Chapter 1

A brief review of high-energy

nuclear collisions

1.1 Introduction

The characteristics of all elementary particles and the interactions experienced by them,
are described by a unified, renormalizable gauge field theory, called the standard model
(SM). The SM however, explains only three fundamental interactions namely the strong,
the electromagnetic and the weak, out of the four that exist in nature. So far a simi-
lar renormalizable quantum theory for the fourth fundamental interaction, the gravitation,
could not be developed. Quarks and leptons, the basic constituents of matter, participate
in one or more of these interactions. High-energy heavy-ion interaction deals mainly with
the bulk properties of hadronic/partonic matter, where the properties of these fundamen-
tal interactions are coupled with the macroscopic matter aspects of nuclear physics. For
example, quantum chromodynamics (QCD), the non-abelian gauge theory of strong inter-
action, predicts that at high pressure and/or high temperature, the usual nuclear matter
may undergo a transition to a color conducting deconfined state of quasi-free quarks and
gluons called the quark-gluon plasma (QGP), and the QGP then makes a transition to a
state of color neutral hadrons [1, 2]. In a strongly interacting extended QCD state phase
transitions like these are not only a topic of interest, but they may also help us answer some
of the basic questions that are related to the evolution of the universe after its birth, as

well as to some astrophysical phenomena still taking place within it. It is speculated that
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Figure 1.1: A schematic of the time history of the universe [3].

the early universe passed through a QGP — hadron phase transition within the first few
microseconds of its birth, popularly known as the big bang. In this respect high-energy
heavy-ion interaction relates the science of small, i.e. the physics of elementary particles, to
the science of large, the cosmology. Using the properties of QGP one can explore and test
the predictions of QCD in its natural scale (Ageq). In Figure 1.1 we show a schematic of the
time (or equivalently the temperature) history of the universe. It is also speculated that
shortly after the big bang, as the baby universe expanded and cooled down, it passed through
several symmetry breaking processes that lead to different types of phase transitions. One
such transition is associated with the electroweak symmetry breaking process that provides
masses to the elementary particles. This transition took place at a temperature T' = 200
GeV. It is also related to the electroweak baryon number violating process that leads to the
baryon-antibaryon abundance asymmetry observed in nature. Another transition from the
QGP — hadronic phase of matter took place at T' < 200 MeV. This was due to the spon-
taneous breaking of chiral symmetry of the SU.(3) color group. Lattice QCD calculations
suggest that both these transitions may not be accompanied at all with any kind of discon-
tinuity in the temperature dependence of the free energy and/or its derivative(s). They are
rather smooth cross-overs from one state to the other [4-7]. Lattice simulations also sug-
gest that at vanishing baryochemical potential both the phase transitions might have taken
place essentially at the same point. After hadronization, when the universe was just several
seconds old, nucleosynthesis started. Gradually the radiation dominated universe turned
into a matter dominated phase. After about 10 usec of the big bang, when the temperature

was a little less than 200 MeV, the entire universe was perhaps filled up with the QGP or a
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QGP-like state [8-11]. Current high-energy heavy-ion experiments are trying to recreate the
same sequence of events, although in the reverse order, by colliding two heavy-nuclei under
the controlled conditions of a laboratory. The expectation is to create a temperature and
material density similar to that prevailed around 107> sec after the birth of our universe.
In laboratory such a state however occupies a tiny volume, typically ~ 10? — 10% fm?, and
is going to survive momentarily for a time ~ 50 fm/c. We may call this event a little bang,

a very small replica of its much bigger cosmological counterpart.

With progressing advancement in the technology sector, powerful accelerators have become
available. It is possible to collide two heavy-nuclei with each other at really very high-
energies, at velocities very close to that of the light, and produce thereby a large number of
new particles in the final state. Depending on the collision energy and the size of the interact-
ing nuclei, the average number of the newly produced particles, most of which are m-mesons,
can be anything between 10 and 10* per collision, much larger than the corresponding num-
bers produced in proton-proton collisions at similar energies. The process by which these
new particles are produced, is known as multiparticle production. A large nucleus consists
of many nucleons. In a high-energy collision between two such nuclei, individual nucleons
belonging to one of the impinging nuclei are bound to suffer many rescattering with those
belonging to the other, as well as with the hadrons/partons produced thereof. While the
rescattering allows sufficient time for randomization of the micro-states accessible to the
produced particles, a large average number of particles in the final state results in a small
relative fluctuation in thermodynamic parameters. These two factors facilitate achieving
a local thermal and chemical equilibrium, so that the intermediate stage of the colliding
nuclei, in spite of the small volume that it occupies and the brief time interval for which it
survives, can be treated as a well equilibrated thermodynamic state. If during the collision
the nucleons are sufficiently compressed and heated up, then the boundaries of individual
nucleons may melt down to coalesce into a new, exotic and extended state of deconfined
quarks and gluons. To detect QGP formation from the debris of hundreds and thousands

of particles in the final state, is not an easy task.

Strongly interacting matter has a rich phase structure, which includes a nuclear liquid phase,
a hadronic gas phase, and the QGP. All these states are described by the rules of QCD,
the theory of quarks, gluons and strong interaction. It is very pertinent to ask how do the
collective and macroscopic properties of nuclear/hadronic/QGP matter emerge from the
interactions of elementary quarks and gluons that constitute only the individual hadrons.
With the help of QCD, high-energy heavy-ion interaction tries to address this issue under
high-temperature and/or high-density conditions that are accessible to the experiments.
QCD is a non-abelian gauge-field theory that is based on Yang and Mills SU.(3) color sym-

metry. Gluons, the color carrying gauge-bosons associated with the field, are self-interacting.
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Figure 1.2: Chromoelectric flux between a ¢g pair [13].

Color-confinement and asymptotic freedom are two special properties of quarks and gluons.
The interaction between a quark and an antiquark can be phenomenologically modelled by
the so called Cornell potential [12],

4dovg

Vi(r) = — 5, THT (1.1)

where ag (= g2/4m =~ 1) is the dimensionless strong coupling constant, r is the inter-quark
spacing, and x describes the long-range interaction. At short distances, or equivalently at
large momentum transfers, the 1/r term dominates. Under such circumstances the quark -
quark (qq) or the quark - anti-quark (gq) interaction can be understood in terms of single
gluon exchange or excitation of a single color string. With increasing distance more and
more potential energy is stored within the intervening space, that can be viewed as a flux
tube of color strings (see Figure 1.2). As the gluons are self-coupling and strong interaction is
attractive in nature, the strings squeeze each other. As a result the color-force field effectively
becomes uniform in the intervening space between the qq or the qg system. Therefore, in
principle, infinite amount of energy should be required to separate one quark or anti-quark
from the other. This in essence is the idea behind the permanent confinement of color
degrees of freedom. On the other hand, if quantum effects are taken into account, the
running (effective) coupling constant of QCD depends on the scale at which it is measured

[14-16]. The dimensionful effective coupling constant in its leading order is given by,

1672 11 2
; Bo=— Ne— 5 Ny (1.2)
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where ¢ is the 4-momentum transfer, Ageq (~ 200 MeV) is the QCD renormalization pa-
rameter, N. and N; are respectively the numbers of color and flavor degrees of freedom.
As By > 0, with increasing ¢ the QCD coupling constant decreases logarithmically. At

large momentum transfer, i.e. at small distances the gq or ¢¢ interaction potential becomes
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weak, which basically is the essence of asymptotic freedom [17, 18]. In the limit ¢% > A ed

perturbative QCD can be employed, when ¢% ~ Ag . non-perturbative methods are required.

1.2 Nucleus-nucleus collision at high-energy

In high-energy collisions involving protons and/or electrons, the incident beam energy goes
into a very small volume (a few — several fm?) equivalent to a point. On the other hand,
in heavy-ion interactions a large amount of energy is deposited into an extended region of
space (10? — 103 fm?) within a time of a few fm/c, creating thereby a system known as the
intermediate fireball. Depending on the initial conditions, the fireball energy density can
rise to such a high value that new forms of matter may be created. As mentioned above,
the search for such new phase(s) is the central objective of studying heavy-ion interactions.
The history of high-energy nucleus-nucleus (AB) collisions dates back to the 1970s. There
can be two types of AB experiments. One is called the fixed target experiments, where
one of the colliding nuclei remains fixed in the laboratory. In the other, called the collider
experiments, both the colliding nuclei are made to move towards each other from opposite
directions. The advantage of collider facilities is that at the same incident beam energy (E),
the energy available in the center of momentum system is much higher in magnitude (~ E)
than that available in a fixed target facility (~ \/E) The disadvantage is that, in colliders

the collision rate is lower by a factor of 102> — 10? than that in the fixed target experiments.

The first major attempt to study nuclear matter under extreme conditions was made at
the Lawrence Berkeley Laboratory (LBL) by using the Bevalac facility. In those days the
experimental scenario on AB interactions was dominated by the fixed target programs like,
(i) the Bevatron at LBL, (ii) the Synchrophasotron (Synchro) at Joint Institute of Nuclear
Research (JINR), (iii) the Alternating Gradient Synchrotron (AGS) at Brookhaven National
Laboratory (BNL) and (iv) the Super Proton Synchrotron (SPS) at CERN. Though the
JINR Synchrophasotron was commissioned before the Berkeley Bevelac, it was used to
accelerate only the lighter ions. Both in the SPS and AGS, the facilities for accelerating
nuclei came first at the late 1980’s (lighter nuclei), and then again in the early 1990’s
(heavy nuclei). In both facilities many fixed target experiments were carried out, with
a typical incident ion energy of a few hundred GeV per nucleon at the SPS, and ~ 10
GeV per nucleon at the AGS. Several indicators that can identify a probable QGP —
hadron phase transition, have been rigorously examined by analyzing the data available
from these experiments. The experimental results have been compared with the models
based on numerical simulations, the theories were modified and the results were repeatedly
examined. Despite some experimental results suggesting early signal(s) of QGP formation

[19, 20], no solid evidence of a colour deconfined state was available in the fixed target
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experiments, thus eluding the expectations of a large number of researchers working in
this field. In the beginning of the 21st century the experimental study of high-energy
heavy-ion collision entered into a new era, when the Relativistic Heavy-Ion Collider (RHIC)
started functioning at the BNL. This was followed by the establishment of the Large Hadron
Collider (LHC) at CERN, making provision for a collision energy higher than that available
in the RHIC by an order of magnitude. For the first time, in any terrestrial laboratory the
experiments at RHIC and LHC started to indicate formation of a color deconfined extended
QCD state like the QGP at high temperature and low baryonic potential. The data analysis,
refinement of accumulated results, and physics analysis are still going on. Some of these
results are going to be very briefly discussed later in the experimental review section of this
chapter. To complement the RHIC and LHC experiments and to study the QCD state at
high baryochemical potential, the Compressed Baryonic Matter (CBM) experiment is being
designed and comissioned at the Facility for Anti-proton and Ion Research (FAIR) at GSI,
Darmstadt [21]. Over the past forty years or so, there has been a tremendous advancement
in the technology sector. As a result, there has been a 10® — 10* times increase in the
collision energy. The major heavy-ion programmes undertaken till date are listed in Table
1.1. The list will help us understand the chronology of this development in terms of the

past, present and future accelerator facilities.

