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Abstract

At relativistic energies, the heavy-ion collisions provide a unique environment

to study the properties of strongly interacting matter known as Quark Gluon Plasma

(QGP) created just after the “Big-Bang”. To explore the evolution of universe, A

Large Ion Collider Experiment has been built at Large Hadron Collider (LHC)

at CERN. ALICE is specially optimised for the study of heavy-ion collisions to

characterize the properties of the QGP. The study of event-by-event fluctuations is

the most e↵ective way to address the properties of QGP matter. It helps to extract

the dynamical fluctuations present in the system which might be weaken when

studied as averaging over all events in an ensemble. The event-by-event study o↵ers

a chance to investigate each and every event, and extracts the rare physical events.

The experiments at LHC and RHIC (Relativistic Heavy Ion Collider) provide a high

multiplictiy environment to study the fluctuations in physical observables on event-

by-event basis. A strong magnetic field created by the fast moving spectator protons

induces the electric current that leads to the separation of positively and negatively

charged particles along the magnetic field direction resulting in the phenomenon of

Chiral Magnetic E↵ect (CME). The hunting for the existence of CME is possible via

charge-dependent particle azimuthal correlation measurements. Several experiments

at LHC and RHIC reported the charge separation measurement and the results are

qualitatively in agreement with the CME expectations. For the charged-neutral

correlation measurement, the STAR has studied the event-by-event fluctuations and

found no significant deviation from the generic pion production.

In this thesis, the results on study of charged-neutral fluctuations and charge

separation in Pb-Pb collisions at
p
sNN = 2.76 TeV using the ALICE detector at the

LHC, are presented. An event-by-event fluctuations in charged-to-neutral particle

multiplicities in nuclear-nuclear collisions might be the consequence of formation of

DCC domains. The search for the DCC-type domains is performed using the Slid-

ing Window Method (SWM) which locates the unusual charged-to-neutral particle
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fraction in an event over the azimuthal plane. The fluctuations in charged neutral

particle multiplicties are also measured via variable, ⌫�,ch
dyn and factorial moments

rm,1. The simulation study is also performed using the Monte Carlo event genera-

tors viz., HIJING and AMPT. Results obtained are compared with those of data

and provide a hint for the existence of non-statistical fluctuations in data.

A new method of Sliding Dumbbell is developed to scan the full azimuthal

plane to search event-by-event localised charge separation in ⌘�� phase space. The

sum Db± of positive charge fraction on one side and negative charge fraction on

other side of the dumbbell is computed and its maximum Dbmax
± value is obtained

by sliding the dumbbell in steps of 1� over the whole azimuthal plane. The Dbmax
±

distributions in each centrality are further divided into ten bins, where 0-10% cor-

responds to higher Dbmax
± values, while the 90-100% corresponds to lower Dbmax

±

values. Furthermore, the two- and three- particle azimuthal correlations are investi-

gated in terms of Dbmax
± bins to extract the events exhibitng large charge separation

to have a sample enriched with CME-type events. The study of charge separation

e↵ect using di↵erent Monte Carlo event generators is also performed. The parti-

cle azimuthal correlations are measured for HIJING and AMPT as a function of

centrality as well as for di↵erent Dbmax
± bins. In order to examine the e↵ect of

CME signal, the di↵erent percentages of CME signal are introduced in the stan-

dard string melting AMPT and performed the detailed study via particle azimuthal

correlations. Reasonably very good results are obtained using Sliding Dumbbell

Method (SDM) regarding the extraction of CME type signal. SDM is applied to

Pb-Pb collision data at
p
sNN = 2.76 TeV to investigate the event-by-event charge

separation. Thus, it is possible to get CME enriched sample events corresponding

to top 10%, 20%, and 30% Dbmax
± values for 20-30%, 30-50%, and 50-70% collision

centralities, respectively. The CME fraction (fCME) is ⇠35% in top 10%, 20%, and

30% Dbmax
± values in these centralities which corresponds to CME signal ⇠ 5-10%

in these collision centralities.
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Chapter 1

Relativistic Heavy Ion Collisions

1.1 Introduction

The Standard Model (SM) is a well-tested theoretical framework which describes

matter in terms of elementary particles (Fermions) and their interactions (Gauge

Bosons) except gravitational one. The fermions are known as leptons and quarks

whereas the force carriers of their interactions are the gauge bosons and a higgs

boson. In SM, all elementary particles on the basis of their masses and stability,

are categorized into three generations. The first generation holds most stable and

the lightest particles whereas lesser stable and heavier particles are arranged into

second and third generations [1].

Leptons: As stated above three generations or families of leptons are; electron

(e), muon (µ) and tau (⌧). In each generation, we also have associated neutrinos (⌫e,

⌫µ, and ⌫⌧ ). In SM, each type of particle is associated to an anti-particle. The cor-

responding anti-leptons are also arranged into their respective particle generations.

In total, we have 12 (6 particles + 6 anti-particles) leptons in SM.

Quarks: There are six types of quarks found in nature and are arranged into

three generations: the first generation is made up of the up (u) and the down (d)

quarks, the second generation includes the charm (c) and the strange (s) quarks

and finally, the third generation contains the top (t) and the bottom (b) quarks.

1



2 Chapter 1

Similar to leptons, each quark has corresponding anti-quark. Unlike the leptons,

quarks come in three colours: Red (r), Blue (b) and Green (g) but physical states

are colourless. In other words, only colourless combinations of quarks are stable and

exists, for example, a combination of a quark and an anti-quark (known as mesons)

or combination of three quarks (known as baryons) exists in nature.

Gauge Bosons: As described above, the force carriers are responsible for

the interactions between fundamental particles. Each force has it’s own force carrier

(gauge boson). In SM, three out of four interactions viz., strong, weak and elec-

tromagnetic are included. The force carriers of the strong force, electromagnetic

force, and weak force are known as gluon (g), photon (�) and (W± and Z0) bosons,

respectively. The g and � are massless, while W± and Z0 have masses ⇠ 80.38GeV 2

and ⇠ 91.18GeV 2, respectively.

Higgs Boson: The Higgs boson is known for providing mass to all the

fundamental particles in SM [2]. The experimental observation of Higgs boson (⇠126

GeV) in ATLAS and CMS experiments validated the predictions of SM in July

2012 [3, 4].

1.1.1 Quantum Chromodynamics

The Quantum Chromodynamics (QCD) is a theory of strong interactions which ex-

plains the interaction between elementary particles [5]. The two important features

of QCD are: Quark Confinement and Asymptotic Freedom.

Quark Confinement: It states that a single quark can never be found in

an isolated form. When a bound quark pair (meson or baryon) is stretched at large

distances, it does not break to multiple single quarks though the potential energy

increases up to an extent that a new pair of a quark and an anti-quark forms instead.

