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ABSTRACT

Quantum Chromodynamics (QCD), the theory of strong interaction,
predicts a phase transition from ordinary nuclear or hadronic matter to a
deconfined state of quarks and gluons, called Quark-Gluon Plasma (QGP).
Such a phase transition occurs at very high temperatures and/or net baryon
densities. It is possible to create these extreme conditions of high temper-
ature and/or net baryon density in the laboratory by colliding heavy-ions

at relativistic velocities.

Over the last three decades, a large number of dedicated experimen-
tal programs have been taken place all over the world to explore the QCD
phase diagram. Systems of various temperatures and densities are expected
to be formed in the laboratory by colliding heavy nuclei. Around 1980’s,
Lawrence Berkeley National Laboratory (LBNL) started heavy-ion pro-
gram with a beam of heavy-ions up to 1 GeV/nucleon energy, colliding
with a fixed target. After that Relativistic Heavy-Ion Collider (RHIC)
took forward these studies by colliding Au+Au ions in a wide range of
centre of mass energies per nucleon (y/snn) from 5.5 to 200 GeV. Now-a-
days, the Large Hadron Collider (LHC) is continuing with the collisions of
Pb+Pb ions at /syy = 2.76 and 5.02 TeV at the European Organization
for Nuclear Research (CERN). The properties of this new phase of partonic
matter, QGP, has been discovered first at RHIC and possibly at the SPS
energies, but it needs to be studied in details for better understanding of
the new state of deconfined matter. For further studies of QGP, A Large
Ion Collider Experiment (ALICE), one of the largest experiments in the
world at the LHC at CERN, has been designed to study the physics of

QGP in heavy-ion collisions.

The ALICE experiment is made up of several sub-detectors. These
sub-detectors can be divided in two parts: central barrel detectors and
the forward detectors. The central detectors have pseudorapidity coverage
of || < 1 and mainly devoted for tracking and particle identification in

the very high-multiplicity environment. A few specialized small detector



systems are installed in the forward region of ALICE (|n| > 1). Photon
Multiplicity detector (PMD) is one of the forward detectors in ALICE with
full azimuthal coverage in the pseudorapidity region 2.3 < n < 3.8. The
PMD is designed to measure the multiplicity and the spatial distribution

of photons in the forward rapidity region.

Most of the photons are the decay product of 7°, produced in heavy-
ion collisions. Therefore the photon measurements provide complimentary
information of the charged particles. In addition, the study of global ob-
servables of multiparticle production and their universality in different type
of high-energy collisions is of crucial importance to understand the under-

lying dynamics of strong interaction.

In the present thesis a very first ALICE measurement of photon mul-
tiplicity distributions at forward rapidities (2.3 < n < 3.8) is presented
using a highly granular preshower Photon Multiplicity Detector (PMD) in
Pb+Pb collisions at /syy = 2.76 TeV. This study is done for various col-
lision centrality classes and are compared with corresponding results for
charged particles. Also, we present charged particle and transverse en-
ergy production as a function of collision centrality and collision energy, in
the framework of nucleon and quark participants. These participants are

estimated using a Monte Carlo-based nuclear overlap model.

Further, we analyze the midrapidity pseudorapidity density of
charged particles and transverse energy, measured in nucleus-nucleus colli-
sions in the whole available range of |/syy from a few GeV at GSI up to
a few TeV at LHC. The dependency of these key variables on /sxy and
on the number of participants have been revealed within the participant

dissipating energy (PDE) approach.

To find a solution to the RHIC “puzzle” of the difference between
the centrality independence of the mean multiplicity vs. the monotonic
decrease of the midrapidity pseudorapidity density with the increase of
centrality. We study the centrality and /sy dependance of charged par-

ticle mean multiplicity within the PDE approach. In the last we make



predictions for the observables namely mean multiplicity, midrapidity pseu-
dorapidity density of charged particles and midrapidity transverse energy

density for the upcoming LHC collision energies.
In brief the thesis is organized as follows:

Chapter 1 gives an introduction of the relativistic heavy-ion and
proton-proton collisions, the concept of Quark Gluon Plasma (QGP), and

the proposed signatures of QGP in heavy-ion collisions.

In chapter 2, we introduce the world’s largest and most powerful
particle accelerator LHC and the experiment dedicated to study heavy-ion

collisions, ALICE with its all sub-detectors.

Chapter 3 describes the step by step analysis procedure for mea-
surement of multiplicity and pseudorapidity distributions of photons at

forward rapidity using PMD in the ALICE experiment for Pb+Pb colli-
sions at /sy = 2.76.

In chapter 4, we study the charged particle and transverse energy
production mechanism from AGS, SPS, Relativistic Heavy-Ion Collider
(RHIC) to Large Hadron Collider (LHC) energies in the framework of nu-

cleon and quark participants.

In chapter 5, we analyze the mean multiplicity (N,), midrapidity
pseudorapidity density of charged particles (dNy,/dn) and of the transverse
energy (Fr/dn) measured in nucleus-nucleus collisions in the whole avail-
able range of the collision c.m. energy per nucleon within the approach
of the dissipation of the effective energy pumped in by the participants of
the collisions, which forms the effective-energy budget in the multiparticle

production process.

Chapter 6 provides the summary and conclusions drawn from this
thesis work and some future insights are also provided in the area of rela-

tivistic heavy-ion collisions.
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Chapter 1

Introduction

The theories and discoveries made by thousands of physicists since the
1930’s have resulted in a remarkable insight into the fundamental structure
of matter: everything in the universe is found to be made from a few basic
building blocks called fundamental particles, governed by four fundamental
forces. Our best understanding of how these particles and three of the forces
are related to each other is encapsulated in the Standard Model of particle
physics. Developed in the early 1970’s, it has successfully explained many
experimental results and precisely predicted a wide variety of phenomena.
Over time and through many experiments, the Standard Model has proved

to be a well-tested theory.

1.1 The Standard Model

There are four conventionally accepted fundamental interactions in nature:
Strong, Electromagnetic, Weak and Gravitational. Each one is understood
as the dynamics of a field. There have been various attempts to unite
all the four interactions to have one unified model. But so far only three
fundamental interactions, i.e. Strong, Electromagnetic and Weak, are in-
corporated in a model, known as the Standard Model (SM) [1, 2]. The
SM describes the universe in terms of elementary building blocks of mat-
ter (quarks and leptons) and interactions between them via force carriers
(bosons). The SM categorizes all the elementary particles into groups such
as quarks, leptons, gauge bosons and the recently discovered Higgs boson.

Further, the leptons and the quarks can be sub-divided into 3 genera-
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tions. The lightest and most stable particles belong to the first generation,
whereas the second and third generations are made up of heavier and less
stable particles. There are six quarks paired in 3 generations: the up (u)
and down quarks (d) are from first generation, followed by the charm (c)
and strange (s) quarks from second generation and then the top (¢) and
bottom (b) or beauty quarks from third generation. The quarks are frac-
tional charged particles. The up, charm and top quarks (u, ¢, t) have +2/3
unit of electronic charge whereas down, strange and beauty quarks (d, s, b)
have —1/3 unit of electronic charge. Quarks participate in all three types of
interactions. The strong interaction is mediated by gluons, the electromag-
netic interaction is mediated by photons and the W¥ and Z° bosons are
the mediating particles in the weak interactions. The photon and gluons
are massless, whereas W= and Z° are massive particles. Similarly, the six
leptons are divided in three generations: the electron (e) and the electron
neutrino (v); and the muon (1) and muon neutrino (v,); and the tau (7)
and tau neutrino (v,). The e, p and 7 all have an electric charge and a size-
able mass, whereas the neutrinos are electrically neutral with a very little
mass. Leptons participate both in Electromagnetic and Weak interactions

with an exception that only neutrinos are weakly interacting particles.
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Figure 1.1. The schematic representation of Standard model of elementary
particles.



The SM also incorporates another fundamental property of the nature
named as symmetry. Symmetry of all these three fundamental interactions
is studied by gauge theory and the field is known as gauge field. The quanta
of gauge field is known as the gauge bosons, which are the force carriers.
The SM is a relativistic quantum field theory that incorporates the basic
principles of quantum mechanics and special theory of relativity. It is a
gauge theory with the non-abelian gauge group SU(3). ® SU(2);, x U(1)y
instead of a simple abelian gauge group, U(1)ey, of Quantum Electrody-
namics (QED). In SM, non-abelian gauge group is made up of twelve gauge
bosons: one massless photon, three massive weak bosons and eight mass-
less gluons. The symmetry of these groups implies that the gauge bosons
should be massless. But in 1973, W* and Z°bosons are discovered with
a finite mass (around 80 GeV/c?), which led to adopt the Higgs mech-
anism [3, 4], which proposes explanation of the generation of masses for
the fundamental particles of the universe through electroweak symmetry

breaking.

In July 2012, A Toroidal LHC ApparatuS (ATLAS) and the Com-
pact Muon Solenoid (CMS) at Large Hadron Collider (LHC) at CERN
announced the experimental evidence of a new particle in the mass region
around 126 GeV [5, 6], which is consistent with the Higgs boson predicted
by the Standard Model. Two theoretical physicists Francois Englert and
Peter W. Higgs were jointly awarded with the Nobel prize in Physics 2013

for their contribution to the theory of Higgs mechanism.

1.2 Quantum Chromodynamics (QCD)

Quantum Chromodynamics (QCD) [1] is the theory of the strong inter-
actions, which describes the interactions between quarks and gluons, via
exchange of massless gluons. QCD calculations indicate that the potential
between two quarks can be given as:

_4ai(r)

Vir) = 3 r

+ kr, (1.1)
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where oy is the coupling strength, k the string constant and r is the distance

between quarks.

For small values of r, the first term of the Eq. 1.1 dominates and the
system behaves similarly to the electrodynamic case. At larger values of
r, the potential energy between two quarks increases with separation until
enough energy is available to form a new quark-antiquark pair, which occurs
only if the quarks are separated. This leads to the fact that all quarks are
confined within hadrons, and one can not observe a free or isolated quark
in nature. Quarks are always found as part of a 3 quark state, called
baryons or a quark-antiquark state, known as a mesons. This property is
known as “confinement”. Recently, Large Hadron Collider beauty (LHCb)
experiment at Large Hadron Collider (LHC) has reported the discovery of

a confined state of four quarks and antiquark, named as pentaquark [7].

On the other hand “Asymptotic freedom” implies that at very short
distances or large momentum transfers the coupling strength becomes
asymptotically weaker [8]. The coupling strength, a; is not a constant.
It depends on the momentum transfer in the interaction according to the

following relation:

2T
(11— 2ns) In(Q?/Agen)

a5 R (1.2)
Here n; is the number of active quarks, @? is the momentum transfer and

Aqcp shows the characteristic energy scale of QCD.

For large values of Q% perturbative QCD (pQCD) calculations are
used to understand the processes occurring at short distances, this is the
reason «; is called as running coupling constant of QCD. However for small
Q?, one can only use numerical methods and Lattice QCD is such a well-
established non-perturbative approach. Fig. 1.2 shows a, measured in sev-
eral experiments at different energies as a function of momentum transfer
(Q). At low Q2 coupling constant is large and perturbative treatment is
not applicable. In this region coupling constant is so large that quarks

become confined in a hadron. The processes with small momentum trans-
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fer is called soft processes and can be explained by the well established

non-perturbative approach, Lattice QCD.
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Figure 1.2. QCD coupling constant (ag) as a function of momentum trans-
fer [9].

1.3 Lattice QCD and Phase Diagram

According to Lattice QCD calculations, at sufficiently large temperatures
and energy densities, one expects a transition from normal nuclear matter
to a deconfined state of quarks and gluons. This is illustrated in Fig. 1.3,
which shows Lattice QCD calculations for the temperature 1" dependence
of the energy density ¢ scaled by T%. €/T* is proportional to number of
degree of freedom for the system. It is observed that at the temperature
around critical temperature, i.e. T =T, (T, ~154 MeV), ¢/T* has a sharp
increase, which slowly saturates at higher temperatures below the value of
the Stefan-Boltzmann value [10, 11], shown by arrows for different flavors

in Fig. 1.3. One of the most important observation is that at 7., sudden
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Figure 1.3. The energy density in QCD from lattice calculations. When the
temperature T reaches the critical temperature 7., the number of degrees of
freedom rapidly rises indicating that quarks and gluons become relevant degrees
of freedom. The arrows on top represents the Stefan-Boltzmann values for
a perfect Bose gas at asymptotically high temperature. The figure is taken
from [11]

increase in the degrees of freedom indicates a possible phase transition from
hadronic phase to deconfined state of quarks and gluons, called Quark-
Gluon Plasma (QGP). Although the T, varies with the quark flavors, but
the observation of the sudden increase of the degrees of freedom at T,

remains valid for all quark flavors.

The conjectured QCD phase diagram is shown in Fig. 1.4, which maps
out the different phases of QCD matter as a function of baryon chemical
potential (up) and temperature (T) [12]. If up increases beyond a critical
value keeping the temperature low, there is a possibility of formation of
baryon rich QGP, which is produced in Neutron Stars. At a very high
temperature and pup ~ 0, Lattice QCD predicts a rapid cross-over from
hadronic to QGP phase. This scenario is similar to the early Universe sce-
nario. Lattice QCD predicts a boundary in the QCD phase diagram, which
separates the region of matter dominated by hadronic degrees of freedom

from that dominated by partonic degrees of freedom. This boundary is
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called the “first order phase transition” line or the “QCD phase bound-
ary”. The point on this QCD phase boundary, where first order phase
transition ends and cross-over starts, is called “critical point”. One of the
main objectives of the high-energy heavy-ion collision experiments is to

map the QCD phase diagram, to locate the position of critical point, and
to determine the QCD phase boundary.

1Early Universe The Phases of QCD

£ Future LHC Experiments

()
st
>
=)
©
i
(0
o
5
|_

Critical Point

/—

aLlLELCEE Supercoﬁductor

Nuclear
Matter Neutron Stars
-
1

900 MeV
Baryon Chemical Potential

Figure 1.4. Phase diagram of QCD in the temperature and baryon chemical
potential plane. The figure is adopted from Ref. [12].

1.4 Relativistic Heavy-ion Collisions

Relativistic heavy-ion collisions provide a unique opportunity to study a
new state of matter, Quark Gluon Plasma in the laboratory. In the high-
energy heavy-ion collision experiments, two nuclei are accelerated to ultra-
relativistic velocities, as a result these nuclei, which are spherical in shape
are Lorentz contracted along the direction of motion (beam direction or
z-axis by convention) and look like disks. Then these Lorentz contracted
disks are made to collide with each other. The overlap region of the disks

depend upon the impact parameter. The nucleons which are in the overlap
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region are called participants and those which do not participate are called
spectators [13]. A schematic diagram of different stages of the heavy-ion

collision are shown in Fig. 1.5.
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Figure 1.5. A schematic picture of the time evolution of heavy-ion collision.
The figure is adopted from Ref. [13].

Fig. 1.6 shows the longitudinal space-time evolution of a relativistic
nucleus-nucleus collision, from the moment of nuclear overlap, via pre-
equilibrium to the formation of final state hadrons. Consider a heavy-ion
collision at z = 0,¢ = 0. Depending on the energy of the colliding nuclei,
the nucleons are either opaque or transparent to each other. If the energy
is sufficiently high, the nucleons pass through each other leaving behind a
trail of energy into a small volume, called firewall. If the energy density is
sufficiently high inside the firewall, it can form a strongly interacting matter
consisting of deconfined quarks and gluons, QGP. Lattice QCD calculation
show that beyond a critical energy density of ~1 GeV /fm? (or temperature
~ 200 MeV) matter exists in a QGP phase [11]. Initially the QGP may
not be in thermal equilibrium, but subsequent equilibration may bring it
to a local equilibrium at some proper time 75. Now as the firewall expands
it’s temperature drops down and at a later proper time the hadronization
takes place. At the same time particle production continues. After a cer-
tain time, the inelastic processes cease, leading to the Chemical freeze-out.
The corresponding temperature is called chemical freeze-out temperature
(Tt). At this stage the chemical composition of the produced particles
get fixed (the particle ratios are frozen) but the constituents can inter-

act among themselves via elastic scattering which may further change the
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Figure 1.6. A schematic depicting the longitudinal space-time evolution of
relativistic nucleus-nucleus collision.

shape of their transverse momentum spectra. When the mean free path of
the particles exceeds the dynamical size of the firewall, the elastic interac-
tion among the hadrons also ceases. This is called kinetic freeze out and
the corresponding temperature is known as kinetic freeze out temperature
(Tt,). At this point of time, particles come out of the fireball and detected

by the surrounding detectors.

1.5 Proposed Signatures of the QGP

The secondary particle production in heavy-ion collisions carry the infor-

mation related to the possible formation of QGP.

The QGP can not be detected directly in the heavy-ion collision ex-
periments, only the produced particles are detected by the surrounding
detectors. These particles may carry out the information about the initial
state collisions, which may be used to find the QGP signature. According
to the theory there are some proposed QGP signatures which can be mea-
sured in the experiments. Some of the QGP signature are discussed below

in brief.



e In heavy-ion and proton-proton collisions the net strangeness before
the collision is zero. Strangeness production is a signature and a
diagnostic tool of QGP formation and understanding its properties. It
has been observed that strange particle yield get enhanced in heavy-
ion collisions in comparison with the p + p(p) collisions. Strangeness
enhancement has been clearly observed in various experiments [14,

15].

e Jet quenching is another strong evidence of the QGP in heavy-ion
collisions. In case of dijet production in heavy-ion collisions the away
side jet traverse through the hot and dense medium and loses most
of its energy or may even completely absorbed by the medium [16].
This effect is known as “jet quenching”. So the dijet asymmetry in

heavy-ion collisions may provide the signature of the QGP.

e Nuclear modification factor (Raa) is defined as the ratio of yield in
heavy-ion collisions and in p + p(p) collisions, normalized to the num-
ber of binary collisions. It is observed that in p + Pb collisions R,p,
is consistent with unity after pr ~ 2 GeV/c while in most central
Pb+Pb collisions, Rpppp, is much less than one. The strong suppres-
sion observed in central Pb-+Pb collisions is an important signature
of QGP [17]. This has been observed for light and heavy-flavour as

well.

e J/v particle is the bound state of a charm quark (c¢) and a charm
antiquark (¢). If QGP is formed in heavy-ion collisions, the J/1
production will be inhibited due to the Debye screening. Hence, the
cc pair could not be able to form a J/t¢. This phenomenon is known
as J/¢ suppression and has been observed in various experiment [18,
19]. However, at the LHC enegies, the energy is sufficient enough
to contribute substantially to J/v yield through the process called

recombination or coalescence mechanism.

e The photons, produced through gluonic channels: ¢¢g — vg, gg — vq
and gq — ~q, are called direct photon [20-22]. Photons interact

10



with particles in the collision region only through electromagnetic
interactions. Consequently, their mean-free path is expected to be
too large and they may not suffer a collision after they are produced.
As a result, these high-energy photons, produced in the interior of
the plasma, usually pass through the surrounding matter without
interacting, carrying information directly from wherever they were

formed to the detector.

The fluctuations of conserved quantities in a finite phase space win-
dow, like net charge fluctutaion [23-25], are predicted to be one of
the most sensitive signals of the QGP formation and phaTse tran-
sition and may provide a complementary understanding of strong
interactions. To study net charge fluctuations the ratio of positive
to negative charge particles, i.e. R = N,/N—, is used to avoid vol-
ume fluctuations. The observable D, which is a measure of charge
fluctuations per unit entropy can be defined as:

D= (N (512) = 115 (13)

It has been shown that D = 4 for an uncorrelated pion gas, and after
taking resonance yields into account, the value decreases to D ~ 3.
Lattice calculations which include the quark - quark interactions give
a quantitatively different estimate for a QGP phase, ie. D ~ 1.0 —
1.5, which is significant lower than hadron gas. where the uncertainty
arises from the uncertainty of relating the entropy to the number of
charged particles in the final state [5]. Thus, a measurement of D
can be effectively used as a probe for distinguishing the two phases,

the hadron gas and the QGP [26].
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1.6 Multiparticle Production in

High-energy Collisions

Multiparticle production is one of the most intriguing topics in high-energy
collisions. The observables measured “first-day” in high-energy collisions,
namely charged particle multiplicity (Ne,) and densities in pseudorapid-
ity (dNe/dn and dEr/dn), are immediate characteristics of the process
and bring important information on the underlying dynamics of strong in-
teractions [27]. From fixed target to collider experiments, multiparticle
production has been studied over a wide range of collision energies starting
from few GeV to few TeV at LHC. These observables can also throw more
light in providing insight into the partonic structure of the colliding nuclei.
The evolution of these observables with energy, measured in experiments,

is discussed in the following sections.

1.6.1 Shapes of Charged Particle Pseudorapidity

Density Distributions
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Figure 1.7. The dN4,/dn in NSD p + p(p) collisions measured in various
experiments. The figure is taken from Fig. [28].

The d N, /dn has been measured in a variety of experiments for differ-
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ent colliding species in the energy range spanning a few GeV to a few TeV
per nucleon. Some of the distributions for p 4+ p(p) and Pb+Pb collisions
are presented in Fig. 1.7 to 1.9. It is clear that dNy,/dn (or dNg,/dy) dis-
tributions in p 4+ p(p) and A+A collisions have similar properties in shape
parameters [28]. The width and the amplitude of the dNy,/dn increases
with increase in collision energy [29]. Also it has been observed that width
of the central plateau region increases with energy. Moreover, the plateau
region converts into a dip at higher energies as shown in Figs. 1.7 and 1.9.
This dip in the pseudorapidity distribution depends on the mass of the
particles. Kaons have more dip than pions and protons have more dip than
pions and kaons at midrapidity [30]. This dip is not observed in rapidity
distributions, which can be understood by looking into the transformation
from rapidity to pseudorapidity variable [31, 32]. The transformation is

given by the following relation.

dN dN

—=J — 1.4

dn (77>PT) dy’ ( )
where J(n, pr) is Jacobian and can be given by
pr coshn

J(n,pr) = (1.5)

\/m% + p2 cosh® 7

Hence, for a fixed collision energy, higher is the mass of the particle
lower is the value of the Jacobian, which leads to higher degree of dip in
the pseudorapidity distribution. Landau hydrodynamical and Fermi mod-
els predict that the pseudorapidity distributions of the produced particles
follow a Gaussian distribution [33]. However, later rapidity was used to
characterize the particle production using Landau hydrodynamics by Car-
ruthers and Duong-van [30]. Fitting a double Gaussian function to the
pseudorapidity spectra is motivated by the trend of the data starting from
SPS [34] to LHC [35] at CERN. The width-parameters extracted from fit-

ting function are used to study the dynamics of the system.
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Figure 1.9. dNg,/dn distributions of Pb+Pb collision systems for the most

central events at different collision energies. The figure is adopted from
Ref. [29].

1.6.2 System Size Dependence of Multiplicity
Density

The study of the system size dependence of dNy,/dn may give some ad-
ditional information about evolution of the collisions system. Fig. 1.10
shows the Np-normalized dNg,/dn at midrapidity for Pb+Pb collisions

at +/syn = 2.76 TeV for LHC and for Au+Au collisions at /syny = 200GeV
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Figure 1.10. (dNu,/dn)/(Npart/2) as a function of N, measured by ALICE
and RHIC. The RHIC data are scaled by a factor of 2.1 (axis for the RHIC data
shown on the right). Furthermore the plot includes ALICE p + p data at /s
= 2.36 and 7 TeV. The figure is adopted from Ref. [36].

for RHIC, as a function of collision centralities (or Npat). A scaling factor
of 2.15 has been multiplied with the RHIC data to make a direct com-
parison with that of LHC data. If the different centrality classes have
same properties, then the distribution of (dNe,/dn)/(Npart/2) should be
flat and approximately at the level of p 4+ p(p) collisions [36]. It is clear
from Fig. 1.10 that (dNe/dn)/(Npart/2) grows with Npae at both RHIC
and LHC and at lower N, values, it approaches the level of p + p(p)

collisions.

The processes, which lead to the production of small transverse mo-
mentum particles (pr ~ 0.4 GeV/c) are called soft processes. On the other
hand, the processes which produce the particles with large transverse mo-
menta (pyr > 1 — 2 GeV//c) are called hard processes. In the framework of
“wounded nucleon model” [37], it is observed that the dN,/dn scales with
some power of Npa up to the SPS energy. That is called power-law fit and
is given by

dN

d—n = N}?art? (16)

where « is found to be ~1 for SPS energies. This linear relation with
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Npar is interpreted as that the particle production up to SPS energies
is mainly from the soft processes. However, the particle multiplicity at
RHIC and LHC energies could not be explained by the above relationship.
Therefore, a two-component model was adopted which incorporates both

the contributions of soft and hard processes by considering the Ny, and

Neon to describe the final state hadron multiplicity [38, 39].

1.6.3 Collision Energy Dependence of Multiplicity
Density

Several experiments have studied dNy,/dn distribution at various c.m. en-
ergies for p + p(p) and heavy-ion collisions. The results for A+A cen-
tral collisions and p + p(p) Non-Single Diffractive (NSD) and INELastic
(INEL) collisions are summarized in Fig. 1.11. To explain Npa¢-normalized
dNg, /dn at midrapidity, different phenomenological functions are fitted to
data. Logarithmic function explains data upto top RHIC energy. However,
it underestimates LHC data by 26%. On the other hand, a power-law fit
seems to overestimate the low energy data for nucleus-nucleus collisions
while explaining the high-energy data up to LHC energies [40]. The data
sets seem to fit to a power-law behaviour with the power decreasing while
going from A+A to p + p(p) collisions. These observations are found to go

inline with constituent quark picture [41-47].

1.6.4 System Size Dependance of Charged Particle
Multiplicty

The Npai-normalized charged particle multiplicities, Nep/(Npart/2), mea-
sured by PHOBOS for Cu+Cu and Au+Au, and ALICE experiments for
Pb+Pb collisions are shown in Fig. 1.12, 1.13, 1.14, respectively. It is
observed from Fig. 1.12 and 1.13 that the Nu,/(Npart/2) scales perfectly
with Npar¢ within the statistical uncertainties and show almost centrality

independent behaviour. However, similar effect is not observed for Pb+Pb
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Figure 1.11.  (dNu/dn)/(Npart/2) for central Pb+Pb and Au+Au colli-
sions as a function of |/syn. Measurements for INEL p + p(p) collisions as a
function of /s are also shown. The figure is taken from [40]

collisions at /syy = 2.76 TeV, as shown in Fig. 1.14. The monotonic in-
crease of Nen/(Npart/2) with centrality can be explained by the increased
gluonic contributions in the midrapidity region [48, 49] and hence a par-
ticipant scaling is violated. This needs further theoretical understanding
along with the availability of higher energy data. We propose explaining
in Chapter 5.8.