A nucleus consists of A nucleons. In the ground state it occupies a volume V = 413 A/3.

It has a matter density

3
= 1.3
P 471'7"8 (1.3)
and it possesses an energy density
A X mpy
== 14
=22 (1.4)

Here ro = 1.15 fm is the nuclear radius parameter, and my = 0.94 GeV/c? is the nucleon
rest mass. Typical values are p ~ 0.16 nucleons/fm? and € ~ 0.15 GeV/fm3. Whatever may
be the constituent particles, if the intermediate fireball created in an AB collision has to
qualify as a state, it should have well defined values of temperature, volume, pressure etc..
This is possible only when the motion of the constituent particles, after experiencing multiple
rescattering, is sufficiently random. An order of magnitude calculation in this regard may
be useful to realize the context. A hadron typically has a radius of 1 fm and it fills up a
volume of 5 — 6 fm3. So the hadronic matter density is about n ~ 0.2 per fm3. Typical
cross-section of a high-energy hadronic interaction is ¢ ~ 50 mb or ~ 5 fm?. Collisions
between two heavy-nuclei increase the density by a few orders of magnitude. As a result the
hadronic density increases to n ~ 10. The mean free path of the constituent particles will
therefore be A ~ (no)~! =~ 0.02 fm. Therefore, one can expect multiple (~ 10%) hadronic

rescattering taking place within a collision volume of dimension 10 — 15 fm, which with all
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Table 1.1: Accelerator facilities in relativistic heavy-ion physics..

Accelerator  Start Year Projectiles Max. Energy Experiment Status
Bevalac 1984 2387 #Kr, <2A Gev Fixed target Closed
Berkeley 40Ca,12C
Synchro. 1975 2¢ 24Mg, 4.5A Gev Fixed target Closed

JINR, Dubna 20Ne,28Si

BNL-AGS 1986 28Gi 14.6A Gev Fixed target Closed

Brookhaven

BNL-AGS 1992 197 Au 11A Gev Fixed target Closed

Brookhaven

CERN-SPS 1986 160,323 200A Gev Fixed target Closed
Geneva

CERN-SPS 1994 208p, 200A Gev Fixed target Closed
Geneva
GSI-SIS 2002 81Kr, 97 Au 2A Gev Fixed target Operational

Darmstadt

BNL-RHIC 2002 39Cu, 97" Au VSNN=200 GeV Collider Operational

Brookhaven

CERN-LHC 2008 °0,Ar,Pb /syn =5.5 Tev Collider ~ Operational
Geneva

GSI-SIS300 2017 9INi, 197 Au 45A Gev Fixed Target Operational

Darmstadt

NICA 2017 YTAW28U /sy ~ 5 GeV Collider Operational

JINR,Dubna

probability will lead to equilibration. The thermodynamic conditions of the intermediate
fireball that can be and have been reached in high-energy heavy-ion experiments using the

above mentioned accelerator facilities, are listed below [22].
1. Temperature: 7' = (100 — 1000) MeV (1 MeV = 10 billion degrees) [up to a million
times the temperature of the core of the sun].

2. Pressure: P = (100—300) MeV/fm? (1 MeV/fm3 = 1028 atm.) [pressure at the center

of the earth = 3.6 million atm.].

3. Density: p = (5 —10)po [po is the density of a gold nucleus ~ 3000 g/cm?; density of
a gold atom = 19 g/cm?].

4. Volume: nearly 1500 fm?, nucleus radius R = 1.15 x AY/3 fm [for an Au-nucleus
A =200, R~7fm and V = 47R3/3 ~ 1500 fm3].

5. Duration: (10 — 50) fm/c ~ 10722 sec.
6. Baryochemical potential: p© = (400 — 600) GeV.

7. Magnetic field: B ~ 10! — 106 Tesla [in neutron stars B ~ 10! Tesla.
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1.2.1 Kinematics of high-energy interaction

Let us now discuss the kinematics of two-body interaction and some variables that are
commonly used to characterize the particle production process in high-energy interactions.
A detailed account of the topic can be found in [23, 24]. If otherwise not mentioned we shall
stick to the natural unit system (A = ¢ = kp = 1). Let us consider a two body collision
where the projectile has a momentum py, energy E7 and rest mass my. On the other hand
the target, fixed in the laboratory system (LS), has a rest mass mg only. The 4-momenta

of these particles are respectively,

p1 = (E1,p1), and p2 = (m2,0) (1.5)

In the center of momentum (CM) frame the momentum of two interacting particles are

equal but oppositely directed. Let their 4-momentum in the CM frame be denoted by,
pi = (Bf,p}), and p3 = (E3,p5 = —pj) (1.6)

The total energy (1/s) available in the CM frame is equivalent to the invariant mass of the

CM. The total 4-momentum in the CM frame is
(o +p8)° = (Bf +B5)° — (0 +p3)° = (Bf +B5)° = Eby=s (L)
The total 4-momentum in the LS is
(p1+p2)? = mi +m3 + 2E1my (1.8)

The 4-momentum square of any system should be a Lorentz invariant quantity. Therefore,

E., = ﬁ:\/m%—l—m%—i—ngElab (19)

where Fi,;, = FEp is the projectile energy in LS. It is evident that at high-energies for a
nucleon-nucleon (NN) system /s ~ Ellaf , and the center of mass moves in the LS in the
2 )—1/2.

direction of p; with a velocity Benc. Corresponding Lorentz factor ~.p, = (1 — Bén

As E=~vm
_ Er+mg

Yem = NG

In a collider experiment if the incident energies are very high, i.e. (Ey, Es > mq, msg) then

Ecm >~ \/4E1 E2 (111)

= \/g = Elab/')/cm (1-10)
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If By = E5 = E then FE., ~ 2 E, and the CM energy increases linearly with E. If an AB
collision is viewed as an independent superposition many elementary NN collisions then the
AB collision is called incoherent. In such a case for a symmetric central collision between
two identical nuclei (A = B), the total CM energy is related to the CM energy of an NN
system (/syn) as /s = A,/snn, and corresponding Lorentz factor given by,

E Vs SNN

o = = = 1.12
" M 2AmN 2mN ( )

If on the other hand, each colliding nucleus behaves like a single massive object then the
collision is fully coherent. In non-central collisions between two identical nuclei, in asym-
metric and coherent collisions, it is difficult to fix the effective CM frame, which depends
on the impact parameter as well as on the degree of coherence of the collision. Therefore,
the number of participating and spectator nucleons need to be determined first, posing ex-
tra problems particularly in soft processes. For hard processes that are more likely to be

observed in the central collisions, the NN frame still works.

The rapidity variable

The rapidity variable is the relativistic measure of the velocity of a particle. It is a suitable
choice to describe the dynamics of relativistic particles. It is a dimensionless quantity
and can be used to locate a particle in the rapidity space. In high-energy collisions the
beam line is conventionally taken along the z-axis, which may be called the longitudinal
direction. The (z —y) plane is called the transverse plane. It is convenient to decompose the
momentum vector p in two components, one in the longitudinal direction (p;) and another in
the transverse direction (p; = y/p% + p2). p; remains invariant under a Lorentz boost given

along the longitudinal direction. In relativistic heavy-ion collisions the space-time rapidity

s Ln (1) a1

of a particle is defined as

t—z
where ¢ is the time and z is the space co-ordinate of the particle along the beam direction. For
particles created exactly at the center of mass of the interacting system, y = 0. The space-
time rapidity is however experimentally not measurable. It is used mainly for theoretical

calculations. Therefore, the energy-momentum rapidity is introduced as,

1 E+p 1 E+p
_ 5 _ 1.14
y 2“<E—m) 2“( my (1.14)

Here E = +/[p|2 +m? and m; = /m? + p? is the transverse mass of the particle. The

most interesting property of the rapidity variable is that, it is additive under Lorentz boost.
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As a result, the overall shape of the rapidity distribution of particles remains unchanged
under a longitudinal Lorentz boost. In the nonrelativistic limit, the rapidity of a particle
traveling along the longitudinal direction is equal to the velocity of the particle measured
in the unit of velocity of light in vacuum. The energy F and the longitudinal momentum p;

of a particle are related to the rapidity by the relation
E = mycoshy and pr = mysinhy (1.15)

The energy and momentum of the CMS in the LS are respectively, Yem+/s and BemYemV/S-
The rapidity of the CM in the LS therefore, is

Y _ 111’1 <’ch\/§+ﬁcmr)/cm\/§>
o '7cm\/g - ch’ycm\/g

2

_ 1 14 Bem

Lorentz transformation between the CMS and the LS is given by the following equations,
E* =~E —yBp;; pi = —vBE +ypi; P; =Dt (1.17)

The star marked quantities are associated with the CMS. The rapidity values of a particle
in the CMS and the LS are given respectively by,

1, (E*+p; 1. (E+p
f o (2P d — 21 1.1
¥y =3 n<E*—p;> an ¥y=5 H(Epl (1.18)

Using Equation (1.17) in Equation (1.14) one gets,

1 E* +pf 1 1+3
— (=24 il P (e
/ 2“<E*—p7>+2n<1—5

Therefore in a CMS — LS transformation the rapidity distribution remains unaltered, with
the y-scale shifted by an amount equal to y.,. For a fixed target experiment, the beam
rapidity can be obtained by using the relation (1.15). For the beam particle p; is zero. The
rapidity of beam particle (y;) is given by,

