > 0,

we have m, < my and therefore it is expected that 2/ > 0. It is thus apparent
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Figure 3.3: Second order off-diagonal susceptibilities along chemical potential
for three different temperatures.
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that interactions play a major role in the high density matter. An amazing fact
remains that the scaling of the correlators with m, survives for all conditions
of T and up. This is shown in the insets of Fig.3.3. Now expanding x7! in a
Taylor series in g about g = 0 we have,

2 4
Y () = Y (0) + S0 0) + E2a () - (3.15)

In the above series odd order terms vanish identically as y?! is C'P even. Since
xP!(pup) on the L.H.S scales with m,, the same can be expected to hold true
individually for all the coefficients on the R.H.S up to any arbitrary order. In-
cidentally the first two Taylor coefficients have already been shown to respect
this scaling in Fig.3.1 and Fig.3.2(b) respectively.

3.3.3 Estimation of u-d Flavor Mass Asymmetry in Heavy-
Ion Collision

Correlation between conserved charges, is an experimentally measurable quan-
tity obtained from event-by-event analysis in heavy-ion collisions. The sign
change of P! at high up may be an important signature of phase transition
in this region. This will of course need fluctuations to freeze out close to the
critical value of nz. To compare with experiments it is often useful to consider
ratios like Ry = xP//xF and R’y = x&!/x). The temperature variation of these
ratios are shown in Fig.3.4(a) and Fig.3.4(b). As we see R, decreases mono-
tonically to zero above 7.. On the other hand, R'; increases with increase of
temperature and then decreases monotonically to zero above 7, like R,. A sys-
tematic study of these ratios can thus indicate how close one could approach
the phase boundary in heavy-ion collisions.

Also using the m, scaling one can estimate the mass asymmetry of con-

RSP (T,up) PNJL
—RENJL(T#B) X Mo . To

the best of our knowledge this is the first theoretical formulation that indi-

stituent fermions in a physical system as, my,®P* =

cates that quark mass asymmetry in thermodynamic equilibrium can be di-
rectly measured from heavy-ion experiments. There still remains the question
whether the isospin asymmetry brought in through QED effects may disturb
the scaling. Another important point to observe is that for fractional baryon
number of the constituents y7/ > x¥!, and vice versa for integral baryon num-
ber i.e. for protons and neutrons. From Fig.3.2 we see that the former in-
equality persist well below 7,.. This may well be an artifact of PNJL model.
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Figure 3.4: (a) Ratio of B—I correlation to baryon number fluctuation at pz = 0.
(b) Ratio of B—I correlation to isospin number fluctuation at ;; = 0.

Thus it would be important to see corresponding results from Lattice QCD.

Enhanced statistics of present and future experiments may make it possible
to measure this extremely sensitive probe. The direction of the above inequal-
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ity would be important in deciding if partonic matter may have been produced
in the experiments.

3.4 Summary

The effect of explicit isospin symmetry breaking through the mass term of
u and d flavors in the PNJL model Lagrangian has been discussed in this
chapter. We have found that the thermodynamic behavior of the system at
g = 0 does not exhibit any remarkable changes when the symmetry is broken.
We have studied the second and fourth order off diagonal susceptibilities in
the B-I sector at finite temperature but zero baryon chemical potential. At
finite baryon chemical potential second order off diagonal susceptibilities has
also been studied. The isospin chemical potential ;; was kept at zero for the
entire study. These susceptibilities show a critical behavior near 7., and also

—mq)
2

that there is almost linear scaling relation between these susceptibilities with

depend on the amount of mass asymmetry m, = (rma . We have also found

my . We expect that this should help in estimating the actual mass asymmetry
in the Heavy Ion Collision.
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CHAPTER 4