1.6.5 Universality in Multiparticle Production

In order to understand the available experimental data, various theoretical
and phenomenological models have been proposed. Most of these models
are based on the phenomenological approaches such as geometrical, hydro-
dynamical, and statistical approaches etc [27]. However, the diverse nature
of the experimental data poses a major challenge before physics community

to find out any scaling relationship in multiparticle production among all
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Figure 1.12. N, /(Npart/2) as a function of Ny, for Cu+Cu collisions at
different collision energies. The figure is taken from Ref. [29].
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Figure 1.13. Ng,/(Npart/2) as a function of Ny, for Au+Au collisions at
different collision energies. The figure is taken from Ref. [29].

types of collisions.

In Fig. 1.15(a), (dNen/dn)/(Npart/2) of charged particles produced in
central Au+Au collisions at /syy = 19.6 and 200 GeV are compared with
ete” and p + p systems. It is observed that the (dNe/dn)/(Npar/2) for

p + p system is quite different from ete™ and heavy-ion systems.

The PHOBOS experiment has measured the Nep, /(Npare/2) in Au+Au

collisions as a function of the Ny, for three different energies ( Fig.1.15(b)).
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Figure 1.15. (a) (dNe/dn)/(Npart/2) of charged particles produced in central
Au+Au collisions at \/syn = 19.6 and 200 GeV, compared with elementary systems.
(b) Nen/(Npart/2) vs. Npare is shown for /syn =19.6, 130, and 200 GeV as
closed symbols. The open symbols show UA5 data at 200 GeV and results from an
interpolation of NSD data at other energies. The dotted lines show the values from
the ete™ fit [50].

A very weak centrality dependence is observed, reminiscent of “wounded
nucleon” scaling, but with a proportionality factor that is different than
that seen in p + p(p) collisions. It is evident from Fig. 1.16 that above

SPS energies, Na/(Npart/2) in central events evolves with /s in the same
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same +/s [50].

way and is very close to the eTe™ data. This is somewhat suggestive of a
common mechanism of particle production in strongly-interacting systems,
controlled mainly by the amount of energy available for particle produc-
tion [50]. This may be related to the multiple collisions suffered by each
participant nucleon, which could substantially reduce the leading particle
effect seen in p + p(p) collisions and suggests that after the first few colli-
sions per participant, the Ng,/(Npart/2) saturates near the value measured

*Te~ reactions.

in e

Ultimately, the existence of simple scaling behavior with FEeg = /s/2
and Ny constraints on particle production than previously considered
based on the idea of leading particle. Without some overall constraint, it

is difficult to understand how the various physics effects contribute inde-

pendently to the bulk particle production in A+A collisions.

On the other hand the effective energy and the corresponding inelas-

ticity are related to the 3-quark structure of the nucleon [51, 52]. In this
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simple picture the interaction of one of the three valence quarks in each

nucleon would correspond to an average inelasticity (K) = 1/3.

This inelasticity coefficient has been estimated by fitting following
function to the p + p(p) data.

fon(V/5) = fee(K\/5) 4 no. (1.7)

Here, ngy corresponds to the contribution from the leading protons to the
total multiplicity and is expected to be close to ng = 2. While fitting Eq.1.7
to p + p(p) data one obtains K = 0.35+ 0.01 and ny = 2.2 +0.19.

This discussion leads to the conclusion that ete™ and p + p(p) mul-
tiplicities will show a universal behaviour if p + p(p) data is scaled by
1/3 [53]; which is in contrast with the earlier predictions made by PHO-
BOS experiment to scale by 1/2 [50].
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Figure 1.17. Ng, as a function of c.m. collision energy for ee~ and

p + p(p). The figures is adopted from Ref. [53].

Therefore, the non-availability of consistent universal scaling in
charged particle multiplicities and no available scaling for charged par-
ticle density, motivates us to further explore the universal scaling for both

the observables in all type of collision systems. This aspect is discussed in
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Chapters 4 & 5 in details, while exploring a universal multiparticle produc-

tion mechanism in hadronic and nuclear collisions.
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Chapter 2

Experimental Setup

“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart
you are. If it doesn’t agree with experiment, it’s wrong.”

— Richard Feynman
In this Chapter we give a brief introduction of the Large Hadron Col-
lider (LHC) and the A Large Ion Collider Experiment (ALICE). A short

overview and physics goals of all the sub-detectors of ALICE are discussed.

2.1 Large Harron Collider (LHC)

The Large Hadron Collider (LHC) at CERN is the world’s largest and
most powerful particle accelerator [54]. It first started up on 10 Septem-
ber 2008, and remains the latest addition to CERN’s accelerator complex.
The LHC tunnel of circumference 27 km is situated 100 to 175 meter under-
ground of French-Swiss border near the city of Geneva. Inside the tunnel,
there are two separate beam pipes surrounded by superconducting dipole
magnets with a number of accelerating structures to boost the energy of
the particles along the way. The schematic view of LHC ring and CERN
facilities for beam production to beam injection is shown in Fig. 2.1. Injec-
tion procedures for proton beam and Pb ion beam to the main LHC ring

involve multi-stage process [55], which are discussed herewith.

Proton beams are produced by stripping hydrogen atoms using an
electric field. These produced protons are accelerated by Linear Accelerator

(LINAC2) up to 50 GeV and then injected to Proton Synchrotron Booster
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Figure 2.1. CERN accelerator complex at the LHC.

(PSB) , which accelerates the protons to 1.4 GeV. Then the PSB injects
the beam to Proton Synchrotron (PS), where proton beam is accelerated to
25 GeV. Further the proton beams are sent to Super Proton Synchrotron
(SPS) and accelerated to 450 GeV. Finally, the proton beams are injected
to the LHC ring.

Lead ion (Pb®*) production is a more complex than proton beam. A
pure Lead sample is heated upto 550°C' to get pure vaporised lead sample.
The lead vapour is initially ionized by passing electrical current and then
these Pb ions are accelerated by LINAC3. Pb ion beams are then passed
through carbon foil for further stripping of electrons to make Pb***. Before
injecting to PS, Pb®** are accelerated to 72 MeV per nucleon in Low Energy
Ion Ring (LEIR). The final stripping of the rest of the electrons of P>+
are done in PS and Pb** are generated. PS accelerates the ion beam to
5.9 GeV and then sends to SPS, where ion beam is accelerated to 177 GeV

per nucleon.

After that the ion beams are injected to the two beam pipes of the
LHC ring. The beam in one pipe circulates clockwise while the beam in
the other pipe circulates anticlockwise. The circulating beams are made to
collide at four different collisions points where four major detector facilities
are established to record the collision data. Fig. 2.2 shows the LHC layout

with all four major experiments.

24



Low B (pp)
High Luminosity

. Octant3 /

(B physics)

Figure 2.2. Schematic view of the LHC.

A Toroidal LHC ApparatuS (ATLAS) and Compact Muon Solenoid
(CMS) are two high luminosity general purpose experiments situated op-
posite to each other in LHC ring at Point 1 and Point 5, respectively. The
main physics goal to design ATLAS and CMS is to address the Standard
Model (SM) prediction: the Higgs Boson [3, 4]. Recently, discovery of Higgs
Boson is announced by these two experiments in the mass region around
126 GeV [5, 6]. In addition to Higgs Boson search, physics beyond SM
like SUper-SYmmetry (SUSY) particles and extra dimensions can also be
studied by these two experiments. Large Hadron Collider beauty (LHCb)
experiment is a small dedicated experiment to deal with matter anti-matter
puzzle in the Universe. It is installed at Point 8 of the LHC ring. The AL-
ICE is a custom built detector for the heavy-ion collisions to study the
matter created at high temperature and/or energy density for the possible
formation of Quark Gluon Plasma (QGP), a deconfined state of quarks and
gluons (collectively called as partons). The ALICE is located at point 2
and takes data for p + p, p + Pb and Pb+Pb collisions. The proton data
will be used as a reference data to the heavy-ion-collisions. The important

parameters of LHC accelerator are summarized in Table 2.1.
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Table 2.1. Some LHC nominal proton and lead beam parameters (3"¢ and
4™ columns). The last column are the actual values used in proton beams in

2012.
Units Proton ‘ Lead ‘ June 2012
Number of magnets 9593
Number of dipoles 1232
Number of quadrupoles 392
Beam energy TeV 7 2.76/n 4
Bunches per beam 2808 592 1380
Protons/ions per bunch 1.15x10M" | 7x107 1.48x10"!
Bunch separation ns 25 100 50
Luminosity em 2571 103 10%7 6.8x1033
Beam size at IP pm 16.7 15.9 19
Beam current A 0.582 6.12x1073 0.369

2.2 A Large Ion Collider Experiment
(ALICE)

ALICE focuses on the physics of strongly interacting matter at extreme
temperatures and/or energy densities. The existence of the QGP and its
properties are key issues in QCD for understanding color confinement and
chiral symmetry restoration. ALICE is the only experiment at LHC, which
is specially designed for the heavy-ion program. It has excellent tracking
and Particle IDentification (PID) capabilities over a wide range of momenta
starting from 100MeV/c to 100 GeV /¢, which allows to study soft physics
(intermediate pr) and high pr jets (pr > 10GeV/c). The ALICE is made
up of various sub-detectors. These sub-detectors (shown in Fig. 2.3) can

be categorized in three major parts as followings:

e Central barrel detectors having pseudorapidity |n| < 0.9 contained
within the L3 magnet of maximum magnetic field strength of 0.5 T.
The central barrel detectors are optimized for tracking and PID of

produced charged particles.

e Muon spectrometer is installed in forward pseudorapidity (2.4 <n <
4.0) to study quarkonia (J/v, ¢, T, Y/, T") production via their decay

in dimuon channels.
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e Forward detectors are some specialized small detector systems in-
stalled in the forward pseudorapidity region (n > 1.0) with different
physics goals.

« « . ACORDE

L3 Magnet

MUON
Trigger

HMPID VO  Tracker

Figure 2.3. A schematic diagram of the ALICE with all sub-detectors [28].

Fig. 2.4 shows the pseudorapidity acceptance (1) of the ALICE sub-
detectors with charged particle pseudorapidity density (dNy,/dn) predic-
tion for p+p collisions by event generator Pythia [56]. The sub-detectors
have full azimuth coverage (¢) except for the ones marked with an asterisk.
A summary of all the sub-detectors is given in Table 4.1. The mechani-
cal design and physics goals of ALICE sub-detectors are described in the

following sections.

2.3 Central Barrel Detectors

The Central barrel detectors, covering midrapidity region |n| < 0.9 over
the full azimuthal coverage are installed symmetrically around the inter-
section point and placed inside a large solenoidal magnet L3 with nominal
magnetic field of 0.5T. These detectors are mainly used for tracking and
PID of charged particles using various techniques. The central barrel con-

sists of Inner Tracking System (ITS), Time Projection Chamber (TPC),
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Figure 2.4. The pseudorapidity acceptance of the ALICE sub-detectors at
LHC [28].

Transition Radiation Detector (TRD), Time-Of-Flight (TOF) , High Mo-
mentum Particle Identification (HMPID), PHOton Spectrometer (PHOS),
Electro Magnetic Calorimeter (EMCAL) and ALICE Cosmic Ray Detec-
tor (ACORDE). All the detectors except HMPID, PHOS, EMCAL and
ACORDE have full azimuthal coverage around the beam pipe. Detector

components and their performance are briefly discussed here.

2.3.1 Inner Tracking System (ITS)

The Inner Tracking System (ITS) [57] is the inner most detector of ALICE,
which consists of three subsystems (Silicon Pixel Detector, Silicon Drift De-
tector and Silicon Strip Detector) each with two concentric silicon layers
around the beam pipe. In order to achieve the required impact param-
eter resolution in the high multiplicity environment produced in Pb+Pb
collisions in ALICE, SPD layers have been chosen for the innermost two
layers followed by two layers of SDD. The two outer layers, where the track
density is smaller, are equipped with double-sided SSD. The locations of
SPD, SDD and SSD are suitably chosen to optimize the individual detector
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Table 2.2. A summary of sub-detectors of ALICE [54]

Detectors Position (cm) | Acceptance (n) | Acceptance (¢) technology purpose
SPD (layerl, 2) 39,76 +2, +£1.4 full Si Pixel tracking, vertex
SDD (layer 3, 4) 15.0, 23.9 +0.9, +£0.9 full Si drift tracking, PID
SSD (layer 5, 6) 38, 43 +0.97, +0.1 full Si strip tracking, PID

TPC (IORC, OROC) 85, 247 +0.9 full Ne drift, MWPC tracking, PID
TRD 290, 368 +0.8 full TR, Xe drift, MWPC tracking, e* id
TOF 370, 399 +0.9 full MRPC PID
PHOS 460, 478 +0.12 220, 320 PbWO4 photons

EMCAL 430, 455 +0.7 80, 187 Pb, scint photons, jets

HMPID 490 +0.6 1, 59 CeF14, RICH, MW PC PID

ACORDE 850 +1.3 30, 150 scint. cosmics

FMD 320 3.6 <n<5.0 full Si strip charged particle
80 1.7 <n< 3.7 full Si strip
-70 34 <n<-17 full Si strip
PMD 367 23 <n<39 full Pb+PC photons
ZDC +113 m n> 8.8 full W+quartz forward neutrons
+113 m 65 <n<75 ¢ <10 brass, quartz forward protons
7.3 m 4.8 <n< 5.7 ¢ <32 Pb, quartz photons
Vo 340 28 <np< 5.1 full scint. time, vettex
-90 3.7 << 17 full scint.
TO 370 4.6 <n<49 full quartz time, vetex
-70 3.3 <n<-3.0 full quartz
MCH -14.2,-54m | -4.0 <n<-25 full MWPC muon tracking
MTR -17.1,16.1 m [-4.0 <9 < -2.5 full RPC muon trigger

performance in the high multiplicity environment. These subsystems are
located at radii between 3.9 cm and 43.9 ¢cm and cover the pseudorapid-
ity range |n| < 0.9 for vertices located within 6.0 cm with respect to the
nominal interaction point. The four outer layers have analog readout and
therefore can be used for particle identification via dF/dx measurement
in the non-relativistic (1/5%) region. The analog readout has a dynamic
range large enough to provide the dF /dz measurement for low-momentum,

highly ionising particles down to the lowest momentum at which tracks can

still be reconstructed.

The main aims of the I'TS are to determine primary as well as sec-
ondary (decays of D and B mesons, and hyperons) vertices with resolution
better than 100 pm and to provide high-resolution tracking of charged par-

ticles for low momentum particles (below 100 MeV/c). It also improves
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the momentum and angle resolution of particles tracked by the Time Pro-
jection Chamber (TPC) by expanding the acceptance to the dead regions
of the TPC. A schematic layout of ITS is shown in Fig. 2.5

87.2 cm

Figure 2.5. Layout of Inner Tracking System.

e Silicon Pixel Detector (SPD): Two inner most layers (1st and 2nd)
of the ITS, with radii 3.9 cm and 7.6 cm from the interaction point,
constitute the SPD and each layer of SPD is made up of hybrid silicon
pixels which consist of silicon detector diodes with a thickness of 200
pm. It plays an important role in reconstructing the primary vertex
and measurement of impact parameter of secondary tracks coming
from weakly decaying particles, like strange baryons and D-mesons.
The information from the SPD alone is sufficient to form so-called
tracklets and thus to measure the charged particle multiplicity. Its
wider pseudorapidity coverage (|n| < 1.75) provides extended rapidity

coverage for the multiplicity measurement.

e Silicon Drift Detector (SDD): The next two layers (3rd and 4th)
of the ITS are called Silicon Drift Detector (SDD) and are located
at average radii of 14.9 and 23.8 cm, respectively. It is composed of
homogeneous high-resistivity silicon layers with thickness of 300 pm.
SDD gives position information with spatial precision of 35 pym. It
also provides two out of four energy-loss (dE/dx) samples needed for

the particle identification (PID).
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e Silicon Strip Detector (SSD): The two outermost layers (5th and
6th) of ITS are called SSD and are located at average radii of 38.0
and 43.9 cm from the interaction point, respectively. These layers
are made up of 300 pum thick double-sided silicon micro-strip sensor.
The SSD layers are crucial for the track matching from the TPC to
the ITS. They provide a two dimensional measurement of the track
position and dF/dz information to assist particle identification, in

particular for low-momentum particles.

2.3.2 Time Projection Chamber (TPC)

The TPC is the main detector in the ALICE central barrel and also known
as the heart of the ALICE detector system [58]. TPC is designed to provide,
in combination with the other central barrel detectors, charged-particle mo-
mentum measurements with good two-track separation (efficiency larger
than 90%), particle identification (dE/dx resolution better than 10%), and
vertex determination. TPC has full azimuthal coverage of 360° with pseu-

dorapidity coverage of |n| < 0.9 [59].

The TPC is made of a large cylindrical field cage, surrounding the I'TS
with a active volume of 90 m?, which makes it the largest TPC of the world.
A Schematic view of the TPC detector is shown in Fig. 2.6. The active
volume has an inner and outer radii of 85 cm and 250 cm respectively, with
an overall length of 500 cm in the beam direction (z-direction). It is filled
with a gas mixture of Ne and C'O, in proportions of 90:10. Most recently
it was proposed to add 5% N, gas to the mixture to provide higher gain
stability. A high voltage (HV) electrode (30 um thick) is located at its
axial centre, aligned to the interaction point, divides the gas volume in two
symmetric drift regions of 250 cm in length and creates the highly uniform
electrostatic field through out the gas volume of the TPC. The readout
chambers are installed at the two end plates of the cylinder (z = £2.5 m),
based on the Multi-Wire Proportional Chamber (MWPC) technique. Each

end-plate is segmented into 18 trapezoidal sectors with cathode pad readout
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covering an overall active area of 32.5 m?. The Readout chambers are

specially designed to adapt the high track density expected in Pb+Pb at
LHC.

OUTER FIELD

A\ READOUT WIRE
\|| CHAMBERS

CENTRALHV .

ELECTRODE /. INNER FIELD
CAGE

Figure 2.6. A Schematic view of the ALICE TPC.

Particle Identification Method
When a charged particle traverses through the TPC active volume, it
ionises the gas along their path. The electrons produced in ionization,
drifts parallel to the electric and magnetic field, towards one of the end
plates. The charge collected at the end plate is proportional to the energy
loss of particles in the gas mixture. The image of the ionizing track is
broadened by the transverse diffusion of electrons during the drifting. The
magnetic field reduces this effect by forcing the electrons to go in helical
paths around the magnetic field. The magnetic field also bends the paths
of the ionizing particles, making it possible to measure their momentum
from the curvature of the track. At the end plates, which are divided in 18
sectors, Multi-Wire Proportional Chamber (MWPC) creates an avalanche
of electrons in the strong field around the anode wires. The released elec-
trons induce a signal on the cathode plane, which is divided into pads of
size 4 - 6 mm (¢-direction) and 7.5 -15 mm (r-direction). The signals on the

pads are amplified and digitized by the Front End electronics and passed
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further to the DAQ The location of the signal on the pad plane gives the
r¢-position of the track. The position along the beam axis (z-axis) is de-
termined by measuring the time taken by the charged particles to reach
at the end plates. This conversion from time to distance is what gives the

TPC its name-“Time Projection Chamber”.

The total energy loss of the traveling charged particle, i.e.the integral
over all energies lost to the individual gas atoms inside TPC, is given by

the Bethe-Bloch formula,

dF 9 y Z 2 2me V20 Wnaa 9 C
— % = 277Na7”emec pZE [ln (T — 26 — 5 — 22 (21)
where

N,: Avogadro’s number

m.: mass of electron

ro(= €?/m.): classical electron radius

Z: atomic number of the absorbing material

A: atomic weight of the absorbing material
y=1/y1-p5

I: mean excitation potential

Winae: maximum energy transfer in a single collision
0: density correction

C': shell correction

c: speed of light

Fig. 2.7 shows the measured dE/dx versus particle momentum (p) in
the TPC detector, demonstrating the clear separation between the different
charged particle species [60]. The continuous curves are the Bethe-Bloch

parameterization used in the analysis for different particle hypotheses [61].

TPC can identify charged particles in a broad range of transverse
momentum from 0.1 GeV/c to 100 GeV/c with momentum resolution of
6% (below 10 GeV/c) and the dE/dx resolution better than 5% (for isolated
tracks) [62]. In conjunction with the ALICE TRD and ITS, TPC can also

be used to study vector meson resonances, charm and beauty by measuring
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Figure 2.7. Specific energy loss (dE/dx) in the TPC vs. particle momentum in
Pb+Pbat \/syn = 2.76 TeV. The continuous line shows the parameterizations
of the expected mean energy loss using Bethe-Bloch formula. Figure is taken
from Ref. [60].

leptonic observables.

2.3.3 Transition Radiation Detector (TRD)

The main purpose of the Transition Radiation Detector (TRD) [63] in
ALICE is to provide identification of the electron passing through central
barrel region, especially at higher momenta above 1 GeV/c. Layout of AL-
ICE TRD is shown in Fig. 2.8. Electrons with the momenta below 1 GeV/c
can be identified in the TPC via specific energy loss measurement. TRD is
placed in between TPC and TOF at a radial position of 290 cm to 368 cm
from the beam pipe. It has a coverage of |n| < 0.84 in pseudorapidity and
360° azimuth. TRD consists of 18 supermodules, where each supermodule
contains 30 modules arranged in five stacks along z-direction and six layers
in radius. Each individual layer is made up of a radiator, a drift chamber
and Multi Wire Proportional Counter (MWPC) with readout electronics.
The drift chamber is filled with a gas mixture of Ar and C'Os in the ratio
of 85:15 and total active area subtended by the pads is 716 m? [63].
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Figure 2.8. A schematic layout of TRD in the ALICE space frame.

The working principle of TRD is shown schematically in Fig. 2.9.
When a relativistic charged particle (y > 1000) traverses through the
boundaries between media having different dielectric constants (refraction
indices), radiates photons in the soft X-rays range, called Transition Radi-
ation (TR). The working principle of TRD is based on the phenomena of
Transition Radiation. The high-energy electrons with v > 1000 produces
about 1.45 X-ray photons (TR) in the energy range of 1 to 30 keV and
these photons are detected by the gaseous detector. The pion can not emit
TR below a momentum about 100 GeV/c, which helps TRD to achieve
a 100% pion rejection capability for momenta above 1 GeV/c in central
Pb-Pb collisions, this allows for the better measurement of .J/1 production
through di-electron channel using ALICE detector at LHC. It also provides
a fast trigger (L1) for charged particles with high momentum in ALICE.

2.3.4 Time-Of-Flight (TOF)

The Time-Of-Flight (TOF) detector [64, 65] is a gas based Multigap Re-
sistive Plate Chamber (MRPC), where a high and uniform electric field
is applied over the full sensitive gaseous volume of the detector. TOF

is located around the TRD with 270 cm inner and 399 cm outer radius

35



electron

amplification
region

anode |

wires

cathode
wires

[ ' drift
iz region

C)

primary | ||| |11 | ‘ Drift i
clusters |- L Z Chamber

entrance 72
window\

;

[

pion TR photon electron

Figure 2.9. Working principle of TRD [63].

from the beam pipe. It has a coverage of |n| < 0.9 in pseudorapidity and
45° < ¢ < 135° in azimuth. The main goal of TOF detector in ALICE is
to identify charged particles in the intermediate momentum range: below
2.5 GeV/c for pions and kaons, up to 4 GeV/c for protons, with a p/K and
K/p separation better than 30 [66, 67]. The TOF, coupled with the track-
ing systems I'TS and TPC, provides better track and vertex reconstruction
and event-by-event identification of large samples of pions, kaons and pro-
tons. In addition, these identified kaons help in invariant mass studies,
in particular the detection of open-heavy flavour states and vector-meson

resonances.

MRPC provides an intrinsic time resolution better than 50 ps with an
efficiency close to 100% and a large operational plateau. The TOF is made
up of 1593 MRPCs arranged in 90 gas-tight modules. The whole structure
is divided into 18 sectors in ¢ with 5 segment in z-direction. Each sector

contains a supermodule more than 9 m long: five modules are grouped
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Figure 2.10. A Schematic diagram of cross-sectional view of the double-stack
10-gap TOF MRPC strip [68].

in a line to form one supermodule [68]. The basic building block of the
TOF is a 10-gap double-stack MRPC strip (see Fig. 2.10), with an active
area of 120 x 7.4 ¢m? and subdivided into two rows of 48 pads with the
dimension of 3.5 x 2.5 em?. The strips are placed inside gas-tight modules,
act as Faraday cages, with a gas mixture of CyHsF;(90%),i-CyH1o(5%)
and SFs(5%) at atmospheric pressure and are positioned transversely to

the beam direction in a tilted manner to minimize the dead area.

A Schematic diagram and principle of operation of a MRPC is shown
in Fig. 2.11. When a charged particle passes through the gaseous volume
it ionises the gas and the high electric field amplifies this ionization by an
electron avalanche. The resistive plates stop the avalanche development
in each gap and the total signal is the sum of the signals from all gaps
whereas the time jitter of the signal depends on the width of the individual
gap. These signals are then collected by the readouts with almost zero drift
time. The Time-Of-Flight (TOF) technique is based on the measurement

of the particle time-of-flight between collision point and the arrival of the
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Figure 2.11. A Schematic diagram and principle of operation of a MRPC

particles in the TOF. If ¢ is the time of flight and L is trajectory length of

the particle in TOF then mass of the particle can be calculated as,

2 /242
s D7 [ct
m == (—L2 — 1) (2.2)

Then, the time-of-flight difference for two particles having unequal
mass mp and my with same momentum p and the same trajectory length

L can be given by (in the limit m2c?/p* < 1)

L 2 2
hetr= o (’mcp#) (2.3)

The TOF detector identifies particles with the number of standard

deviations in the time-of-flight difference of two particles

1 — 1o
ot

Ng =

(2.4)

where 0t is the time resolution of the TOF detector. The TOF also
provides a pre-trigger (before L0) “wake-up” signal to the TRD in around
200 ns.
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2.3.5 High Momentum Particle Identification
(HMPID)

High-Momentum Particle Identification Detector (HMPID) is a proxim-
ity focusing Ring-Imaging Cherenkov (RICH) detector for high-momentum
particle identification [69]. Tt is the largest detector of this kind, using CsI
photosensitive elements, ever used in High-Energy Physics experiments
and the only “CsI-RICH” at LHC. HMPID is made up of 7 modules of
1.5 x 1.5 m?, placed at 500 e¢m from the beam line at the 2 o'clock po-
sition to minimize the density of arriving particles. It has a coverage of
In| < 0.6 in pseudorapidity and 1.2° < ¢ < 58.8° azimuth. The HMPID
detector is designed to extend the momentum range for the measurement
of ratio of 7/K up to 3 GeV/c and K/p up to 5 GeV/c, on a track-by-
track basis. It enhances the particle identification capability of the ALICE
detector beyond the momentum range allowed by the energy loss in detec-
tors like ITS, TPC and Time of Flight (TOF). The geometry of HMPID
is optimized with respect to particle yields at high-py in hadronic and nu-
clear collisions, and with respect to the large opening angle needed for the
two-particle correlation measurements at the LHC energies. In addition,
HMPID can also be used to identify light nuclei and anti-nuclei (d, t, *He,

«) at high-pr in midrapidity region [70].