E v/
Yy = cosh™! () = cosh™! ( SNN>

=y = sinh™! (pz) (1.20)

where my is the rest mass of the beam particle.
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The pseudorapidity variable

Both the energy and the longitudinal momentum of a particle are necessary to determine
the rapidity of that particle. But in many experiments it is not possible to measure both. In
such cases it is instead convenient to use the pseudorapidity variable (7). Suppose a particle
is emitted at an angle 6 with respect to the beam axis. From Equation (1.14) we get the

rapidity as,
L ((m® +1p)' 72 + [l cos
= —In

P2\ 2 1p2) 7 Jplcos 6

If the kinetic energy of the particle is very high (|p| > m) then Equation (1.21) reduces to
Ly (I en0)
—in T 1= ___ A\
2 \Ipl —[plcos0)

— —In tan <Z> =7 (1.22)

(1.21)

In terms of the linear momentum components 7 is expressed as

— ;1n<|p|+pl) (1.23)

D] — pi

o — (’p\ +pl> (1.24)

e = <‘p| _pl> (1.25)
Pl + p1

From Equations (1.24) and (1.25) the following relations are obtained,

and

|p| = ptcoshn and p; = pysinhn (1.26)

Rapidity and pseudorapidity are interchangeable and are related to each other by,

1 \/p% cosh?n +m?2 + p; sinhn
y=—1In (1.27)

2 \/pf cosh?n +m?2 — p;sinhn

and

1 \/ m? cosh? y — m?2 + my sinh y
“ln (1.28)

2 \/m? cosh? y —m?2 — my;sinhy

77:

7 is used as an approximation of y when the angular distribution of the produced particles is
measured, and only when the relation E 2| p [>> m holds good. In high-energy interactions

the approximation 7 22 y is good for the pions and other light weight particles.
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1.2.2 Geometry of nucleus-nucleus collision

In a high-energy collision the colliding nuclei look like two Lorentz contracted discs or pan-
cakes in their CM frame, the contractions being along their directions of motion. The impact
parameter of a collision lies in 0 < b < (R4 + Rp), where R4 and Rp are the transverse radii
of the colliding nuclei. The entire set of AB events falling within this b-range is called the
minimum bias sample of events. In central (peripheral) collisions b is closer to its minimum

(maximum) value. The schematic of an AB collision for b # 0 is shown in Figure1.3. In

Figure 1.3: Schematic of a nucleus-nucleus collision [25].

the most peripheral collisions the interactions between the nuclei are primarily electromag-
netic in nature. Either or both of the nuclei may absorb energy through giant resonances,
proton-neutron clusters, higher lying nucleon resonances, and/or decay by emission of one
or more nucleons. A small fraction of the total number of nucleons belonging to each nu-
cleus are actually affected in such interactions, while most others remain unaffected. In a
purely geometrical picture the cross-section of an AB reaction is given by the Bradt-Peter’s
formula, oge, = 778 (Al/ 34 BY/3 — 5)2 [26]. However, b cannot be directly measured in an
experiment. Generally, any observable that varies monotonically with b can be used as its
representative measure. As for example the average charged particle multiplicity N, the
total transverse energy (E; = ), E; sin#);) or the energy deposited by the spectator nucleons
in the Zero Degree Calorimeter (Ezpc) — the missing forward energy etc., are considered as
suitable experimental measures of b. It is natural to assume that on an average, the energy
released in a collision will be directly proportional to the number of nucleons participat-
ing in the collision, and the particle multiplicity will be proportional to the participating
nucleon number. So the particle multiplicity is proportional to the energy liberated in the
collision. For the minimum-bias event sample one can measure the N_,-distribution or the

FE-distribution. High values of N, or E; correspond to more central collisions and lower
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Figure 1.4: Multiplicity distribution and centrality of AB collisions.

values correspond to more peripheral collisions. The N, or the E; distribution can there-
fore be utilized for the centrality determination of AB interactions. Figure 1.4 illustrates
the schematic of a multiplicity distribution of charged particles for a minimum-bias event
sample that can be used to assign the collision centrality. Starting from the maximum ob-
served value of N, the area under the multiplicity distribution may be sliced into sequential
intervals. The top 10% events with the highest N, values corresponds to the (0 — 10)%

centrality class and so on. A similar exercise is possible for the F; distribution too.

The Glauber model

The correlation between centrality and the number of participating nucleons has also been
expounded in detail by the Glauber-type calculations using different functional forms of the
nuclear density [27, 28]. The model treats an AB interaction as a superposition of multiple
independent NN collisions, and at high energies the nucleons carry enough momentum
to remain almost undeflected as the impinging nuclei pass through each other. It is also
assumed that the nucleons move independently in the nucleus and that the size of the
nucleus is large compared to the range of the NN interaction. Effectively the nucleons
move on straight-line paths, and at any stage of the collision the inelastic NN cross-section
(oin) is assumed to be independent of the number of NN collisions that a nucleon has
already suffered. In that sense it is a classical model of the interaction. As the two nuclei

collide at an impact parameter b, the probability of n inelastic NIV interactions is given by,

P(n’ b) = (AB) [T(b) Uin]n [1 - T(b) Uin](AB_n)
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where T'(b) = [ pa(ba, za) dbadza pp(bp, z5) dbpdzp t(b — bs — bp) is the normalized
thickness function for the AB collision. The total probability of having an inelastic event

in the collision between A and B is,

d20' in
db?

AB
=" P(n,b) =1 — [1 = T(b) 53] P
n=1

The total inelastic cross-section is therefore,
oAb = /27rbdb [1 — (1 —=T(b) o—in)AB]

In the framework of the Glauber model the total number of nucleons that underwent at least
one interaction (Npar¢), or the total number of binary NN interactions (Ncon) per event,

can be analytically obtained as,

Npart(b) = /dstA(s) [1 — exp (—ai]XN TB(S))] + /d2STB(S —b) [1 — exp (—afr\fN TA(S))]

Neon(b) = /d2s N T4(s)Tr(b —s) = oYY Tup(b) (1.29)

where T4(s) = [ dzpa(z, s) is the thickness function for the nucleus A, T(s) is the same
for the nucleus B, and T4p(b) is the nuclear overlap function. It is assumed that an
NN interaction takes place if the inter-nucleon distance d in the plane orthogonal to the
beam-axis satisfies the condition md? < oy,. An arbitrary number of such AB collisions
can be generated by the Monte Carlo Glauber model [29] and the resulting distributions of
do /Npart, do/Neon and do /db are obtained. The systematic uncertainties in the mean values
of Npart and N for each centrality class are estimated by varying the parameters of nuclear
density function, by varying the value of oy, and from the uncertainty in the determination
of the total AB interaction cross-section. These sources of uncertainties are treated as fully
correlated in the final systematic uncertainty in the above measured variables. If certain
cross-sections scale with the number of participants, they are associated with soft or small
momentum transfer processes — the low-p; hadron production, which accounts for almost
95% of the bulk hadron multiplicity, are phenomenologically described by non-perturbative
models. On the other hand, in the hard QCD processes, like the jet formation, heavy flavor
production etc., the cross-section scales with the number of primordial NN collisions Ncgj.
In a particular centrality class Npart grows like A, whereas Neo grows like A*3_ hence Neop
is always equal to or higher than Npart. Sometimes, the charged particle multiplicity is given
in terms of the contributions of both soft and hard processes by a two-component model
[30, 31] like,

Nep = f X Npart + (1 — f) X Neon (1.30)
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where f, typically valued at 85 — 90%, is the fractional contribution from soft processes.

1.2.3 Stopping in nucleus-nucleus collision

In an AB collision each incoming nucleus may be considered as a coherent cloud of nucleons.
As the nuclei collide the nucleons undergo successive collisions, and transverse degrees of
freedom are excited. A significant fraction of the incoming kinetic energy is deposited in the
central region. This leads to the formation of a high-energy, high-density fireball, a state not
anywhere close to the equilibrium. A finite amount of proper time (a few fm/c) is needed to
liberate the partons in this state. Subsequent collisions lead to a locally thermalized state,
which again takes a few fm/c of proper time. If the incident energy involved is extremely
high, i.e. 2 the highest RHIC energy, the participating nucleons are far apart in the phase
space. Under such a condition the colliding nuclei are to a large extent transparent to each
other. Significant amount of energy will still be deposited in the central rapidity region,
which is used to form ¢g pairs. Baryons become as abundant as the antibaryons and the net
baryon content of the state becomes small. Most of the final state particles are produced
in the form of mesons. This may eventually lead to a QGP at high-temperature and low
chemical potential. A similar state perhaps has already been created in the RHIC and LHC
experiments. The system subsequently evolves like a relativistic imperfect fluid. Models
based on perturbative QCD and hydrodynamics are used to theoretically study such states.
Nuclear stopping measures the efficiency of slowing down the incoming nucleons and the
ability to convert the incoming kinetic energy to transverse degrees of freedom. If the
stopping is high, the total baryon number carried by the interacting nucleons is significantly
redistributed, leading to a high baryo-chemical potential of the equilibrated fireball. The
underlying physics issues are addressed by non-perturbative QCD and/or hadronic transport
models. The stopping is large when a complete overlap between the projectile and target

nuclei is achieved. It is measured by the average rapidity loss as [24],

2 Yp dNB—§

Ov) =yp =) =¥ — / y dy (1.31)
part JO

where (y,) is the net average baryon rapidity after the collision. The average scaled rapidity

shift does not significantly change up to the SPS energy. We find (dy/y,) ~ 0.27 at Ej, =

200AGeV [32]. For comparable system size the normalized rapidity density does not change

with beam energy. Corresponding energy loss (AFE) is

Yp dNB B
AE:/ (m,(y)) — coshydy (1.32)
—yp

dy
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which comes out to be AE = 25.7+ 2.1 TeV at the top RHIC energy [33]. It should also
be noted that an incomplete stopping and a longitudinally expanding source lead to similar

rapidity distributions.