Heavy Lepton Pair production: A Possible QGP
Signature

4.1 Introduction

In this chapter we are going to study heavy dilepton pairs namely 777~ cre-
ated in Pb-Pb collision at LHC energy. As already discussed in chapter 1, the
lepton pair mass distribution has been used for the detection of QGP forma-
tion as well as to study the in-medium properties of low mass vector mesons
[1, 2, 3]. The transverse momentum (pr ) distribution of lepton pairs in var-
ious invariant mass ranges has been used to study the radial flow develop-
ment of the system [4, 5, 6]. The HBT interferometry using dilepton pairs has
been proposed to provide information on the time development of collectivity
in heavy-ion collisions [7]. The major advantage of looking at 7"7~ dilepton
pair arises due to the mass of the 7 (~ 1.77 GeV). The 7 pair mass distribu-
tion would then start beyond known contribution of hadronic resonances (w,
p and ¢) which dominates in the respective mass regions in ete” and p*pu~
sector. This would in turn mean the remaining contribution for 7 produc-
tion are due to thermal sources from partonic medium, pion annihilation in
hadronic medium and Drell Yan Mechanism. We think that the results will
definitely provide some useful baseline for experimental search and further
detailed studies.
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4.1. INTRODUCTION

4.1.1 Source of 7 Lepton Pair in Heavy Ion Collision

The main source of heavy dilepton 7+ pair production we have considered
in this work is quark and anti-quark annihilation through photon, Z and
Higgs bosons intermediated process. The corresponding Feynman diagrams
are shown in Fig. 4.1. They all contribute to thermal production of 7% pair in
quark gluon plasma.

q T
%
q T
q T
7% H

Figure 4.1: Feynman diagrams for heavy dilepton production.

The productions for these processes are evaluated from the matrix elements
indicated below. The matrix element for the process ¢g Zy - is given by,

g° 1

M, —
77 Acos0,, (2 — m.?)

[0(p2) T qu(pr)][u(k1)T o (ks)] (4.1)

where,
Ly = 7"(ev" = ca™ys)

Qd” - -
Pr = b= 25 llev™ = ea™s)

z

Now, starting from Eq.(4.1) one arrives at

2
1
ME 9

2™ 4cos?0, (g2 —m,?)

[(k2) (k)] [u(py) Tyv(p2)] (4.2)
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where,

I = (o eath T = o+ ea” il — 20 @.3)

Having done the average over initial and sum over final electron spin, we have;

2
1
M2 =9 2L L, 4.4
| M| [400529w (q2—m22)] a (4.4)

where,
Ly = 4(c% 2+ L) [phpt +psph — (pa-p1) g ] +4m2(ch,” — &%) g™ —8ichy ¢l paaprge” ™™ (4.5)
and

LT == 4(022 + C;2>[kluk2y —+ klqu,u — (kl.kg)gwj]

4
—W(CZQ + ) (k2-)krpa + (k1-q) @k — (kyk2)quq,]

Z
— 8" TKozkﬁ 8'0207\—/ k’akﬁ )
1CACy 8] Ry Epapp + O m2 qQuR1 R q Esans
Z

4
—W(CQQ + ) [(k1-q)qukan — (k1.k2)quqy + (k2.q)qukrn]

Z
4 ChCy 4
+m—%(022 + ¢ %) [2(k.q) (k1.q) — ¢° (k1.k2)]quqy + 8i ;QZV 0k kS ¢ vnss
m72— T T m72— T T
A2 (el = ) g + 85 (" = P )qugy + 4 (4" = ¢ 7)q* gy (4.6)
A A
Finally we have,
2 g 2 212 2 2 2 2 212 S
M7 = 6050, 0.5742[(s +t —my —m7)" + (my +mz — )" + (s +t —my —m7)*(1 — 2m22>]
e e
+s(0.858mq + 1.14m2) 0.59m m: — 0.0041 5— +0.002 5 4.7)
my my

The matrix element for the photon mediated process is given by:

(& - -

M, = ﬁ[v(p 7 u(pr)] [w(kr) v, (ko)) (4.8)

e, is the average charge of quarks, e is the electronic charge.