2.3.6 PHOton Spectrometer (PHOS)

ALICE PHOton Spectrometer (PHOS) is a high resolution electromagnetic
calorimeter. It is designed to detect and identify photons and measure
their high resolution 4-momenta in order to perform the ALICE physics
programme which exploits direct photons and light neutral mesons (7°
and 7 mesons mainly) as probes [59, 71]. PHOS detects photons with a
broad dynamical range in transverse momentum of 5 MeV to 100 GeV,
which allows to access key information about the hard and soft processes

occurring in p + p, p+A and A+A collisions at LHC energies. It is placed
inside the solenoidal magnet and on the bottom of ALICE set-up at a
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distance of 460 cm from the interaction point with coverage of 100° in

azimuth and |n| < 0.12 in pseudorapidity.

Figure 2.12. PbW O, PHOS crystal in ALICE

PHOS detector is made up of an electromagnetic calorimeter (EMC),
and a Charged Particle Veto (CPV) detector. The EMC is divided into 5
modules, consisting of 64 x 56 lead-tungstate scintillator crystals, PbWO4
(or PWO), shown in Fig. 2.12. Each crystal is a 18 cm long parallelopiped,
which is equivalent to 20 radiation length units (Xo[PbW O] = 0.89 cm).
Their cross section is 22 x 22 mm? which corresponds to the 90 % of the
Moliere radius (rp[PbWO,] = 20 mm). The scintillation light is in the
visible near UV wavelength range and is detected by 5 x 5 mm? Avalanche
Photo-Diodes (APD) coupled to low-noise pre-amplifiers. The CPV detec-
tor consists of MWPC with cathode pad as a read-out. Each ECM module
is covered by a CPV module with an active area of 144.6 X 6.6 x 1.4 m? and
filled with a gas mixture of Ar and C'Oy in the ratio of 80:20 at a pressure
slightly above atmospheric pressure. CPV is used to provide discrimination

against charged particles.
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2.3.7 Electro Magnetic Calorimeter (EMCAL)

The ElectroMagnetic CALorimeter (EMCAL) is a Pb-scintillator sampling
calorimeter with cylindrical geometry. It is placed inside the L3 magnet
coil and at a radius of about 450 cm from the beam pipe. It covers the
pseudorapidity region |n| < 0.7 and ¢ = 107° and is positioned opposite
to the PHOS in the azimuthal direction and adjacent to HMPID. EMCAL
is designed to measure 7 and n by measuring decay photons like PHOS
detector. EMCAL is larger than PHOS in size with an acceptance of about
23% of phase space of the central pseudorapidity region, but provides lower
granularity and energy resolution. It is made up of 10 full size and 2
one-third size supermodules in the full detector acceptance. The full size
module covers An = 0.7 and ¢ = 20°, whereas the one-third module covers
An = 0.7 and ¢ = 7°. It provides fast and efficient triggers (Lg, L) for
hard jets, photons and electrons. It also measures the neutral components
of jets, which allow the full reconstruction of jets in all type of collisions at
LHC. Together with the TPC, EMCAL provides a good energy resolution
for jet reconstruction and high sensitivity to jet-quenching effects expected

at LHC [72, 73).

2.3.8 ALICE Cosmic Ray Detector (ACORDE)

ALICE Cosmic Ray DEtector (ACORDE) is an array of plastic scintillators
located at a radial distance of 850 cm on the top of the .3 magnet coil to
trigger cosmic rays. It is made up of two scintillator counters, each of them
with effective area of 190 x 20 cm?, placed on top of each other and read
out in coincidence. ACORDE covers the pseudorapidity region |n| < 0.13
and —60° < ¢ < 60° azimuth and provides a fast Ly trigger to ALICE
Central Trigger Process when atmospheric muons pass through the ALICE
detectors. ACORDE is mainly used for calibration, alignment and perfor-
mance of tracking detectors like ITS, TPC, TOF and HMPID. ACORDE
can measure atmospheric muons which allow to analyze the muon momen-

tum spectra with very high precision in a large range of energy (100 GeV
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to 2 TeV) [74].

2.4 Forward Detectors

ALICE experiment is equipped with some specialized small detector sys-
tems installed in the forward pseudorapidity region on the both sides of
the interaction points, such as Forward Multiplicity Detector (FMD), Pho-
ton Multiplicity Detector (PMD), Zero Degree Calorimeter (ZDC) and de-
tectors for trigger and timing (VZERO (V0) and TZERO (T0)). In this

section, we give a brief description of these detectors.

2.4.1 Forward Multiplicity Detector (FMD)

Forward Multiplicity Detector (FMD) [75] is specially designed to measure
the charged particles produced in the collisions, which are emitted at very
small angles relative to the beam direction (z-axis). It is made up of 5 discs
of silicon pad detectors (FMD1i, FMD2i, FMD2o, FMD3i, FMD30), 2 of
them are located on the muon spectrometer side and rest 3 are on the op-
posite side (Fig. 2.13). The FMD is the primary detector, which measures
the charged particles multiplicity distribution over a pseudorapidity cover-
ages of —3.4 <n < —0.17 and 1.7 < n < 5.0 corresponding to an angular
coverage 0.75° < ¢ < 21° [74]. In addition to charged particle multiplicity
measurements, FMD is also capable to study elliptic low and multiplicity
fluctuations. These observables are essential to understand the properties

of the Quark Gluon Plasma, and the phase transition from normal matter

to QGP.

2.4.2 VZERO (V0)

ALICE VZERO (VO0) [75] is a small angle detector consisting of two arrays
of 32 plastic scintillating counters, named as VOA and VOC, which are in-
stalled on both sides of the interaction point. The VOA is placed 330 cm
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Figure 2.13. Layout of the FMD rings in the ALICE experiment. FMD2
and FMD3 are placed on both sides of the ITS detector while FMD1 is much
further away from the interaction point (IP).

away from the interaction point on the side opposite to the muon spec-
trometer. The VOC is fixed at the front face of the hadronic absorber, 90
cm away from the vertex. It provides Minimum-Bias triggers and Central-
ity Triggers for the central barrel detectors in p+p and Pb+Pb collisions.
Fig. 2.13 shows both the scintillating counters VOA and VOC covering the
pseudorapidity ranges, 2.8 < n < 5.1 and —3.7 < n < —1.7, respectively.

The VO detector is used to measure beam luminosity, multiplicity and
azimuthal distributions of charged particles. The control of the luminosity
allows the determination of the absolute cross-section value of reaction
processes. The knowledge of the charged particle multiplicity is essential for
the evaluation of the centrality in nucleus-nucleus collisions. Furthermore,
it is also used to estimate the centrality of the collision by adding up the
energy deposited by the charged particles in the two disks VOA and VOC.
This observable scales with the number of primary particles generated in

the collision and therefore to the centrality.
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2.4.3 TZERO (T0)

ALICE TZERO (T0) [75] is the fast timing and trigger detector consisting
of two arrays of Cherenkov counters, called TOA and TOC. The TOA is
placed at a distance of 375 cm from the interaction point, opposite to the
Muon spectrometer with the pseudorapidity coverage of 4.61 < n < 5.92,
whereas the other component TOC is placed at a distance of 727 cm from
the interaction point on the opposite side of TOA with the pseudorapidity
coverage of —3.28 < n < —2.97. Each array of TO detector is made up of
12 cylindrical counters equipped with a quartz radiator and a photomulti-
plier tube. The TO detector is also used for online luminosity monitoring

providing fast feedback to the accelerator team.

2.4.4 Zero Degree Calorimeter (ZDC)

Zero Degree Calorimeters (ZDC) [76] is located on both sides of the nomi-
nal interaction point at a distance of 116 m, exactly along the beam line.
The ZDCs are used to detect the energy of the spectator nucleons in order
to determine the overlap region of the colliding nuclei in heavy-ion colli-
sions. It also provides an estimation of the reaction plane in the nuclear
collisions at LHC. Each ZDC is constructed by two distinct detectors: one
for spectator neutrons (ZN) placed at 0° with respect to the beam axis and
is used to detect neutral particles at pseudorapidities || > 8.7 and the
other for spectator protons (ZP) located externally to the outgoing beam
pipe on the side where positive particles are deflected. Note that the po-
sition of ZP take care of the deflection of the spectator protons due to the

magnetic field.

The ZDCs are quartz-fibre spaghetti calorimeters, with silica optical
fibres as active material embedded in a dense absorber. The principle of
operation is based on the detection of the Cherenkov light produced in the
fibres by charged particles of the shower, induced by the spectator nucleons.

There are also two small electromagnetic calorimeters (ZEM) used to
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compliment ZDC placed at about 7.35 m from the interaction point, on
both sides of the LHC beam pipe, opposite to the muon arm to detect the
energy of particles emitted in the pseudorapidity coverage 4.8 < n < 5.7.
A combination of signals coming from these two calorimeters (ZDC and
ZEM) provides three L1 triggers meant for event classification (central,

semi-central and minimum bias events) [74].

2.4.5 Photon Multiplicity Detector (PMD)

The Photon Multiplicity Detector (PMD) [77, 78] is a preshower detector
with an array of gaseous proportional counters. It is designed to provide
the measurements of multiplicity and the pseudorapidity distributions of
photons in the forward rapidities (2.3 < n < 3.9) with full azimuthal
coverage (0° < ¢ < 360°).

PMD is made up of two identical planes of honeycomb chambers with
a lead converter plate of thickness of 3 radiation length (3X() sandwiched
in between them. The plane towards the interaction point (IP) is known
as the Charged Particle Veto (CPV) plane while, the plane behind the lead
plates is known as the Preshower plane (PRE). CPV is used for improving
the photon hadron discrimination. When a photon passes through lead
convertor plate, it produces a shower of electrons and positrons by the
combined effect of pair production and bremsstrahlung emission. These
shower particles produce signals in preshower plane, which are read by
PMD’s Front End Electronics (FEE). PMD detector is discussed in more
details in Chapter 4.

2.5 Muon Spectrometer

The ALICE forward muon spectrometer [79] is optimized to measure the
quarkonia (J/1, ¢, T, T, T") and the low-mass vector meson (p,w and ¢)
production via their decay in the p™p~ (dimuon) channel. In addition,

muon spectrometer can also investigate heavy flavours (D, D=, BT and
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B~) through their semi-muonic disintegration. Heavy quarkonium states
(charmonium and bottomonium), provide an essential tool to study the

early and hot stage of heavy-ion collisions.

Absorber xy
Tracking

chambers Trigger

chambers

Magnet Filter

Figure 2.14. The main components of the ALICE muon spectrometer: an
absorber to filter the background, a set of tracking chambers before, inside and
after the magnet and a set of trigger chambers.

The main components of the ALICE muon spectrometer is shown in
Fig. 2.14. The muon spectrometer is located on the C side of the AL-
ICE experiment and consists of a front absorber placed 90 ¢cm from the
interaction point, 10 high-granularity tracking chambers, a large dipole
magnet with 3 Tm integrated field, a 15 m long small angle absorber, four
large area trigger chambers and a muon filter made up of a 1.2 m thick
iron wall [79-82]. The muon spectrometer covers the polar angular range
171° < 0 < 178° (—4.0 < n — 2.5) over the full azimuthal coverage for

muons with transverse momentum py > 4 GeV/c.

An important specification of the muon spectrometer is its mass res-
olution (100 MeV/c? at 10 GeV/c?), which allows the separation of the
T(1S5),T(2S), T(3S) substates in the large background environment of cen-
tral Pb-Pb collisions [74].

2.6 ALICE Online System

The ALICE online systems are the Central Trigger Processor (CTP), the
High Level Trigger system (HLT), the Data Acquisition system (DAQ) and
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the Detector Control System (DCS). The co-ordination and synchroniza-
tion of the mentioned online systems is controlled by Experiment Control

System (ECS).

2.6.1 Central Trigger Processor (CTP)

The ALICE Central Trigger Processor (CTP) [83, 84] is a low-level hard-
ware trigger consists of 24 Local Trigger Units (LTU) for each detector
system. CTP is responsible for the correct selection of physically inter-
esting events that are not commonly produced in collisions at LHC. The
CTP receives and process trigger signal from trigger detectors and provides
three levels of hardware triggers: The first level trigger is known as the L0,
which is delivered after 1.2 s, the second level is L1 and is delivered after
6.5 ps and the final trigger is L2 and is delivered after 100 pus. The output
from the ALICE CTP go to the LTUs of each detector and then Front-End
Electronics (FEE) of the detector via Low Voltage Differential Signalling
(LVDS) cables and optical fibres. A block diagram of the ALICE CTP is
shown in Fig. 2.15.
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Figure 2.15. A block diagram of the ALICE CTP

Finally, another important feature of the CTP is the past-future pro-

tection, which ensures that events are not superimposed by too many pile-
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up collisions. The busy times of the different detectors vary significantly,
therefore the window in which pile-up is recognized depends not only on

the current partition of the detectors but also on the collision system.

2.6.2 High Level Trigger (HLT)

The ALICE High Level Trigger (HLT) [83] is a software trigger which con-
sists of a farm of multiprocessor computers, designed to analyse Large
Hadron Collider (LHC) events online. The HLT can reduce the size of the
stored events by selecting the regions of interest and by applying compres-

sion algorithms on the accepted and selected data.

The HLT receives a copy of the raw data via 454 Detector Data Links
(DDL), then performs reconstruction of data for each detector individually.
In the same step a region of interest can be selected. In the last optional
step, if the trigger decision is positive, the data is compressed. Then trigger
decision, partial readout information, compressed data, and the reconstruc-

tion outputs are sent to LDCs and subsequently processed by the DAQ.

2.6.3 Data Acquisition System (DAQ)

The main role of ALICE Data Acquisition system (DAQ) [83] is to collect
the collision data from different sub-detectors and save it to permanent
storage (tape). A first layer of computers, called Local Data Concentrators
(LDCs), reads out the event fragments from the optical Detector Data
Links (DDLs) with the higher data rate (above 13GB/s). The DDLs are
point-to-point links running at maximum 6 GB/s and up to 12 of them can
be connected to the same LDC unit. The event fragments is assembled into
sub-events and then shipped to a second layer of computers, Global Data
Collectors (GDCs), which assembles them in a full event. Then these events
are recorded to a Transient Data Storage (TDS) before being migrated to
the Permanent Data Storage (PDS) and published via the ALICE Grid.
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2.6.4 Experiment Control System (ECS)

The ALICE Experiment Control System (ECS) [83] is a part of the ALICE
control system, which is responsible for the co-ordination and synchroniza-
tion of the online systems (CTP, HLT, DAQ and DCS). The interface of
ECS with other online system in shown in Fig. 2.16. The ALICE ECS also
provides a unified view of the experiment and a central point, where all the
operations to manage the different aspects of the experiment are initiated
and controlled. The major software components of the ALICE ECS are:
Partition Control Agent (PCA), the Detector Control Agent (DCA), the
ECS database, and the Human Interfaces (HI).

ECS 1

Experiment Control System

I Il Il I

~
DCS TRG DAQ HLT

Detector Control Trigger Data Acquisition High Level Trigger
System System System System 3

Figure 2.16. The interface of ECS with other online system in the ALICE
experiment.

The Detector Control Agent (DCA)  controls standalone data-
acquisition runs for the detector working alone. There is one DCA for
every detector. Partition Control Agent (PCA) controls the running of
a partition of the detectors taking data during physics of technical runs.
There is one PCA per partition. Both the DCA and the PCA are based
on Finite-State Machines (FSM). Several operators can concurrently use
Human Interfaces to the same PCA or the same DCA, but only the master

operator can send commands to it.

The ECS database describes the partitions in terms of ALICE detec-
tors. Each partition includes a list of detectors assigned to it. The database
includes information on whether each detector is presently active or not.

Additional information on the status (running/not running) of the PCA
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controlling the partition and on the Human Interface process having mas-
tership over the PCA is also given. For every detector the ECS database
contains the status of its DCA (running/not running), the partition name
when the detector is active in a partition, information on the Human Inter-
face process having mastership over the DCA when the detector is operated

in standalone mode.

Three different Human Interface programs give access to a DCA (DC-
AHI), to a PCA (PCAHI), and to the ECS database (ECSHI) to access
the DCA, PCA and ECS database, respectively.

2.7 ALICE Offline System

The objective of the ALICE Offline Project [85] is the development and
operation of the framework for data processing. This project includes tasks
such as simulation, calibration, reconstruction, alignment, visualization and
data analysis. These are the final steps of the experimental activity, aimed
at interpreting the data collected by the experiment and at extracting the
physics content. The required computing resources to process the ALICE
data exceed the computing power of a single institute and even centres like
CERN. Therefore, data processing is distributed onto several computing
centres located worldwide. ALICE uses the ALICE Environment (AliEn)
system as a user interface to connect to the Grid composed of ALICE-
specific services that are part of the AliEn framework and basic services of

Grid middleware installed at different sites.

The simulation and reconstruction of ALICE events are done by a
dedicated frame work called AliRoot. The AliEn and AliRoot framework

are discussed in the subsequent sections.

2.7.1 Data Processing

The data processing strategy varies according to the type of collisions. In

p+p collisions, the data recorded by the sub-detectors are written by the
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DAQ on a disk buffer at the Tier-0 computing centre at CERN. In parallel

to this, the following activities proceed on the raw data:

e RAW data are copied to the CASTOR [86] tapes.

e then exported to the Tier-1 centres to have a second distributed copy

for the successive reconstruction passes.

e First pass is processing at the Tier-O centre, which includes recon-
struction, production of calibration and alignment constants and

scheduled analysis.

e Fast processing of selected data sets on the CERN Analysis Facility
(CAF).

In case of heavy-ion collisions processing of raw data occurs in the

following steps:

e Registration of the RAW data in CASTOR.

e then partial export to the Tier-1 centres to allow remote users to

examine the data locally.

e to provide rapid feedback on the offline chains, partial first pass pro-

cessing at the Tier-0.

e Fast processing, mainly calibration, alignment, reconstruction and

analysis on the CAF.

2.7.2 ALICE Framework

To process the huge amount of ALICE data, a concept of Grid is devel-
oped through a distributed computing resources all around the world. The
implementation of the Grid concept is done by a software called Grid mid-
dleware and ALICE has developed a Grid middleware called AliEn [87],
as a user interface to connect to the Grid. The AliEn Web Services play

the central role in enabling AliEn as a distributed computing environment.
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The user interacts with them by exchanging Simple Object Access Protocol
(SOAP) messages and they constantly exchange messages between them-
selves behaving like a true Web of collaborating services. AliEn has been
extensively used to produce a large amount of simulated data as well as the
data recorded and reconstructed in the p+p, Pb+Pb and p+Pb collisions.

The simulation data used in this analysis has been produced at these sites.

2.7.3 AliRoot Framework

The AliRoot offine framework [87] is based on the Object Oriented pro-
gramming for simulation, alignment, calibration, reconstruction, visualiza-
tion, quality assurance, and analysis of experimental and simulated data.
AliRoot is based on the ROOT framework [88]. Most of the codes are
written in C4++ computer language with some parts in Fortran computer
language that are wrapped inside C++ codes. The schematic picture of

simulation framework is shown in Fig. 2.17 and briefly described below:

Simulation Reconstruction

Monte Carlo

Real Data

Online i Offline

Figure 2.17. A schematic picture of the AliRoot Framework. This figure is
taken from the Ref. [54].

Event Generation

The AliRoot framework provides interfaces to the several event generators
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such as PYTHIA [89, 90], PHOJET [91, 92|, HIJING [93], DPMJET [94],
AMPT [95] etc. The data produced by the event generators contain full
information about the generated particles e.g., PID, momentum, charge,

mass and mother-daughter relationship.

Detector response simulation

The generated particles are transported through the detector geometry.
The detector response is simulated for each crossing of the particles through
detector using a monte-carlo transport package. Within the AliRoot frame-
work, available transport packages are GEANT3 [54], GEANT4 [96] and
FLUKA [97]. The transport packages contain detailed information of
the ALICE detector, including services and support structures, absorbers,
shielding, beam pipe, flanges, and pumps. When the generated particles
pass through the transport package, they undergo all possible interactions,
which they would undergo during the real experiment. The information
of hits (energy deposition information with space and time coordinates)
are stored for each detector. The information are complemented by the
so-called track references corresponding to the location where the particles
are crossing user defined reference planes. Then the hits are converted into
digits taking into account the detector and associated electronics response
function. Finally, the digits are stored in the specific hardware format of

each detector as raw data.

Alignment and calibration framework

The AliRoot framework also takes care of the misalignment in positioning
the different part of detectors from their ideal position. When the simula-
tion program is started, the ideal geometry is generated by the compiled
code or read from the OCDB, where it was saved in a previous run. Several
objects are marked as alignable, that is the geometrical modeller is ready to
accept modifications to their position, even if they were obtained by repli-
cation. The framework then reads the alignment objects which contain the
adjustments in the position of the alignable objects. The particle trans-
port is then performed in the modified geometry. During the reconstruction

of the real data, the best alignment objects are loaded from the OCDB.

93



During first pass reconstruction, the alignment objects are taken from the
survey data. For subsequent reconstruction passes, the alignment objects
are produced by the alignment algorithms optimizing the reconstruction

quality during processing of raw data.

The calibration framework is similar to the alignment one. The initial
calibration constants come either from the detector properties as measured
during construction, or from algorithms running online during data-taking
aimed at providing a partial calibration sufficient for the first-pass data re-
construction. During the reconstruction itself, better calibration constants

can be calculated and stored in the OCDB.

Reconstruction framework

As described earlier both the physics data and simulated data are stored
in the same raw data format. These raw data are then reconstructed us-
ing the same algorithms. The output of the reconstruction is the ESD
(Event Summary Data), which contains only high-level information such as
the position of the event vertex, parameters of reconstructed charged par-
ticles together with their PID information, positions of secondary-vertex
candidates, parameters of particles reconstructed in the calorimeters, and

integrated signals of some sub-detectors.

Analysis

The analysis framework is developed to analyse the reconstructed or sim-
ulated data. As the first step, the analysis framework extracts a subset
of the Datasets from the File Catalogue using meta-data selection. Then
the framework negotiates with dedicated Grid services balancing between
local data access and data replication. Once the distribution is decided, the
analysis framework creates sub-jobs. The framework collects and merges
available results from all terminated sub-jobs on request. An analysis object
associated with the analysis task remains persistent in the Grid environ-
ment so the user can go offline and reload an analysis task at a later date,
check the status, merge current results, or resubmit the same task with a

modified analysis code.
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Chapter 3

Inclusive Photon Production

in Pb+PDb collisions at
\/SNN — 2.76 Te\/

The Photon Multiplicity Detector (PMD) is designed to measure the pho-
ton multiplicity and its pseudorapidity distributions in the forward rapidity
region. In 1991, first attempt was made to use a PMD at the CERN SPS
in the WA93 experiment [98] and after that PMD was subsequently used
in the WA98 experiment [99] at CERN SPS, the STAR experiment [100]
at RHIC and in the ALICE experiment [74] at the LHC. With the same
physics goals, the PMD has gone through a technological evolution from a
plastic scintillator pads in WA98 experiment to a hybrid gas proportional
counter in STAR and ALICE experiments.

3.1 Design Evolution of the Photon
Multiplicity Detector

The fixed target experiments WA93 and WA98 were using PMD, which
consisted of plastic scintillator pads. The outcoming light from the scin-
tillator pads transported to read out devices through Wavelength Shifting
Fibres (WLS) and converted into electrical signals. The image intensifier

and Charge-Coupled Device (CCD) camera were used as a readout system

in PMD. In WA93, PMD was made up of four quadrants of light-tight box,
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each quadrant having 1875 pads with the uniform pad size of 2 cm x 2 cm
through out the detector. A picture of WA98 PMD is shown in Fig. 3.1.
It was installed at a distance of 10.09 m from the interaction point with
the pseudorapidity coverage of 2.8 < n < 5.2. However, to improve light
collection and to reduce distortion of CCD images a modified fabrication
technology was used in WA98 experiment. Four different pad sizes were
used to keep the pad occupancy and the multiple hit probability low. The
readout system was made up of image intensifier and CCD camera similar
to WA93 experiment. The WA98 PMD was installed at 21.5 m from the
target with a pseudorapidity coverage of 2.5 < n < 4.2.

Figure 3.1. Picture of the PMD as installed in the WA98 experiment at the
CERN-SPS.

The PMD in STAR experiment at RHIC, shown in Fig. 3.2, was
consisted of two identical planes: The Preshower (PRE) plane and the
Charge Particle Veto (CPV) plane. These planes consist of array of cellular
hexagonal proportional counters (cross section 1.0 cm? and depth 0.8 cm)
with a gas mixture of Ar (70%) and COy (30%) as the sensitive medium.
Each plane of PMD contains twelve super-modules, each of them being a
gas tight chamber consisting of 4-9 unit modules of 576 cells each arranged
in a rhombus matrix. The CPV plane was introduced to improve the
photon-hadron discrimination. In total, each plane of STAR-PMD has
82,944 proportional counters. The FEE for signal processing is based on
the use of GASSIPLEX chips developed at CERN [9]. The entire PMD has

been divided into 48 chains. The detector was installed at a distance of
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5.4 m from the IP. It covers a pseudorapidity region of 2.3 < n < 3.8 with
full azimuthal coverage. A picture of STAR-PMD is shown in Fig. 3.2. The
ALICE-PMD uses the same photon detection principle, which was used for
STAR-PMD.

Figure 3.2. Picture of the PMD as installed in the STAR experiment at the
RHIC.

3.2 Photon Multiplicity Detector in ALICE

The Photon multiplicity detector (PMD) in ALICE is designed to measure
the multiplicity and the spatial distribution of inclusive photons at TeV
energies. It consists of two identical planes of proportional counters and
a lead converter sandwiched between them. PMD is installed at 367.2 cm
away from the IP and covers pseudorapidity range of 2.3 < n < 3.9 with
full azimuthal coverage. The mechanical design, assembly and the readout

architecture of PMD are discussed in details in later sections in this chapter.
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3.2.1 Mechanical Design and Construction

The PMD consists of the following mechanical parts:

e two identical planes, the PRE and the CPV;
e lead converter plate;

e support structure;

Each plane of the PMD consists of 24 modules and each of the mod-
ules consist of 4608 numbers of honeycomb structured cells. A schematic of
the PMD honeycomb cell is shown in Fig. 3.3. Each module is rectangular
in shape and has an independent gas-tight unit. Modules can be handled
i.e. fabricated, tested and installed individually. There are two types of
modules in PMD: the short type and the long type. The short type mod-
ule contains 48 rows and 96 columns while the long type contains 96 rows
and 46 columns (shown in Fig. 3.4). The basic building block of PMD is

hexagonal cells having 0.23 cm?

cross section area and 0.5 cm depth. To
handle high multiplicity environment at LHC compared to STAR-PMD at

RHIC, the ALICE-PMD has cells of smaller dimension, i.e. it has higher

granularity.
extended portion of cathode
Cafthode i ;i

7
I P4 /;/
7 7
v/ g anode #

q

= -‘ \
5 mm Insulation circle wire support

Figure 3.3. A Schematic layout of ALICE-PMD unit cell. Figure is adopted
from [77].
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a)

Figure 3.4. (a) Long type module with 96 rows and 48 columns. (b) Short type
module with 48 rows and 96 columns. Figure is adopted from [77].