The energy available for particle production in an AB collision depends globally on /5,
and collision centrality, and locally on p, and y. The p,-spectra of produced particles can
in general be divided into a low-p, and a high-p, part. The low-p, part is due to the
random kinetic and collective motion of the particles present in the fireball, which has a
thermal origin and can be described by an exponentially decaying function. The high-p,
part on the other hand, is dominated by hard processes and can be described by a power-
law. The inverse slope of the p,-spectrum is the effective temperature (7.) of the source
from which the particles are originating. T, can be measured from our knowledge of the
p,-distribution. If the distribution can be approximated as exponentially decaying, then for
(p,) > m one gets (m,) =~ (p,) ~ 2T,. Integrating the invariant yield over the entire p,
region one gets the rapidity distribution dN/dy of produced particles. Significant amount
of information on AB collisions can be extracted by studying the rapidity distribution.
Particle identification is necessary for rapidity measurement, which may not be possible
in all experiments. Under such circumstances the pseudorapidity distributions are used.
At very high-energies dN/dy should exhibit a plateau, which due to the transformation
given in Equation (1.28) gets depleted by a small extent around n* = 0. In the CMS
the depletion factor reads as (1 — m?/ < m?2 >)1/2, whereas in the LS the peak of the
distribution is located at around half of the beam rapidity (y,/2), and the depletion factor
is [1-m?/{<m?> cosh2(yP/2)}]1/2. Due to the additive property of the rapidity variable
under Lorentz boost, the rapidity distribution remains unchanged as one moves from one
reference frame to the other. In any relativistic AB collision usually there is a central particle
producing region which results from the nucleons directly participating in the collision, and
two baryon rich fragmentation regions (target and projectile) dominated by the spectator
nucleons. If the colliding nuclei are transparent with respect to each other, they leave a
trail of energy in the form of stretched out strings. The strings subsequently fragment and
the central region is populated mostly by different types of mesons. Apart from a down-
shift in their rapidity values necessary to conserve energy, the baryons (nucleons) continue
to move out of the central rapidity region. On the other hand when the colliding nuclei
substantially stop each other, the central rapidity region is filled up with both energy and
baryons. Under complete stopping the projectile and target nucleons loose all memories
of their initial states. Correspondingly, the difference (if there is any) between the energy
and baryon number distributions in longitudinal and transverse directions with respect to
the collision axis is very little. These two extreme situations are schematically represented
in Figure1.5. The difference between the rapidity values of the projectile and the target,

Ay =y, — y, is important for characterization of the central region. For targets fixed in



Chapter 1. A brief review of high-energy nuclear collisions 17

Figure 1.5: Stopping in nucleus-nucleus collisions.

the LS, y, = 0 and Ay = y,. Accordingly coshAy = E,/m,. In a symmetric collider
experiment the CMS is at rest in the LS, and for a head on collision Ay/2 is the rapidity of
the projectile/target. With increasing /sy the rapidity gap increases as, Ay o< In/syn
[34]. This enables us to study the central region without actually having to account for
particles spilling over from the fragmentation regions. Up to the SPS energy the rapidity
distribution does not show any plateau and can in stead be described by a single Gaussian
curve having a width o(y) ~ 2 — 3 rapidity units. Any system having a preferentially
longitudinal expansion of the particle emitting source, will therefore have a reasonably large
rapidity gap (Ay > 3), which occurs beyond the SPS energy. Experimental data suggest
that nuclear/partonic stopping is present in the primordial, first generation collisions at the
microscopic level. Rapidity distributions of particle multiplicity and/or transverse energy
exhibit qualitatively similar shape, which on one hand evolve similarly with /s in pp, pp
and eTe™ reactions, and in central AB collisions on the other. For the bulk hadron rapidity

distributions one can formulate a nuclear modification factor [24] as,

] Glas
R = Pt 2y 1.33
AA(pr) (Neot) X d2Npy ( )
dpt dy

The numerator of the ratio is the single particle p;-distribution in a symmetric AA collision,
while the denominator part is the single particle distribution of the same species of particles
produced in pp collisions at the same incident energy per nucleon. In the above we assume
that the AA collision is an incoherent superposition of many binary NN collisions. If the
contribution to the total particle yield from each NN pair is considered to be same as that
coming from a pp collision at the same /s, then R,, = 1. However, in RHIC and LHC

experiments R, , is found to be larger than unity, indicating thereby a higher stopping in

AA
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nuclear collisions.

1.2.4 Evolution of nucleus-nucleus collision

The fireball system created in a high-energy heavy-ion collision passes through several differ-
ent stages. Different probes that are sensitive to different stages of its space-time evolution,
are used to determine the properties of the fireball. A schematic of different stages of an
AB collision process is shown in Figure 1.6, and a brief qualitative description of each stage

is sequentially summarized below.

e Pre-equilibrium stage - The initial AB collision takes place within a time span of
2R/%em, where R is the nuclear radius and 4., is the Lorentz factor in the CMS. For
symmetric and central collisions between two heavy-nuclei, this amounts to a passing
time of the order of a few fm/c. As for example in a Au + Au or a Pb+ Pb collision
at Ejp, = 200 GeV the e, factor ~ 10 and 2R/yen ~ 1.4 fm/c. The initial stage
of the collision is labeled as the pre-equilibrium stage. Processes like parton-parton
hard scattering predominantly take place in the overlap region of the colliding nuclei,
depositing thereby a large amount of energy in the central (z ~ 0) region. This stage
can be investigated by using high-p, probes such as jets, heavy-quarks and direct

photons. During this stage intense matter compression and heating take place.

e Equilibration of the fireball - After the short pre-equilibration stage a fireball
is created. Depending on the initial conditions due to multiple rescattering among
the participating nucleons, thermal equilibrium may be established. In relativistic
hydrodynamical models the equilibration process is very fast. It takes place within
~ 1 fm/c, while lacking an exact mechanism for this to happen. If the matter and/or
energy density is sufficiently high, a QGP-like state may also be formed, which will be
dominated by parton-parton and/or string-string scattering. The transition from the
QGP to a hadron gas may occur at and around the Hagedorn limit of temperature
Ty ~ 170 MeV [35-37]. After a local thermal equilibrium is achieved, due to an
extremely large pressure gradient against the surrounding vacuum, the fireball system
starts expanding. Relativistic hydrodynamics describes the evolution of the system.
The specific viscosity of the system, though may not exactly vanish, is very close to

its ideal limit, making the expansion to behave almost like a perfect fluid.

e Chemical freeze-out - As the system expands, it cools down until the temperature
drops below a critical value, T, say. It induces a phase transition causing the quarks
and gluons to recombine and form color neutral hadrons. The expanding fireball first

reaches a chemical freeze-out stage when the inelastic interactions between the partons
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Figure 1.6: Illustration of space-time evolution of an AB collision.

cease to take place, and the relative abundance of every single particle species does
not change anymore. It is considered as a mixed phase that exists between the QGP
and hadronic gas. The entropy density is transferred to lower degrees of freedom and
therefore, the system is prevented from a fast expansion and cooling due to the softest
point defined by a minimum value of the energy density/pressure (¢/p) ratio in the
equation of state. The exact mechanism of hadronization is yet unknown. Due to

inelastic interactions the system can still maintain local thermal equilibrium.

e Kinetic freeze-out - In the hadronic phase the system maintains a collective expan-
sion via hadron-hadron elastic interactions, thereby further decreasing the temperature
of the fireball. The thermal or kinetic freeze out is triggered by this expansion, when
the time scale associated with the collision mean free path of the particles becomes
larger than the time scale associated with the collective expansion. As a result the
elastic collisions between the particles slow down, a strongly coupled system evolves
into a weakly coupled one, and the final state particles freely stream out from the

fireball medium.

1.2.5 Thermodynamics of the fireball

It was none other than E. Fermi who first applied statistical physics and thermodynamics
to multiple meson production in high-energy collisions [38]. Fermi assumed that when two
nucleons collide, they release their energies within a very small volume V' = 2mpyVy/\/SN N,

where Vo = 47R3/3 and R, = 1/m, is the characteristic length (Lorentz contracted)
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associated with the pion field. At the instant of collision, a large number of particles are
formed. The mean free path of these particles is small compared to the dimension of the
interaction volume, and a statistical equilibrium is set up. Subsequently the system decays
into one of the many accessible multiparticle states. The decay probability is calculated
in the framework of standard statistical physics. The main reason for the introduction
of statistical concepts was the breakdown of perturbation theory in describing strongly
interacting systems. A large value of the coupling constant prohibits any application of
perturbative methods. On the other hand, the large coupling is responsible for multiparticle
production, which is a very characteristic feature of strong interaction. The transition
probability from an initial to a given final state is proportional to the modulus square of the
transition matrix element and to the density of states. The matrix element is treated as a
constant. The main effect comes from the available phase space, which grows with increasing

collision energy. The probability of having an n-particle final state is proportional to

Here dN/dF is the density of states. The power (n—1) comes because only (n— 1) particles
have independent momentum. Fermi argued that at very high energies even a detailed
statistical description may not be necessary [38]. Assuming that the matter is thermalized,
one can calculate the temperature of the produced hadronic system from thermodynamic
considerations valid for massless particles. Fermi considered production of pions, nucleons

and antinucleons, and obtained the total energy density in the center-of-mass frame as,

w27
3

€ =¢pr tENyN =

Using the expression for the Lorentz contracted volume we may rewrite the above relation,

3¢e? 9e2m3

T4 — —
2m2Vomy ST mpy

This equation may be used to calculate the abundance of produced particles from the ther-

modynamic relations giving the particle densities in terms of temperature.

As mentioned above a transition from the color neutral hadrons to the color conducting
plasma consisting of nearly free quarks and gluons, can be accomplished through high-
energy heavy-ion interactions. Using the accelerator facilities like RHIC and LHC it is
possible to create such transient states of high energy and/or matter density that have
definite equilibrium properties. The fireball however is not a static system and it evolves
with space-time. It has been experimentally established that the fireball behaves more like

an imperfect fluid possessing a small but finite viscosity, rather than like an ideal gas. To
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begin with a static idealization of the fireball system would still be quite instructive, which
has been done below in the framework of the MIT bag model [39]. Complexities and finer

details that are needed for a more realistic system can gradually be added on at later stages.