This therefore, concludes that free quarks do not exist in nature and always confined

within the composite particles like mesons and baryons (also known as hadrons).
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Asymptotic Freedom: When the partons (quarks and gluons) inside the

hadrons come closer to each other at very short distances, the potential energy

increases and the coupling strength becomes weaker. The increasing energy at short

distance increases the temperature which allows the quarks to move freely inside

hadrons and this phenomenon is known as asymptotic freedom [6]. At very high

energy density, the QCD predicts the presence of a phase of coloured matter with

deconfined quarks, known as Quark Gluon Plasma (QGP).

1.1.2 QCD phase diagram and Quark Gluon Plasma (QGP)

The universe popped out from an explosion named as “Big-Bang” which was ultra

hot and superdense due to very high energy density and temperature. At that

time the temperature was about 105 times the temperature in the core of the sun.

Figure 1.1 shows the QCD phase diagram of nuclear matter as a function of baryo-

chemical potential (µ) and temperature (T ) [7]. A phase transition from normal

nuclear matter to a deconfined state of quarks and gluons under high temperature

and energy density leads to the formation of primordial matter known as Quark

Gluon Plasma (QGP). The QGP undergoes an expansion with increasing time and

cools down to form stable particles (hadrons).

In order to understand this superdense state of the early universe, powerful

atom smasher machines, RHIC [8] and LHC [9] are built at BNL and CERN, re-

spectively. In the laboratory, the transition from normal matter to a QGP state can

be achieved through two di↵erent scenarios.

• In figure 1.1, a normal nuclear matter exists at µB ' 1 GeV and T = 0. At

low temperature (T ⇠ 0) and increasing baryon density (µB), the colliding two

heavy nuclei at low energy
p
sNN ⇠ 15 GeV lead to the formation of baryon

rich smaller overlap region. The nucleon density increases in small overlap

volume such that the nucleons start overlapping and concept of individual
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Figure 1.1: QCD phase diagram depicting the variation of Temperature (T) with

the Baryon Chemical Potential (µB).

nucleons disappears. The quarks are now rushing hither and thither in a

larger volume ⇠ the size of a nucleus. At this stage, quarks do not belong to

a particular nucleon and this phase is predicted to be equivalent to the core

of neutron stars. The Condensed Baryonic Matter (CBM) experiment [10]

at FAIR Germany aims to explore the physics of baryon rich region and the

equation of state in this region.

• Another situation arises, if µB ' 0 and the temperature of the system is

increased more than the critical temperature (T > Tc), a deconfined state of

quarks and gluons formed. The situation can be viewed by clashing two heavy

nuclei at much higher energies in such a way that the colliding nucleons pass

through each other and slow down the participants resulting in the energy loss

that helps to create hot dense baryon free overlap region consisting of quarks

and gluons. STAR [11], PHENIX [12], PHOBOS [13] and BRAHMS [14]

experiments at Relativistic Heavy Ion Collider (RHIC) BNL and ATLAS [15],

ALICE [16] and CMS [17] experiments at Large Hadron Collider (LHC) CERN
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are investigating the properties of the baryon free QGP matter in this phase

of QCD.

1.2 Relativistic Heavy Ion Collisions

The heavy ion collisions provide a unique environment to explore the universe deeply

to the level of micro seconds and allow to study the properties of hot dense soup of

strongly interacting QGP [18]. The major role of relativistic heavy ion colliders is

to recreate the “mini Big-Bang” in the laboratory by smashing highly accelerated

(up to TeV energy) heavy nuclei. The two colliding nuclei, travelling at a velocity

nearly equal to the speed of light, become Lorentz contracted along the direction

of beam axis and can be represented by thin disks. During the collision, an overlap

region of almond shape is formed. The nucleons lying in the overlap region are

known as “participating nucleons” whereas those do not participate in a collision

and lie outside the overlap region are known as “spectator nucleons”. The size of

the overlap region depends on the type of collision e↵ectively the range of impact

parameter (b; defined as the distance between the centres of two colliding nuclei).

There are three main categories of collision which describe the type of overlap region.

If r1 and r2 are the radii of incoming nuclei 1 and 2, then;

• Central collision: It is also known as head-on collision having nearly zero

impact parameter 0  b <| r1 � r2 |.

• Semi-central collision: If impact parameter (b) ranges from | r1�r2 |< b <

(r1 + r2).

• Peripheral collision: When the colliding nuclei have minimum overlap or b

nearly equals to the sum of radii of two colliding nuclei i.e., b ' (r1 + r2).

An overlap region of almond shape is formed and a huge amount of energy is

deposited in a relatively small volume for a very small duration of time, resulting
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in an enormous amount of energy density of the order of ⇠ GeV/fm3 leads to the

formation of QGP. Figure 1.2 depicts the di↵erent stages of heavy-ion collision.

Figure 1.2: The colliding heavy ions depicting various stages of collision.

1.2.1 Space Time Evolution

The space time evolution of heavy-ion collisions is illustrated in figure 1.3. In the

center of mass frame, the target nucleus (say A) coming from z = +1 and pro-

jectile nucleus (say B) from z = �1 with the speed of light collide at time t=0

and z=0 (collision point). After collision, the participating nucleons lose energy in

the system and create baryon free overlap region. The large amount of energy is

deposited by colliding nucleons. This is the initial stage of collision called “pre-

equilibrium” phase which exists at about < 1fm/c. After this expansion begins and

the system undergoes interactions within partons and a local thermal equilibrium

state is achieved where the deconfined state of quarks and gluons (QGP) formed at

the temperature 200-300 MeV. After the QGP formation, the system does not go

to thermal equilibrium rapidly but a “mixed phase” of partons and hadrons exists.

As the system expands and cools down to the temperature below the critical

temperature Tc, hadronization starts to take place. When the fireball further ex-

pands, all the inelastic scatterings stop and at this stage, the energy of the system

is also not enough to create hadrons. This phase is known as “Chemical Freeze

out”. Further expansion stops the elastic interactions between hadrons, and system

attains a “Kinetic Freeze out” phase. At this stage, the stable particles i.e., hadrons
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Figure 1.3: The space-time evolution of heavy ion collisions.

come into existence. These produced particles emerge from the fireball and finally

hit the detector where they are measured experimentally and studied to probe the

features of QGP and other properties of the system.

1.3 Signatures of QGP

Since the direct investigation of the QGP is not possible due to the confinement

property of QCD vacuum [19], one needs to study the indirect measurements which

could provide the evidence for the QGP formation in early stage of collision. There

are various state of art which serve as probes to study the QGP properties.

1.3.1 Net Charge Fluctuations

The fluctuations in the conserved quantities such as, temperature, particle ratio,

net-charge, etc., are expected to be sensitive signals for the formation of QGP and

the phase transition. The net charge fluctuations depend on the squares of the

charges of the system, therefore the fluctuations are smaller in QGP phase (fractional
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charge) than in hadronic phase (unit charge). Hence the fluctuations are strongly

phase dependent. The net-charge fluctuations uses the particle ratio fluctuations

(R = N+/N�) rather than particle fluctuations. This reduces the uncertainties

arising from volume fluctuations. The parameter R defines the ratio of positively

and negatively charged particles. The correlation between the charged particles is

studied using the observable ⌫corr
+�,dyn as a function of centrality. Furthermore, a key

variable used to measure the net-charge fluctuations is the observable D, a measure

of charged particle fluctuations per unit entropy, explained below.