An array of 48 x 96 or 96 x 48 such cells is made using a thin copper
sheet (0.2 mm thick) and is known as honeycomb chambers. The honey-
comb chamber is placed between two gold plated Printed Circuit Boards
(PCB). Gold plated tungsten wires of diameter 20 pm are inserted through
the centre of each cell and a proper tension is applied in the wire during
soldering. The gold plated tungsten wires are used as anodes. The signal
from the anode wires of 32 cells (in 4 rows and 8 columns) are grouped into
one connector fixed on the top PCB. There are 72 connectors in a module
and each connector extracts the signal from the 32 cells. The bottom PCB
has only soldering islands without signal tracks, serving as anchor points.
The inner part of both the PCBs are gold plated, with circular islands near
the anode wire. Together with the honeycomb wall they form part of an
extended cathode going very close to the anode wire. Assembly of a unit
module is shown in Fig. 3.5. Each module is kept inside air-tight contain-
ers, made up of 2 mm thick stainless steel (SS) material. There are two
nozzles for inflow and outflow of gas. A mixture of Ar and C'Os is used as
an active medium with a ratio of 70:30. The gas mixture flows continuously

through all the modules of PMD.

The PMD contains a rectangular Pb convertor plate sandwiched be-
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Figure 3.5. A Schematic layout showing components of unit module of PMD:
(1) Top PCB, (2) 32-pin ETEC connectors, (3) edge frame, (4) honeycomb of
48 x 96 cells, (5) bottom PCB. Figure is adopted from [77].

tween CPV and PRE plane. There are two types of Pb plates depend-
ing on unit module size. The long type Pb plate has a dimension of
49.05 cm x 21.7 cm and the short one has 42.5 cm x 25.15 cm. The thickness
of the plate is 1.5 ecm which corresponds to three radiation length (3.X)).
There is a 5 mm SS plate to support the lead converter plate and the mod-
ule. Each SS plate contains 10 modules of the PMD. Fig. 3.6 shows two
halves of the PMD (looking towards the IP), situated on the both side of
the beam pipe. Each half has independent gas supply, electronic accessories
and cooling systems. The PMD is supported by a SS girder, which helps
to move both halves of the PMD to bring them together for data taking

and to separate for maintenance and service.

3.2.2 Front End Electronics (FEE) and Readout

The PMD is a gaseous detector with gold plated anode wire readout. The
FEE boards, based on a 16-channel Multiplexed ANAlog Signal (MANAS)
processor chips, collect signals from detector through flexible kapton ca-
bles. Then these signals are processed and digitized in Multi Chip Module
(MCM) and send to the Translator Board (TB) via back plane. After that
the signals are transferred to the Cluster ReadOut Concentrator (CRO-
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Figure 3.6. Picture of the PMD (looking towards the IP) as installed in the
ALICE experiment at the CERN-LHC.

CUS) system via Patch Bus (PB) cables. Further, from the CROCUS
signals are transferred to the PMD DAQ via DDL. The PMD DAQ is then
connected to the main DAQ of the ALICE detector.

Some of the important electronic components of the PMD readout

are discussed in details below:

FEE Board: The FEE board of PMD consists of four MANAS
chips, two serial 12 bit Analog to Digital Convertors (AD7476), two invert-
ing buffer amplifiers and a custom built ASIC called Muon Arm Readout
Chip (MARC). A schematic circuit diagram of the PMD FEE is shown in
Fig. 3.7.

The design of the MANAS chip is based on the GLASSIPLEX with
useful modifications like high-voltage isolation and a calibration capacitor
on each channel. Fig. 3.8 shows all the components of the MANAS chip.
It is designed and fabricated by the Indian team of the ALICE experi-
ment. It has sixteen input channels and one output channel. The main
components of the MANAS chip are Charge Sensitive Amplifier (CSA),
Deconvolution Filter (DF), Semi Gaussian Shaper (SGS), Track/Hold and
the analog multiplexers. The CSA collects the charge from the anode wire
and integrate using its feedback capacitor. The DF removes this long tail

in the signal produced due to slow motion of the charge and ensure the
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Figure 3.7. A schematic diagram showing the circuit of the PMD-FEE board.

base line restoration. The SGS shapes the pulses to Semi Gaussian shape

which is essential to avoid pile up. It improves the signal-to-noise ratio

and ensures faster base line restoration. To ensure the maximum charge

collection, the time constant of the SGS is kept large. A properly timed

Track/Hold pulse opens the switch at the instant when the peak of the in-

put signal arrives. The analog multiplexer has 16 switches and the outputs

from all these switches are connected together to form a single output from

the chip. The switches are controlled by clock (CLK) signals.

Honeycomb cell

Track/Hold

| TrackHold|
et [

CLR Mux

-

CLK

MUX O/P

Figure 3.8. A circuit diagram of MANAS chip with its all components

Since ADCs accept only positive signals, so two buffer amplifiers are

used in FEE board to invert signals (collected from the detector) from

negative to positive. Then output analog signal from MANAS chip is con-

verted to digital signal using ADCs. The ADCs are 12-bit serial ADCs
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with analog input range of 2.5 V and digitizing the signal at the speed of
1 Million Sample per second. Then the digitized output signal is sent to the
MARC. The MARC is a custom-built ASIC, which controls four MANAS

chips, 2 two serial 12-bit ADCs and performs zero suppression on data.

Translator Board (TB): The TB receives signal from FEE board
which are Low Voltage Transistor Transistor Logic (LVTTL) type signals .
It converts all the LVTTL type signals to Low Voltage Differential Signals
(LVDS) before sending to the CROCUS and also translates all the LVDS
signals from CROCUS to LVTTL.

Patch Bus Cables: A flexible flat and twisted pair cables, known
as PATCH BUS cables, are used to transfer the LVDS signals from TB
to CROCUS and vies-versa. It is a halogen free forty core cable with
1.27 mm pitch 40-pin female type SAMTEC connectors at both ends. To
minimize the electromagnetic disturbances, the cable is covered with alu-
minium tapes. The PMD uses 200 patch bus cables with the length of

8.5 m for the readout.

CROCUS: The Cluster Read Out Concentrator Unit System (CRO-
CUS) is one of the important readout electronic components of the PMD.
It gathers and concentrates the signals from the FEE board through patch
bus cable and transfers to the DAQ. It receives and distributes the trig-
ger signal to the detector and allows the calibration. It also detects the
breakdown in the data acquisition chain. There are total four CROCUSSs to
control all the chains in the PMD. Two of them are connected to two halves
of the Preshower plane and the rest two are connected to two halves of the
CPV plane. The CROCUS consists of one Concentrator Board (CRT) and
five Frontal Boards (FRTs). The FRTs has two DSPs to mange the FEEs
via patch bus cable. These concentrate Level-I data, which is coming from
FEEs and transfer the data to Level-1I data concentration crocus system.
The FRTs also send the calibration signal to the detectors. The main ob-
jectives of the CRT are the data acquisition from the FRT's and distribution

of the trigger signal to them.
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Multi Chip Module (MCM): The MCM is composed of four
MANAS chip, an ADC and a complete custom designed digital processor
chip called Muon Arm Readout Chip (MARC). The function of the MCM
is to collect signals from 64 cells, ADC conversion through charge ampli-
fiers/shapers, convert the data into digital values, pedestal subtraction,
and transmission to the Digital Signal Processor (DSP) through digital
local buses. The bus is of single-master multi-slave configuration. These
buses communicate bi-directionally between the DSP and the MCM. In one
direction it allows the downloading of parameters such as threshold and in-
dividual pedestal values for each channel into the MCMs and in the other
direction, the MCMs communicate the zero-suppressed readout data and
status information to the DSPs. A maximum 24 MCMs can be connected

to a bus.

Digital Signal Processor (DSP): Several buses run through each
chamber, making the data available to the DSP boards, which are located
on the edge of the detector. Each DSP board is connected to a DDL card
for onward transmission of the data to the ALICE DAQ system.

The details of the hardware implementation and protocol can be

found in Ref. [101].

3.2.3 Working Principle

The ALICE-PMD consists of two identical planes, the Charged Particle
Veto (CPV) and preshower (PRE) plane with a three radiation length thick-
ness (3Xo) Pb converter plate sandwiched between them. The schematic

of working principle of PMD is depicted in Fig. 3.9.

When a photon is incident on PMD, it passes through the Pb conver-
tor plate and produces an electromagnetic shower of photons, electrons and
positrons by the combined effect of pair production and the bremsstrahlung
emission [61]. Further, these shower particles hit the PRE plane and pro-
duce signals in several cells of the sensitive volume (Ar/CO3) of the detec-

tor. On the other hand, most of the the charged hadrons affect only single
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Figure 3.9. A Schematic showing the working principle of PMD [102].

cell and produce a signal representing Minimum-Ionizing Particles (MIP).
The thickness of the Pb converter plate is kept 3X(, which is optimized to
keep the conversion probability of photons high and the transverse shower
spread small to minimize the shower overlap in the high-energy heavy-ion
collisions [102]. The CPV plane, placed towards the IP acts as a veto for
the charged particles in order to improve photon hadron discrimination.

The schematic layout of ALICE-PMD is shown in Fig. 3.10.

3.2.4 The Physics Goals

The important physics goals of PMD are the following:

e The collision energy and centrality or nucleon participants depen-
dence of average photon multiplicity in forward rapidity region and

limiting fragmentation behavior of photons.

e The photons, measured using PMD in forward rapidity can be used to
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determine the reaction plane for the study of the azimuthal anisotropy
and flow of the charged particles in midrapidity, which can be used
to probe the thermalization of the medium formed in heavy-ion col-

lisions.

e The photon measurement helps to study critical phenomena near the
phase boundary which leads to fluctuations in global observables like
multiplicity, mean transverse momentum and pseudorapidity distri-

butions.

e Signals of chiral-symmetry restoration (e.g. disoriented chiral con-
densates) can be studied through the measurement of N,/Ng, in a

common part of phase space.

Figure 3.10. A Schematic layout of ALICE-PMD looking from IP.

3.3 The Analysis Details

In this section, we discuss step by step data analysis procedure for ob-
taining the multiplicity and the pseudorapidity distributions of photons
in forward pseudorapidity region using the PMD in ALICE at the CERN
for the Pb+Pb collisions at /sxy = 2.76 TeV. The flowchart showing

simulation framework and data flow of the PMD is shown in Fig. 3.11.
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Figure 3.11. The flow chart showing all the steps involved in the data analysis.

3.3.1 Datasets and Event Selection

In this data analysis, we use the data taken by the PMD in 2010 for Pb+Pb
collisions at /syx = 2.76 TeV. The data set is chosen such a way that
the acceptance of the PMD is same for all the runs. The simulation data
having same acceptance as the corresponding experimental data sets are
called anchor runs. But for this analysis we use simulation data with full
PMD geometry. The details of the data sets used in the analysis are given
in Table 3.1.

Table 3.1. Details of the data set used in the analysis

Collision system Pb+Pb
Collision energy VSN = 2.76 TeV
Data sets LHC10h
Vertex cut —10 < V,(em) < 10
Simulation data set LHC11al0a_bis
(using HIJING event generator)
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3.3.2 Zero Suppression

After the collision, if a valid trigger condition is generated, the analog
signals from the detector are digitized and temporarily stored in a shift
register available with the FEE. Then these signals are compared with the
threshold value stored earlier. The recording is performed for the data
having values above the threshold value. This process is known as zero
suppression. The main purpose of recording zero suppression data is to
reduce the data volume by rejecting the noise and baseline data. We record

zero suppression data for the PMD for further processing.

3.3.3 Pedestal Subtraction

The output in terms of ADC for each channel number is obtained from
the FEE boards without any signals at the MANAS inputs, are termed
as pedestal and corresponding run is called pedestal run. While recording
the raw data from PMD we do not subtract the pedestal, therefore, before
doing any analysis on raw data, the pedestal must be subtracted from raw
data. A dedicated pedestal run is taken in absence of beams and data is
stored in the Offline Conditioned Data Base (OCDB). The pedestal values
are fetched from OCDB and subtracted from the real signals during the first
pass reconstruction of the data. It helps to remove electronic noise from the
real data. It is found that the pedestal of each channel is reasonably stable
(~250 ADC) with a very small fluctuation (rms = ~ 1). In the present

analysis a value “mean + 5 X rms” is used for pedestal subtraction.

3.3.4 Data Cleanup (Noisy/Hot Cell Removal)

The cells having very high hit frequency and low ADC value as compared
to other nearby cells are known as hot or noisy cell. To get clean data for
physics analysis, these cells have to be removed before the reconstruction
pass. The hit frequency of each cell of a module (e.g. module 22) before

the hot cell cleanup is shown in Fig. 3.12(a). One can see that there are
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few cells which show quite high number of hits as compared to the other
normal cells. Due to these hot cells some spikes are found in the lower

ADC values of the ADC distribution (shown in Fig. 3.13(a)).

A method, based on the fact that the particle density is uniform over
full-¢ for a small n-ring is used to identify and reject hot cells. The steps

are as following:

e Read raw data.

e Divide the full n-coverage (2.3 - 3.9) of PMD into small slices.

e Plot a hit distributions of cells for each of the n rings.

e Fit a Gaussian function to each of the distribution.

e Obtain mean and root-mean-square (rms) of the Gaussian function

e Determine a cut-off value on number of hits for the given n-ring. In
the present work we use “mean + constant x rms”, where value of

constant is optimized to get threshold.

e Declare the cells as “hot cells”, which have the number of hits above

the threshold value.
e Store row and column information of these hot cells in the OCDB.

e Repeat the exercise for each n-ring and reject all hot cells.

The hit frequency and ADC distribution after the hot/noisy cells
removal are shown in Fig. 3.12(b) and Fig. 3.13(b) respectively. It can be
seen clearly that the ADC distribution looks reasonable once these hot cells

are removed.

3.3.5 Gain Correction

PMD is a highly granular detector with a large number of cells with
0.23 cm? cross section and 0.5 cm depth. Ideally all the cells in PMD
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Figure 3.13. ADC distribution of the same module (module 22): (a) before the
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are kept uniform i.e. similar geometry and similar size. Therefore, One
would expect to get a similar response from all the cells, when a partic-
ular set of particles of a given energy are allowed to pass through them.
However, in the real situation, cells are not exactly same in geometry and
size. At microscopic level they may differ from ideal situation and also gas
distribution may also be non-uniform for all the cells. It is also observed
that the gain of each cell in their associated electronics is not same. There-
fore, these factors as a whole, make the detector response non-uniform or
in other words we call it non-uniform gain. The gain of four different mod-
ules are shown in Fig. 3.14. One can see that cell-to-cell gain variation in
a module is more than 20%. Therefore, gain normalization is needed to

make detector response uniform in order to compare with the simulation
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Figure 3.14. Gain of PMD modules without correction.
results.

A method for the gain normalization, being well tested and already
used in STAR at RHIC, has been adopted in ALICE. The method is based
on the observation and the fact that the MIPs mostly affect only one cell
and deposit a minimum amount of energy while passing through honeycomb
proportional counters of the PMD. The ADC distribution of the each iso-
lated cell is well explained by the Landau-distribution (see Fig. 3.15). The
isolated cell is defined as a cell which records hits but none of its six neigh-
bors records any hit. These cells are assumed to be from MIPs. An isolated

cell is shown pictorially in Fig. 3.16.

Ideally, the parameters of the Landau distribution are expected to be
uniform for all cells. In this method, one tries to normalize these parame-
ters. The various steps for implementation of the adopted procedure is as

following;:

e Read the raw data and find out the isolated cells.
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Figure 3.15. The isolated cell ADC distribution for one of the cells in module
10 of PMD preshower plane in Pb+Pb collisions at /sxy =2.76 TeV. The
distribution is fitted with Landau function.

e Plot ADC distribution of one of the isolated cells of a module and fit

it by Landau distribution.

e Plot ADC distribution of a module taking into account all the isolated
cells in that module and fit it by Landau distribution.

e Determine the mean ADC for each isolated cell.
e Determine the mean ADC for that particular module.
e (Calculate the correction factor by the following formula

mean ADC for the isolated cell
Mean ADC of the module with all isolated cells

Gain factor =

e Export the gain factors to the OCDB for later use during the recon-

struction.

An estimate has been made from simulation data, that around 2.5k
events are needed in Pb+Pb collisions at /syy = 2.76 TeV, so that each
cell will have reasonable statistics as an isolated cell and the statistically

significant gain factors can be obtained.
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Isolated cell

Figure 3.16. A pictorial representation of an isolated cell.

3.3.6 Photon Reconstruction

After pedestal subtraction, removal of hot/noisy cells and gain normaliza-
tion, the raw data are processed to perform further reconstruction. The
photon reconstruction proceeds in two steps: first clustering of all the hits

in PMD and then photon-hadron discrimination.

Clustering Algorithm

A number of continuous cells with non-zero ADC are termed as clusters.
This type of clusters are known as superclusters and are separated by the
cells having zero ADC. During the reconstruction of raw data, the clustering
of cells are done via a clustering algorithm [103]. This clustering algorithm
is used in p + p collision, where low occupancy is observed and named as
a crude clustering. These superclusters themselves can be identified as the
particles (charged particles or photons) falling on the PMD. However, in
the high multiplicity environment such as Pb+Pb collisions particle density
is very high. Therefore, there is a finite probability of merging of cluster
resulting into bigger superclusters consisting of a large number of cells.
Therefore, to identify the particles, superclusters need to be divided into
smaller clusters which are called refined clusters and the method is called

refine clustering.
The cluster contains various information such as the ADC of the
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cluster summing over all the cells of the cluster, number of cells contained
in the cluster, the position of the clusters (x, y, z) in the global coordinate
system with respect to the nominal interaction point etc. Both photon and
charged particle make cluster, therefore an algorithm is used to discriminate

the photons from the hadrons, discussed in the next section.

Photon-Hadron Discrimination

For an incident photon, the cluster size (total number of cells in the cluster)
is larger and the cluster ADC is higher as compared to the cluster size and
cluster ADC corresponding to an incident hadron. Using these two cluster
properties, we put a suitable threshold on cluster size and cluster ADC to
reject hadrons from the data sample. so that most of the hadrons can be

rejected from the data sample.

There is another method that one can use for photon-hadron discrim-
ination. This method is based on the use of the hit information from the
CPV plane of the PMD. As we discussed earlier, CPV records one hit for
hadrons while no hit for photons. A combination of CPV and preshower
plane shows that for a hadron track, there is back-to-back hits in CPV
plane and preshower plane along z-direction, whereas for a photon track,
corresponding to cluster of many cells on the preshower plane there is no
hit on the CPV plane. Using these properties photons and hadrons are
identified. The performance of the method is studied using the simulated
data and can be found in Ref. [104]. However, due to a very limited cov-
erage of CPV in the data sets used in the present analysis, this method is

not applied rather we adopted the method discussed earlier.

After the photon-hadron discrimination, the clusters in the photon
rich sample are known as gamma like clusters (k). However, this sample
contains some hadrons as well and some of the incident photon clusters are
missing. Therefore, even after applying the threshold, there is a possible
contamination from the non-photon clusters and there is a loss of photon
clusters. The corresponding factors are obtained using simulated data for

correcting the final photon multiplicity in data from such kind of effects.
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3.3.7 Event Selection and Data Quality Checks

The next important step is to select good events for analysing data. It
is observed that the reconstructed position of the Z-vertex is not exactly
at the nominal IP. Fig. 3.17 shows the distribution of the Z-position of
the reconstructed vertex in Pb+Pb collisions at /syy = 2.76 TeV, which
corresponds to the observed longitudinal size of the interaction regions
along the beam axis. The Z-position of the vertex is important because the
change in vertex Z-position will change the pseudorapidity coverage of the
detectors. For the present analysis we have selected all the events having

Z-vertex position within +10 from the IP.
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Figure 3.17. Z-vertex distribution in Pb+Pb collisions at /syny = 2.76 TeV.
The dotted lines indicate the selection of the Z-vertex used in the analysis.

Fig. 3.18 shows the position of the hits on the PMD preshower plane.
The numbers shown in the figure correspond to the module number. Each
coloured ring resembles to a 7 bin of bin width An = 0.2. Smaller ring
corresponds to higher 7 bin, i.e. first bin corresponds to 2.3 < n < 2.5. The
areas showing no hits correspond to the non-functional and uninstalled part
of the PMD. The acceptance correction in pseudorapidity distributions of

photons is performed for non-functional part of the PMD.
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Figure 3.18. X-Y display of hits of the preshower plane of PMD for the
experimental data for Pb-+Pb collisions at \/syy = 2.76 TeV. Different boxes
represent different modules and numbers shown in the boxes are the module
numbers. The colored angular rings correspond to different resign in 7.

We also study the correlation between the vj, multiplicity measured
in PMD (N}§P) and raw multiplicity of charged particles measured in
VOA (2.8 < n < 5.1) denoted by NY° and FMD (1.7 < < 5.0) named as
NEMP in Pb+Pb collisions at /syy = 2.76 for eight different centralities.
Different colors correspond to different centralities starting from 0-5% to
70-80%. For this study we use the common pseudorapidity coverage, 2.3 <
n < 3.9, of these detectors. Fig. 3.19 and Fig. 3.20 show the correlation
of Nﬁ?ﬁ? with NY? and NIMP respectively. The VOA and FMD detectors
are positioned in front of PMD. Although these multiplicities are at raw
level without any corrections, nevertheless a reasonable correlation is seen.

Here different color corresponds to different centralities as mention in the

legend.
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Figure 3.20. PMD raw multiplicity vs. FMD raw multiplicity.

3.4 Efficiency and Purity Correction

The efficiency (e,) of the photon detection using PMD detector is defined
as the ratio of the number of photons detected above the discrimination

threshold (N

vlike

(V) within the same coverage:
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Nth.
e, = Dole 5.)
Y

The purity (f,) is defined as the ratio of the number of photons de-

tected above the discrimination threshold (N!') to the N'i  within the
same coverage:
Nth
_ 2
f P Nth ) (32)
~ylike

where N;h is the number of the photon detected in PMD above
photon-hadron discrimination threshold. Using the estimated values of
f, in simulation, we obtain the number of photons incident on the detector
(N.,) by the following relation:

N, = N, x f—p (3.3)

~vlike
Y

A Monte Carlo simulation is performed using HIJING event generator
for Pb+Pb collisions at /sy = 2.76 TeV. Then the produced particles are
passed through the detector framework package GEANT3 to incorporate
full ALICE detector framework. The correction parameters, €, and f;, are
estimated for eight different centralities in Pb+Pb collisions at /sxy = 2.76
TeV. Fig. 3.21 and Fig. 3.22 show the pseudorapidity dependance of e, and
fp for eight different centralities. The values of €, and f, depend on the
selected discrimination threshold. The effect of the change of discrimination
threshold on the pseudorapidity and multiplicity distributions of photons
can be taken as systematic uncertainties. The present study is done for
various discrimination thresholds but not all of the plots are shown here.
The study for two different discrimination threshold (cluster ADC > 432
and cluster ncell > 2 and cluster ADC > 648 and cluster ncell > 2) are

shown in here.
As mentioned earlier, €, and f;, varies with discrimination threshold.

78



=y
-

Efficiency
Efficiency

e o o 9o
M Do @

* ADC > 648 & Nceli > 2

NP
N

24 26 28 3 3.2 34 3.6 3.8 r]4

[y

Efficiency
Efficiency

e o 9o 9o
M Do @

i\’ LLELE L L L R

[ =]

24 26 28 3 3.2 34 3.6 3.8 r]4

[y

Efficiency
Efficiency

e o 9o 9o
M Do @

NP
N[

Efficiency
Efficiency

e o 9o 9o
M Do @

9224 26 28 3 32 3.4 36 3.8 F 9224 26 28 3 32 34 36

Figure 3.21. The PMD efficiency for eight different centralities with two
different photon-hadron discrimination thresholds.

It is found that as we move towards tight discrimination threshold the
efficiency decreases and the purity increases at all values of 1. Therefore,
the discrimination threshold needs to be optimized such that one gets a
reasonably pure sample but at the same time the efficiency should not be
very low. Results for two discrimination threshold are shown in Fig. 3.21

and 3.22.

For the further study, we use above mentioned discrimination thresh-
olds: ADC > 432 and cluster ncell > 2; and ADC > 648 and cluster ncell
> 2. The corresponding results on pseudorapidity and multiplicity distri-

butions are shown in the following sections.

79




> 0.9
0.8
0.7F
0.6F
0.5F

Purit

% ADC > 648 & Ncell; >2

04524 26 28 3 32 3.4 36 3.8 E 04524 26 28 3 3.2 3.4 36

0.9
0.8F i
0.7F
0.6F

Purity
Purity

05: ....... ....... ....... ....... . ....... , .....

2:4 2:6 2:8 é 3:2 3:4 3:6 3:8 r]4 0'5.2 24 26 28 3 3.2 34 3.6

38 4
n
5 3 08f : :
o o
0.7
0.6;—- ;
: 0.5
04524 26 28 3 32 3.4 36 3.8 F 04524 26 28 3 32 34 36 3.8 4
> 0.9 : - > 0.9F¢ : :
S 0.8F H : S 0.8 i T b
o "Ur 5 : a o R

0.7f
0.6 ]
: 05F
04554 26 28 3 32 34 36 38 F 04554 26 28 3 32 34 36 38 4

Figure 3.22. Purity of photon sample for eight different centralities with two
different photon-hadron discrimination thresholds.

3.5 Results on Pseudorapidity Distribution
of Photons in Pb+Pb Collisions at

A/SNN — 2.76 TeV

In this section we study the variation in particle density with n for eight
different centralities. Fig. 3.23 and Fig. 3.24 show the uncorrected and
corrected dN,/dn distributions in Pb+Pb collisions at /sy = 2.76 TeV,
respectively. It is observed that the photon yield increases with decrease in

7, i.e. more photons are produced at lower emission angle. We also observe
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Figure 3.23. Uncorrected pseudorapidity distributions of photons for two different
thresholds: (a) ADC > 432 and Ncell > 2. (b) ADC > 648 and Ncell > 2.

that dN,,/dn shows an increase from peripheral to central collisions. The
HIJING model predictions for the most central collisions is also shown for

comparison with the data.
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Figure 3.24. Efficiency-purity corrected pseudorapidity distributions of photons
for two different thresholds: (a) ADC > 432 and Ncell > 2. (b) ADC > 648 and
Ncell > 2.