221

e’e
|MZ| = S—Qq Z[(mg +m2 =1+ (s+t—mi—m2)?| + (5 —m2)m2 (4.9)
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The matrix element of the interference term is M ZM; + M3 M,. Now,

where,
‘Cq

and

L,

= 4¢

2
. g-eqe 1
MM* = L, L.
27 4c0s20,, ¢2(¢2 — m2) " ?

LIohpt + Pl — (p2-p1) g™ — migh] + dich paapipe ™

4cy, [k’ml@y + kiykoy — (k1.k2) g — m?—guy]

4c
2 [(/ﬁ q)QukZV (/fz-Q)klu% - (kl-k2)ququ]
Z

m?
+4ic kY kﬂswﬁy + 4 quql, 4z—quq5/f°‘k: EadBy

Similarly, we have

where,
!
Eq

and

=4

gieqe 1 1 pr
M7 M., = L,L.
27 4e0s20, ¢2(q2 — m2) 1

[Py + piph — (p2-pr)g™” — mig"] + 4ichprapase™ ™

467\-/ [k2,uk1u + k2uk1,u - (k'l-kQ)gw/ - nguu]

4c
(k1) qukan + (ka.q)k1nqu — (k1-k2)q,u4,)]
mZ

2

m2
+Aic ks kﬁéau&, + 4 ~Quqy — 4z—quq6k°‘k EadBy
my

Putting the values of the parameters, finally we have

My M + MM,

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

T ! [(m2 +m? — )2 = 0.0912(s + t — m? — m?)?
40820, s(s —m2) LV 1 T ' a T
3 m2
—12(s +t —m_ —m2)? (4——)+00912——01824 Zs?
my, my, myz
mgmz 2 2, .2
054721 T+ 0.1824m2s — 1.09mZm? | (4.16)
Finally, the matrix element for the Higgs mediated process is:
MgMy -
My = — o= [o(p2)u(py)][u(k)v(k2)] (4.17)

v (s — m)
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4.2. 7 LEPTON FROM DRELL-YAN PROCESS

Proceeding in a similar fashion like the above we find;

2,2
mgm; s

_[2m? — Z][2m? — 2] (4.18)

M| =
| M| 5 5

vev(s —m?%)
In the above expressions (p;, p2) and (k;, ky) are initial state and final state
momenta respectively. m,, m,, mz, my, are the masses of quarks, 7 leptons,
Z boson and Higgs respectively. The total production cross section (o,) of
7T7~ is obtained by taking a coherent sum of the matrix elements given in
Egs. 4.7, 4.9, 4.16 and 4.18 with the following values of various parameters:
mz=91 GeV, M,=1.78 GeV, my=120 GeV, sinh,=0.234 C4=0.5, C=0.19, C7=-
0.5, C{=-0.03 and Higgs vev=246 GeV.

4.2 7 Lepton From Drell-Yan Process

Dilepton production in Drell-Yan mechanism was discussed in detail in chap-
ter 1. The total production cross-section o, is folded by the parton distribution
functions to obtained the 7 lepton pair yield in p-p collisions. In the present
work CTEQ5M PDF [8] have been taken to obtain this. The DY production of
7 lepton in Pb-Pb collision is;

dN o Ncoll(b) % doPP
dM?dy o dM?2dy

in

where, N.;(b) is the number of binary nucleon nucleon collisions an impact
parameter b calculated using Glauber model and o, is the inelastic cross
section for p-p interaction. We have taken o;, = 60 mb and b = 3.6 fm cor-
responding to 0 — 5% centrality at /syy = 5.5 TeV. The shadowing of parton
distribution functions has been taken from [9].