D = hNchih�R2i ' 4
h�Q2i
hNchi

(1.1)
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Figure 1.4: Beam energy dependence of net charge fluctuations measured in terms

of hNchi⌫
corr
(+�,dyn) (left axis) and D-measure (right axis) for the most central Pb-Pb

collisions.

For a simple case, if the quark-quark interaction is neglected then the value

of D is estimated to be 4 times smaller for a QGP phase than HG (Hadron Gas)

phase. The Lattice calculations on the other hand produce di↵erent estimation for

QGP phase than HG because of the presence of quark-quark interactions but the

value of D is still smaller than HG. For a particular case of pion gas, the value of D

is 4 for uncorrelated pion gas and after including resonance yield, the value reduces
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to ' 3. The value of D has been calculated to be in between 1.0 and 1.5 for QGP

phase. Thus, the D-measure can be used to di↵erentiate the QGP and HG phase.

The variation of net charge fluctuations has been studied by STAR as a func-

tion of beam energy. The ALICE also measured the same for higher energy and

compared the results with those of STAR for top central collisions as shown in fig-

ure 1.4. A monotonic decrease in dynamic net-charge fluctuations with increase in

center of mass energy is observed [20]. The theoretical predictions for the QGP and

HG phases are also indicated by bands in same figure 1.4.

1.3.2 Strangeness Enhancement

The study of baryons and anti-baryons production at ultra relativistic energies is

another powerful tool to investigate the properties of strongly interacting matter

created in heavy-ion collisions. The particle spectra of strange baryons reflects the

information about kinetic freeze-out and collective flow. It is predicted that there

is an enhancement in the production of strange particles per participant of colliding

heavy nuclei than those in nucleon-nucleon collisions [21]. The strangeness enhance-

ment feature can be characterized by factor “E” known as strangeness enhancement

factor. It is defined as the ratio of strange particle yield in nuclear-nuclear collisions

(Y ieldAA) to the nucleon-nucleon collisions (Y ieldNN) scaled by mean number of

participating nucleons hNParti.

E =
Y ieldAA/hNAA

Parti
Y ieldNN/hNNN

Parti
(1.2)

where hNAA
Parti and hNNN

Parti represent the average number of participants in

a nuclear-nuclear and hadronic collisions, respectively. Strangeness enhancement

was measured by NA57 at SPS [22], STAR at RHIC [23] and ALICE at LHC [21].

Figure 1.5 presents the yields of strange particles ⌅ and ⌦ as a function of hNParti

in Pb-Pb collisions and p-p collisions. Results show that enhancement is larger than
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unity for all baryons and increases with increase in strange content of corresponding

particle. It is also observed that the yields are larger at LHC than those measured

at RHIC.
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Figure 1.5: Enhancements in multi-strange baryon production in | y |< 0.5 for

Pb-Pb collisions as a function of mean number of participating nucleons hNparti in

ALICE (full symbols), STAR and NA57 (open symbols).

1.3.3 Direct Photons

Prompt photon production is one of the direct signatures of the plasma phase cre-

ated in ultra relativistic heavy-ion collisions. They arise from the colliding partons

via hard scattering processes such as; quark, anti-quark pair annihilation (qq ! �g),

quark(anti-quark)-gluon Compton scattering (qg ! q�, qg ! q�). Since photons

lose energy via electromagnetic interactions only, so they do not interact with the

surrounding particles and escape from the hot dense nuclear matter carrying de-

tailed information about the evolution of the medium created after the collision.

First attempt of direct photon measurement was performed by WA98 experiment at



1.3 Signatures of QGP 11

CERN SPS in central Pb-Pb collisions at
p
sNN = 17.3 GeV for transverse momen-

tum range 1.5 < pT < 4 GeV/c [24]. The most central collisions (0-10%) exhibited

a clear excess of direct photons for pT > 1.5 GeV/c whereas no significant excess

has been found in the peripheral collisions. The PHENIX [25] experiment at RHIC

and ATLAS [26] and CMS [27] collaborations at LHC confirmed the direct photon

production in heavy-ion collisions. ALICE collaboration at CERN also studied the

invariant yield of direct photons for 0-20%, 20-40% and 40-50% centrality classes in

pT range 0.9 < pT < 14 GeV/c. Figure 1.6 shows the prompt photon spectra for

all three centralities and follow the expectation of the pQCD calculations for high

pT > 5 GeV/c [28]. It provides no evidence for medium influence on direct photon

spectra for pT > 5 GeV/c. At pT < 2 GeV/c, an excess has been found in central

and semi-central collisions whereas no signal was observed in peripheral collisions.
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Figure 1.6: Direct photon production yield in Pb-Pb collisions for di↵erent central-

ity classes 0� 20%, 20 � 40%, and 40� 80% and compared to the QCD predictions

for pp collisions at
p

sNN = 2.76 TeV.

1.3.4 Jet Quenching

Jet quenching is one of the important properties of QGP. Hard scattering of partons

produces a highly energetic particles which lose their energy by radiating gluons in
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the hot dense matter created in heavy-ion collisions, resulting in the suppression

of high transverse momentum particles. This phenomenon is known as jet quench-

ing. This energy loss provides basic information on thermodynamical and transport

properties of the medium [29]. The jet quenching is characterized by an observable

known as Nuclear Modification Factor (RAA) which is defined as ratio of high pT

hadronic yield in A-A collisions to the nucleon-nucleon (e.g. p-p) collisions scaled

by number of elementary nucleon-nucleon collisions.

RAA =
d2NAA(dpTd⌘)

AA

TAAd
2�NN(dpTd⌘)

NN (1.3)

Here, TAA = hNbini/�NN
inel , the hNbini and the �NN

inel are the number of collisions

and the inelastic cross-section, respectively.

The STAR [30] and PHENIX [31] experiments at RHIC reported the results

on RAA measurements in more central (0-5% and 0-10%) Au+Au collisions at
p
sNN

= 200 GeV and observed strong suppression of high pT hadron yields. ALICE also

measured the nuclear modification factor RAA for charged hadrons in central Pb-Pb

collisions at
p
sNN = 2.76 TeV [32] and compared the results with those of STAR

and PHENIX as shown in figure 1.7. Results indicate that RAA is less than unity.

At pT = 6-7 GeV/c, a dip in the RAA value is observed for ALICE which is smaller

than that at RHIC. A strong suppression at LHC suggests a large energy loss at

LHC as compared to RHIC. For high pT (> 7GeV/c), a significant increase in RAA

is observed which indicates that the high pT hadrons lose small amount of energy.