3.5.1 Limiting Fragmentation Behavior of Photons

The particle production process in the higher rapidity region is subject of
interest in terms of hypothesis of Limiting Fragmentation [105]. According

to this hypothesis, in the frame of the target, the projectile hadron looks like
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a Lorentz contracted disk. When this Lorentz contracted projectile passes
through the target, it may break up into fragments. If one assumes that the
total hadronic cross sections become constant at large c.m. energy, then
the excitation and break-up of a hadron would be independent of the c.m.
energy and the observed pseudorapidity density of particle as a function
of ' = N — Ypeam would approach a limiting value in the fragmentation
region even if the colliding energy is increased. Here ypeam = In(y/Snn/myp)
is a beam rapidity. Since total hadronic cross-sections are not constant at
high energies, therefore, it is expected that limiting fragmentation should
fail at higher collision energies. However, limiting fragmentation has been
observed in a wider rapidity region, even extending nearly to midrapidity,

and it is referred to as extended longitudinal scaling [106].
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Figure 3.25. Photon multiplicity density per participant pair for different
energies and collision systems are shown in the projectile rest frame. Line is
the extrapolation for better visualization.

The normalized dNg,/dn per participant pair as a function of ' =
7 — Ypbeam for different collision systems and different energies has been stud-
ied and found that charged particle follow limiting fragmentation scaling
upto LHC energies. We study limiting fragmentation behavior of photons.
In Fig. 3.25 we study dN,/dn as a function of ' for Au+Au collisions at
Vsnn = 62.4,200GeV and Pb+Pb collisions at beam energy 158AGeV and
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V8NN = 2.76 TeV. dN,/dn in Pb+Pb collisions at /sy = 2.76 seems to
follow the limiting fragmentation behavior. The dN.,/dn data are available
for a very small pseudorapidity coverage. Still, the nature of the dN,/dn
shows the longitudinal scaling behavior as consequences of limiting frag-

mentation.

3.6 Results on Photon Multiplicity in
Pb+Pb Collisions at /syy = 2.76 TeV
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Figure 3.26. N, per participant pair as a function of Ny,

In Fig. 3.26, we show photon multiplicity per participant pair
(N,/(Npart/2)) as a function of collision centrality. One can see that
N, /(Npart/2) in Pb+Pb collisions at /syy = 2.76 TeV shows a central-
ity dependent behavior in contrast to the centrality independent behavior
of N /(Npart/2) measured in Au+Au at 62.4 and 200 GeV in STAR experi-
ment at RHIC. Here [V, is the value of the total number of photon counted
by the PMD in the pseudorapity coverage of 2.3 < n < 3.9. This behaviour
of N, is similar to what observed for charged particle measurements, and
discussed and explained in chapter 5. For all the results shown in this

chapter, systematic studies are not yet performed.
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3.7 Summary

In summary, we have presented the results of inclusive photon production
in Pb+Pb at /syy = 2.76 TeV using the Photon Multiplicity Detector
at forward rapidity in ALICE. We have corrected the multiplicity density
using efficiency-purity correction method to overcome the detector effects.
The results are compared with HIJING model predictions, which give a
reasonable description of experimental data. The energy dependence of the
longitudinal scaling of inclusive photons has been studied, where photon
measurement in Pb+Pb collisions at /sy = 2.76 TeV using PMD (2.3 <
n < 3.9) shown to follow limiting fragmentation behaviour. But due to
the limited acceptance of the detector no firm conclusion can be made
regarding the limiting fragmentation behavior of photons. The study of
centrality dependance of N, is presented. N.,/(Npart/2) measured by PMD
in ALICE shows a centrality dependent behavior whereas measurements
in STAR experiment show centrality independent behavior. This opens
up new problems in understanding the RHIC vs. LHC photon production

mechanism through the inclusion of new processes in the model study.
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Chapter 4

Transverse Energy and
Charged Particle Production

in Heavy-Ion Collisions: From

RHIC to LHC

The transverse energy and charged particle multiplicity are one of the key
observables in characterizing the bulk properties of the matter created in
heavy-ion collisions. Nuclei being extended objects, their collisions occur
at various impact parameters and are characterized by collision central-
ity. The dependence of charged multiplicity and transverse energy on the
collision geometry, i.e. on centrality and collision energy is of paramount
importance to understand the particle production mechanism. The charge
particle multiplicity provides important information on the initial entropy
and its subsequent evolution in the hot and dense matter. This may give an

insight to the partonic phase that might be created in heavy-ion collisions.

In this chapter, first we show the estimation of the number of nu-
cleon and quark participants in a nuclear overlap model in a way done
previously to study the global properties of matter created in heavy-ion
collisions [42, 107], like transverse energy and charged particle multiplicity
and the enhancement of multi-strange baryons in heavy-ion collisions [108].
We study the centrality and collision energy dependence of charged par-
ticle and transverse energy production at midrapidity. After finding out

a universality in particle production, we give the prediction for the pseu-
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dorapidity density of charged particle multiplicity ( ) and transverse

energy (ddE—nT), and the barometric observable

the enhancement in £ at LHC is discussed in the light of the proposed

Nch

universality and gluon saturation picture.

4.1 Calculation of the Number of

Participants

Here, nucleons are considered as superposition of constituent or “dressed”
quarks (partons or valons). There are three constituent quarks per nucleon.
Baryons are composed of three and mesons are of two such quarks. The
concept of constituent quarks is well known [109-111] and was considered in
the realm of the discovery of constituent quark scaling of identified particle
elliptic flow at RHIC [112]. The constituent quark approach is successful
in explaining many features of hadronic and nuclear collisions [113]. These
include global properties like the charged particle and transverse energy
density per participant pair [42, 107]. QCD calculations support the pres-
ence of three objects of size 0.1-0.3 fm inside a nucleon [114]. Furthermore
it has been seen that nucleus-nucleus collisions and p+p collisions have
similar initial states if the results are scaled by the number of constituent
quark participants [52, 115, 116]. These observations also indicate that
the particle production is essentially controlled by number of constituent
quark pairs participating in the collision. In a constituent quark picture,
nucleon-nucleon (NN) collision looks like a collision of two light nuclei with
essentially one quark-quark (qq) pair interacting in the collision, leaving
other quarks as spectators. These quark spectators form hadrons in the
nucleon fragmentation region with a part of the entire nucleon energy being
used for the particle production (,/Sqq ~ v/snn/3). Contrary, in AA colli-
sions, due to large nucleus size and the higher probability of quark-quark

interaction from same projectile and different target nucleons, more than
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one quark per nucleon take part in the interaction.

The calculations of the mean number of nucleon/quark participants
are done using a Monte Carlo based implementation [117] of the nuclear
overlap model [118]. In the nuclear overlap model, the mean number of
nucleon participants, Nx_part, in the collisions of a nucleus A and a nucleus

B with impact parameter b is given by

onnTp(5— _))]B}

Nyt as = / Ps Ta(@ {1 - [1 - T8

—

O'NNTA<§_ b)

+/d25 Tp(5){1 —[1— T]A}, (4.1)

where T'(b) = [*_dz na(v/b? + z2) is the thickness function, defined
as the probability of having a NN collision within the transverse area ele-
ment db. [1—oxnTa(b)/A]* is the probability for a nucleon to pass through
the nucleus without any collision. A and B are the mass numbers of two nu-
clei participating in the collision process. We use the Woods-Saxon nuclear

density profile,

T 1+ exp[(r — R)/d]’

na(r) (4.2)

with parameters, the normal nuclear density no = 0.17 fm~3, the nu-
clear radius R = (1.12AY3 — 0.867'/3) fm and the skin depth d = 0.54 fm.
The inelastic nucleon-nucleon cross section, i.e. oxn, are 42 £ 3 mb at
VNN = 200 GeV and 64 £5 mb at /sy = 2.76 TeV [119]. In or-
der to calculate the number of quark participants, Ny _par, in nucleus-
nucleus collisions, the density for quarks inside the nucleus is changed to
three times that of the nucleon density (n§ = 3ny = 0.51 fm™3). In-
stead of nucleon-nucleon cross section, quark-quark cross section is used
which is 4.67 mb and 7.1 mb at /syy = 200 GeV and 2.76 TeV, respec-
tively [42, 107, 108, 120]. For making predictions for Pb+Pb collisions at
VSN = 5.5 TeV, we have used oxy = 72 mb [121] and oxn/9 = 8 mb for

88



NN_part and Nq_pare calculations, respectively.

At lower center of mass energies, it has been found that the particle pro-
duction scales with the number of participating nucleons, contrary to the
case of high energies where hard processes dominate. Hard processes have
much smaller cross section than the soft processes. However, the number of
binary collisions increase with increase in collision centrality faster than the
number of participants, as a result the particle production per participant
nucleon increases with increase in centrality. By using constituent quark
approach, we are going to show how the particle production at higher ener-
gies depends on the participating quarks. It should be mentioned here that
at energies higher to top RHIC energy, gluons play a vital role in particle
production. For these studies, we have taken the centrality dependence of
pseudorapidity density of charge particles and transverse energy from top
RHIC energy to LHC /sy = 2.76 TeV. To study the constituent quarks
dependence of charged particle and transverse energy production, we need
to estimate the number of participant quarks, which has been done in the

framework of nuclear overlap model as discussed above.

Since the quark participants are calculated in the framework of nu-
clear overlap model, it is essential to check how good is our estimation
of number of participating nucleons in the collision. In order to do that,
the mean number of participating nucleons, calculated in overlap model,
are compared with the number estimated by the ALICE experiment [36].
ALICE uses the Glauber MC technique for the estimation of the number
of nucleon participants. We have found a reasonably good agreement with
ALICE calculations excepting extreme peripheral collisions. This is shown
in Fig. 4.1. Solid circles represent the ALICE values and the solid squares
represent the overlap model calculations. The lower panel of Fig. 4.1, rep-

resents the ratio of ALICE values and the overlap model values.

We have then estimated the number of quark participants within
the discussed prescription. The ratio of quark participants and nucleon

participants is shown in Fig. 4.2 as a function of nucleon participants,
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Figure 4.1.  The number of nucleon participants, Nx_part, as a function
of collision centrality for Pb+Pb collisions at \/sxy = 2.76 TeV from the
estimations by overlap model and by the ALICE collaboration. [36]. The lower
panel shows the ratio of both indicating the agreement of both the estimations.
Figure is published in Ref. [122].

which is a measure of collision centrality. The ratio shows a sharp increase
for Nx_part < 100 and then shows a type of linear monotonic rise going

from peripheral to central collisions.

4.2 Centrality Dependence of NCh

Figure 4.3 (a) shows the 0.5 Ny_part-normalized pseudorapidity density of
charge particles at midrapidity for Pb+Pb collisions at /sy = 2.76 TeV
for LHC and for Au+Au collisions at /sy = 200 GeV for RHIC, as a
function of collision centrality [122]. Henceforth, in this chapter we would
avoid mentioning “midrapidity” explicitly, unless otherwise required, as
the data in general, are at midrapidity. A scaling factor of 2.15 has been
multiplied with the RHIC data to make a direct comparison with that of

LHC data. Going from peripheral to central collisions the production of

90



1111ll11lll111lllllllllllllllllllllllllll
0

0 50 100 150 200 250 300 350 400

N

N-part

Figure 4.2. The ratio of Nq_part/NN—part as a function of centrality for Pb+Pb
collisions at /syn = 2.76 TeV from the overlap model calculations.
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Figure 4.3. (a) 0.5 Nnx_part-normalized and (b) 0.5 Ny—part-normalized chh
for Pb+Pb collisions at /sy = 2.76 TeV for LHC and for Au-+Au co|||5|ons
at \/sxy = 200 GeV for RHIC as a function of collision centrality. Figure is
published in Ref. [122].

charged particles show a rise, when normalized with number of participant
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pairs. This rise in both the data sets are fitted with a function of the type:

1 dNg,
= AN},
0.5NN_pare d) Nopart?

(4.3)

where, A and n are fitting parameters, the values of which are enlisted in
Table 4.1, both for nucleon and quark participant sectors. The expectations
from IP-saturation model [123] and the EKRT model [124], which are based
on initial state gluon saturation, are also shown for a direct comparison
with data. In EKRT model the centrality dependence of charged particle
multiplicity density in pseudorapidity is described by the function:

chh 2 NN— art
o =C = 1.16(—=2%
dn o= ( 2

3 )0.92(\/5)0.40 (44)

Fig. 4.3 (b) shows the 0.5 Ny_part-normalized dg—;“ for Pb+Pb collisions
at /sxy = 2.76 TeV for LHC and for Au+Au collisions at /sy = 200
GeV for RHIC as a function of collision centrality. A scaling factor of 2.15
has been multiplied with the RHIC data set to make a direct comparison
with the corresponding LHC data. A similar function as is given by Eq.
4.3 has been fitted to both the data sets. With top peripheral collisions as
exceptions, where the calculation of nucleon and quark participants are not
good, the 0.5 Ny_par¢-normalized dg—;h both for RHIC and LHC data, show
an almost centrality independent number of constituent quarks scaling be-
haviour. The comparison of both the above figures reveals that the particle
production is better described in terms of constituent quarks towards more
central collisions. This may be understood in line with the observation
of very high initial energy densities being produced in central high-energy
nuclear collisions [125]. Hence, it seems more suitable to consider quarks

as the sources of particle production than nucleons.

4.3 Centrality Dependence of %

The total transverse energy, which is measured on event-by-event basis,

carries significant information regarding the explosiveness of the reaction
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Table 4.1. power-law fitting parameters for Fig. 4.3 and Fig. 4.4.

NN-part-normalization

Ng-part-normalization

VSNN (TeV) A(B) n A(B) n
Fig. 4.3 0.2 2.744+0.24 0.183+£0.017 5.38+£0.40 —0.091 £0.014
2.76 2.63+0.25 0.190 £0.018 6.20£0.50 —0.122+0.011
Fig. 4.4 0.2 2.9+0.20 0.202 £0.014 5.96 £0.34 —0.08 = 0.01
2.76 2.5+ 0.40 0.234 £0.027 6.01 £0.14 —0.074 4+ 0.007
s
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Figure 4.4. (a) 0.5 Nx_part-normalized and (b) 0.5 Ny_part-normalized dET
for Pb+Pb collisions at /sy = 2.76 TeV for LHC and for Au+Au coII|5|ons
at \/sxn = 200 GeV for RHIC as a function of collision centrality. Figure is
published in Ref. [122].

and on characterizing the global properties of the produced system. The

estimation of transverse energy provides model based calculation of the

initial energy density produced in the collision. This in turn gives infor-

mation regarding a possible formation of a partonic phase, when compared

with that of lattice QCD prediction of critical energy density for the de-

confinement transition [126].

In nucleus-nucleus collisions, transverse en-

ergy is generated by the initial scattering of the partonic constituents of

the incoming nuclei and by the rescattering of the produced partons and
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hadrons [127, 128]. The transverse energy depends on the initial state of
the collision and the viscosity of the partonic matter as it comes to the final
state through interactions and expansion process [129]. Additionally it also
depends on the entropy and temperature of the system [130]. In Fig. 4.4
(a), 0.5 Nx_part-normalized dd% for Pb+Pb collisions at /sy = 2.76 TeV
for LHC and for Au+Au collisions at /sxy = 200 GeV for RHIC are shown
as a function of collision centrality. A scaling factor of 2.8 has been mul-
tiplied with both the Nn_part and Ny_pari-normalized RHIC data to make
a direct comparison with the corresponding LHC data. Both the data sets

show a functional trend which is governed by an equation,

1 dEy
0.5NN_part d)

= BNjy\Lffparﬂ (45)

where, B and n are fitting parameters. Here B has the dimension of en-
ergy. The values of the fitting parameters are given in Table 4.1, both for
nucleon and quark participant sectors. Fig. 4.4 (b) shows the 0.5 Nq—part-
normalized df—nT for Pb+Pb collisions at (/syy = 2.76 TeV for LHC and
for Au+Au collisions at /syy = 200 GeV for RHIC as a function of col-
lision centrality. A similar function as is given by Eq. 4.5 has been fitted
to both the data sets. With top peripheral collisions as exceptions, the
0.5 Ng—par-normalized df—nT both for RHIC and LHC data within errors,
show a nearly centrality independent number-of-constituent-quarks scaling
behaviour. Similar observations have been made recently at RHIC ener-
gies [131]. The value of the power, n in the power-law gets smaller (becomes
negative) while going from Nx_part t0 N part-normalization, thereby mak-
ing the spectra in Ny_pat flatter compared to Ny_par-normalization. The

shapes of the centrality dependent Nx_part OF Ny part-normalized dg—;h and

dET

e show similar features for top RHIC and LHC energies. The relative

enhancement of Nx_par¢-normalized diiv—;h in A+A collisions with respect to
that in p 4 p collisions is the same at RHIC and LHC energies. This was
seen in the framework of models based on multiple scattering and mutual

boosting of saturation scales and shadowing [132].
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dN.y,

4.4 Collision Energy Dependence of a

In order to understand the collision energy dependence of charged particle

and transverse energy production, we use the following fitting functions:

1 dx
Y DLE ninn 4.6
05N ary 1 +& /Sy (4.6)

1 dx
B Plsan)” 47
05N, pary 1 (sxn) (47)
1 dX P+Q Iny/syn + R(\/snn)" (4.8)
g n .
0.5N,ary 1 NN NN

Here X = Ny, or Ep and Npyy is either Ny_pare 0 Ny_pare depending on
the case under discussion. The logarithmic and power-law functions given
by Egs. 4.6 and 4.7, respectively, are motivated by the trend of the exper-
imental data. However, the form of the hybrid function given by Eq. 4.8
is motivated by the energy dependent behaviour of charged particle pro-
duction and in addition, by the following results from the non-equilibrium
statistical relativistic diffusion model (RDM) [133]. It is explicitly shown
by the works of G. Wolschin et al. [134-136] that the RHIC and LHC mul-
tiplicity could be explained by the combination of a midrapidity gluonic
source and a fragmentation source. midrapidity gluonic sources predict a
power-law type behaviour of charged particle multiplicity, whereas the frag-
mentation sources predict a logarithmic behaviour. Energies lower to that
of RHIC, where particle multiplicity seems to obey a logarithmic behaviour,
could be explained by fragmentation sources. The power-law seems to take
over after the top RHIC energy in describing the energy dependence of
charged particle multiplicity and the transverse energy production. Addi-
tionally, it should be noted here that the trapezoidal approximation for the
pseudorapidity distribution of charged particles [137-139], which follows
from the logarithmic behaviour with collision energy, seems to fail at LHC

energies [140].

In Fig. 4.5, dggh normalized to both Nx_par and Ny_par is shown as

a function of collision energy. Up to top RHIC energy Ny_par-normalized
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Figure 4.5. Nn_pat and Ny_part normalized dch as a function of collision

energy from lower AGS, SPS and RHIC to LHC energy. Figure is published in
Ref. [122]

dg—;h is well described by logarithmic function given by Eq. 4.6 [137-139].

However, this function fails to describe the ALICE data for 2.76 TeV. The
estimation based on logarithmic function for the Ny_pa-normalized dg—nch
is 1180 % 22 for /syn = 2.76 TeV, which underestimates the data by 26%.
A power-law function (dash-dotted line) given by Eq. 4.7, discribes both
RHIC and LHC heavy-ion data but overestimates lower-energy measure-
ments. Contrary, the collision energy dependence of dg—;h normalized by
Nq—part is very well described by logarithmic function for the whole range
of energies under discussion with little deviation towards LHC energies. In
this case, the power-law gives a better description of data at the level of

quark participants.

The power in the power-law function decreases from Ny_pare to
Ny part normalization, thereby going towards a flatter behaviour as a func-
tion of collision energy. The predicted value of dg—nd' for Pb+Pb collisions
at \/snn = 5.5 TeV based on the extrapolation of power-law function fitted
to Nq—part and Nx_pare-normalization is around 2116 £ 52 and 2005 £ 28,

respectively. On the other hand, the predicted value based on a logarith-
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mic extrapolation of Ny_pari-normalization data is 1310 & 22. Looking at
the low-energy and high-energy behaviours of charge particle production
being well described by a logarithmic function and power-law functions,
respectively, we have tried to fit a hybrid function (a combination of both)
given by Eq. 4.8. Both Nn_part t0 Nq_pare-normalized dilv—;;h for the whole

range of energies are very well described by this hybrid function, as is seen

dN, ch

from Fig. 4.5. At the level of Nqy_pary and Ny_parg-normalization, the p

estimated by the hybrid function for Pb+Pb collisions at /syy = 2.76
TeV deviates from the experimental data by 0.06% and 0.44%, showing a

d b for

reasonably good agreement with the data. The predicted values of
Pb+Pb collisions at y/sxy = 5.5 TeV based on the extrapolation of the
hybrid function fitted to Ny_part and Ny_parg-normalizations are around
2836 4= 85 and 2168 + 73, respectively. The predictions from [P-saturation
model for the top RHIC energy and higher, are also shown for a comparison

with the corresponding experimental data.
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Figure 4.6. Predictions for midrapidity dg—nch for central Pb+Pb collisions at
V/Snn = 5.5 TeV at the LHC. Figure is published in Ref. [122].

In Fig. 4.6, the predictions for midrapidity dggh for central Pb+Pb

97



collisions at /syx = 5.5 TeV at the LHC, are shown and compared with
our predictions from the hybrid function at nucleon and quark participant
level. Other data are taken from Ref. [141]. For central heavy-ion collisions
at midrapidity, the charged particle multiplicity as a function of collision

energy could be parametrized in the framework of the hybrid function, as

dN.;,
dn

= 0-5NN7part[P + Q In /SNN + R(\/SNN)H] (49)

where P = —0.2554+0.100, Q = 0.691 +0.141, R = 0.0061 = 0.0020 GeV !
and n = 0.789 4 0.470.

Table 4.2. Hybrid function fitting parameters for Fig. 4.5 and Fig. 4.7.

NN-part-normalization
P Q R n

Fig. 4.5 —0.25540.100 0.6914+0.141 6.1 x 10734+0.002 0.789 + 0.470
Fig. 4.7 —0.416£0.121  0.6004+0.090 8.9 x 10340.006 0.832 £ 0.211

Ng-part-normalized

Fig. 4.5 —0.163 4+ 0.046 0.32740.005 3.4 x 10~7£0.002  2.108 4 0.285
Fig. 47 —0.113 £ 0.346 0.218 £0.217 6.8 x 1073£0.045 0.733 £0.777

Table 4.3. Logarithmic function fitting parameters for Fig. 4.5 and Fig. 4.7.

NN-part-normalization Ng-part-normalization
D E D E
Fig. 4.5 —0.60 £ 0.07 0.85 4+ 0.02 —0.26 £ 0.04 0.36 = 0.01
Fig. 4.7 —0.76 £ 0.07 0.81 £ 0.02 —0.43 £ 0.05 0.35 4+ 0.02

4.5 Collision Energy Dependence of %

A similar analysis is done for df—nT-normalized to Nx—part and Nq_pare and

is plotted as a function of collision energy in Fig. 4.7. Up to top RHIC
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Table 4.4. Power-law fitting parameters for Fig. 4.5 and Fig. 4.7.

NN_part-normalization Ng-part-normalization

F n F n
Fig. 4.5 0.65 4 0.02 0.33 £0.01 0.34 £0.01 0.286 £ 0.011
Fig. 4.7 0.34 +0.02 0.441 £+ 0.010 0.18 £0.01 0.386 £ 0.007
energy NN-_part-normalized df—nT is well described by logarithmic function

given by Eq. 4.6. However, this fails to describe the ALICE data for 2.76
TeV. The estimation of ‘ZS—nT based on logarithmic function for the Nx_part-
normalized % is 1114 4+ 24 GeV, which underestimates the data by 47%
for \/snv = 2.76 TeV. A power-law function (dash-dotted line) given by
Eq. 4.7, discribes both RHIC and LHC heavy-ion data but underestimates
lower-energy measurements. Contrary, the collision energy dependence of
% normalized by Nq_par is very well described by logarithmic function
up to top RHIC energy and shows considerable deviation at energies higher

to top RHIC energy. The power-law function given by Eq. 4.7 describes

the Ng_part-normalized df—nT data quite well.

Like ddLnC“, the power in the power-law function, decreases from
NN_part t0 Nq_pars normalization, thereby going towards a flatter behaviour
as a function of collision energy. The most interesting observation is that
the power-law motivated function better describes the transverse energy
production with collision energy compared to the logarithmic function.
The predicted value of df—nT for Pb+Pb collisions at /syy = 5.5 TeV based
on the extrapolation of power-law function fitted to Ny_part and Nn_part-
normalized ‘ZE—nT are around 2683 +62 GeV and 2760+ 50 GeV, respectively.
Like the case of charge particle production, looking at the low-energy and
high-energy behaviours of the transverse energy production being well de-
scribed by a logarithmic function and power-law functions, respectively, we
have tried to fit the same hybrid function given by Eq. 4.8. The Nyx_part-

normalized df—T for the whole range of energies is very well described by this
"

function, as is seen from Fig. 4.7. The N,_par-normalized dc% is also very
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Figure 4.7. Ny_part and Ny_part normalized df—nT as a function of collision
energy from lower AGS, SPS and RHIC to LHC energy. Figure is published in
Ref. [122].

well described by the hybrid function. Irrespective of nucleons or quarks
are the sources of particle production, this hybrid function describes the
charged particle and transverse energy production for all range of energies
starting from lower AGS, SPS, RHIC to LHC. The estimations of % from
the hybrid function fitting to the Nq_pary and Ny_pari-normalized data for
Pb+Pb collisions at /sy = 2.76 TeV deviate from the CMS collaboration
experimental data [130] by 0.05% and 1.18%, respectively. The predicted
value of % for Pb+Pb collisions at y/sxy = 5.5 TeV based on the extrap-
olation of the hybrid function fitted to Nq_part and Nx_pare-normalizations
are around 3056 4+ 44 GeV and 3222 4+ 42 GeV, respectively. Like charged
particle multiplicity, for central heavy-ion collisions at midrapidity, the df—nT
as a function of collisions energy could be parametrized in the framework

of the hybrid function, as

dEr

d—n = 0-5Nprart[P —+ Q In+/syn + R(\/SNN)n] (410)

where P = —0.416+£0.121 GeV, ) = 0.60£0.09 GeV, R = 0.0089 £ 0.0060
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and n = 0.832 £ 0.211. The transverse energy production as a function of
energy in the framework of EKRT model, which is based on initial state

gluon saturation [124], is given by,

dE
d—T = 0.46 A%9?(/5)°%°[1 — 0.012 In A 4 0.061 In+/s], (4.11)
n

where A is the mass number of the colliding nuclei for a symmetric colli-
sion species. This takes into account a reduced initial number of scattering
centers in the nuclear parton distribution functions. Here we have com-
pared the EKRT model estimations for transverse energy for all collision
energies under discussion. It is observed that the transverse energy produc-
tion at higher energies is very well described by EKRT model. However,
EKRT model fails to describe the low energy data. This is an indication
of gluon saturation effect at higher collision energies, which is absent at
lower energies. To understand the deviation from logarithmic behaviour in
a more qualitative way, one considers a purely thermodynamic system in
equilibrium. The entropy is proportional to the energy of the system, when
the volume is assumed to be constant for non-expanding and homogeneous

vInE where v is

fireballs. This could be written as a Taylor expansion in e
a constant and E is the total energy of the system. Here dg—;h /(0.5Npart)
represents a scaled-entropy [142] and at the freeze-out surface, where the
volume of the fireball is fixed and we define a constant temperature of

the system, this could be expressed as a function of collision energy up to

second order in approximation, as:

chh
dr
~a+ B Inysyy +7 (In/syn)? (4.12)

/(0.5Npart) = eV M(VENN)

We have observed that both collision energy dependence of dfiv—;h /(0.5Npart)
and df—nT/(Oprart) data up to top RHIC energy are explained by the above
function. This may indicate that the produced system is thermalized and
one uses equilibrium statistical mechanics to describe the system. However,

LHC data are very much underestimated by this function. The charged par-
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ticle multiplicity at LHC has two components- thermalized soft component
and a non-thermal hard component coming from jet fragmentation, which
is almost more than 50%. The contribution of this non-thermal component
to the final state entropy becomes significant at LHC, which may be the
cause of this observed discrepancy. This may also lead to a jump in Er /Ny,
while going from top RHIC energy to LHC, where the statistical thermal
model fails to explain the LHC data. This is discussed in the following

section.