4.3 Space-Time Evolution Of  Lepton Pairs

The space time evolution of the system formed in Pb+Pb collisions at /sy =
5.5 TeV has been studied by using ideal relativistic hydrodynamics [10] with
longitudinal boost invariance [11] and cylindrical symmetry. We assume that
the system reaches equilibration at a time 7, = 0.08 fm/c after the collision.
The initial temperature, 7; is taken to be 700 MeV and is calculated assuming
the hadronic multiplicity (dN/dy) to be of the order of 2100 [12]. We use
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the equation of state (EOS) obtained from the Lattice QCD calculations by the
MILC collaboration [13] for the partonic phase. For the hadronic phase EOS all
the resonances with mass 2.5 GeV have been considered [14]. The transition
temperature (7,) between hadronic phase and partonic phase is taken to be
175 MeV [15]. We consider kinetic freeze out temperature, 7y = 120 MeV.

At multi-TeV energies there could be another contribution to heavy dilepton
production by fusion of two gluons. As discussed in Ref [16] the gluon fusion
process is via a virtual quark loop and an intermediate Z or Higgs boson. This
process was found to be dominant for mass of lepton pair greater than the
mass of W boson. Our results are concentrated in the mass range of 4 to
20 GeV, where the contribution from such process is found to be orders of
magnitude smaller compared to the rest of the sources of 7= pair production.

4.4 Results

The yield (#f\gy) for 7 dilepton pair as a function of 7"7~ pair invariant mass
for Pb+Pb collisions at ,/sxy = 5.5 TeV is shown in figure 4.2(a). The contri-
butions from Drell Yan (DY, dashed line) and thermal partonic medium (QGP,
solid line) are shown. The Drell Yan contribution is higher than the thermal
contribution for all the mass range studied. The difference seems to increase
with increase in 77~ pair mass.

Figure 4.2(b) shows the ratio % / [Nwll%}. Where % is the sum
of all the the contributions shown in Figure 4.2(a) from Pb+Pb collisions. The
[Nw”%], is the number of binary collisions scaled contribution from DY pro-
cess. This contribution can be estimated from the measurement in p+p colli-
sions at the same energy (/s = 5.5 TeV). If there is no QGP formation then the
ratio should always be equal to unity indicating the fact that the dilepton yield
in the nucleus-nucleus collision is the collection of individual nucleon-nucleon
collision only. However, we observe that the ratio is above unity for the mass
range of 4 to 6 GeV. Starting with a value of 1.4 at mass of 4 GeV it decreases
towards unity beyond mass of 6 GeV. This indicates that one should be able
to extract a clear information of thermal contribution from partonic source at
LHC energies using heavy dilepton pair measurement within the mass window
of 4 to 6 GeV.

In this first such case study, we have not discussed the transverse mo-
mentum distribution of 777~ pair, these studies are planned to be presented
in our future work. For this theoretical estimate, we have not discuss here
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Figure 4.2: (a) 7 lepton pair yields as a function of invariant mass of the pair
is displayed for Pb+Pb collisions at ,/sxy = 5.5 TeV. Solid line indicates the
spectra from quark gluon plasma and the dashed line stands for contribution
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the sum of the contribution shown in (a), J3; dy] is the DY contribution from pp
collision, and N,,; =1369.477 for Pb+PDb collisions at ,/syy = 5.5 TeV.
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the details about the experimental measurements of heavy dilepton pairs. For
more details we refer the readers to [17]. Further the excellent knowledge of 7
decay modes and detection from low energy experiments [18] make the heavy
dilepton pair production measurements feasible at LHC.