The dihadron angular correlation measurement is another tool to measure jet

quenching in heavy-ion collisions. The first attempt to dihadron angular measure-

ment was made at RHIC for Au+Au, d+Au and p+p collisions at
p
sNN = 200

GeV. In figure 1.8, the upper plot shows jet azimuthal correlation distributions for

central minimum bias d+Au collisions whereas bottom plot indicates the correlation

for central Au+Au and minimum bias pp collisions. The away side correlations get
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Figure 1.7: The RAA yield for central Pb-Pb collisions at LHC at
p

sNN = 2.76

TeV is compared to the same measurement at RHIC in Au+Au collisions at
p

sNN

= 200 GeV and observed a strong suppression at LHC energy.

quenched in Au+Au data indicating high suppression while no away side quenching

e↵ect has been found for d+Au and pp collision systems [33, 34].

1.3.5 Azimuthal Anisotropy

Azimuthal distribution of the produced particles in heavy-ion collisions is expected

to provide information about the reaction dynamics and the equation of state (EOS)

at extreme conditions of temperature and energy densities. In case of non-central

collisions, because of the partial overlap of target and projectile nuclei, the almond

shaped spatially asymmetric region is formed. The flow of particles is expected

along transverse plane (x-y plane) due to the non-zero impact parameter and the

beam (longitudinal) direction is considered along z-axis for the convention. The

x-z plane is defined as a reaction plane, formed by impact parameter vector and

the beam direction. The spatial asymmetry exhibits multiple collisions and due

to larger pressure gradient along minor axis, the spatially asymmetric distribution
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Figure 1.8: Dihadron azimuthal correlation distributions for central d+Au and

minimum bias events are compared in plot (a) while in plot (b) a comparison of

minimum bias pp collision events is shown with d+Au central events indicating the

suppression of away side correlations peak.

transforms into momentum anisotropy. Figure 1.9 depicts the collision geometry in

non-central heavy-ion collisions. The observation of anisotropic flow is the direct

experimental evidence of flow coming from the particle momentum distributions

w.r.t. the reaction plane.

Figure 1.9: Collision geometry in non-central collisions depicting initial-state

anisotrpoy converting into momentum anisotropy in the overlap zone.

In order to characterize various patterns of anisotropic flow, Fourier harmonics

[35] have been used,
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E
d3N

d3p
=

1

2⇡

d2N

ptdptdy
(1 + 2

1X

n=1

vncos[n(� � RP )]) (1.4)

where E, p, pt, �, y, and  RP are the energy, momentum, transverse momen-

tum, azimuthal angle, rapidity and the reaction plane angle, respectively. Above

equation includes cosine term only because sine term vanishes due to the reflection

symmetry w.r.t reaction plane. The flow coe�cients can be written as,

vn = hcos(n(� � RP ))i (1.5)

where, vn is nth harmonic coe�cient, � is the azimuthal angle and  RP is

the reaction plane angle of that event. The angular brackets represent an average

over all the particles in an event followed by average over all events. The di↵erent

harmonics of Fourier coe�cients reflect di↵erent type of flow. First two harmonics,

n=1 and 2 play an important role in anisotropic flow and are known as “Directed

Flow” and “Elliptic Flow”, respectively. Flow analysis sheds light on many aspects

such as initial conditions, EOS, thermal equilibrium, evolution of the system, and

freeze-out properties of the system.

1.3.5.1 Elliptic Flow

The second order harmonic, elliptic flow (v2) measurements provide constraints on

the equation of state and transport properties of QGP. The magnitude of v2 depends

on the properties of the medium as well as it is related to initial anisotropy in the

geometry of colliding system. Since elliptic flow is expected to form at early time

and survives till hadronization, so the measurement carries a detailed information

of the partonic and hadronic level interactions.

RHIC and LHC measured v2 and compared the results with various hydrody-

namical models. The results of the measurement proved that the QGP has been

formed in the early stages of the collision and behaves like an ideal fluid. The flow
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Figure 1.10: Transverse momentum pT dependence of v2 in Pb-Pb collisions atp
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ities (bottom) are compared with the STAR v2 measurements at
p

sNN = 200 GeV

shown by shaded bands.

anisotropy provides information on the geometry of the initial density distributions

via various symmetric (Cu+Cu, Au+Au, U+U) as well as asymmetric collisions

(Cu+Au) at RHIC. Figure 1.10 represents the first measurement of elliptic flow re-

ported by ALICE collaboration in Pb-Pb collisions at center of mass energy 2.76

TeV during the first run of heavy ions at LHC [36]. The pt di↵erential elliptic flow

as a function of collision centrality has been estimated using 2- and 4- particle cu-

mulant method [37]. Figure 1.10 (top) shows v2(pt) for 40-50% centrality and the

shaded area represents the STAR measurement for the same centrality in Au+Au

collisions at
p
sNN = 200 GeV [38]. The v2(pt) values do not change within uncer-

tainties for both ALICE and STAR. Figure 1.10 (bottom) compares the v2{4}(pt)

obtained using cumulant method for three di↵erent centralities at LHC with those

of STAR results at RHIC. A reasonably good agreement has been observed in both

measurements.

The energy dependence of integrated v2 has also been studied. The ideal hydrody-

namic model calculations predicted an increase in v2 with increase in beam energy.
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The results from di↵erent experiments are combined to observe the behaviour of v2

versus center of mass energy. Figure 1.11 shows a continuous increase in v2 while

going towards higher energies and an increase of ⇠10-30% has been observed when

energy goes from
p
sNN = 200 GeV (at RHIC) to 2.76 TeV (at LHC). The reason

for larger integrated v2 at LHC is due to an increase in mean pT (hpT i) of charged

hadrons.
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Figure 1.11: Energy dependence of integrated elliptic flow (v2) in Pb-Pb at
p

sNN

= 2.76 TeV for central collision of 20 � 30% is compared to the results for similar

centrality from di↵erent experiments at lower energies.

1.4 Event-by-Event Physics

The origin of event-by-event fluctuations can be due to the deviation of mean value

of an observable measured in an event instead of averaging the observable over all

events in an ensemble. The study of event-by-event fluctuations helps to extract

any kind of non-statistical fluctuations present in the system which might get di-

luted due to the averaging over all events. The dynamical fluctuations can provide

the information about the collective phenomenon, such as the Quark Gluon Plasma

formed in heavy ion collisions at relativistic energies. It is expected that the dynam-

ical fluctuations may be formed in some events but not in others. Thus it is very
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important to study the experimental data on event-by-event basis to search for the

non-statistical fluctuations [39]. Ultra relativistic heavy ion collisions at RHIC and

LHC produce large number of particles per event which provides a remarkable op-

portunity to extract new physics by studying the fluctuations in physical observables

on an event-by-event basis. For this thesis work, we are studying the event-by-event

charge separation e↵ect in heavy ion collisions to identify the non-statistical fluctu-

ations via charge-dependent multi particle azimuthal correlations.