4.6 Transverse Energy per Charged

Particle and Freeze-out
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Figure 4.8. The ratio of % and dg—;“ as a function of center of mass
energy. Experimental data are compared to the predictions from thermal
model [144-146], gluon saturation model [123] and the estimations obtained
in the framework of the hybrid model fitting to transverse energy and charged
particle data. Figure is published in Ref. [122].

The ratio of pseudorapidity densities of transverse energy and num-
ber of charged particles at midrapidity, i.e. E1/Ng, has been studied both
experimentally [125, 130, 143] and phenomenologically [144-147] to under-
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stand the underlying particle production mechanism. This observable is
known as global barometric measure of the internal pressure in the ultra-
dense matter produced in heavy-ion collisions. This quantity depends on
the initial state of the collision and the viscosity of the matter as it expands
to its final state, when it is observed by the detectors. This observable when
studied as a function of collision energy (as shown in Fig. 4.8), shows two
regions of interest. The first one from the lower SIS energies to SPS ener-
gies shows a steep increase of Er/Ngy, values, thereby indicating that the
mean energy of the system increases. In the second region, from SPS to
top RHIC energy, E1/N4, shows a very weak collision energy dependence,
i.e. like a saturation behaviour. In this region the mean energy doesn’t in-
crease, whereas the collision energy increases. This may indicate that the
increase in collision energy results in new particle production in this energy
domain. This behaviour has been well described in the context of a statis-
tical hadron gas model (SHGM) [144-146]. In the framework of SHGM, it
has been predicted that Er /Ny, would saturate at energies higher to that of
top RHIC energy with a limiting value of 0.83 GeV [144-146]. This goes in-
line with Hagedorn’s conjecture of a limiting temperature (7 = 165 MeV)
for elementary and nuclear collisions at higher collision energies [148, 149]
and the subsequent observation of a saturation behaviour in the freeze-out
temperature (T3,) in heavy-ion collisions [150]. The SHGM prediction of
Er/Ng at LHC collision energy of 2.76 TeV has been found to be incon-
sistent with the experimental observation of its value, which is 1.25 4+ 0.08
GeV [130]. This could be because of more high-pr particle and jet produc-
tion at LHC, which makes LHC measurements quite different from that
of RHIC. The estimated values of Et/Ng, from the hybrid equation fit-
ting to the corresponding Ny_par-normalized data, for Pb-+Pb collisions at
2.76 and 5.5 TeV collisions energies are 1.33 4+ 0.05 and 1.49 4+ 0.05 GeV,
respectively. Here we have taken the Ny_pa¢-normalized data and the cor-
responding fitting of the hybrid function, as it describes energy dependence
of both charged particle and transverse energy production. This shows that

the B /Ny, shows a very strong dependence on collision energy beyond the
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top RHIC energy, thereby creating a third region in the Et/Ng, versus
collision energy diagram. If the freeze-out occurs on a fixed isotherm for
all energies, it is expected that the energy per particle will be the same. A
comparison of Ti, and Er/Ng, versus collision energy indicates that from
SPS to top RHIC energies the T, and the value of Er /N, are almost inde-
pendent of collision energy. Beyond top RHIC energy, the value of Er/Ny,
gets a jump, which indicates that the T;, at LHC should be different than
that is at RHIC. We have estimated the Tj, for the LHC energies from the

SHGM parametrized equations used in Ref. [150], which are given by

T(pp) = a—bug — cup, (4.13)

where a = 0.166 + 0.002 GeV, b = 0.139 £ 0.016 GeV~!, and ¢ = 0.053 +

0.021 GeV~2 and

where d = 1.308 + 0.028 GeV and e = 0.273 £ 0.008 GeV~!. The value of
the freeze-out temperature, Tt,, for RHIC 200 GeV, LHC 2.76 TeV and 5.5
TeV are around 16642 MeV. The T;, obtained from the SHGM estimation

(4.14)

of fitting to experimentally obtained particle ratios at RHIC and LHC is
T, = 164 MeV, with pg is 24 MeV and 1 MeV, respectively [151, 152].
The SHGM predictions for T, is consistent with its measurements at LHC.
However, it should be mentioned here that the p/7~ ratio is sensitive to the
determination of chemical freeze-out temperature. Ty, = Tepern = 164 MeV,
over predicts the value of p/7~ in hydrodynamical calculations [153], for the
measurements at LHC energy [152, 154], which is known as ”proton puz-
zle” [155]. Inclusion of baryon anti-baryon B — B channels in phenomeno-
logical models [156] reduces the final state proton, anti-proton multiplicity
and thus explains the proton puzzle of LHC. On the other hand, the SHGM
predicted value of Er/Ny, which is 0.83 GeV is inconsistent with the cor-
responding measurements at LHC. The observation that T, doesn’t change
while going from RHIC to LHC energies, when E1/Ng, gets a jump, needs

to be understood from thermodynamics view point. T, being independent
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of collision species and energy is a consequence of the fact that the system
produced in heavy-ion collisions irrespective of the initial conditions comes
to the same final state. FEr/Ng, the mean energy per particle, getting
enhanced beyond top RHIC energy, could be a consequence of LHC be-
ing dominated by high-pr jets and as a barometric parameter, its increase
implies, higher initial pressure being created in LHC collisions compared
to that of RHIC. This also is reflected from the values of radial flow pa-
rameters measured at RHIC [157] and LHC [152]. Radial flow for central
collisions at LHC is 10% higher than the corresponding value at RHIC in
the same pr range [152]. At midrapidity, mean transverse mass (< mg >)
is essentially the average energy of the particle (F = mrycoshy) and is pro-
portional to the temperature of the system in a thermodynamic picture.
From RHIC [157, 158] to LHC [152] around 25% increase in < mr > is
observed, which could explain the observation of the jump in Et/Ng, from
RHIC to LHC [130]. However, there are other factors which may affect
< mt > and thus need to be considered for a proper interpretation of

data [142].

In addition, this rise in B /Ny, is expected in gluon saturation model
due to the increase of the number of participating gluons with the increase
of collision energy. At very high-energy, the gluon creation and annihilation
balance out leading to a saturation in gluon number. As gluon density does
not have a linear collision energy dependence, the saturation scale depends
non-linearly on the center of mass energy, i.e. Er/Ng = k(,/s)*, where
k and A are constants [159]. This function when fitted to the top RHIC
and LHC data, gives a good description of the energy dependent behaviour
of Er/Ng, and the value of A obtained from this fitting is found to be
0.12; which lies between A = 0.15 (IP-sat model prediction) and A = 0.11
(b-CGC model estimation) [159, 160]. Hence, gluon saturation picture at
LHC energies may also explain the observed jump in Et /N, [129].
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4.7 Summary

In this chapter, we study the charged particle and transverse energy produc-
tion as a function of collision centrality and collision energy, in the frame-
work of nucleon and quark participants estimated using a Monte Carlo
based implementation of nuclear overlap model. The ratio of number of
quark participants and number of nucleon participants shows a non-linear
increase with collision centrality for a particular collision energy. The cen-
trality dependence of Ny_par-normalized d{j—;h both for Au+Au collisions at
V5w = 200 GeV and Pb+Pb collisions at /syny = 2.76 TeV, which show
a increase with centrality, seems to show a nearly centrality independent
scaling behaviour when normalized to Nq_part. This gives the indication of
partonic activities at RHIC and LHC energies. Similar is the observation

for df—nT both for the RHIC and LHC data.

The charged particle production as a function of collision energy has
been studied both in the nucleon and quark participant frameworks. In
contrast to the nucleon participants where the logarithmic function fails to
describe the measurements up to the LHC energies, in the quark partici-
pant sector, the logarithmic function describes the data well up to 2.76 TeV.
A power-law function however, describes the high-energy data for midra-
pidity diiv—;h with a nice agreement with LHC 2.76 TeV measurement. On
the other hand, it underestimates the low energy data. A hybrid function,

which is a combination of logarithmic and power-law in collision energy,

dET

—L at all available
n

describes the data for 0.5 Np.¢-normalized dilv—;h and
energies both for the nucleon and quark participants, indicating a univer-

sality in multi-particle production. We give the predictions for for

dNen
dn
Pb+Pb collisions at /sy = 5.5 TeV from this universal hybrid function.
On the other hand, the EKRT model based on a initial state gluon satura-
tion and the power-law function better describes the high-energy behaviour
of transverse energy production. This points to gluon saturation effects at

energies higher to RHIC. We have estimated the value of % for Pb+Pb
collisions at /sxy = 2.76 TeV by using this hybrid model which agrees

106



with the corresponding LHC measurements. Based on this, we give a pre-
diction of dd% for the Pb+Pb collisions at /sy = 5.5 TeV. The value of
Erp/Ng, for Pb+Pb collisions at /sy = 2.76 TeV estimated by the hybrid
function agrees with the corresponding measurement by CMS collabora-
tion at LHC and reproduces the jump from RHIC to LHC, in its energy
dependence behaviour. This may indicate a higher initial pressure of the
ultra-dense matter at LHC compared to that is formed at RHIC energies.
In this framework, we give the prediction for this barometric observable
for the future LHC Pb+Pb collisions at \/syy = 5.5 TeV. In conclusion,
the charged particle and the transverse energy measurements are well de-
scribed by the hybrid function for all available energies and collision species

in heavy-ion collisions indicating a universality in particle production.
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Chapter 5

Participant Effective energy &

Multiparticle production

Multiparticle production is one of the most intriguing topics in high-energy
particle and nuclear collision studies. Bulk observables such as multiplic-
ity and transverse energy bring important information on the underlying
dynamics of strong interaction. However, the multiparticle production dy-
namics in high-energy collisions is a matter of intense research in view of
the available higher collision energies. It is already more than half a century
as the multiplicity of the produced particles are considered to be derived
by the collision energy [161-163]. In this picture, the energy pumped into
the collision zone in the very first stage of the collision defines the volume
of the interaction lump of participant patterns. Later on, the approach
of “wounded” nucleons, or nucleon participants, has been proposed to de-
scribe the multiplicity and particle distributions [164]. In this approach,
the multiplicity is expected to be proportional to the number of partici-
pants. However, it was observed at RHIC and similarly at LHC energies,
that the concept of wounded nucleons does not describe the measurements,
where the data found to demonstrate an increase with the number of nu-
cleon participants. The problem has been addressed in the nuclear overlap
model using Monte Carlo simulation in the constituent quark framework,
and the scaling has been shown to be restored [122, 165-169]. In addition,
it was observed that the multiplicity and midrapidity-density distributions
are similar in e*e™ and in the most central (head-on) nuclear collisions [50]

at the same center-of-mass (c.m.) energy pointing to the universality of
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multihadron production. However, the expectation to observe this type
of universality in hadronic and nuclear collisions at similar c.m. energy
per nucleon has not been shown by the data, where the measurements in
hadron-hadron collisions show significantly lower values compared to those
in central heavy-ion collisions [27, 170]. A solution has been proposed by
introducing a dissipative energy approach [115]. In this approach, effective
energy factor 1/3 is proposed to be used in nucleon-nucleon collisions to

relate to central A+A collisions.

The proposed factor 1/3 allows to relate c.m. energy dependence of
both the observables, multiplicity and midrapidity, in eTe™ and p + p(p)
interactions. This solves the problem of the factor 1/2, introduced in [171]
to account for the half of the energy lost attributed to the leading protons.
If the factor 1/2 is found to lead to some similarity in the multiplicity data
(Nen), it can not encompass the comparison of the midrapidity density
(dNey/dn). Interestingly, the 3NLO perturbative QCD [172] fit to eTe™
data has been shown [28] to describe the multiplicity measurements in
p + p(p) interactions up to TeV energies provided the inelasticity is set to
~ 0.35, i.e. the effective 1/3 energy in hadronic interactions. Earlier, the
factor 1/3 has been already shown to provide an agreement in ete™ and
p+p(p) mean multiplicity data [51]. Such a universality is found to correctly
predict [115] the value of the midrapidity density in p+p interactions at the
TeV LHC energies [173].

In this chapter, in the framework of the approach of the dissipating
effective energy of constituent quark participants, or, for brevity, the Par-
ticipant Dissipating Energy (PDE) approach, we study ,/sxy and number
of nucleon participants (Npart ), or centrality dependencies of charged parti-
cle pseudorapidity density at midrapidity (d/Ng,/dn), measured in nucleus-
nucleus collisions. Based on this energy dissipation picture, we apply effec-
tive energy consideration to the pseudorapidity density of the transverse
energy at midrapidity (dFErt/dn), measured in heavy-ion collisions in the
RHIC and LHC experiments. We also extend the previous studies of the
charged particle mean multiplicity Ng,, [115] to LHC energies. We show
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that y/sxy dependence of Ny, in most central collisions is well described
within the proposed approach. In addition, here we study the central-
ity dependence of the Ny at RHIC and LHC energies. We introduce a
new scaling, referred to as the “energy balanced limiting fragmentation
scaling”, which allows us to describe the pseudorapidity density spectra
independently of the collision centrality. Using this scaling, a complemen-
tarity between the multiplicities measured in head-on nuclear collisions
and obtained from the centrality data (corresponding to different impact
parameters) is found. The study clarifies some differences of the centrality
dependence of multiplicities measured at RHIC and LHC. Finally, predic-
tions are made for the investigated dependencies for the forthcoming higher

energy measurements in p + p(p) and heavy-ion collisions at the LHC.

5.1 The Participant Dissipating Energy
Approach

In this section, we briefly describe the PDE approach, as it is proposed
in [115]. This approach quantifies the process of particle production in
terms of the amount of energy deposited by interacting constituent quark
participants inside the small Lorentz-contracted volume formed at the early
stage of a collision. The whole process of a collision is then represented as
the expansion of an initial state and the subsequent break-up into sec-
ondary particles. This approach resembles the Landau phenomenological
hydrodynamic approach of multiparticle production in relativistic parti-
cle interactions [163], which was found to be in a good agreement with
the multiplicity data in particle and nuclear collisions in a wide energy
range [174]. In the picture considered here, the Landau hydrodynamics is
employed in the framework of constituent (or dressed) quarks, in accor-
dance with the additive quark model [175-179]. This makes the secondary

particle production to be basically driven by the amount of the initial ef-
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fective energy deposited by constituent quarks into the Lorentz-contracted
region. In p+p(p) collisions, a single constituent quark from each nucleon is
considered to take part in a collision and the remaining quarks are treated
as spectators. The spectator quarks do not participate in the secondary
particle production, but they result into formation of leading particles and
carry away a significant part of the collision energy. Thus, the effective en-
ergy for the production of secondary particles is the energy of interaction of
a single quark pair, i.e., 1/3 of the entire nucleon energy. On the contrary,
in the head-on heavy-ion collisions, the participating nucleons are consid-
ered colliding with all three constituent quarks from each nucleon. This
makes the whole energy of the colliding nucleons (participants) available
for the secondary particle production. Within this picture, one expects the
results for bulk observables from head-on heavy-ion collisions at /syn to
be similar to those from the p+ p(p) collisions but corresponding to a three
times larger c.m. energy, i.e., at ,/5,, ~ 3/snn (for a better clarity instead
of using /s for p 4+ p(p) c.m. energy, we use ,/s,,). Such an universality
is found to correctly predict [115] the value of the midrapidity density in
p+p(p) interactions measured at the TeV LHC energies [173]. In addition,
the multiplicity measurements in p + p(p) interactions up to TeV energies
are shown to be well reproduced by ete™ data as soon as the inelasticity
is set to &~ 0.35 [28], i.e. effectively 1/3 of the hadronic interaction energy.
This is in agreement with the dissipation energy picture where the struc-
tureless colliding leptons are considered to deposit their total energy into

the collision volume, similar to nucleons in head-on nuclear collisions [115].

Landau hydrodynamical model predicts that the pseudorapidity spec-
tra of the produced particles to follow a Gaussian distribution [163]. How-
ever, later Carruthers and Duong-van used rapidity variable (y) to charac-
terize the particle production using Landau hydrodynamics [30]. Therefore,
while dealing with Landau hydrodynamical model we use pseudorapidity
variable. The pseudorapidity density of charged particles in Landau hy-

drodynmic model is given by
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chh Nch ( 712 )
= exp | —— 5.1
dn onL P (5.1)

where L = Iny = 1In(snn/4m?) gives a measure of the thickness of
the Lorentz-contracted disks of colliding species, v is the Lorentz contrac-
tion factor, m, proton mass and /sy is c.m. energy per nucleon. At

midrapidity (n = 0), Eq. 5.1 is simplified as

chh Nch
— 5.2
dn  2rL (5:2)

Now for heavy-ion collisions, one uses Np,y normalized variables,

2 dNs, 2N;, 1
Npart d?’] Npart V 2rL =7

(0) (5-3)

and for p + p(p) collisions:

dN,, NP
Hence
0 2N, L
p(0) _ h PP (5.5)

Ppp(o) B Npart Nflf Lyn

According to the approach considered, m, is the proton mass in
nucleus-nucleus collisions and the constituent quark mass in p + p(p) colli-
sions set to %mp. Ng, and N2 are the mean multiplicities in nucleus-nucleus
and nucleon-nucleon collisions, respectively, and Ny, is the number of par-

ticipants.

L, and Lyy can be given by the following formulae:

Lyy =1In (m) = 1y (SN—N) (5.6)
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Now,

1 1 ( Spp >
= In
Lpp . 2 4mg

LNN

(5.7)

Within the PDE approach, in nucleon - nucleon and head-on nucleus -
nucleus collisions, we consider /sy = /5p,/3 and m, = m,,/3. Then, one
evolves Eq. (5.5) for the rapidity density p(0) and the multiplicity, N, at
V/Snn; and the rapidity density p,,(0) and the multiplicity N5 at 3,/snn:

2Nch 4In3
0) =pp(0) - 1 — %
p( ) ppp( ) Npart Nf}f \/ 111(477’?/]2)/8]\/’]\[) )

VNN = V3. (5.8)

It was found [115] that Eq. (5.8) very well reproduces the c.m. en-
ergy dependence of of the midrapidity density, measured in the most cen-
tral heavy-ion collisions up to the top RHIC energy. Moreover, it was also
shown that similarly, the total multiplicities in these types of collisions fol-
low the energy-dependence universality. Further development, as outlined
below, treats this dependence in terms of centrality [41]. The centrality is
regarded as the degree of the overlap of the volumes of the two colliding
nuclei, characterized by the impact parameter. The centrality is closely re-
lated to the number of nucleon participants determined using Monte Carlo
Glauber calculations: number of nucleon participant increases while going
from peripheral to most central collisions. Thus, the centrality is related to
the amount of energy released in the collisions, i.e., to the effective energy,
enn- The effective energy, in the framework of the proposed approach, can
be defined as a fraction of the c.m. energy available in a collision according

to the centrality, a:

ENN = \/M(l — Oé). (59)
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Conventionally, the data are divided into centrality intervals, so that a is
the mid point of the centrality interval expressed in fractional form, e.g.

a = 0.25 for the centrality interval of 20-30% centrality class.

Then, for the effective c.m. energy exn, Eq. (5.8) reads:

2N, 21n3
0) = p (0)—ch__ fy__ 2W9
PO) = pm )NWt Ng’g’\/ n(2my,/eny)

ENN = \/%/3, (510)

where Ng, is the mean multiplicity in central nucleus-nucleus collisions
measured at /sy = exn. The rapidity density p,,(0) and the multiplicity
N!P are taken from the existing data or, where not available, calculated
using the corresponding experimental c.m. energy fits at |/s,, = 3enn. The
Ng, values are as well taken from the measurements in central heavy-ion
collisions wherever available, while for the non-existing data the “hybrid”
fit [122] is used. This hybrid fit is inspired by the measurements as well
as by theoretical considerations. It is observed that /sy dependence of
multiplicity is well described by linear logarithmic fit up to the top RHIC
energy [115, 180]. However, the data clearly show a preference for the
power-law behaviour as the collision energy increases above 1—2 TeV at the
LHC [180-182]. From the theoretical description point of view, such a c.m.
energy dependence is expected [183] as soon as the logarithmic dependence
is considered to characterize the fragmentation source(s), while the power-

law behaviour is believed to come from the gluon-gluon interactions [184—

187).

In fact, each of the scalings described by Egs.(5.8) and (5.9) regulates
a particular physics ingredient used in the modelling of the PDE approach.
The scaling introduced by Eq.(5.8) embeds the constituent quark model,
which leads to establishing a similarity between hadronic and nuclear col-
lisions. The scaling driven by Eq.(5.9) is appealed to define the energy

budget effectively retained for multiparticle production in the most central
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collisions to determine the variables obtained from centrality data.

5.2 Charged Particle Pseudo-rapidity

Density

5.2.1 Centrality Dependence

In Fig. 5.1, (dNe/dn)/(Npart/2) at midrapidity as a function of Ny is
shown as measured by PHOBOS experiment in Au+Au collisions at RHIC
at c.m. energy of \/syny = 19.6 to 200 GeV [139] and by CMS experiment
in Pb+Pb collisions at LHC at /sy = 2.76 TeV [181], respectively. The
PHOBOS data at \/sxy = 200 GeV multiplied by 2.12 are also shown
to allow comparison with the LHC data and the model calculations. As
it is noted above, this dependence cannot be reproduced by the wounded

nucleon model where a number-of-nucleon-participant scaling is expected.

In the framework of the model of constituent quarks combined with
Landau hydrodynamics, we calculate the centrality dependence of the
charged particle midrapidity density using Eq. (5.10) to reproduce the cen-
trality data shown in Fig. 5.1. The calculations are shown by solid triangles.
One can see that within this model, where the collisions are derived by the
centrality-defined effective c.m. energy exn, the model calculations are
in very good overall agreement with the measurements irrespective of the
collision energies discussed here. Similar results are obtained for the data
taken by the of the PHENIX [188], STAR [189], or CuCu PHOBOS [139]
measurements from RHIC and ALICE [190] or ATLAS [180] from LHC (not
shown). However, some slightly lower values are seen in the model predic-
tions compared to the data for some low-NVp,u, i.e. for the most peripheral
collisions, at /sy = 19.6 GeV, and for a couple of central data points
obtained at the highest |/sxy. The deviation observed in the peripheral
collisions at /syx = 19.6 GeV looks to be due to the experimental limita-
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Figure 5.1. The charged particle pseudorapidity density at midrapidity per
participant pair as a function of the number of participants, Ny [41].

tions and the extrapolation used in the reconstruction for the measurements
in this region of very low multiplicity [139]. This may also explain the Npu-
scaling of the data at /sy = 19.6 GeV in the most peripheral region, so
the data of these centrality intervals do not follow the common trend of
decreasing as it is observed in higher-energy measurements. The low values
obtained in the model for a few most central collisions at the LHC energy
can be explained by no data on N¥’ being available at VS > 1.8 TeV.
Moreover, for |/s,, > 53 GeV, the second-order logarithmic polynomial fit
to the /55, dependence of N[? is indistinguishable from the exponential
function fit [28]. The latter regularity is used here for the ,/s,, dependence

to calculate N} above the Tevatron energy.

Given the obtained agreement between data and the model, and con-
sidering the similarity put forward for exy and /snn, one would expect
the measured centrality data at exy to follow the /sxn dependence of
the midrapidity density in the most central nuclear collisions. In Fig. 5.2,

the measurements of the charged particle pseudorapidity density at midra-
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pidity in head-on nuclear collisions are plotted against the /sy from a
few GeV at GSI to a few TeV at the LHC along with the centrality data,
shown as a function of eyy, from low-energy RHIC data by STAR at 9.2
GeV [191], and the measurements, shown in Fig. 5.1, by PHOBOS [139]

and CMS [181] experiments as a function of exy.
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Figure 5.2. The charged particle pseudorapidity density per participant pair
at midrapidity as a function of c.m. energy per nucleon, ,/syn, in central
nucleus-nucleus (AA) collisions (shown by large symbols), and as a function of
effective c.m. energy, exn (Eq. (5.9)), for AA collisions at different centralities
(small symbols) [41].

5.2.2 Centre of Mass Energy Dependence

Figure 5.2 shows that ey dependence of centrality data follow the trend
of \/snn dependence of most central collision data. We fit the weighted
average of the midrapidity density from the head-on collisions (when data

at same /syN are taken by different experiments) by following hybrid fit
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function,

p(0) = (—=0.306 = 0.027) + (0.364 4 0.009) In(sn/s0)

+(0.0011 £ 0.0011) (s /50) 0-50£0-06), (5.11)

Here, so = 1 GeV2. In subsequent discussions, the factor sy is taken the
same in all fit functions and omitted for brevity. The hybrid function is,
as it is noticed above, inspired by the measurements and supported by
theoretical considerations. The fit combines the linear-log dependence on
V/Snn observed up to the top RHIC energy [139, 188] and the power-law
dependence obtained with the LHC data [180-182]. This fit is shown in
Fig. 5.2 by the dashed line. One can see that the fit is as well close to the
centrality data. To clarify, the weighted average of the centrality data, as
discussed above, are also fitted by the hybrid function,

p(0) = (0.002+ 0.080) + (0.646 & 0.022) In(cx/o)

+(0.0003 £ 0.0001) (e /gg) L1803 (5.12)

here, &g = 1 GeV2. In subsequent discussions, the factor g, is taken
the same in all fit functions and omitted for brevity. In addition to the
low-energy STAR data and the measurements, shown in Fig. 5.1, by the
PHENIX and CMS experiments, the midrapidity density data on the cen-
trality dependence from ALICE [190], ATLAS [180], PHOBOS [139] and
STAR [189] are included (not shown). The fit is shown by the solid line and
is very close to the fit made to the centrality data. From this one can con-
clude that the model well reproduces the data under the assumption of the
effective energy deriving the multiparticle production process pointing to
the similarity in all the data from peripheral to the most central measure-
ments to follow the same energy behaviour. From the fit, we estimate the
midrapidity density value to be of about 12.0 in the most central collisions

at y/snn = 5.52 TeV, which is shown by the solid circle in Fig. 5.2.
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In addition to the hybrid fits, in Fig. 5.2 we show the linear-log fit [115]
up to the top RHIC energy (thin dashed line) and the power law fit for the
entire energy range (dashed-dotted line) to the most central collision data
along with the power law fit to the centrality data (dotted line). All the fits
are made by using the weighted average data as above. One can see that
the power-law fit describes well the head-on collision measurements [170]
within the error bars, which does not differ from the linear-log or the hybrid
functions up to the RHIC energies. However, it deviates from the most
central collision hybrid fit as soon as the LHC measurements are included.
The power-law fit to the centrality data are much closer to the hybrid fits,
and it is almost indistinguishable from the hybrid fit to the central data
up to the head-on collision LHC points. Both the power-law fits, to the
head-on collision data and to the centrality data, give predictions close to
each other but lower than the hybrid fits. Interestingly, using the PDE
approach, one can clearly see the transition to a possibly new regime in the
multihadron production in heavy-ion collisions demonstrated by the data
as y/snn increases up to about 600-700 GeV. The centrality data still follow
the central collision data and the log fit up to these energies while then the
energy behaviour changes to the power-law one. The change in the /sxn-
dependence from the logarithmic to the power-law one seems to be a reason
of lower-value predictions by theoretical models [182]. The change also
restrains predictions for heavy-ions within the universality picture [115],
which however gives the correct predictions for p + p(p) [173], where both
the logarithmic [192] and the power-law [181] functions provide equally
good fits to the data up to /s,, =7 TeV.