In the MIT Bag model a hadron is considered to be a closed spherical bag of radius R
composed of non-interacting quarks and/or anti-quarks. Due to the presence of the quarks
(anti-quarks) the normal QCD vacuum is destroyed within the bag and we have a perturba-
tive QCD vacuum inside. Energy and momentum conservation at the bag surface is ensured
by introducing an external pressure at the bag surface to balance the internal pressure of
the confined quarks. Each quark and/or antiquark is a Spin—% Fermion, massless inside the
bag but infinitely massive outside. Therefore, each quark (antiquark) can be described by
Dirac’s equation for a massless free particle. Using the MIT bag model we can arrive at
the thermodynamic conditions necessary to create the QGP [23]. To begin with we treat
the quark (anti-quark) system as an ideal relativistic gas of massless (¢ = pc) Fermions at
an equilibrium temperature 7". The number density n, of quarks in such a system can be

derived by using the Fermi-Dirac distribution,

1 3 o) 1 )
o = 9a <27r> /0 e(P—ha)/T 4 1 dmp~dp

The corresponding energy density ¢, is

1\* [ D 2
= Ja <27r> /0 e(P—Ha)/T 11 Amp”dp

Here pi4 is the quark chemical potential, and the quark-degeneracy factor

9q = Gspin X Geolor X Gflavor

is same as that (gg) of the anti-quark. If only two flavors (up and down) constitute the
gas then g, = g; = 12, and if three flavors (up, down and strange) are involved then
9q = 9q = 18. For py # 0 neither of the above integrations can be individually worked out
because the quark number density is not fixed, though the difference between the quark and
anti-quark number density is. Moreover, as a quark can annihilate an anti-quark to produce
a quantum of radiation, for a baryon-free gas one can write g + pug = 0. Presence of an
anti-quark of energy € in the gas system can be viewed as the absence of a quark of energy

—e. Therefore, the corresponding expressions for an ideal anti-quark-gas will be

1\* [ 1 )
"a = gq(%) /0 e(p+uq)/T+147Tp dp

R B 1 ? o P 4 2d
fa = 94 o o etra)/T 47 Tpap
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Putting the number density expressions together for an ideal massless quark and anti-quark

p 1
nq—nq—:gqx FQTZ—F%

For a two flavor system (g, = 12) we can now determine the net baryon number density as,

gas we get,

3 3
n :nq*nQZ%T2+2ﬁ:2ﬂsT2+2uB

B 3 3 32 9 81

since pi, = 3pq. Similarly we get the energy density as,

T2 w2 il
€q+€q:gqx (30T4+4qT2+87'(q2

The gluons are massless and there is no conservation rule to restrict their number. The
chemical potential y1y = 0. The number density and the energy density of an ideal gluon

gas can be respectively obtained by using the Bose-Einstein distribution function,

3
ng = g L h ;47rp2dp =9 (3) 13
g v\ 2n o er/T —1 2

1\* [~ p 2 ™ o4
The gluon degeneracy factor
gg = 2(spin) x 8(color) = 16

Adding the quark, antiquark and gluon energy densities together and combining the degen-
eracy factors we get [40],
31tq

3772 4 99 :
qup:€q+€q+€g: 30T+3MqT +ﬁ

One expects a stable QGP when the pressure inside P = %a > B, the equality holds at the
boundary of stability. The condition may be used to arrive at the limiting critical values of

the temperature 7., the chemical potential u. and the baryon number density n,

1
90B \ 4
Te(pg=0) = (3771'2> ~ 147MeV
pe (T =0) = (20°B) = 0.43 GeV
2 3
n.(T=0) = 33 (27*B)* = 0.72 fm™? (1.34)
T
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If the quark — quark and quark — anti-quark interactions are taken into account then the

above expression of energy density is modified as [41],

37m? 1lmw 4 2 o0 2 3pig
g = < 30 —3CYS>T + (l—ﬂas> 3/,LqT + 1—;045 ﬁ

Using the stability condition and setting the corresponding chemical potential p. and tem-

perature T, we get

3772 1ln 2 2 pet
B = ( 50 9a3> TC4 + <1 — 7Toz3> ,uCQTC2 + <1 — 7Tozs> 2;2

Under the limiting conditions

T

B
T, =
c (3771—2 _ HJO[ > at Hq 0,
90 9 8
212 B
and p. = [(1—2(1) at T =0 (1.35)
T S

Depending on the values of B and a chosen, the critical temperature T, would lie somewhere

between 150 — 200 MeV and the chemical potential i, somewhere between 450 — 600 MeV.

1.2.6 Hydrodynamics of the fireball

Relativistic hydrodynamics provides a simple picture of the space-time evolution of the hot
and dense matter produced in the central rapidity region of a relativistic AB collision. It is
assumed that the expanding system stays in local thermodynamical equilibrium. Without
going into the details of any microscopic aspect, hydrodynamics then allows us to describe all
the stages of expansion of the fireball, starting possibly from the QGP, through hadronization
and ending at the freeze out. Hydrodynamics, although classical in concept and formulation,
provides an important computational tool to describe the gross features of AB collisions. It
uses the fundamental conservation laws of energy and momentum to build an equation of

state for the evolving system.

Landau’s hydrodynamic model

Landau [42, 43] reexamined Fermi’s original idea, and argued that one should not expect the
number of finally emitted particles to be determined only from the equilibrium condition
at the instant of collision. Rather the system remains strongly interacting even after the

initial stages of the collision, and the number of particles becomes definite only when they
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are far apart in phase space. Landau too assumed that a compound system is formed, and
energy is deposited in a small volume V which is subjected to a Lorentz contraction in
the longitudinal direction. At the instant of the collision a large number of particles are
formed. In comparison with the dimension of the collision volume the mean free path of
these particles is small, and a statistical equilibrium is set up. If two equal sized nuclei,
each of mass number A, collide head on (b = 0) with each other, then the total energy of

the colliding system in the center of mass frame (E,,) is
E.m = AVs = 2AmMNYem (1.36)

The initial energy density € is then given by

Ecm _ 2AmN’ch

= 26mY? 1.37
V ‘/rest/’)/cm nm7cm ( )

E =

where €,,;, = Am,Viest =~ 0.15 GeV/fm3 is the energy density of nuclear matter, Vi, ess =
4mR3/3 = 4mr3A/3 is the volume of each nucleus at rest, and rq is the nuclear radius

parameter. Similarly, the initial baryon number density is

24 24 5
=2 = Y 2pmYem ~ 0.16 GeV/f 1.38
= Vv V;"est/’YCm PrmY ¢ /m ( )

where pp;m = A/Viest is the baryon number density of nuclear matter. In terms of the
inelasticity factor (K) the initial energy density is then given by,
Vs

e =K = 272, Kep, (1.39)

where ¢j, is the energy density of a hadron. In the second stage of the collision, under the
influence of a longitudinal velocity gradient the system starts expanding. The transverse
gradients are also present, but initially the longitudinal gradient is predominant and the
early expansion is approximated as one-dimensional. The expanding system is regarded as an
ideal fluid with zero viscosity and zero thermal conductivity. During the expansion the mean
free path of the particles constituting the system still remains small in comparison with the
dimension of the interaction volume, and the velocities of the particles are comparable to that
of the light, justifying thereby the use of relativistic hydrodynamics. Particles are formed and
absorbed in the system throughout the first and second stages of the collision. As the system
expands, the mean free path of the particles becomes comparable to the dimension of the
colliding system, and the interaction between the particles becomes weak. The expanding
system then breaks up into individual particles when its temperature 1" ~ m,. For a perfect
fluid only one equation of state is necessary to describe the hydrodynamic expansion. If

P is the pressure and ¢ is the energy density of the fluid, mainly composed of pions, then
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following the black body radiation law P = %5. Assuming that in comparison with the

temperature T' the baryon chemical potential pp is small, we get
Ts =4+ P = Tds=de

where s is the entropy density. Combining the above two relations we find that

3/4 1/4

S X € and T xe¢

The initial energy density € o< 2., Fem X Yem, and € o< E2,.. As a result,
s oc e Eg’gf

A perfect fluid does not have any viscosity and during the hydrodynamic expansion the total

entropy of the system remains unchanged. According to the black-body radiation formula,
N; x sV x Eg’/,?%est/’ycm o AEC%2 o AElla/b4

which implies that heavy nuclei are better suited for pion production and that pion mul-
tiplicity grows slowly with collision energy. Landau solved the hydrodynamic equations in
one and three-dimensions. An exact solution was obtained in one-dimension [44] which gave

the same result as Landau’s in the asymptotic region.

A necessary condition for the applicability of the Landau’s picture to central relativistic
AB collisions is that the nucleons in the front part of each of the colliding nuclei, while
traversing through the other nucleus, must loose all of their kinetic energies in the center of
mass frame. This demands that the average energy loss of these nucleons per unit length

should be greater than a critical value given by,

az
dz

Eom /2
=GRS (1.40)

Although at low energies (E., < 10 GeV) Landau’s theory gives satisfactory results, but at
ultra-relativistic energies (E., = 200 GeV) the condition becomes too stringent to be at-
tained. Hence, Landau’s picture breaks down when the required stopping power becomes too
large. Furthermore, in contrast to the requirements of Fermi’s and/or Landau’s approach,
the thickness of the colliding nuclei cannot be infinitely small even in the ultra-relativistic
region. Also, in this model the boundary condition is specified at the time of maximum
compression, whereas the entire matter is distributed over a small but finite volume. How-
ever, particle production is not an instantaneous process and it shows the characteristics of

space-time correlation — fast particles are produced later and further away from the collision
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center than the slow particles, which is not taken into account in Landau’s model. The
main criticisms of Landau’s model are that, the leading particle effect is neglected, and in
order to achieve full stopping, removal of radiation energy due to deceleration is required.
These difficulties can be removed if one assumes that during the collision the valence quarks
move without much interaction, and the energy carried by the gluon fields is stopped within
the collision volume [45-47]. The assumption is justified because, due to color degeneracy
the gluon-gluon interaction cross-section is larger than the quark-quark cross-section. To
be consistent with the initial condition of Landau’s model the gluon field should thermalize

after a certain time.