1.4.1 Chiral Magnetic E↵ect

During the collision, a fireball is formed by participating nucleons leaving the spec-

tator nucleons aside. The spectator nucleons generate a strong magnetic field which

induces the electric current that causes the separation of positively and negatively

charged particles along the direction of magnetic field and parallel to system’s orbital

angular momentum direction as shown in figure 1.12. This phenomenon is known as

“Chiral Magnetic E↵ect (CME)” [40, 41]. The two main ingredients needed for the

CME in heavy-ion collisions are: an external magnetic field and a localized non-zero

axial charge density. In heavy ion collision of two nuclei, the moving spectators

produce highly strong magnetic field (B = 1015T ). Another requirement is a non-

vanishing axial charge density in a localized region that can also be created in the

interaction zone. The CME also depends upon the strength and duration of mag-

netic field [42]. It is argued in ref. [43] that the strength of CME signal decreases

gradually at higher energies due to the fact that magnetic field develops and decays

in very shot interval of time. Voloshin estimated the CME signal from measurements

relative to the participants and spectator flow planes [44]. Thus the event-by-event

study of multi-particle correlations is the possible way to estimate the CME sig-

nal [45]. In this thesis, the two- and three- particle azimuthal correlations have been

studied to observe the charge separation e↵ect.

The charge-dependent two particle azimuthal correlator �↵,� is defined as,
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Figure 1.12: Non-central heavy-ion collisions depicting the emission of positively

and negatively charged particles perpendicular to the reaction plane.

�↵� = hcos(�↵ � ��)i = hcos(��↵)cos(���)i + hsin(��↵)sin(���)i (1.6)

where �� = � �  RP , is the azimuthal angle and  RP is the reaction plane

angle spanned by the beam axis and the impact parameter vector of the collision. A

schematic diagram of collision geometry for non-central collisions is shown in figure

1.13. The azimuthal angles and reaction plane are also represented in the same.

The computation of reaction plane angle ( RP ) is not possible. Thus the event

plane angle is measured which is the estimation of reaction plane angle. The two

particle correlator is not a good choice to study the CME because it includes strong

contribution from “non-flow” e↵ects along with the signal contribution. These non-

flow correlations are not related to the azimuthal asymmetry in the initial geometry

but come from the resonance decays and jet-correlations.

In order to quantify the CME contribution, the three particle correlator related

to reaction plane is used [46] and is expressed as,

�↵� = hcos(�↵ + �� � 2 RP )i = hcos(��↵)cos(���)i � hsin(��↵)sin(���)i (1.7)
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Figure 1.13: Schematic view of collision geometry of non-central nuclear collisions

showing the azimuthal angles of produced particles in the transverse plane.

The three particle correlator �↵� is the di↵erence between in-plane (correlation

projected onto the reaction plane) and out-of-plane correlations (parallel to the

reaction plane) as shown in Eq. 1.7.

Instead of obtaining the reaction plane angle, the Eq. 1.7 can be alternatively

evaluated using three particle correlator and is written as,

�↵� = hcos(�↵ + �� � 2 RP )i =
hcos(�↵ + �� � 2��)i

v2,�
(1.8)

where v2,� represents the elliptic flow of third particle i.e., �. The observation

of the CME includes a large part of observed correlations as a background correla-

tions due to the background sources, such as statistical fluctuations, flow, transverse

momentum conservation [47], resonance decays [48], etc. These sources can produce

the e↵ect similar to the charge separation w.r.t the reaction plane. In order to gain

access to the CME signal one has to suppress the background correlations which

are independent from the reaction plane orientation while the source of CME signal

are strongly coupled to the orientation of reaction plane. Thus the reaction plane

dependent charged-pair correlations are sensitive observables for the estimation of

CME signal.
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1.4.1.1 Results on Charge-dependent Azimuthal Correlations

The charge-dependent azimuthal correlations have been analyzed for the search of

di↵erent chiral e↵ects in di↵erent centrality intervals. The di↵erential measurement

of charge dependent azimuthal correlations as a function of transverse momentum

(pT ), and pseudorapidity (⌘) are also studied by several major collaborations, in-

cluding STAR, PHENIX, ALICE and CMS to understand the charge separation

e↵ect in heavy-ion collisions.

• Centrality dependence: STAR collaboration at RHIC performed the first

measurement on azimuthal correlations of charged-pairs and found qualitative

agreement with the expectations for the CME. Results from STAR data on

charge dependent correlator at
p
sNN = 200 GeV in Au+Au and at 62.4 GeV

in Cu+Cu collisions for di↵erent centralities exhibit negative values for same

sign (SS) charge pairs and mildly positive for opposite sign (OS) charge pairs

shown in figure 1.14 (left) [49, 50]. Since the OS pairs are expected to move

away from each other resulting in a weak correlation between them as they

traverse the entire overlap region while the SS pairs going in same direction

exhibit strong correlation among themselves. Thus the STAR data show a

first evidence for the CME-type e↵ect. ALICE collaboration also reported

the estimation of charge dependent azimuthal correlation functions at
p
sNN

= 2.76 TeV in Pb-Pb collisions. ALICE measured the three particle charge

dependent correlation �↵� as a function of collision centrality and exhibit the

similar trend for SS and OS charge pairs shown in figure 1.14 (right) [51]. The

results agree with the STAR measurement for both SS and OS charge pairs.

The CMS experiment at LHC also studied the charge-dependent azimuthal

correlations in p-Pb and Pb-Pb collision systems for the search of CME sig-

nal [52]. Figure 1.15 presents the centrality dependence of SS and OS charge

pairs for Pb-Pb collisions at
p
sNN = 5.02 TeV. The ALICE and STAR data



22 Chapter 1

centrality, %
0 10 20 30 40 50 60 70

〉
) 

R
P

Ψ
 -

 2
β

ϕ
 +

 
α

ϕ
 c

o
s(

〈
-0.6

-0.4

-0.2

0

0.2

0.4

0.6
-310×

  = 2.76 TeVNNs  ALICE Pb-Pb @ 

  = 0.2 TeVNNs  STAR Au-Au @ 

  (ALICE) same+opp. mean

same opp.

{2}2 / v
HIJING

〉)
c

ϕ - 2
β

ϕ + 
α

ϕcos(〈  

 CME expectation (same charge [13])

Figure 1.14: Centrality dependence of �- correlator (hcos(�a + �b � 2 RP )i) for

Cu+Cu and Au+Au collisions in STAR at RHIC for di↵erent charge combinations

(++, - -, + -) at
p

sNN = 200 GeV (left) and for Pb-Pb collisions in ALICE at
p

sNN

= 2.76 TeV (right). Also � values are compared with those of STAR measurements.

points at center of mass energies 2.76 TeV and 200 GeV, respectively are also

presented in figure 1.15 for comparison. No significant collision energy de-

pendence is observed in going from top RHIC to LHC energies. The large

di↵erence in the �-values for CMS results compared to other experiments,

in peripheral collisions, is due to the di↵erent pseudorapidity acceptance of

concerned particles.