Now, using the effective c.m. energy approach, we apply the obtained
hybrid function fit of the midrapidity density measured in head-on collision
data, Eq. (5.11), to the centrality data, shown in Fig. 5.1 as a function of
Npare. The calculations are shown by the solid lines. One can see that the
model well describes the measurements and actually follows the predictions
by Eq. (5.10), except the LHC data, where it is better than the calcula-

tions of Eq. (5.10), though slightly overshoots the measurements. Similar
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to the model combining constituent quarks and Landau hydrodynamics,
the calculations using the effective energy enxy show lower values for the
very peripheral points at the lowest c.m. energy, /sy = 19.6 GeV. The
difference, as mentioned above, seems to be due to the difficulties in the
measurements because of the very low multiplicity in these data. A slight
overestimation of the LHC data is due to the fact that the fit (Eq. 5.11)
uses the highest centrality (0-2%) ATLAS data of the head-on collisions.

Similar to the above calculations for the existing data on the Npa¢-
dependence of the midrapidity density, we made the predictions for the
forthcoming heavy-ion collisions at /sy = 5.52 TeV. The predictions are
shown by the dashed line in Fig. 5.1, where the centrality and Ny, values
are taken as in the 2.76 TeV data. The expectations show increase of the
p(0) with Nt (decrease with centrality) from about 5 to 12. The increase
looks to be faster than at /syy = 2.76 TeV, especially in the peripheral
region. Similar kind of change in behaviour has been seen as one moves
from the RHIC 200 GeV to the LHC 2.76 TeV measurements, shown in
Fig. 5.2. We find that the predictions made here are well reproduced when
the LHC data are scaled by a factor 1.43, similar to the multiplication
factor (of 2.12 shown here) found [180, 181, 190] to reproduce the 2.76 TeV
LHC data by the 200 GeV RHIC ones.

Recently, ALICE has recorded data at /sy = 5.02 TeV for Pb+Pb
collisions [40] and the results have been reported on charged particle pseu-
dorapidity as shown in Fig. 5.3. According to the consideration, Eq. 5.10,
the calculations are made at ,/s,, = 3enn. The midrapidity density p,,(0)
and the multiplicity N5 are taken from the existing p+ p(p) data [28, 193],
and the Ng, values are taken from the heavy-ion collision data [194, 195]
where available, while otherwise the corresponding experimental c.m. en-
ergy fits are applied. The calculations use the power-law fits for N3 [2§]
and for p,, at /5., > 53 GeV [181], the linear-log fit [28] for p,, at /5., <
53 GeV, and the “hybrid” |/snn fit [41] for Ng,. From Fig. 5.3 one can see
that within PDE approach calculations show a very good overall agreement

with the recent ALICE measurements at 5.02 TeV.

120



0 / Npart
[u—
(=]
I
>

A Energy dissipation, pp-based * *

\&
I
>
> T
P R B

2 dN,,/dn|,

* ALICE 5.02 TeV

* ALICE 2.76 TeV

O ATLAS 2.76 TeV _
O CMS 2.76 TeV

e PHOBOS 200 GeV

e PHOBOS 130 GeV 1
e PHOBOS 62.4 GeV

e PHOBOS 19.6 GeV

e

P(0)

| I |
300 400
N

part

Figure 5.3. The charged particle pseudorapidity density at midrapidity per
participant pair as a function of the number of participants, N,.¢. The cal-
culations within PDE approach (solid triangles) show a good agreement with
recent data (upper most solid stars) taken by ALICE at 5.02 TeV [194].

5.3 Transverse Energy Pseudorapidity
Density

5.3.1 Centre of Mass Energy Dependence

The effective c.m. energy approach is also applied to another important
global observable, such as the pseudorapidity density of the transverse
energy, pr(n) = (2/Npart) dEr/dn, at midrapidity, n ~ 0. The charged
particle density and the transverse energy density are closely related and
have been studied together to provide important characteristics of the un-
derlying dynamics of the multihadron production. The transverse energy
measurements, as well as the pseudorapidity data, have been shown to be

reasonably well modelled by the constituent quark picture [122, 125, 166].
In Fig. 5.4, the /syn dependence of the (dEr/dn)(Npart/2) at midra-
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Figure 5.4. The charged particle transverse energy pseudorapidity density per
participant pair at midrapidity as a function of c.m. energy per nucleon, ,/snn,
in central nucleus-nucleus (AA) collisions (shown by large red symbols), and
as a function of effective energy, exn (Eq. (5.9)), for AA collisions at different
centrality (small blue symbols) [41].

pidity is displayed as measured in head-on collisions at the experiments
from a few GeV at GSI to a few TeV at the LHC, shown by the big symbols.
On top of these data, the centrality data from the PHENIX experiment at
RHIC [125] and the CMS experiment at LHC [196] are added as a function
of the effective c.m. energy, enxn, which are shown by small symbols. One
can see that centrality data follow well the head-on collision data, similar

to the case of the charged particle density at midrapidity.

To better trace the similarity in the energy dependence of the central
collision and the centrality-dependent data, we fit the data by the hybrid
function, as is done in Fig. 5.2 for pseudorapidity densities of the particles.

For the central collisions one gets:
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pr(0) = (—0.447 +0.014) + (0.327 £ 0.011) In(syn)

+(0.002 £ 0.003) s%%*008, (5.13)
and similar fit to the centrality data reads:

pr(0) = (—0.387 +0.090) + (0.574 & 0.032) In(eyy)

+(0.011 4 0.005) £%,518+0-064 (5.14)

The fits of Egs. 5.13 and 5.14 are shown in Fig. 5.4 by the dashed and
solid lines, respectively. The data from different experiments at the same
c.m. energy are weighted. One can see that the two fits are amazingly close
to each other for the entire energy range. This allows to conclude that the
effective energy approach provides a good description of the Et production
in heavy-ion collisions. We estimate the value of pr(0) to be about 16.9 GeV
for most central collisions at /syn = 5.52 TeV shown by the solid circle in
Fig. 5.4. One can see that the LHC data demonstrate a clear departure from
the linear-log regularity in the region of |/sxy >~ 500 — 700 GeV; the log fit
to the data up to the top RHIC energy is shown by the thin dashed line and
is taken from Ref. [188]. This observation supports a possible transition to
a new regime in heavy-ion collisions at /syn above a few hundred GeV as
indicated by the midrapidity density in Fig. 5.2. In Fig. 5.4, we also show
the power-law fits to the central collision measurements by the dashed-
dotted line and to the centrality data by the dotted line. As above, in
the fits, the data from different experiments at the same c.m. energy are
weighted. One can see that the power-law fit to the central collision data
underestimates the LHC measurement at 2.76 TeV data and deviates from
the data at \/sny ~ 1 TeV. However, the power-law fit to the centrality
data describes well the data in the full available c.m.-energy region, though
lies slightly lower than the hybrid fit, Eq. (5.14). The fit overestimates the
data below /syy ~ 10 GeV, similar to the case of the centrality data of
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multiplicity density (Fig. 5.2). Interestingly, the shown power-law fit curve
to the centrality data is similar to that reported by CMS experiment [196].
Here CMS has made the power-law fit for |/syn > 8.7 GeV including its
2.76 TeV measurements at LHC. This again demonstrates the multihadron
production in heavy-ion collisions to be well described by the effective c.m.

energy dissipation model.

5.3.2 Centrality Dependence

To further exploit the effective energy approach with the centrality data,

in Fig. 5.5, we show the N, dependence of the centrality data along with

the central collision data fit, Eq. (5.13), but as a function of the centrality-

dependent c.m. effective energy, enn.
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Figure 5.5. The charged particle transverse energy pseudorapidity density
at midrapidity per participant pair as a function of the number of participants,
Npart [41].

One can see that the fit well describes the data. In this case, the

agreement is even better than for the midrapidity density, as one concludes
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from the comparison with the LHC centrality data. The PHENIX data
at /snn = 200 GeV scaled by 3.07, are shown to allow comparison with
the LHC data. Interestingly, the PHENIX data demonstrate much less
decrease as the centrality increases (more peripheral data), than that ob-
served for the LHC data. This is different from the (dNe/dn)(Npart/2)
measurements at midrapidity, which is shown in Fig. 5.1. In contrast to
the scaled PHENIX data, the effective energy approach (continuous red

line) follows well the LHC measurements.

Similar to the above comparison to the existing data on the Npai-
dependence of the midrapidity transverse energy density, we make the pre-
dictions for the future heavy-ion collisions at /syx = 5.52 TeV within the
PDE approach. The predictions are shown by the dashed line in Fig. 5.4.
The predictions show more rapid increase of the pp(0) with Npay (decrease
with centrality) than at /sy = 2.76 TeV, especially for the peripheral
region. The similar change in behaviour has been seen as one moves from
the RHIC to the LHC measurements. The charged particle pseudorapidity
density also shows a similar kind of behaviour (Fig. 5.2). We find that
the predictions made are well reproduced as the LHC data are scaled by a

numerical factor 1.59, as shown by open stars in Fig. 5.5.

5.4 Charged Particle Mean Multiplicity

Solving Eq. (5.5) for the charged particle multiplicity N, at a given rapidity
density p(0) at y/snn for A+A collisions, and for the rapidity density p,,(0)
and the multiplicity N at 3,/sxn for p + p(p), one gets,

2Nch o Npp p<0> LNN

N,

= N, , (5.15)
part " Ppp(o) Ly

here

LNN -1 2In3

Lpp B 111(4.5«/8]\/]\[/7711,)7
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combining Eq. 5.16 and Eq.5.15 we get,

2N.p, o P(0) 2In3
= Nch 1 - ’
Npart Ppp(0) In (4.5\/snyn/my)

VNN = /3. (5.17)

In the form of effective centre of mass energy exn, Eq. (5.17) reads:

2 N, o P(0) 2In3
= Nch 1 - ’
Npart Ppp(0) In (4.5enn/my)

ENN:\/%/?), (518)

where p(0) is the midrapidity density in central nucleus-nucleus collisions

measured at /SNN = ENN-

5.4.1 Centre of Mass Energy Dependence

Figure 5.6 shows the c.m. energy dependence of the multiplicity measured
in head-on nucleus-nucleus collisions (solid symbols) in the energy range
of /sy = 2 GeV to 2.76 TeV. Given the fact that the measurements
support the 2nd-order logarithmic dependence on /sxy up to the top RHIC
energy [115, 139], while the power-law dependence is obtained for the LHC
data [195], we fit the head-on data by the “hybrid” fit function,

2 Nch
Npart

= (=0.577 £ 0.177) + (0.394 % 0.094) In(syn)
+(0.213 4 0.014) In*(snw)

+(0.005 4 0.009) 5 025%011) (5.19)

This fit is shown in Fig. 5.6 by the solid line. Note that from the the-
oretical description point of view, the logarithmic dependence is considered

to characterize the fragmentation source(s) while the power-law behaviour
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is believed to come from the gluon-gluon interactions [183]; for a review,

see Ref. [29].
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Figure 5.6. The energy dependence of the charged particle mean multiplicity
per participant pair. [201]

We also fit the head-on collision multiplicities with the power-law
function. The power-law dependence of the multiplicity is expected in
different theoretical approaches [197-199] and the data from nuclear and
p + p(p) collisions seem to follow this type of behaviour at higher energies

(28, 195]. The power-law fit gives:

2 N,
v M= (=6.72 £ 1.44) + (5.42 £ 1.11) s'0 05002 (5.20)
part

and is shown by the dashed-dotted line in Fig. 5.6.

Recently, it was shown [200] that the multiplicity of the gluon-gluon
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interactions are better described within a non-equilibrium statistical rela-
tivistic diffusion model using log®(sny) dependence. Using this behaviour

we fit the c.m. energy dependence by the corresponding fit function,

2 Ny,
Npart

= (0.72 £ 1.85) + (0.75 % 0.39) In(sny)

+(0.019 4 0.002) In*(s)- (5.21)

Here, the linear-log term reflects the multiplicity from the fragmen-
tation sources, as noticed above. The fit is shown by the pink solid line
in Fig. 5.6. One can see that the fit seems to be indistinguishable from
the power-law function for the entire fit range, and is slightly below the
power-law behaviour above the current LHC data. Some enhancement in
the low-energy range is expected due to no gluonic source considered to be

present at these energies.

In addition to these fits, we show the log®(sxy)-fit [115] up to the top
RHIC energy (thin dashed line). One can see that the power-law fit well
describes the data and is almost indistinguishable from the hybrid fit up
to the LHC data. Some minor deviation between the two fits can be seen
in the range from the top RHIC energy to the LHC energy. Meantime, the
2nd-order log-polynomial lies below the data for /sy > 200 GeV. This
observation supports a possible transition to a new regime in heavy-ion
collisions at ,/syny of about 1 TeV, as indicated earlier in the studies of
charged particle pseudorapidity density and transverse energy density at

midrapidity [41].

Addressing now Eq. (5.17), we calculate the mean multiplicity
Nen/(Npart/2) for nucleus-nucleus interactions using the p + p(p) measure-
ments. The calculated values are shown in Fig. 5.6 by large open symbols.
The rapidity density p,,(0) and the multiplicity N*” are taken from the ex-
isting data [193] or, where not available, calculated using the corresponding

experimental /s, fits at ,/s,, = 3 /snn, in accordance with the approach
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considered here. The p(0) values are taken from the measurements in cen-
tral heavy-ion collisions wherever available, while for the non-existing data

the experimental fit is used.

One can see that the calculated Ng,/(Npart/2) values follow the mea-
surements from nucleus-nucleus collisions at /syn from a few GeV up to
the TeV LHC energy. The observed agreement between the heavy-ion mea-
surements of Ne,/(Npart/2) and the values obtained from the p+p(p)-based
calculations points to the universality of the multiparticle production pro-

cess in different types of collisions [201].

Solving Eq. (5.17) for the mean multiplicity N in p+p(p) collisions,
we estimate its values for ,/5,, > 2 TeV to be about 47 at ,/5,, = 2.36
TeV, 67 at 7 TeV, and 79 at 13 TeV with 5% uncertainties. Here for the
calculations, one uses the fit to the heavy-ion midrapidity density data
p(0), as described above, and the fit by ALICE to the head-on heavy-ion
data on the mean multiplicity [195] (similar to the results of the fits of
Egs. (5.19) and (5.20)), along with the LHC measurements [192, 202-204]
of the pseudorapidity density p,,(0). The calculated values of NP are
shown as a function of ,/s,, by open stars in Fig. 5.7, along with the

existing multiplicity measurements from p + p(p) collisions.

The measured N7 dependence on /s, in the energy range spanning
the interval between a few GeV to 1.8 TeV are fitted with the power-law,
2nd-order log-polynomial and the hybrid functions. The hybrid and the

power-law fits read,

N = (1.60 & 0.23) + (—0.03 £ 0.10) In(s,,,)

+(0.18 £ 0.01) In*(spp) + (0.03 & 0.02) s{0:29%0-06), (5.22)
and
NP = (=7.36 £ 0.16) + (6.97 £ 0.12) 51330001, (5.23)
respectively.

From Fig. 5.7 one can conclude that the available data do not give any

129



PP
Nch

90 |- pp/pp interactions 7
O E735n.s.d.

80 - [ UASnsd. 7& |
O ISR n.s.d. A

" A bubble chamber S0

70 - hybrid fit: log(s) + power-law 7’1’( o B

P power-law fit 1

60 |- - log’(s) fit _

v Energy dissipation predictions

50 - 1

_10°

\/spp [GeV]

Figure 5.7. The c.m. energy dependence of the charged particle mean
multiplicity in p 4+ p(p) collisions [201].

preference to one or another fit function. This is similar to the pre-LHC
observations where the power-law fit were found to be indistinguishable
from the log®-polynomial fit at /5, > 53 GeV [28]. Interestingly, these
two functions are also found to fit equally well the non-single diffractive
midrapidity density, as obtained by CMS experiment and are reported in
Ref. [181, 192]. The fit functions start to deviate from each other at the
c.am. energy above a few TeV but still not far from each other even at
V/Spp ~ 10 TeV. This may point to apparently no change in the multihadron
production in p+p(p) interactions up to the highest LHC energy, in contrast

to a new regime possibly emerging at /syy &~ 1 TeV in heavy-ion collisions.

It is remarkable how well the PDE predictions on N at ,/s,, >
2 TeV follow the power-law fit made to the measurements for ,/s,, < 1.8
TeV. This and the above-indicated no-change in the hadroproduction in
p + p(p) collisions as soon as one moves to TeV energies, both are in an
agreement with the prediction [115], which seems to be the only successful

one for the midrapidity density in p+p(p) collisions at ,/s,, = 7 TeV [173].
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5.4.2 Centrality Dependence

In this section, we address the point whether the centrality dependence
of the mean multiplicity from heavy-ion experiments is described by
Eq. (5.18), similar to the midrapidity pseudorapidity density in Fig. 5.1 [41].
In Fig. 5.8, we show the Np,¢-dependence of N /(Npart/2). The data are
taken from the measurements by the PHOBOS experiment at RHIC [139]
and by the ALICE experiment at LHC [205]. The solid triangles show
the estimations using Eq. (5.18). As above, in the case of the /syn-
dependence, the rapidity densities p,,(0) and p(0), and the multiplicity
N!P are taken from the existing data [193] or, where not available, are
calculated from the fits described above. According to the consideration

developed here, p(0) is taken at \/sSny = enn, and p,,(0) and NYP are taken
at /Spp = 3€NN-

One can see that the calculations, which are driven by the centrality-
defined effective c.m. energy, exn, well reproduce the LHC data except
slightly underestimating a couple of the most peripheral measurements.
For the RHIC data, however, the difference between the calculations and
the measurements is visible already for medium centralities, i.e., for more
central collisions. These observations are also interrelated with the differ-
ence observed in the measurements at RHIC vs. those from LHC. Indeed,
at RHIC, the N, /(Npart/2) is found to be independent of centrality, while
a monotonic increase with Ny, is observed at the LHC. This becomes even
clearer when the 200 GeV PHOBOS data are multiplied by a factor of 2.87
(open circles in Fig. 5.8), which allows matching the ALICE data from the

highly central collisions.

In Fig. 5.8, the above-obtained c.m. energy fit, Eq. (5.19), made
to the head-on collision data, is applied to the centrality measurements
at /sx\y = enxn and the results are shown by the dashed lines. The ob-

servations made for the calculations are valid here as well. This points
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Figure 5.8. The charged particle mean multiplicity per participant pair as a
function of the number of participants, Nyt [201].

to the complementarity of central collisions and centrality data once the

calculations are made in terms of the c.m. effective-energy, exn.

To clarify the observed differences, in the following sections the dis-
tributions of the pseudorapidity density are investigated in the context of

the PDE picture considered here.
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5.5 Pseudorapidity Density Distribution in
Heavy-ion Collisions: Central vs.

Non-central Collisions

Figure 5.9 shows the distributions of (dNen/dn)/(Npart/2) measured in
head-on and more central heavy-ion collisions and in p + p(p) interactions.
The heavy-ion data represent the PHOBOS measurements made in Au+Au
collisions at the RHIC at \/syy = 19.6, 62.4 and 200 GeV [139] and the
ALICE measurements from Pb-+Pb collisions at the LHC at /sy = 2.76
TeV [195]. The distributions from p + p(p) interactions are taken as mea-
sured by the UA5 experiment [206] at /s, = 53 GeV at the ISR, at
V3w = 200 GeV by the P238 experiment at the SPS [207] and by the
CDF experiment at the Tevatron at /s, = 630 GeV [208]. We also
use measurements at ,/s,, = 7 TeV by the CMS [192], LHCb [209] and
TOTEM [210] experiments at the LHC. The data shown are taken at the
c.m. energies /S, ~ 3 (/snx or 3enn. Except for the CMS measurements,
the negative-n data points from p + p(p) interactions are the reflections of

the measurements taken in the positive-n region.

Within the considered approach of constituent quarks and the Gaus-
sian form of the pseudorapidity distribution in Landau hydrodynamics,

the relationship between the pseudorapidity density distributions p(n) and

pppl1) Teads

p(n) 2N, 2In3 [
= 1+ ex
ppp(ﬁ) Npart foi) LNN P

_772
LNN <2+LNN/ 1113) ’

(5.24)

Here, all variables are defined the same way as in Eq. (5.5), i.e., taking into
account the constituent quark scaling of the c.m. energy as soon as one

relates p + p(p) interactions to central heavy-ion collisions.

Using Eq. (5.24), the heavy-ion distributions are calculated based on

the p,,(n) spectra shown in Fig. 5.9. The calculated distributions are shown
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Figure 5.9. The pseudorapidity distributions of charged particle pseudorapidity
density per participant pair [201].

by solid symbols in Fig. 5.9.

One can see that the calculations are in very good agreement with the
measurements. Minor deviations are due to some mismatch between ,/s,,
and 3,/snn (or 3enn) and, as expected, due to a slight non-centrality. This
is especially visible at /sy = 19.6 GeV, where the energy mismatch is of
a largest fraction. It is noticeable how well the PDE picture allows one to
reproduce the pseudorapidity density distributions from heavy-ion interac-
tions in the full-n range, from central-n to forward-n regions, in the \/sxn
range spanning over more than two orders of magnitude. Remarkably, the
pseudorapidity density distributions, measured in p + p(p) collisions, de-
spite being above those measured in heavy-ion collisions at 19.6 GeV or, on
the contrary, lying far below the heavy-ion data from the LHC almost in

the full-n range, equally well reproduce the heavy-ion data as soon as be-
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ing recalculated within the PDE approach. Interestingly, the calculations
at the LHC energies, well reproduce the heavy-ion pseudorapidity spec-
tra data despite the fact that the p 4+ p(p) measurements are from three
different experiments and are combined to have the distribution over full
pseudorapidity. A slight deviation in the negative-n region is due to some

asymmetry in the ALICE data.

Let us now address peripheral collisions to clarify the deviation in cen-
trality dependence between the data and the calculations as it is observed
in Fig 5.8. In Fig. 5.10(a) the distribution p(n) measured [139] in Au+Au
collisions by the PHOBOS experiment at /syy = 130 GeV at 45-50% cen-
trality, o = 0.475, is shown along with the p,,(0) distribution measured in
p + p collisions by the UA5 experiment at /5,, = 200 GeV [206], i.e., at

\/Spp = 3 enn according to our approach.

Applying Eq. (5.24), we calculate the p(n) spectrum, which is shown
in Fig. 5.10(a) by solid squares. The calculations agree well with the
measurements in the central-n region while fall below the data outside
this region. This finding shows that in non-central collisions, the calcula-
tions within the PDE approach reproduces well the pseudorapidity density

around the midrapidity while underestimate the mean multiplicity.
Let us clarify the obtained features through the following discussions.

In the PDE picture proposed here, the global observables are defined
by the energy of the participating constituent quarks pumped into the
overlapped zone of the colliding nuclei. Hence, the bulk production is driven
by the initial energy deposited at zero time at rapidity n = 0, similar to the
Landau hydrodynamics. Then, as it is expected and commented just above,
the pseudorapidity density at midrapidity is well reproduced for all types
of nuclear collisions, from the most central to peripheral ones. Similarly,
the centrality dependence of the transverse energy density at midrapidity
is well reproduced by the calculations and complements the c.m. energy
dependence of the head-on data. Note that this similarity in the dNy,/dn

and the dEr/dn is in accordance with the same functional form of the
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(pseudo)rapidity density distribution obtained either in the longitudinally
expanding system considered in the original Landau model or when the

development in the transverse direction is included [211-213].

From Fig. 5.10(a), one can see that the calculated distribution p(n)
is narrower than that of the data. The narrowness of the calculated distri-
bution with respect to the measured one is explained by a smaller value of
enn compared to the value of the actual collision energy, \/sxn. However,
the calculations in Eq. (5.24) are made with the multiplicity, Ng,, taken
from the most central nucleus-nucleus collisions at the c.m. energy equal
to exn for the midrapidity density p(0). In other words, in the approach
applied here, similar to the Landau hydrodynamics, the collisions of nuclei

are treated head-on-like.

5.6 Energy Balanced Limiting

Fragmentation

It is established that at high enough energies, in different types of inter-
actions the pseudorapidity density spectra, measured at different c.m. en-
ergies become similar in the fragmentation region. It means that they are
independent of a projectile frame (which is the beam or target rest frame)
for the same type of colliding objects, i.e. being considered as a function of
7' =1 — Ybeam, Where Ypeam = In(y/sxn/my,) is the beam rapidity [27, 174].
This observation obeys the hypothesis of the limiting fragmentation scal-

ing [214].

Considering the limiting fragmentation hypothesis within the
effective-energy approach, one expects the limiting fragmentation scaling
of the distribution p(n), which is measured at ,/snn, to be similar to that
of the calculated distribution but taken at the effective energy, exn. Note
that the limiting fragmentation phenomenon, though being expected as

an universal phenomenon for the Gaussian form of p(n) [174, 215, 216],
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Figure 5.10. (a) The charged particle pseudorapidity density per participant pair
as a function of pseudorapidity. (b) Same as (a) but the measured distributions of
Au+Au and p + p(p) collisions are shifted by the beam rapidity, ' = 7 — Ybeam,
With Yheam = In(X/myp), where X is, correspondingly, \/sNN or /5y, and the
calculated distribution is shifted to ' = 7 — yeg With yeg = In(enn/my). The
distribution measured in Au+Au collisions and the calculated distribution coincide
in the fragmentation region, when being shifted by ypeam for Au+Au data and by
yef for the calculations, that represent the energy balanced limiting fragmentation
scaling [201].

naturally arises in Landau hydrodynamics [163].