Bjorken’s hydrodynamical model

Bjorken introduced a hydrodynamic model [48] that is based on the assumption that at
sufficiently high-energy the rapidity distribution of the final state particles is uniform in the
mid-rapidity region. The space-time evolution of the system should look essentially same
in all center-of-mass frames. It is also assumed that the strongly interacting matter present
within the collision volume, reaches a state of local thermal equilibrium after the collision
and subsequently expands adiabatically. The evolution of the system is determined by the
initial conditions, and an equation of state (EoS) that transfers the energy and baryon
density to the pressure exerted by the system, and which is subjected to the constraints of
local conservation of energy-momentum and currents [49, 50]. The EoS for a non-dissipative

ideal fluid can be mathematically formulated as

0, T (x) = 0ul(e(x) + P(x))uf'u” — g" P(x)] =

Opjpp(x) = O [np(x)u ()]

0
0 (1.41)

where
T = e+ Pl v’ — g™ P

is the relativistic stress energy temsor, ¢ is the energy density, P is the pressure, jl is
the charge-current density, np is the baryon number density, and u* = (v,7v) is the
four-velocity, all defined in the local rest frame (x) of the fluid. In Bjorken’s theory all
thermodynamic quantities characterizing the central region should depend only on the lon-
gitudinal proper time 7 = v/#2 — 22 and longitudinal velocity u, = z /t = tanhy, so that ut

= (t/7,0,0,2/7). Bjorken’s equation is now transformed as,

Je e+ P
ar T

0 (1.42)
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Using € = AP, where A = dP/de measures the elastic wave velocity in the medium, and the

thermodynamic relation, e + P = T's + uzn,, we get,

e(ry) = e(m) Cf) o (1.43)
For zero baryon density,
s(ry) = s(r;) (:f) and T(r) = T(;) <7Tf>A (1.44)

A QGP to hadron gas phase transition causes softening of the EoS. As the temperature
crosses its critical value, the energy and entropy densities quickly increase while the pres-
sure rises slowly. The derivative dP/de has a minimum at the end of the mixed phase,
known as the softest point. The diminishing driving force slows down the build-up of flow.
The preliminary conditions, which are input parameters, define the initiation of the hydro-
dynamic evolution and the relevant macroscopic density distributions at that point of time.
The hydrodynamic evolution is terminated by implementing the freeze out condition, which
describes the breakdown of local equilibrium due to decreasing local thermalization rates.
In non-central collisions, driven by its inner asymmetric pressure gradients, the system will
expand more prominently in the direction of the reaction plane than in the direction per-
pendicular to the reaction plane. As the time evolves, the system becomes less and less
deformed. To estimate the initial energy density of a Bjorken-type fluid element one has to
go to the fluid rest frame. All particles are originating from a cylindrical volume of cross-
section area A, which actually is the overlap area of the interacting nuclei, and of length
v,t. We concentrate on a thin slab of thickness dz centered between the two pancake-like
moving nuclei. The point of impact is assumed to be the origin (z = 0) of our frame of
reference. Therefore dz = 7 cosh y dy, and ignoring the collisions among produced hadrons

one gets the energy density as,

8B _ BN _ m dN _ 1 R
“BITAV T Adz  nRr dy TR dy

(1.45)

Taking the proper time 7 ~ 1 fm/c and dN/dy to be the central rapidity density of pro-
duced particles, this relation was first derived by Bjorken [48]. However, a perfect fluid
must undergo an isentropic expansion, and the entropy of the expanding fireball should be
a conserved quantity. In terms of the entropy density s = S/V for a one-dimensional ex-
pansion. In order to compensate the Lorentz contraction, a relation like s; 7; = s 7y should

hold between the initial and final proper time. For massless particles € o« T* and s oc T°.

S\
—( 1.4
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Correspondingly,
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which contradicts Bjorken’s formula, egy ~ 77!, The energy density formula should there-

1 dB, [\
_ =2¢ep 1.4
¢ TR27y dy (TZ> £BJ (1.47)

fore be modified as,

1.2.7 QCD phase diagram

The study of QCD phase diagram is an important and one of the primary goals of high-energy
heavy-ion physics research. The QCD phase diagram shown in Figure 1.7, uses temperature
(T') and baryo-chemical potential (;,) as independent variables. It shows the location of
different states of nuclear, hadronic and partonic matter, indicates the type of transition
from one phase to another, and marks the critical point(s) and the phase boundaries. These
are some of the major issues that are still under intense investigation [51, 52]. There are two
extreme conditions of QGP to hadron phase transition, (i) at high temperature and zero
net baryon density, and (ii) at high baryon density and zero temperature. The 7' = 0 and
i, = 0 point corresponds to the QCD vacuum. Nuclear matter exists at T' close to zero
and pp = 940 MeV, the first non-vacuum state along the p,-axis and a strongly correlated
super-fluid composed of non-relativistic nucleons. At a higher p, and low 7' the state of
matter can be described as a degenerate neutron gas, which is expected to be common in
neutron stars. Since the NN interaction is somewhat like the Van-der-Waals interaction
between molecules, with increasing temperature a transition similar to the liquid-gas phase
transition takes place. This ends at a critical temperature T' ~ 18 MeV. Further heating
results in a weakly interacting gas of hadronic resonances, in which the density of states
grows exponentially for both mesons and baryons [35]. This suggests that hadronic matter
below T, behaves like a Hagedorn gas. One route to achieve the color deconfinement is to
increase the pressure, and as such the density. Increase in pressure will push the nucleons
closer until their typical size becomes larger than the average inter-nucleon distance. This
will make the nucleons overlap and the boundaries of individual nucleons to melt. If the
pressure is increased beyond 1 GeV /fm? the degenerate neutron gas no longer remains stable,
because the degeneracy pressure is not sufficient to sustain a stable equilibrium. This will
result in a transition to a gas of quarks, that are no longer confined within the nucleons.
Further increasing the pressure is expected to result in a color superconductor. In this
phase, some of the quarks will form a condensate of ¢G Cooper-pairs which will induce a
color Meissner effect. At even higher densities the QCD interaction weakens, which opens up
the possibility of a so called color-flavor locked (CFL) phase. This is a super-fluid which is
an electromagnetic insulator and breaks chiral symmetry. If on the other hand, the nucleon
gas is heated up to 7" > 100 MeV it becomes a hadron gas. Several hadronic species like

pions and excited nucleons exist in equilibrium. Increasing the temperature further will
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Figure 1.7: Sketch of QCD Phase Diagram [13].

cause a transition to the QGP phase. The low T" and high p,, region of the phase diagram
has not been extensively studied either in experiments or in theory. We shall perhaps have
to wait until the results from STAR beam energy scan program and/or CBM-FAIR become

available.

The high T and low pup region of the QCD phase diagram has been investigated quite ex-
tensively in heavy-ion experiments held at the LHC and RHIC. The high 7" and low up
QGP should behave like a dilute gas of weakly coupled partons. However, contrary to the
expectations the LHC and RHIC results suggest that the QGP so created in these experi-
ments rather behave like a strongly coupled liquid. The parameter that decides the material
property of such a QGP is its specific viscosity. According to our current understanding
about the evolution of the early universe, there were two symmetry breaking processes and
therefore two phase transitions, (i) the spontaneous breaking of electroweak symmetry tak-
ing place at a few hundred MeV, and (ii) the spontaneous breaking of chiral symmetry of the
SU(3) color group at T' < 200 MeV. For finite quark mass the lattice QCD and common wis-
dom suggest that at least at small up both should occur at a common T,. At near-zero net
baryon density non-perturbative lattice QCD places this confinement - deconfinement tran-
sition at an energy density of about a few GeV/fm3, and at a critical temperature T, ~ 170
MeV [53-58]. At pg ~ 0 the transition is a cross-over at around 7" ~ 150 — 170 MeV,
whereas QCD predicts that in a baryon rich environment the transition to deconfinement is
of first order. One should therefore expect a QCD critical end point (CEP) where the first
order transition line ends up at the cross over. To locate the CEP is of current research
interest. At the CEP the first order transition becomes continuous, resulting in long range

correlations and fluctuations at all length scales. For a system in between, the above two
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limits i.e. (i) u, = 0 and high 7', and (ii) 7" = 0 and high p,, there is a pressure arising from
the thermal motion of the particles as well as from the degeneracy of the Fermion gas. The
study of the intermediate region of the phase diagram is quite complicated as perturbation
theory cannot be applied to the QCD near T,.. Furthermore at finite baryon density the
usual lattice approach fails [23, 54, 59]. There exist however, various other effective theories
and phenomenological models [8, 60] which form the basis of the QCD phase diagram shown

very naively in Figure1.7.

1.3 QGP signals

One must identify appropriate signals that can detect a QGP state created in high-energy
heavy-ion collisions. Formation of QGP is followed by expansion and cooling of the fireball.
Below the confining temperature T, color neutral hadrons are formed and freeze-out. A hot
and dense HG forms the background in this case. The task is to identify the QGP signals
from a debris of hundreds, sometimes thousands of particles. This is rather difficult because
one requires a precise knowledge of the HG under extreme conditions of temperature and
density. The picture for a HG that we employ, either involves an equilibrated statistical
system or an ideal, non-interacting system or we consider nuclear collisions as multiple,
coherent hadron-hadron collisions etc. We are not sure whether such idealized pictures
can describe the ultra-relativistic heavy-ion collisions in a realistic manner. The standard
method used in the QGP diagnostics is to compare the prediction of heavy-ion collisions
incorporating the presence of QGP with the prediction of models that involves the dynamics
of a hot and dense HG. In case we find any anomaly or difference between the two pictures,
we can subscribe it to an exotic phenomenon, e.g. QGP formation. In high-energy nuclear
collisions we expect multiple scatterings and hence a rapid increase in the entropy followed
by a quick thermalization. An important question is whether confinement survives this
thermalization or not. In case it does, we have hadrons in the system, if it does not we
have a QGP in the fireball. Some of the signatures commonly used to detect the QGP or a

QGP-like state are very qualitatively summarized below.

1. J/¥ Suppression: Quarkonia are bound states of heavy quark-antiquark pairs. They
are smaller than even the light hadroncs and are much tightly bound. Therefore, they
can survive in a QGP even above the deconfinement temperature and melt down only
when the color screening radius drops down to the quarkonium size. Since different
quarkonium states have different sizes and binding energies, this will lead to a sequen-
tial suppression of the quarkonia, first the larger and loosely bound excited states, and

then the smaller and tightly bound states [61]. Such patterns can provide a spectral
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analysis of the QGP, similar to that obtained for the sun by studying the solar spectra.
An alternative explanation for the J/W¥ suppression involves J/U collisions with the
hard deconfined partons present in the QGP [62]. A J/¥ produced somewhere in the
fireball has to cross a certain region of hadronic/partonic matter before escaping the
collision region, and because it can interact inelastically with particles on its way out,
it may be destroyed. A survival probability can be defined as, exp(—L/\), where L is
the distance traveled by the J/¥, A = (nou,) ! is the absorption mean free path and

n is the particle number density within the fireball medium [63].