• Beam Energy dependence: The STAR experiment reported the beam en-

ergy dependence of three particle correlator (�) for di↵erent charge combina-

tions (++, - -, + -) as a function of collision centrality in Au+Au collision

data, at di↵erent center of mass energies
p
sNN = 7.7 GeV, 11.5 GeV, 19.6

GeV, 27 GeV, 39 GeV, 62.4 GeV and 200 GeV as shown in figure 1.16 [53]. At

lower collision energies, the di↵erence between OS and SS �-correlator seems to

vanish whereas as going towards higher beam energies, a significant di↵erence

has been observed manifesting charge separation fluctuations. ALICE results

for three particle correlator relative to reaction plane in Pb-Pb collisions at
p
sNN = 2.76 TeV is added to the STAR measurement for complete scan of
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p

sNN = 5.02 TeV are
shown. In (b), the same correlation as a function of centrality is presented in PbPb collisions atp

sNN = 5.02 TeV from CMS, at
p

sNN = 2.76 TeV from ALICE, and in AuAu collisions at
p

sNN =
0.2 TeV from STAR. Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.

In Fig. 2 (b), the results of SS and OS three-particle correlators, averaged over �� < 1.6, are
shown as a function of centrality in PbPb collisions at

p
sNN = 5.02 TeV. The same quantity

measured at lower collision energies is also shown for AuAu collisions at
p

sNN = 0.2 TeV [4]
and PbPb collisions at

p
sNN = 2.76 TeV [9]. No significant energy dependence of the three-

particle correlators is observed in going from RHIC to LHC energies. The deviation between
CMS and lower energy results at the very peripheral range is mainly due to the different �
acceptance of particle �, �, and c.

To eliminate sources of correlations that are charge independent (e.g., directed flow, v1) and
to explore a possible charge separation effect generated by the CME, the difference of three-
particle correlators between OS and SS is shown as a function of �� in the multiplicity range
185  Noffline

trk < 220 (Fig. 3 (a)) and as a function of Noffline
trk averaged over �� < 1.6 (Fig. 3

(b),) for pPb and PbPb collisions at
p

sNN = 5.02 TeV. After taking the difference, the pPb data
with particle c from both the p- and Pb-going sides, and PbPb data, show nearly identical val-
ues. The charge-dependent difference is largest at �� � 0 and drops to zero for �� > 1.6,
and also decreases as a function of Noffline

trk . The striking similarity in the observed charge-
dependent azimuthal correlations strongly suggests a common physical origin. In PbPb colli-
sions, it was suggested that the charge dependence of the three-particle correlator as well as its
�� dependence are indications of the charge separation effect with respect to the event plane
due to the CME [5, 9]. However, as argued earlier, a strong charge separation signal from the
CME is not expected in a very high multiplicity pPb collision. The similarity seen between
high-multiplicity pPb and peripheral PbPb collisions challenges the attribution of the observed
charge-dependent correlations to the CME.

In summary, charge-dependent azimuthal correlations of same and opposite sign particles with
respect to the second-order event plane have been measured in pPb and PbPb collisions atp

sNN = 5.02 TeV by the CMS experiment at the LHC. The correlation is extracted via a three-
particle correlator as functions of particle �� and charged-particle multiplicity of the event.

Figure 1.15: Centrality dependence of �- correlator (hcos(�a + �b � 2�c)i/v2,c) for

Pb+Pb collisions in CMS at
p

sNN = 5.02 TeV. ALICE and STAR data are also

displayed for comparison.

energy dependence.

• Confidence Limit on CME fraction: The Event Shape Engineering

technique has been adopted by ALICE collaboration to analyze the two- and

three- particle azimuthal correlations in Pb-Pb collisions at
p
sNN = 2.76 TeV.

The selection of event shape classes is based on the second order reduced

flow vector q2 and the selection criteria has been discussed in ref. [54]. The

centrality dependence of charge dependent azimuthal correlations for di↵erent

event shape classes has been performed in the pT range 0.2 < pT < 5.0 GeV/c

and ⌘ range �0.8 < ⌘ < 0.8 for 0 � 60% centrality interval. It is observed

that the two particle correlator (�↵�) is independent of v2 within the centrality

whereas the three particle correlator (�↵�) for di↵erent charge combinations (-

-, ++, and + -) scales linearly with v2 in each centrality. The three particle

correlator is considered as the evidence for CME but the v2 dependence of

measured three particle correlator indicates large background e↵ects i.e., non-

CME contribution to the estimated correlator. An upper limit to the CME

fraction is reported to be 26�33% at the 95% confidence level in the centrality



24 Chapter 1

0

10

20

30

40

020406080

opposite charge
same charge

27 GeV Au+Au

-5

0

5

10 2.76 TeV Pb+Pb

0

10

20

30

40

020406080

19.6 GeV Au+Au

-5

0

5

10 200 GeV Au+Au

0

10

20

30

40

020406080

11.5 GeV Au+Au

-5

0

5

10

MEVSIM

62.4 GeV Au+Au

0

10

20

30

40

020406080

7.7 GeV Au+Au

-5

0

5

10 39 GeV Au+Au

% Most central

4
 1

0
×

] 〉)
R

P
ψ

-2
β

φ
+

α
φ

co
s(

〈 
≡ γ[

Figure 1.16: Beam energy dependence of �- correlator as a function of collision

centrality for OS (+ -) and SS (++, - -) charge pairs for Au+Au collisions at RHIC

energies 7.7-200 GeV and for Pb+Pb collisions at LHC energy 2.76 TeV.

range 10 � 50% [54].

1.4.2 Charged-to-Neutral Fluctuations

A large fluctuations in charged hadron versus neutral photon production in cen-

tral heavy-ion collisions have been predicted as one of the consequences of chiral

symmetry restoration. It has been expected that the hot dense matter created at

relativistic energy may provide the physical conditions necessary for the formation of

DCC (Disoriented Chiral Condensate) domains. As the temperature decreases the

chiral condensate gets aligned and starts emitting coherent pions. The distribution

of neutral to charged pion ratio is very di↵erent from the general pion distribution

which are emitted incoherently [55]. The events with large fluctuations in charged

and neutral particles were first observed by JACEE Collaboration [56] and found the

exotic events with large neutral to charged particle ratio. The WA98 experiment at

CERN studied the relative production of charged and neutral particle multiplicities

in high-energy nuclear collisions [57]. The D0 [58], CDF [59], and MINIMAX [60]

collaborations in hadronic collisions at Tevatron and NA49 [61] at CERN SPS also
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searched for the unusual events of DCC type in nucleus-nucleus collisions.

1.4.2.1 Results on Charged-Neutral Fluctuations

The dynamical fluctuations in neutral charged particles have been measured by

STAR collaboration using the observable ⌫dyn [62] and bivariate factorial moment

method rm,1 [60] as a measure of correlation.