4.5 Summary

A first case study of 7 dilepton pair production at LHC energy has been carried
out in the present chapter. We have considered Pb+Pb collisions at midra-
pidity for /sy = 5.5 TeV. The LHC energy is a factor 27 more compared to
RHIC, so we expect that this energy should allow a significant production of
7 leptons. The main motivation of considering the 7 lepton is its mass. Be-
cause of heavy mass the tau lepton yield is expected not to suffer from the
huge background production. The main sources for 7 pair production con-
sidered here by quark and anti-quark annihilation mediated through photon,
Z and Higgs boson. The contribution from gluon fusion process via virtual
quark loop and intermediate Z and Higgs boson is found to be negligible small
in the mass range of our calculations (4 to 20 GeV). The contribution from
pion annihilation process is few orders of magnitude small compared to both
thermal and Drell Yan contributions. The Drell Yan contribution is found to
be higher than the thermal contribution from partonic sources for the en-
tire mass range studied. The non-thermal contributions could be measured
experimentally through p+p collisions, then the ratio of yields from nucleus-
nucleus collisions to the yields for the binary collision scaled p+p collisions is
found to be above unity for the mass range of 4-6 GeV. This indicates the win-
dow in mass region for 7 dilepton pair where the thermal production can be
studied at LHC energy using heavy dilepton pairs as an observable. However,
the identification of the 7 in the experiments is very crucial in the sense that
after formation it decays immediately before reaching at the detectors. The 7
is the only lepton heavy enough to decay into hadrons. The 7 lepton branch-
ing fraction for decays into one or more hadrons is about 65%, and about 35%
for decays into muons or electrons [19]. Leptonic decay consists of an elec-
tron or muon and a pair of neutrinos whereas the hadronic decay consists
of one or three charged particles. Kinematics of QCD jets are similar to that
of hadronically decaying tau leptons. Hadronic 7 decays are difficult to iden-
tify in hadron collisions due to the overwhelming QCD background. 7 leptons
are considered to be a signature in several discovery channels related to the
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Standard Model Higgs boson at low masses, the MSSM Higgs boson or Super-
symmetry (SUSY). Hence experimental plans exist at LHC to reconstruct them
in one-prong (one charged pion) and three-prong (three charged pions) decay
topologies. The lifetime of the 7 lepton (¢ = 87.11um) in principle allows for
the reconstruction of its decay vertex in the case of three-prong decays. The
flight path in the detector increases with the Lorentz boost of the 7 lepton, but
at the same time the angular separation of the decay products decreases. A
resulting transverse impact parameter of the 7 decay products can be used to
distinguish them from objects originating from the production vertex. In fact
experiments at LHC claim the the overall efficiency for reconstructing good
quality tracks from 7 lepton hadronic decays is of the order of 82% [17].
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Conclusion and Outlook

The main goal of the thesis is the description of the behavior of strongly in-
teracting matter via QCD inspired models under extreme conditions of tem-
perature and/or density. We know in the low energy regime the strongly in-
teracting matter is governed by hadronic degrees of freedom in which con-
stituent quarks and gluons remain confined. Now if we increase the tem-
perature and/or density, the hadronic system undergoes a phase transition
where deconfined quarks and gluons are the main degrees of freedom. We
have studied the strongly interacting matter using phenomenological models
namely NJL and PNJL model both at finite temperature and density. The
main drawback of NJL model is the absence of confinement property, which
is further improved by the inclusion of Polyakov loop part in the Lagrangian.
The advantage of these phenomenological models is that, compared to Lattice
calculations they are not only cost effective but time saving too.

In chapter 2 we have investigated the Equation of state (EoS) and various
thermodynamic properties i.e. specific heat, speed of sound, compressibility
etc. of strongly interacting matter at high density. This type of matter is ex-
pected to exist in the core of massive astrophysical objects like neutron star.
In fact it has been shown that inside the neutron stars, when the matter den-
sity exceeds about 5 times normal nuclear matter density the onset of hadron
quark phase transition occurs. Initially hadrons convert to two flavor quark
matter. However, two flavor quark matter is unstable. It was conjectured by
Witten that strange quark matter is the stable ground state of strongly in-
teracting matter. The unstable two flavor matter is eventually converted to
stable strange quark matter. So we have considered 2+1 flavor quark mat-
ter system in our analysis. Since beta equilibrium and charge neutrality are
two basic requirement for the matter inside neutron stars, we have performed
our analysis considering beta equilibrium between the three quark chemical
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potentials namely pu,, g and ps. Apart from the 2+1 flavor quark system we
have considered free electrons with three different electron chemical poten-
tials 0, 10 and 40 MeV. We have not imposed charge neutrality along with
beta equilibrium, rather found charge neutral contours for the different elec-
tron chemical potentials. The whole study has been done using both NJL and
PNJL model, and the results are compared. The QCD phase diagram for the
beta equilibrated asymmetric matter was obtained using these models. We
have also obtained the contours of constant baryon number density, constant
strangeness fraction and constant entropy per baryons. The possible explana-
tions of the behavior of such contours were described in the context of neutron
star.