In Fig. 5.10(b), the limiting fragmentation hypothesis is applied to
both the measured and the calculated pseudorapidity density distributions
p(n) from Fig. 5.10(a) using the c.m. energy and the effective energy, re-
spectively. Therefore the measured distribution p(n) is shifted by the beam
rapidity, Ypeam, while the calculated distribution from Eq. (5.24) is shifted
by yer = In(enxn/m,) and becomes a function of ' = n — yeg, as expected.
One can see that the calculated p(n’) distribution of non-central heavy-ion
collisions agrees well with the measured distribution p(n’). This finding
points to a new energy scaling as soon as the effective-energy approach is
applied. In analogy with the limiting fragmentation scaling, we call the ob-
served scaling “ the energy balanced limiting fragmentation scaling”. Due
to this scaling, the calculated pseudorapidity density is getting corrected

outside the central-n region accordingly.

To this end, in Fig. 5.10(a), the calculated distribution p(n) is shifted

by the difference (Yot — Yneam) in this region: n — n — In(exn/+/Snn), O,
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using the effective energy definition, Eq. (5.9), n — n — In(1 — «). The
calculated distribution p(n), where the shift is applied, is shown by the
solid circles in Fig. 5.10(a). The shift balances the energy and this brings
the calculations to the measured pseudorapidity density distribution in the
full-n range in non-central heavy-ion collision. It is clear that in head-on or

very central collisions, o approaches zero which makes the shift negligible.

This finding allows to obtain N, within the PDE approach. Namely,
the difference between the two Ng, values, one obtains by integrating the
calculated pseudorapidity density distribution from Eq. (5.24), and another
one of the same distribution but being shifted to the left by In(1 — «),
is added to the N, value obtained from Eq. (5.18). Where no pseudo-
rapidity density distributions are available in p + p(p) measurements at
V/Spp = 3&nn, the energy balanced limiting fragmentation scaling is applied
to reproduce the calculated p(n): the measured distribution from a non-
central heavy-ion collision is shifted by (Ypeam — Yest), i.6. 7 — n+1In(1— ).
Then Ng, is calculated as above, by adding to the calculation of Eq. (5.18)
the difference between the integral from the obtained shifted distribution

and the measured multiplicity in this non-central heavy-ion collision.

Using this ansatz, the values of Ny, are calculated for each centrality
for the RHIC measurements. The calculations are shown by open squares
in Fig. 5.8. One can see that now the calculations well reproduce the

measurements from RHIC, with no deficit in non-central collisions.

The energy balanced limiting fragmentation scaling provides an ex-
planation of the “puzzle” between the centrality independence of the Npay-
normalized mean multiplicity and the monotonic decrease of the normal-
ized midrapidity pseudorapidity density with the centrality, as observed at
RHIC. As shown above, the pseudorapidity density at midrapidity is de-
termined by the effective energy of centrally colliding nucleon participants.
Hence, the value of this observable increases towards head-on collisions as
soon as the effective energy increases with increasing number of partici-

pants. However, the multiplicity is measured in the full n-region, so it gets
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additional contribution from beyond the midrapidity. In the context of the
PDE picture, this contribution is due to the balance between the collision
c.m. energy shared by all nucleons of colliding nuclei and the centrality-
defined effective energy of the interacting participants. The more peripheral
is the collision, the larger the additional contribution is. This contribution
can be directly estimated by the energy balanced limiting fragmentation
scaling introduced here, which leads to the scaling between the measured
pseudorapidity distribution and the distribution calculated within the PDE
approach.

From Fig. 5.8 one can conclude that, in contrast to the RHIC mea-
surements, almost no additional contribution is needed for the PDE calcu-
lations of Eq. (5.18) in order to describe the LHC mean multiplicity data.
As the calculations imply, they are made by considering the nucleus-nucleus
collisions as head-on collisions at the c.m. energy of the value of exy. How-
ever, as shown above, the additional contribution to the mean multiplicity
increases with increasing collision centrality, i.e. while going towards more
peripheral collisions. For head-on collisions, however, this contribution
tends to zero. It is observed that the multiplicity measurements at the
LHC are well reproduced without the energy balanced additional contri-
bution. Therefore, one concludes that in heavy-ion collisions at the LHC
energies the multihadron production obeys a head-on collision regime, for
all the measured centrality intervals. This points to apparently different
regimes of hadroproduction occurring in heavy-ion collisions with /sxn
between a few hundred GeV and TeV energies. This observation supports
a similar conclusion made above, which is suggested from the observation
of a change of the functional type of the fit needed to describe the energy
behaviour as soon as the LHC data are included (Fig. 5.6).

The discussed difference between the mean multiplicity, and hence
the full pseudorapidity density distributions, measured in heavy-ion colli-
sions at RHIC and at LHC have been earlier addressed in Ref. [183, 200],
where the model of three sources, the gluon-gluon midrapidity and two

quark-gluon fragmentation sources, are applied to understand the observa-
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tions from experimental data. In the context of the PDE approach given
here, the difference in the nature of collisions at effective c.m. energy ex-
plains different centrality dependence of the data from the two colliders.
Similar to calculations in Ref. [183, 200], additional contribution from the
fragmentation regions are shown to be needed at RHIC. However, no such
contribution is needed at the LHC energy. Meantime, the midrapidity pseu-
dorapidity densities measured at RHIC and at LHC do not show different
behaviour with centrality and are found to be well reproduced by the PDE
calculations where no preference is given to midrapidity or fragmentation

sources.

There are other approaches, which also consider the three effective
regions in pseudorapidity density distributions of charged particles pro-
duced in p 4+ p(p) and in heavy-ion collisions. In the string percolation
model [199, 217], the fragmentation region is populated by strings of va-
lence quarks and the midrapidity region by additional short strings between
quarks and antiquarks. In other approaches, one introduces a leading par-
ticle activity within the hydrodynamic [218-221] or thermal [222] pictures
of the multiparticle production processes. Like in the PDE consideration,
a similarity of the mechanism of particle production in p+ p(p) and heavy-
ion collisions is also assumed in these approaches. Whereas, within the
PDE approach the leading particles resulting from the spectators are con-
sidered to be produced in nucleon-nucleon collisions, where a single quark
pair interaction is assumed and no leading particle effect is implied for
central nucleus-nucleus collisions, where the entire energy of the partici-
pants is considered to be available for bulk hadron production. As already
noticed above, also no difference in the particle production sources in dif-
ferent pseudorapidity regions is assumed in the PDE approach. Then, the
c.m. energy scaling due to the key picture of the constituent quarks, ap-
plied to the Landau hydrodynamics, allows revealing the universality of the

multihadron dynamics in hadronic and nuclear interactions.
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5.7 Effective Energy Dependence of
Multiplicity in Central and Non-central

collisions

Given the obtained agreement between the data and the calculations, and
considering the similarity put forward for exy and /sxn, one would expect
the measured centrality data at enxy to follow the /synx dependence of
the mean multiplicity in the most central nuclear collisions. In Fig. 5.6,
the centrality measurements of Ny, by the PHOBOS [139] and the ALICE
[205] experiments are added to the head-on nuclear collision data. The
centrality data are plotted as a function of exn. Due to the above finding
of the energy balanced limiting fragmentation scaling, explaining the lack
of centrality dependence of the mean multiplicity at RHIC energies, these
data are plotted by subtracting the energy balanced contribution. From
Fig. 5.6, one concludes that effective-energy dependence of the centrality

data complements the c.m. energy behaviour of the head-on collision data.

To better trace the similarity between the head-on collision and cen-
trality data, we fit the exn-dependence of the centrality data by the hybrid
and the power-law functions, similar to the head-on collisions. For the

hybrid fit one gets

2N,
¥ ’Z = (3.04 £ 0.60) — (1.40 + 0.24) In(e v )
par
+(1.12 4 0.04) In(e v n) + (0.032 % 0.028)e 0 3450106 (5.25)

This fit is shown by the dashed line in Fig. 5.6. This fit agrees well with
the same type of the fit to the head-on collision data in the entire available

energy range except 1/sny S 10 GeV. For the log?(exy) fit function of the
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three-sources approach, similar to Eq. (5.21), one finds:

2 Nep
N,

part

— (1.70 & 1.49) + (1.18 + 0.54) In(e )

+(0.152 £ 0.008) In*(eyy). (5.26)

The fit is shown by the thin dashed-dotted line in Fig. 5.6, and lies on
top of the analogous fit, Eq. (5.21) to the head-on data, except a slight
enhancement for /sy < 10 GeV, similar to the hybrid fit. The power-law
enn-fit for the centrality data is shown by the dotted line in Fig. 5.6. It is
found to be similar to the power-law /syn-fit, Eq. (5.20), to the head-on

collision data shown by the dashed-dotted line.

From this, one concludes that within the picture proposed here, the
data are well reproduced under the assumption of the effective energy which
governs the multiparticle production. This points to the the same energy
behaviour in multihadron production for all types of heavy-ion collisions,

from peripheral to the most central collisions.

Here, let us stress an important corollary of the PDE approach. As
soon as the effective energy in nucleus-nucleus collisions determines the
pseudorapidity density at midrapidity, then the midrapidity pseudorapid-
ity densities at the same effective energy but at different c.m. energy get
the same value. In other words, the densities are defined by the effective
energy independent of the energy of the collision. The observation made
here for the exy dependence of Ny, confirms the observation made earlier
for the midrapidity densities [41]. In addition, it adds another important
ingredient which takes into account the additional energy balanced contri-

bution to the mean multiplicity in non-central nucleus-nucleus collisions.

From the hybrid fits obtained, we estimate the multiplicity for the fu-
ture LHC heavy-ion run. Since the hybrid fit for the head-on collision data
and the fit to the centrality data show slightly different increase with c.m.
energy, the predictions of the two fits are averaged. Hence, Nep,/(Npart/2)
value is predicted to be about 119 with 5% uncertainty in the most central

heavy-ion collisions at /sy = 5.13 TeV. The prediction is shown by the
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right-inclined hatched area in Fig. 5.6. In addition, the fit-averaged pre-
diction based on p + p(p) collisions at ,/s,, = 13 TeV, recalculated within
the PDE approach, is shown in Fig. 5.6 as the left-inclined hatched area.

The predictions are made as well for the centrality dependence and are
given in Fig. 5.8. We give the predictions for \/sxy = 5.02 TeV, considering
the recent measurements reported by ALICE for the rapidity density [40]
and expecting the mean multiplicity measurements at this energy. The two

types of predictions are shown.

First, similar to the above predictions made to the head-on collisions
we use the fit functions. Within the effective-energy approach we treat
non-central collisions as central collisions at energy enxy and use the head-
on collision multiplicity fits to predict the centrality dependence. This is
similar to that made for the existing data as shown in Fig. 5.8 by the dashed
lines. However, for the predictions, we use the average values of the hybrid
and the power-law fits, Eqgs. (5.19) and (5.20), as soon as those deviate
for /sxn above 2.76 TeV. The prediction for /syn = 5.02 TeV centrality
dependence is shown by the dashed-dotted line. The centrality and Npu
values are alike in the shown 2.76 TeV data. The expectations show an
increase of the mean multiplicity with N, from about 52 to about 118.
The increase looks to be slightly faster than at \/syy = 2.76 TeV, especially

for the peripheral region.

Second, the PDE set of prediction is made using the calculations
based on Eq. (5.18) combining the constituent quark model and the Landau
hydrodynamics. This prediction for the centrality dependence is shown by
the solid inverted triangles in Fig. 5.8. One can see that the predictions

are close to ones obtained from the head-on collision data fits.

The predictions are compared with the LHC data at /sy\y =
2.76 TeV. To better match the predictions for highly central collisions,
the 2.76 TeV data points are multiplied by 1.3. One can see that the pre-
dictions are well reproduced by the scaled data. This indicates no change of

the hadroproduction mechanism expected with increase of the c.m. energy
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at LHC, in contrast to what is seen when one compares the scaled 200 GeV

RHIC data with the 2.76 TeV measurements.

An interesting issue to be addressed in the framework of the PDE
picture is to consider asymmetric collisions, such as nucleon-nucleus (p/d-
nucleus) ones. In these interactions the multiplicity is also expected to
have no centrality dependence. This is due to the many nucleon-nucleon
interactions of the incident proton with the nucleons of the interacting nu-
cleus while the secondary particles produced in the reaction are assumed
to be created out of the c.m. energy deposited to the interaction zone.
The proton and nucleus are considered to interact via a single pair of con-
stituent quarks, one from the proton and another one from a nucleon in
the interacting nucleus. Then, no centrality dependence of the multiplicity
is expected in p-nucleus collisions with the multiplicity values to be similar
to that from p + p(p) interactions at the c.m. energy ,/s,, ~ /snn. As
a consequence, this, at a given centrality, results to Np../2 for the ratio
New/NEP. These features have been indeed obtained in d-Au interactions
at RHIC [223]. Moreover, the effect of the Np,-dependence of the multi-
plicity ratio obtained at RHIC has been also observed in hadron-nucleus
collisions at lower /syn /= 10-20 GeV [137, 223]. These observations seem
to be also obtained at LHC, where the /sxy dependence of the dNg,/dn
measured in p-Pb collisions at /sy = 5.02 TeV is observed [224] to be
consistent with a power-law ,/5,,-fit to p + p(p) data and its centrality
dependence is shown [225, 226] to demonstrate the importance of nucleon-

nucleon interactions for p-Pb results.

5.8 Summary

In summary, the multihadron production process in nucleus-nucleus colli-
sions and its universality in nuclear and hadronic interactions are studied.
We analyzed the midrapidity pseudorapidity density of charged particles

and of the transverse energy measured in nucleus-nucleus collisions in the
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whole available range of the collision c.m. energy per nucleon, /sxn, from
a few GeV at GSI up to a few TeV at the LHC. The dependencies of these
key observables on ,/syy and on the number of participants (or central-
ity) have been revealed within the participant dissipating energy (PDE)
approach. In this approach, the participants are considered to form the
initial zone of a collision and to determine the production of hadrons at
the very early stage of the collision. In this consideration, one combines the
constituent quark picture with Landau hydrodynamics and interrelates the
multihadron production in different types of collisions by a proper scaling
of the c.m. energy of collisions. In particular, an energy-scaling factor of
1/3 in p+p(p) measurements is shown to reveal the universality of the mul-

tiplicity dependencies in nucleon-nucleon and nucleus-nucleus interactions.

Within this model, we find that the dependence of the pseudorpaidity
density at midrapidity from the RHIC to LHC data is well reproduced as
soon as the effective c.m. energy variable is introduced as the centrality-
defined fraction of the collision c¢.m. energy. Based on this finding, it is
shown that the most central collision data and the centrality-dependent
data follow a similar y/sxy dependence obtained for the central collision
data as soon as the centrality data is rescaled to the effective energy. Within
the effective energy approach, the hybrid fit to the central collision data is
found to well reproduce the centrality dependence of the midrapidity den-
sities. Similar observations are made for the transverse energy midrapidity
density measurements: as soon as the centrality data is recalculated for the
c.am. effective energy, these measurements are found to well complement
to the /sy dependence central collision data. The hybrid fit made to the
central collision data is shown to reproduce well the midrapidity transverse
energy dependence on the number of participants. For both the variables
studied, a clear departure of the data as a function of the effective c.m.
energy from the linear-log dependence to the power-law one is observed at
V5N =~ 500 — 700 GeV indicating a possible transition to a new regime
in heavy-ion collisions. The data at /sxy ~ 1 TeV would be extremely

useful to clarify the observations made here. Based on the hybrid fits in
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the framework of the discussed model, the predictions for the energy and
the number of participant dependencies for the measurements in the forth-

coming heavy-ion runs at LHC at /syy = 5.52 TeV are made.

In the entire available \/syn range of about a few TeV, the energy
dependence of the multiplicity in head-on collisions is also found to be
well described by the calculations performed within the effective-energy
approach based on p + p(p) data. Meanwhile, depending on the data sam-
ple, the calculations are found either to describe the measured centrality
dependence or to show some deviation between the calculations and the
data. For the RHIC data, the deficit in the predictions is observed for non-
central collisions so that the predictions do not follow a constancy with the
centrality as it is observed at RHIC. However, the centrality dependence
mean multiplicity at LHC is found to be well described by the calculations

including the increase from peripheral to the most central collisions.

To clarify the observations, approach of the effective-energy of the
quark participants is applied to the pseudorapidity density distribution
measured in heavy-ion collisions. The energy balanced limiting fragmen-
tation scaling is introduced based on assumption of the similarity of the
fragmentation region of the measured distribution in the beam rest frame
and that determined from the calculations by using the effective energy.
The revealed scaling allows us to reproduce the pseudorapidity density dis-
tributions independent of the centrality of collisions and then to correctly
describe the centrality independence of the mean multiplicity measured at
RHIC. Moreover, this finding provides a solution to the RHIC “puzzle” of
the difference between the centrality independence of the mean multiplicity
vs. the monotonic decrease of the midrapidity pseudorapidity density with
the increase of centrality. The mean multiplicity is shown to get a fraction
of additional contribution to account for the balance between the collision
c.m. energy shared by all nucleons and the effective energy of the partici-
pants. However,the midrapidity pseudorapidity density is fully defined by

the effective energy of colliding participants.
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The agreement between the calculations made in the context of the
proposed PDE approach and the LHC measurements at TeV energies sug-
gest that no energy-balanced additional contribution is required even at

relatively small number of participants at TeV energies.

Based on the above findings, the complementarity of the head-on
collisions and the centrality data is shown resulting in the similar energy
behaviour of the mean multiplicity measurements as soon as the data are
considered in terms of the effective energy. A departure of the c.m. energy
dependence of the data from the 2nd-order logarithmic behaviour to the
power-law or higher-order logarithmic polynomial function at \/syx ~ 1
TeV suggests a transition to a new regime in nucleus-nucleus collisions at
TeV energies. Interestingly, these findings made for a full collision rapidity
range are similar to those drawn from the studies [41] of the pseudorapidity
density and the transverse energy density at midrapidity. This is also in
accordance with the centrality dependence behaviour of mean multiplic-
ity which also indicates a possible change of the regime of multihadron

production as one moves from the RHIC to LHC energies.

The hybrid and the power-law fits are found to describe well the
existing data on the charged particle multiplicity from p+ p(p) interactions
in the entire c.m. energy range up to the top Tevatron energy of 1.8 TeV.
However, in this case, no clear change from the power-law behaviour to the
quadratic log-polynomial is observed. Moreover, the predictions made here
for the mean multiplicity for ,/s,, in the LHC energy range of 2.36 TeV
to 13 TeV within the PDE approach demonstrate a closeness between the
predicted values and the lower-energy /s,, fit. One concludes that, in
contrast to heavy-ions, no change in multihadron production in p + p(p)

collisions is expected up to the foreseen LHC energy.

Based on the results of the hybrid fits, the predictions for the charged
particle mean multiplicity in head-on heavy-ion collisions at \/syy = 5.02
TeV at the LHC are given. Within the obtained complementarity of head-

on collisions and centrality data, the predictions are made for the centrality
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dependence mean multiplicity to be measured.

The soon-to-come measurements at the LHC are of crucial impor-
tance for further understanding of the multihadron dynamics. This will
shed light on the universality of the multihadron production process in dif-
ferent types of collisions and clarify the PDE approach and the obtained
energy-balanced limiting fragmentation, which has been shown to success-
fully describe the features of global key observables by relating hadronic

and nuclear collisions.
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Chapter 6

Summary and Outlook

In this thesis, we have studied the inclusive photon production at forward
rapidity (2.3 < 7 < 3.9) in Pb+Pb collisions at \/syy = 2.76 TeV using
the data from the Photon Multiplicity Detector (PMD) in ALICE. The
data analysis starts with identifying good runs and following the method
outlined in the thesis. We do the gain calibration for each honeycomb
proportional counter to make gain uniform throughout preshower plane of
the PMD. Measured number of photons in each n bin is corrected using
“efficiency-purity correction method” to get rid of the detector effects. The
pseudorapidity distributions are compared with the available model predic-
tions and it is found that none of the models could explain all aspects of the
data at \/syn = 2.76 TeV. The findings at LHC, thus, opens up new issues
which need proper training of the event generators through the inclusion

of new physics processes /mechanisms.

The longitudinal scaling of inclusive photons has been studied for
Au+Au collisions at /sy = 62.4, 200 GeV and Pb+Pb collisions at beam
energy 158AGeV and /syx = 2.76 TeV. The data seem to follow the lim-
iting fragmentation behaviour. But due to limited acceptance of the PMD,
it is difficult to make any conclusion regarding the longitudinal scaling of
photons in forward rapidity region. Since the HIJING could not explain
the data in forward rapidity region in Pb+Pb collisions at /syn = 2.76
TeV, it would be very interesting to introduce new models (or new physics
ingredients) to understand the underlying physics. We have presented the
results for study of collision centrality dependance of charged particle mul-

tiplicity per participant pair (N, /0.5Npq). It is observed that N, /0.5Npart
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increases monotonically with centrality, which is contrary to the centrality
independent behavior of N, /0.5N,,,+ measured in Au+Au at 62.4 and 200
GeV in STAR experiment at RHIC. The results of centrality dependance
of N,/0.5N,,,+ at forward rapidity have been found consistent with the
charged particle multiplicity measurements at midrapidity in Pb+Pb colli-
sions at y/syy =2.76 TeV at LHC. These measurements at RHIC and LHC

energies need to be understood with model comparison.

We have presented the result for the study of charged particle and
transverse energy production as a function of collision centrality and col-
lision energy, in the framework of nucleon and quark participants. These
participants are estimated using a Monte Carlo-based implementation of
nuclear overlap model. The centrality dependence of Np,-normalized
dN¢y,/dn both for Au+Au collisions at /sy = 200 GeV and Pb+Pb col-
lisions at y/syy = 2.76 TeV show a monotonic increase with centrality.
Whereas a nearly centrality independent scaling behavior is observed for
Ny—par-normalized data. This gives the indication of partonic activities at

RHIC and LHC energies. Similar observation is found for dE7/dn.

The charged particle production as a function of c.m. collision energy
has been studied both in the nucleon and quark participant frameworks. In
contrast to the nucleon participants, where the logarithmic function fails to
describe the measurements up to the LHC energies, in the quark participant
sector, the logarithmic function describes the data well-up to 2.76 TeV. A
power-law function, however, describes the high-energy measurements at
LHC energy but underestimates the low energy measurements. We have
introduced a “hybrid function”, which is a combination of logarithmic and
power-law in collision energy, describes the data for dN.,/dn and dE7/dn
at all available energies both for the nucleon and quark participants, in-
dicating a universality in multi-particle production. The physics motiva-
tion behind the hybrid function is that the multiplicity could be explained
by the combination of a mid rapidity gluonic sources and fragmentation
sources. mid rapidity gluonic sources predict a power-law type behavior

of charged particle multiplicity, whereas the fragmentation sources predict
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a logarithmic behavior. On the other hand, the EKRT model based on a
initial state gluon saturation and the power-law function better describes
the high-energy behavior of transverse energy production. The value of
E7 /N, for Pb+-Pb collisions at /sy = 2.76 TeV estimated by the hybrid
function agrees with the corresponding measurement by CMS Collabora-
tion at LHC and reproduces the jump from RHIC to LHC, in its energy
dependence behavior. This may indicate a higher initial pressure of the
ultra-dense matter at LHC compared to that is formed in RHIC energies.
We give the predictions for dN.,/dn, dEp/dn and Erp/N., for Pb + Pb
collisions at /sy = 5.5 TeV from this universal hybrid function. In con-
clusion, the charged particle and the transverse energy measurements are
well-described by the hybrid function for all available energies and collision
species in heavy-ion collisions indicating a universality in particle produc-

tion mechanism.

In addition, we have analyzed dN.,/dn and dE;/dn at midrapidity
within the Participant Dissipating Energy (PDE) approach, which com-
bines constituent quarks with Landau hydrodynamics. Within this ap-
proach, we found that from RHIC to LHC energies, the dN.,/dn is well
reproduced as soon as the effective c.m. energy variable (eyy) is intro-
duced as the centrality-defined fraction of the collision c.m. energy. Based
on this finding, it is shown that the most central collision data and the
centrality dependent data follow a similar /syy dependence as soon as the
centrality data is rescaled to the effective energy. The hybrid fit is found
to well reproduce the N, dependence of dN.,/dn within the effective-
energy approach. Similar observations have been found for the dEr/dn
measurements. For both the variables studied, a clear departure of the
data as a function of the effective c.m. energy from the linear-log depen-
dence to the power-law one is observed at /syn ~ 500-700 GeV indicating
a possible transition to a new regime in heavy-ion collisions. The data
at \/snn ~1 TeV would be extremely useful to clarify the observations
made here. Based on the hybrid fits the predictions for the energy and the

number-of-participant dependencies for the measurements in the heavy-ion
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runs at LHC at /syn = 5.52 TeV are made.

We have also studied collision energy and centrality dependance of
Ny, within the PDE approach. In the entire available range of /syx, the
collision energy dependence of the N, in head-on collisions is found to
be well described by the calculations performed within the effective-energy
approach based on p + p(p) data. The centrality dependance mean multi-
plicity at LHC is found to be well described by the calculations including the
monotonic increase from peripheral to the most central collisions. However,
for the RHIC data, the deficit in the predictions is observed for non-central
collisions. To clarify these observations, approach of the effective energy of
the quark participants is applied to the pseudorapidity density distribution
measured in heavy-ion collisions. The “energy-balanced limiting fragmen-
tation scaling” is introduced based on assumption of the similarity of the
fragmentation region of the measured distribution in the beam rest frame
and that determined from the calculations by using the effective energy.
The revealed scaling allows us to reproduce the pseudorapidity density dis-
tributions independently of the centrality of collisions and then to correctly
describe the centrality independence of the mean multiplicity measured at
RHIC. Moreover, this finding provides a solution to the “puzzle” at RHIC of
the difference between the centrality independence of the mean multiplicity
vs. the monotonic decrease of the midrapidity pseudorapidity density with
the increase of centrality. Based on the above findings, the complementar-
ity of the head-on collisions and the centrality data is shown, resulting in
the similar energy behavior of the mean multiplicity measurements as soon
as the data are considered in terms of the effective energy. A departure of
the c.m. energy dependence of the data from the second-order logarithmic
behavior to the power-law or higher-order logarithmic polynomial function
one observes at the region of 1 TeV suggests a transition to a new regime in
nucleus-nucleus collisions at TeV energies. Interestingly, these findings for
a full collision rapidity range are similar to the midrapidity pseudorapidity

measurements.
The hybrid and the power-law fits are found to describe well the
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existing data on the charged particle multiplicity from p + p(p) interactions
in the entire c.m. energy ,/s,, range up to the top Tevatron energy of 1.8
TeV. Based on the results of the hybrid fits, the predictions for the charged
particle mean multiplicity in head-on heavy-ion collisions at /syy = 5.13
TeV at the LHC are given. Within the obtained complementarity of head-
on collisions and centrality data, the predictions are made for the mean

multiplicity centrality dependence to be measured at upcoming energies.
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