• Global Event Analysis: The STAR experiment estimated the charged-to-

neutral fluctuations using ⌫dyn as a function of average multiplicity at
p
sNN

= 200 GeV Au+Au collisions. The observable ⌫dyn is defined as,

⌫dyn =

⌦
N�(N� � 1)

↵
⌦
N�

↵2 +
hNch(Nch � 1)i

hNchi
2 � 2

⌦
N�Nch

↵
⌦
N�

↵
hNchi

(1.9)

where the first two terms correspond to charged particle (Nch) and photon

number (N�) fluctuations and the third term is the correlation between charged

and neutral particles. The angle brackets h...i represent the average over all the
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events. The ⌫dyn exhibits scaling behaviour as ⇠ 1/
p

hNchN�i, for STAR data

and matches with the Central Limit Theorem (CLT) expectation [63]. The

results from data are compared with Mixed Events as well as with simulations

obtained using HIJING and HIJING+GEANT. The non-statistical fluctua-

tions have been observed in significant amount in data compared to others.

Factorial Moments rm,1 have also been measured for the ��ch correlation and

its deviation from the regular pion production mechanism. The STAR rm,1

results as a function of higher moments m exhibit di↵erent trend for data when

compared to Mixed Events and simulations (HIJING, HIJING+GEANT) as

shown in figure 1.18 (right). The multiplicity dependence of rm,1 in most cen-

tral collisions exhibit lower values than those observed by models indicating

deviation from the generic pion production in real data [64].
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Figure 1.18: Left: Average multiplicity
q

hNchN� dependence of observable ⌫��ch
dyn

for data and mixed event showing strong dependence on centrality. Right: r��ch
m,1

variation with m for data and mixed events is shown where data points (pink

markers) are below 1 and exhibit decreasing trend for higher moments. The dashed

line for Poisson limit is shown in both plots.

• Localized Analysis method: For the first time JACEE Cosmic ray exper-

iment searched a large fluctuations in charged to neutral particle production

in a localized region of azimuthal plane [56]. The experiment observed a
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large number of neutral particles compared to charged particles and the ra-

tio was around 36:1 i.e., 36 neutral and only 1 charged particle in a localized

phase-space region. Events with excess of charged particles (Nch >> N�)

are named as “Centauro events” and if the density of photon like particles is

more (N� >> Nch) then the events are known as “Anti-centauro events”. The

DCC-like fluctuations have also been studied byWA98 collaboration in Pb+Pb

collisions at 158A GeV at CERN SPS using the Discrete Wavelet Transform

(DWT) technique [65]. The analysis results were compared with several mixed

event techniques and no correlation was observed between charged and neu-

tral particles. An upper limit has been set for the existence of non-statistical

DCC-like fluctuations in di↵erent �� windows. The value for the upper limit

is 10�2 for �� = 45� 90� and 3⇥ 10�3 for 90� 135�. The variation of neutral

pion fraction f (= N⇡
�/N⇡

� + N⇡
±) has been estimated in common (⌘ � �)

phase space using a Sliding Window Method (SWM) [66]. This method scans

the whole azimuthal plane to locate all the regions with large and small values

of neutral pion fraction. The results obtained are compared with mixed events

to check the sensitivity of the SWM. The f distribution is shown in figure 1.19

(top) for the 5% most central Pb+Pb collision data. A mixed event distri-

bution is also shown in the same figure (represented by solid line) and fitted

using a Gaussian function. The data and mixed events have asymmetric dis-

tributions and go toward higher f�values as shown in figure 1.19 (top). The

ratio plot in figure 1.19 (bottom) observed that the distributions are broader

in real data than mixed events indicating frequent occurrence of small and

large fraction (f) values [67]. These small and large f�values represent the

“charge-excess” and “photon-excess” events.
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Figure 1.19: Top: The fraction (f) distributions in most central Pb-Pb collisions for

data and mixed events exhibit di↵erent trend than a Gaussian fit function. Bottom:

The ratio of data to fit function and mixed event to fit function for f distributions

are studied and observed broader distributions in data.

1.5 Organization of thesis

This thesis presents the study of event-by-event charge separation and charge neu-

tral fluctuations in ultra relativistic high energy heavy ion collisions. The results

presented in this thesis are measured for Pb-Pb collision events recorded by AL-

ICE experiment at
p
sNN = 2.76 TeV. In total, there are 5 chapters in this thesis.

Introduction of relativistic heavy-ion collisions and the experimental signatures of

the QGP as well as the recent measurements performed by various experiments are

given in chapter 1. The motivation to this thesis work is also reported at the end of

the chapter. Sub-detectors of the ALICE experiment and a brief discussion about

the sub-detectors used in current analysis are given in 2nd chapter. The detailed de-

scription of subsystems used in charge-neutral fluctuation analysis, methodology and
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the results obtained from data and Monte Carlo models are presented in chapter 3.

Details of the analysis strategy and the simulation study of charge separation mea-

surement using di↵erent Monte Carlo models (HIJING and AMPT) are described

in chapter 4. Event-by-event charge separation results and its physics implications

are presented in chapter 5.

Thesis  
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Chapter 1 
Relativistic  

Heavy-ion Collisions 

Chapter 2 
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Chapter 3 
Charged-neutral  

fluctuations 

Chapter 4 
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Chapter 5 
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 Effect in Pb-Pb 

Figure 1.20: Pictorial view of thesis organization.
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Chapter 2

A Large Ion Collider Experiment

2.1 Large Hadron Collider

Relativistic heavy ion collisions open a way to go back in time when the universe was

of the age of few micro seconds and a deconfined state of quarks and gluons occured

at that time. To recreate the QGP (Quark Gluon Plasma) state in the laboratory,

one needs a state of art technology to provide the high energy, luminosity and

excellent detector systems of high resolution. In order to explore the mysteries of

the universe and to study its properties, the Large Hadron Collider (LHC) was built

at CERN (European Council for Nuclear Research) [1]. The LHC, world’s largest

and most powerful particle accelerator, spanned over the border between France

and Switzerland. It is enclosed in a circular tunnel of circumference ⇠27 km at the

depth ranging from 50 to 175 meters. LHC tunnel consists of two circular separate

beam pipes containing large number of superconducting magnets (mainly dipoles

and quadrupoles) with accelerating structures used to boost the beam to higher

energies. The role of superconducting magnets is to focus the beam for maximizing

a chance of head-on collision for which the LHC is designed. It is capable of colliding

proton-proton (upto the maximum center of mass energy
p
s = 13 TeV), proton-lead

(upto
p
sNN = 8.16 TeV), and lead-lead (upto

p
sNN = 5.02 TeV). In addition to

p-p, p-Pb and Pb-Pb, Xe-Xe collision has also been done at the LHC at
p
sNN =

37
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Figure 2.1: Schematic diagram of the CERN’s complex accelerator system as a

succession of machines with increasing energies: LINAC3, LIER, PS, SPS, LHC

along with the energy boosters [2].