As a hard process charm production in nuclear collisions increases with collision en-
ergy much faster than that of the light quarks. At sufficiently high energy the pro-
duced medium should contain more charm quarks than present in a QGP at chemical
equilibrium. If at the hadronization point the charm and anticharm quarks combine
statistically to form charmonium states, the combination mechanism should lead to
an enhanced J/W¥ production, even if all the direct J/¥-s are dissociated [64]. The se-
quential suppression and statistical regeneration, thus present two opposite patterns.
It should be emphasized that statistical recombination would on one hand provide
clear evidence for the presence of a thermal medium. On the other, it presupposes a
statistical charmonium production mechanism, quite distinct from the hard production

that is generally discussed.

2. Jet Quenching: In very high-energy collisions, when a parton belonging to a nucleon
of one of the incoming nuclei collides with that of the other coming from the opposite
direction, high p; partons are produced. They are commonly referred as jet-partons,
they fly off in every possible directions from the collision point, and finally fragment
into hadrons emitted in narrow cones. When some of these jet-partons enter a ther-
malized fireball, they interact with the medium and loose their energies and momenta
before hadronization [65]. This loss is commonly known as the jet quenching, and
is estimated through a mathematical ratio known as the nuclear modification factor
(see Equation (1.33)). If there is no jet quenching then the ratio must be unity for all
jet momenta. However, if the ratio tends to be less than unity, it serves as a definite
measure of jet suppression in the medium [66-71]. This particular mathematical en-
tity is a suitable candidate for the signature of formation of a themalized medium of

deconfined quarks and gluons.

3. Photon production: One of the proposed signals of QGP is the direct photon
production. The direct photons are defined to be all produced photons, except those
coming from hadron decays in the last stage of the collision. There are several processes
that can produce the direct photons [72]. The dominant contributions come from the

annihilation processes like q¢g — g7, q@ — 77, from the QCD Compton processes
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like g9 — qv, g9 — q7, and from the electromagnetic Bremsstrahlung of quarks,
q — q7y. The photon mean free paths are much larger than the transverse size of
the region of hot matter created in any nuclear collision, because photons interact
only electromagnetically with the medium. As a result, photons with high-energy
created in the core of the strongly interacting plasma, can generally pass through
the surrounding matter without much interaction, carrying information directly from
wherever they are formed. In the hadronic phase the dominant contributions come
from processes like 7w — pvy, mp — 7y, T — Ny, °n — 7y reactions and the w
— 70, p° = 7t~ decays. Thus there is a huge amount of background radiation.
For ultra-relativistic nuclear interactions it will be an exceptional thermometer if the
thermally produced photon component can be separated from the background. The
high-p; photons can be used to estimate the momentum of the associated parton,
allowing a characterization of the in-medium parton energy loss. The prompt photons
carry information about the initial state and its possible modifications in nuclei, and
should thus be one of the best probes of gluon saturation. The thermal photons
emitted from the fireball matter carry information on its temperature. Since quarks
and gluons have different momentum distributions in the QGP and hadronic phase,
one can get information about a transition to the QGP phase by analyzing the photon
spectrum. Hydrodynamic models applied to QGP have shown that the increase in

photon number at large p; is a QGP signal [73].

4. Lepton pair production: Production of direct lepton pairs like ete™ or putpu~
is one of the reliable probes of hot and dense fireball [74]. Leptons interact only
electroweakly with the fireball medium and subsequently leave the interphase region
without any much interaction carrying information about the properties of the matter
at the time when they were produced. Dileptons are mainly produced by thermal qg
annihilation (qq — eTe™ or q¢ — pTp~) in the QGP phase, and by the decay of p,
w and ¢ mesons in the mixed phase. Furthermore, the decays and Bremsstrahlung
processes of mesons and baryons after hadronization can produce leptons. p meson
provides a special opening to observe in-medium modifications of the vector meson
properties such as mass and /or width, which may be associated to the chiral symmetry
restoration because of a very short lifetime. For p meson 7 = 1.3 fm/c, as compared
to the typical fireball lifetime of 10 — 20 fm/c at SPS energies. In the analysis of the
invariant mass spectrum of the lepton pairs, the primary problem lies in differentiating
the contributions coming from different processes. Taking into account of the chiral
symmetry restoration, modification of the p meson decay channels predicts an increase
in the lepton pairs in the intermediate mass region which is supported by experimental
results [75].
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5. Charge fluctuations: Estimation of charge fluctuations would tell us if we have
created a system of quarks and gluons [76, 77]). In the QGP phase the unit of charge
is +e/3, while in the hadronic phase the unit of charge is +e. The net charge of course
does not depend on such subtleties, but the fluctuation in the net charge depends
on which phase it originates from. Measurement of charge fluctuation is affected by
volume fluctuation, which can be avoided if one considers the ratio fluctuations. The
task is to find a suitable ratio whose fluctuation is easy to measure and simply related to
the net charge fluctuation. An obvious candidate can be the ratio H = Q)/N,,, where
@ = N, - N_ is the net charge and N., = N + N_ is the total charge. N, and N_
are respectively the number of positively and negatively charged particles. Instead of
using H one may as well consider the charge ratio R.,=Ny/N_. The charged particle
multiplicity is directly related to the entropy production. The observable

& = (New)(0RZ,) = 4 (Ne) (6H?) = 4 (5Q%) /(Nen) (1.48)

provides a measure of the charge fluctuation per unit entropy. The observable differs
between a hadronic system and a QGP. For a pion gas &; =~ 4.0. Relating the final
state charged particle multiplicity N¢, to the number of primordial quarks and gluons
is not simple. One has to use entropy conservation [76] which leads to {ggp ~ 3/4.
Event-by-event fluctuation study of conserved quantities like electrical charge, baryon

number, strangeness etc. may allow us to locate the CEP.

6. Hanbury-Brown-Twiss effect: Correlation between identical particles or interfer-
ometry, provides information about the reaction geometry, and hence gives major
information about the spacetime structure of the particle emitting source in AB col-
lisions. The information can be extracted by using the two-particle intensity inter-
ferometry technique, also known as the Hanbury-Brown-Twiss (HBT) effect [78, 79].
The method was initially developed to measure the angular size of distant stars [80].
The two-particle correlation arises from the interference of particle wave-functions.
This kind of correlation depends on whether the particles are bosons or fermions.
The degree of interference depends on the degree of coherence of the particle emit-
ting source(s), which is maximum for a completely incoherent source. The source size
increases with event multiplicity and decreases with transverse momentum. If QGP
is produced it will hadronize populating the central rapidity region. Following the
second law of thermodynamics the volume V' and entropy S of the QGP and hadronic
phase will be related as Vygp X Sqgp < Vhad X Shaq- Information regarding the final
hadronic phase can therefore be used to understand the nature of the intermediate

phase(s).
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1.4 Multiparticle production

In any collision involving two elementary objects, be they hadrons, nucleons or nuclei, the
interaction cross-section (o) is of primary importance. In emulsion experiments the cross-
section is determined by measuring the interaction mean free path. The theoretical frame-
work of cross-section determination is often given by a geometrical (participant-spectator)
or optical model. A good parameterization of the AB interaction cross-section is done by

using the Bradt-Peters formula [26],
2
OAB :7'r7“(2) <A1/3—|—Bl/3—5> (1.49)

where rg and 0 are two parameters determined by fitting the measured cross-sections. De-
tailed studies on the cross-section measurement showed that ¢ also depends on the mass
number of the colliding nuclei and in the CERN-SPS energy region its variation can be

parameterized as,

6=y (4714 BT

No significant energy dependence has been observed for the nuclear inelastic scattering cross-
section. The total inelastic cross-section however, shows variation with energy because of
the contribution from Electromagnetic Dissociation (ED) events, which becomes significant
at higher energies. In relativistic heavy-ion collisions ED of the projectile nucleus takes place
via the exchange of a virtual photon between the projectile and target nuclei. At CERN-SPS
energies (Epp = 2004 GeV) the maximum energy of the photons that can be exchanged
between the interacting nuclei may be as high as £, = 4 GeV. For a low energy photon
exchange the nuclei may electromagnetically interact through a dipole (multipole) resonance,
causing the target nucleus to excite and then to deexcite by evaporating fragments. On the
other hand for a high energy photon they may interact by exciting a A (1232) resonance
that decays into a nucleon and a pion, either of which can initiate a two-step process of
intranuclear cascade accompanied by evaporation tracks [81]. A comprehensive review of
multiparticle production in AB collisions at RHIC energies by using thermal and hadronic

models can be found in [82]

1.4.1 Multiplicity distribution

It is customary to write down a two body — m-particle inclusive reaction as,

A+ B=p +p+-+p+X
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where X stands for anything, i.e. all possible particles that are not subjected to observation

in a given experiment. In contrast, a reaction like
A+ B=pi+p2+-+pn

where all the final-state particles are detected, is called an exclusive one. A high-energy AB

interaction can be represented as,
Projectile (A) + Target (B) = Nuclear fragments + Produced particles

In this type of collisions different types of new particles are produced, most of which (= 90%)
are m-mesons. The number of particles belonging to a particular species in an event is called
the multiplicity of that particular species. By measuring the multiplicity one gets an idea
about the degrees of freedom released in the collision process. In AB collisions the term
multiplicity usually refers to the number of charged hadrons, if not mentioned otherwise.
As mentioned before the multiplicity distribution can also be used to determine the impact
parameter of the AB collisions. The multiplicity distribution of charged hadrons was found

to be well described by the negative binomial distribution (NBD)

L'(n+k) (u/k)"
T(n+ 1)T(k) (1+ pu/k)"

Pxpp(n; p, k) = (1.50)
for the first time in pp collisions [83], and then for other high-energy collisions involving
hadrons, leptons, and nuclei. Equation (1.50) uses two free parameters p and k related
respectively to the mean multiplicity as 4 = 7, and its dispersion as D = @ + (n)?/k.
Sometimes a double-NBD is required to satisfactorily describe the tail of the distribution.
The physical interpretation of NBD was given in terms of a clan picture [84]. Several
independent clans are produced in the pp collision. Particles belonging to a particular clan
have a common history and they are strongly correlated. In high-energy AB collisions the
same idea is used to describe the multiplicity distributions in narrow centrality intervals.