However, actually description of quark matter in neutron star scenario de-
mands the consideration of diquark condensates at high density. Although at
this moment we have not included this in our model, we plan to explore the
neutron star evolution by incorporating diquark condensates.

The whole study in chapter 2 has been done keeping in mind that the u-d
flavor asymmetry comes due to the difference in corresponding chemical po-
tentials. For p. equals to zero, the matter is isospin symmetric. There is no
significant qualitative difference in the behavior of the thermodynamic vari-
ables or phase diagrams when we move to isospin symmetric to asymmetric
phase.

We decided to study the isospin asymmetry considering another possibility
of isospin breaking i.e unequal masses for v and d flavors. Since the mass
difference is very small, mass of u and d quark is considered to be same in all
practical purposes. However, they are not equal in true sense. So in chapter 3
we have studied 1+1 flavor quark matter with m, # my. Here we consider the
average quark mass m; = (m, +my)/2 fixed at 0.0055 GeV and study the effect
of ISB with three representative values of my, = (my — m,)/2. But it should be
clarified properly that in this study the isospin chemical potential is strictly
kept at zero, that means p,, = 14 for this case. The asymmetry is entirely due to
mass difference unlike the study in previous chapter. We have found that ther-
modynamic properties, i.e. pressure, energy density, specific heat, entropy do
not show any significant changes. The striking results were found for the sec-
ond and fourth order off diagonal susceptibilities in Baryon-Isospin sectors
both in finite temperature and finite chemical potential directions. They show
a critical behavior near 7.. They are not only sensitive with different values of
ms, but show almost a linear scaling with m,. These findings help us to es-
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timate the value of m, experimentally because the off diagonal susceptibilies
give the correlation between the conserved charges that are experimentally
measurable. It is worth to mention here that the diagonal susceptibilities do
not show any dependences on m, unlike the off diagonal susceptibilities. The
natural extension of this work is to explore all the quantities in 1+1+1 flavor
case, which we plan to do in future.

The detailed understanding of the hadron—quark phase transition and the
thermodynamics of quark gluon plasma, both at finite temperature and den-
sity, are of particular interest in the studies of relativistic heavy ion collisions.
There are lots of theoretical studies where the existence of quark gluon plasma
is suggested. In chapter 2 and 3 we have also shown the critical behavior of
some thermodynamic quantities and correlations between conserved charges
and pointed out that some of them are experimentally measurable, hence can
be treated as QGP signatures also.

Production of photons and dileptons are longstanding classic probes for
QGP formation as already mentioned in somewhat detail in chapter 1. So fi-
nally in chapter 4 we decided to explore dilepton production but with heavier
mass (7+77), which is relevant because of the availability of corresponding en-
ergy range at LHC. Another reason of considering this, is due to the heavy
mass of the 7 lepton, its production will not be affected by the overwhelming
background production. Comparing the thermally generated r with that pro-
duced in initial hard process (Drell-Yan), we have found that in the invariant
mass window of 4 to 6 GeV, 7 lepton can be treated as an excellent signature
for the formation of quark gluon plasma.

For the first such case study we have considered tree level Feynmann dia-
grams. We plan to study the next to leading order diagrams and discuss the
transverse momentum distribution of 77~ pairs. As heavy quark production
will be substantial at RHIC and LHC energies, 7 production from heavy flavor
decay is another important issue to be considered in future.
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