For a particular centrality class the clan number is given by,
Nclan =w X Npart + (1 — w) X Ncoll (1.51)

As mentioned before INar corresponds to soft processes and Ngop to hard processes, while
w is a weight factor. The charged hadron multiplicity for AB collisions at a given impact
parameter is generated by sampling N, times the pp, or equivalently the NN multiplicity,
the latter being generated by NBD. Finally a y? minimization is done by fitting the charged
particle multiplicity data obtained from the experiment. The y? minimization gives us the

values of w, p and k, and allows us to connect the experiment with the Glauber model [85].
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1.4.2 Pseudorapidity distribution

The (pseudo)rapidity distribution of charged hadrons produced in heavy-ion collisions is an
extremely useful global observable that helps us understand several important aspects of
multiparticle production. It tells us to what extent the incoming beam energy is utilized
to produce new particles. The distributions are single Gaussian shaped when the baryon
stopping is significant. For relatively transparent collisions, as is the case in RHIC or
LHC experiments, they look like double Gaussian. The distribution is divided into three
regions, the projectile fragmentation, the central and the target fragmentation region. At
AGS/SPS energies the central region is narrow, and is rich in baryons. On the other hand
at top RHIC/LHC energies the central region is wide and almost flat with a small dip
at the center. As predicted by the Landau’s model the distributions have a functional
form like, dN;/dy o exp \/(y% — y?), where yp = In(\/Syn/mp) is the projectile rapidity
[86]. At higher energies the central (pseudo)rapidity density of charged hadrons dNep/dn|y,
becomes higher. We have already seen how in the framework of Bjorken’s hydrodynamic
model, this central density can be used to determine the initial energy density produced
in the AB collisions. For a particular centrality class dNe,/dnly, is also a good measure of
the collision centrality. The tails of the distributions are found to be independent of the
collision energy, a feature known as longitudinal scaling. If the distributions are plotted
as functions of 3y = y — yp, they look identical around 3’ = 0. According to the limiting
fragmentation hypothesis, the observed (pseudo)rapidity density of particles approaches a
limiting value in the fragmentation region even if the colliding energy is increased. Landau’s
hydrodynamical model predicts that the (pseudo)rapidity spectra of the produced particles
should follow a Gaussian distribution [42, 43]. However, fitting a double Gaussian function
to the pseudorapidity spectra is motivated by the trend of the data coming from the SPS,
RHIC and LHC. The extracted width-parameter is used to study the dynamics of the system.
With increase in energy the width of (pseudo)rapidity distribution increases. Using Landau’s

model this can be related to the longitudinal flow and velocity of sound (¢,) in the fireball

medium,
02:§ “ 1n<‘8NN)
Yo 31-¢t 2my,

where my, is the proton mass and o, is the width of the (pseudo)rapidity distribution. For
an ideal gas ¢2 = 1/3. The central (pseudo)rapidity density of charged hadrons shows a
linear-log energy dependence in the SiS100 to RHIC range (\/syy = 2 — 200 GeV). A
weighted combination of the experimental values of particle yield (central particle density

per participant pair) in central AB collisions follows an empirical relation like [87, 8],

2 dNg,
Npart d77

—a+Blnysny (1.52)

n=0
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where o and [ are fit parameters. Such a behavior seems well justified by the participant-
driven picture of the Npar scaling of the central density. In addition, as the data show, the
process of bulk production is largely characterized by Npars or soft scaling, rather than by
the number of binary collisions, N, the latter being attributed to hard scaling. On the
other hand the energy dependence of the particle yield in the top RHIC to LHC range can
be fitted by a power law,

2 dN.p,
X

3
= 1.53
N a a (v/sNN) (1.53)

n=0

but overestimates the lower energy measurements. The fit parameters «, § are obviously
different from the previous equation. The energy dependence of the mean multiplicities,
integrated over a finite region of central (pseudo)rapidity, are seen to follow a second-order

logarithmic polynomial like [87],

2
Npart

X Nep, ) =a+ B In(syn) + v [In(syn))? (1.54)
n=
once again with a new set of fit parameters. This trend holds even for relatively low-energies.
Such a behavior is expected to be a natural consequence of a combination of the Gaussian
shape of the (pseudo)rapidity distribution as predicated in Landau’s model, the logarithmic
increase of the midrapidity density with the c.m. energy, and the limiting fragmentation.
The NN inelastic scattering cross-section increases with energy, which affects the N value
in AB collisions. As a result the particle yield will have a significant energy and centrality
dependence. It is observed that the charged hadron yield at mid-rapidity can be factorized

in terms of its energy and centrality dependence in the following way [88],

X Nen| = f(Vs) x g(Npart) (1.55)
part n=0

A fit result to the experimental data provides the following functional forms,

f(v/s)=a+pB(n 3)2
9(Npart) = 1+ 8/ N2/3 (1.56)

part

1.4.3 Transverse momentum distribution

The hard scattering in nuclear collisions was for the first time reported at CERN ISR [89].
Since this discovery the inclusive pr measurement has become an important tool in high-
energy interactions. An exponential fall of the invariant pr spectra at low to moderate pr is

a characteristic of a thermalized hadronic system [90]. Any deviation from the exponential
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form may therefore be attributed to the partonic structure or some other exotic phenomena
[91]. One example of such observation is the suppression of high pr hadron production in
Au+Au collisions at top RHIC energy relative to the pp case at the same energy [90]. The
JACEE collaboration, while studying ultra-relativistic cosmic-ray events, observed a rapid
increase in the (pr) from its typical range (pr) ~ 0.34 — 0.4 GeV /c measured at the collider
experiments. For some events the observed value was even > 1 GeV/c, while the energy
density of those events was about 2—3 GeV /fm? [92]. According to [93] a sudden increase in
the (pr) value could be an indicator of QGP to hadron transition. Although energy densities
comparable to the JACEE events have been achieved in the laboratory, no striking change
in the pr spectra has been observed so far [94]. Some results based on hydrodynamical
calculations predict only a modest increase in the (pr)-value for inclusive charged hadrons,
even when the QGP phase is taken into account [95]. A hydrodynamical calculation with
strong and electromagnetic decays of resonances upto mass 1.4 GeV [96], cannot predict the
SPS data on Pb+PDb interactions at /s = 17 GeV [97]. Recently, the transverse momentum
spectra of strange hadrons within extensive and nonextensive statistics have been studied
over a wide range of collision energy [98]. The hadronic cascade model UrQMD gives much
steeper pp spectra at SPS energies [99], and at RHIC the model prediction given an even
steeper pr spectra. This signifies that the UrQMD is not quite capable to produce enough
radial flow. Recently the STAR experiment at RHIC published their beam energy scan
results for Au+Au interactions [90]. The pr spectra for identified hadrons measured by the
STAR show a mass ordering, that is the inverse slope of the spectra follow an ordering like
m < K < p. The STAR results can be reproduced by a simple thermal model [100], which
indicates a possibility of thermalization of the hadronic matter at RHIC. The pr spectra
can also be used to extract the baryo-chemical potential [90], which enriches our information

regarding the QCD phase diagram.

1.4.4 Azimuthal angle distribution

In high-energy heavy-ion collisions the particles produced show a high degree of collective
behavior which is termed as flow [101]. Due to a spatial asymmetry present in the overlap-
ping volume of the colliding nuclei, a pressure gradient is generated at an early stage of the
collision, that leads to an anisotropic transverse collective flow during the expansion of the
hot and dense matter [102]. By characterizing the asymmetric azimuthal distribution of par-
ticles (commonly charged hadrons) emitted from non-central collisions, we can quantify the

outward pressure. The non-zero Fourier components of the invariant azimuthal distribution

BN 1 BN N
E = — 1+2 n - 1.57

n=1
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can be used to characterize the collective behavior of the particles. Here Wg is the az-
imuthal angle of the reaction plane, a plane spanned by the impact parameter and the beam
direction. v; measures the total amount of in-plane transverse flow. In an AB collision as
the participating nucleons try to stop each other, due to a bounce-off effect exerted by the
compressed and heated fireball, the spectator nucleons of the impinging nuclei are deflected
away from the beam axis. The directed flow of high-pp particles produced at the very early
stage of an AB collision, continues to evolve until the very late stages. Therefore, directed
flow can be used to look into the early time thermalization or even into the pre-equilibrium
stage of an AB collision. The vy coefficient, also called the elliptic flow parameter, orig-
inates from the geometrical asymmetry present initially in the almond shaped transverse
overlap region of the colliding system. This spatial asymmetry results in an asymmetry in
the momentum space, which in turn gets converted to a pressure gradient in the reaction
plane, and ultimately to an azimuthal anisotropy in the final state. At high energies the lon-
gitudinal dimension of the Lorentz contracted nuclei is negligible in comparison with their
transverse dimension. Correspondingly, the time taken by the nuclei to cross each other,
becomes small compared to the characteristic time taken by the elliptic flow to develop. The
triangular flow parameter vs on the other hand originates from the fluctuations of the initial
collision geometry. Unlike the elliptic flow, it should not be very sensitive to the centrality
of the collision. The triangular flow parameter vz has been found to be able to explain
the ‘near side ridge’ and the ‘away side shoulder’ observed in the two-particle correlations
[103]. An investigation based on the viscous hydrodynamics shows that the triangular flow
is more sensitive to the QGP viscosity than the elliptic flow [104]. Such type of Fourier
decomposition really measures particle emission directly correlated with the orientation of
the density gradients as shown by the fact that vy for all charged particles at low transverse
momenta scales linearly with the eccentricity of the overlap region of the colliding nuclei
[105]. In the high-p; region hadronization occurs through fragmentation, whereas in the
medium-p; region it is modeled by quark recombination or coalescence. The phenomenon of
constituent quark number scaling gives experimental support to this model. When scaled
by the constituent quark number, the vy against E; curves merge into one universal curve,
suggesting that elliptic flow actually develops at the quark level, and hadrons form through

combination of constituent quarks.
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