5.44 TeV. The layout of LHC accelerator complex is illustrated in figure 2.1 [2] and

its important parameters are summarized in table 2.1 [3].

The CERN’s complex accelerator system is a combination of numerous ac-

celerators capable of operating at di↵erent beam energies. The output from the

lower energy accelerator is fed to the next higher energy accelerator system to reach

the maximum designed energy. The di↵erent collision systems pass through various

steps to reach the main LHC ring.

Lead ion beam preparation: A sample of lead is heated to produce “Lead ions”.
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Quality Number

Circumference 26659 m

Dipole operating temperature 1.9 K (�271.3�C)

Number of magnets 9593

Number of main dipoles 1232

Number of main quadrupoles 392

Number of RF cavities 8 per beam

Nominal energy, protons 6.5 TeV

Nominal energy, ions 2.76 TeV/nucleon

No. of bunches per proton beam 2808

No. of protons per bunch (at start) 1.2 ⇥ 1011

Number of turns per second 11245

Number of collisions per second 1 billion

Table 2.1: Description of the LHC parameters [3].

The lead ions of di↵erent charge states with a maximum of Pb29+ are produced

by the Electron Cyclotron Resonance (ECR) source. The Pb29+ ions are fed to

the LINAC 3 for acceleration upto maximum of 4.2 MeV per nucleon and passed

through a carbon foil to strip most of them to Pb54+. A beam of Pb54+ is now sent

to the Low Energy Ion Ring (LEIR) for the acceleration up to 72 MeV per nucleon,

which transfers it to the Proton Synchrotron (PS) and accelerates to 5900 MeV (5.9

GeV) per nucleon. Now the beam of Pb54+ is passed through a second carbon foil to

strip out the remaining electron charges to form Pb82+ beam and sent to the Super

Proton Synchrotron (SPS) where it is accelerated to 177 GeV per nucleon. After

the SPS, a beam of Pb82+ is transferred to the LHC and accelerated to 2.76 TeV

per nucleon.

Proton beam preparation: The proton beam is produced by stripping o↵

electrons from the hydrogen atoms at LINAC 2 and sent to the Proton Synchrotron

Booster (PSB) for the acceleration from 50 MeV to 1400 MeV (1.4 GeV). In next
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step, beam is injected to the PS where it is accelerated to 25 GeV and sent to the

SPS to acquire higher energy upto 450 GeV. Finally the beam is transferred to the

LHC ring and accelerated to maximum energy of 6.5 TeV.

Collision: After acquiring a su�cient amount of energy, protons or lead ions

are injected to the two beam pipes where they are circulating in opposite directions

at a speed close to the speed of light and are made to collide head-on to produce

large number of new particles. A strong magnetic field is applied to the beams to

move them in circular orbits and are kept in an ultra-high vacuum. The counter

rotating beams collide at four di↵erent points of the LHC ring. These four points (1,

2, 5 and 8) correspond to four major experimental systems (ATLAS, CMS, ALICE

and LHCb) shown in figure 2.1.

LHC data: The LHC has recorded the Pb-Pb collision data for two center of

mass energies
p
sNN = 2.76 TeV and 5.02 TeV. For proton-proton collisions, LHC

has taken the data for many center of mass energies
p
sNN = 0.9, 2.76, 5, 7, 8 and 13

TeV. Apart from p-p and Pb-Pb collisions, p-Pb collisions are also studied for two

center of mass energies
p
sNN = 5.02 and 8.16 TeV at the LHC. For the proton-lead

collisions, the proton and lead ion beams are produced using the same procedure

discussed above.

2.2 Experiments at the LHC

A Toroidal LHC ApparatuS (ATLAS) [4] and the Compact Muon Solenoid

(CMS) [5] are the two general purpose experiments built exactly opposite to each

other at points 1 and 5, respectively, of the LHC ring. They are designed to cover

the physics which includes the Higgs boson measurements, Standard Model predic-

tions, physics beyond Standard Model (BSM) such as SUperSYmmetry (SUSY),

dark energy etc. The discovery of Higgs boson in July 2012 completed one of the

main physics goals of these two experiments [6], [7]. Though the ATLAS and the
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CMS mainly focus on the study of p-p collisions, they also participate in the proton-

lead and lead-lead collisions to study the heavy-ion physics. The third experiment,

LHCbeauty (LHCb) [8] is an asymmetric detector mainly focuses on the study of

CP violation and matter anti-matter asymmetry. It is located at point 8. The

fourth experiment, A Large Ion Collider Experiment (ALICE) [9] situated at point

2, is specially optimized for the study of heavy-ion physics by colliding Pb ions to

search for the signatures of Quark Gluon Plasma (QGP) - a deconfined state of

quarks and gluons. In addition to Pb-Pb data, ALICE also records the proton-

proton and proton-lead data to perform baseline study for Pb-Pb analysis and serve

as complementary analysis for ALICE unlike other LHC experiments.

2.3 A Large Ion Collider Experiment

ALICE is a dedicated heavy-ion detector at LHC designed primarily to focus on

the study of the behaviour of strongly interacting matter at very high temperature

and energy densities in nearly zero baryochemical potential region. The experi-

ment also aims to probe the di↵erent aspects of QCD such as presence of QGP

phase transition, color confinement and chiral-symmetry restoration. Out of various

physics topics, the study of quarkonia production, azimuthal anisotropy of heavy

quarks, charm and beauty measurements, multi-particle correlation and fluctuation

measurements, thermal photon production, low-mass dileptons and the jet measure-

ments are some of the physics programmes going on in ALICE. The ALICE detector,

of the 16 ⇥ 16 ⇥ 26 m3 size and the 10, 000 tonnes weight, is located at Point-2 on

the France side of the LHC ring. A pictorial view of the ALICE detector is shown

in figure 2.2. It consists of three major components: Central Barrel detectors,

Forward detectors and Muon spectrometer [10]. ALICE uses fine granularity de-

tectors those are able to handle the enormous particle multiplicity ⇠8000 charged

particles per unit rapidity. The sub-detector, Time Projection Chamber (TPC) is

the main tracking detector which in conjunction with the TOF (Time Of Flight)
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Figure 2.2: Perspective view of the ALICE detector set up with its subsystems.

and the ITS (Inner Tracking System) provides an excellent tracking capability from

low transverse momentum (pT ) ⇠150 MeV/c to high pT ⇠10 GeV/c. The excellent

charged particle identification is also provided by TPC and ITS based on ionization

energy loss mechanism (dE/dx) and TOF using time-of-flight information. The

detailed description of each sub-detector is given in next section.

2.3.1 Central Barrel Detectors

The central barrel detectors are positioned around the collision point of ALICE

covering a pseudorapidity range �0.9 < ⌘ < 0.9 over full azimuth. The detectors

under this region have the main task of tracking and particle identification of charged

particles and photons, in such high multiplicity environment. They are enclosed in

the large L3 solenoid magnet which provides a uniform magnetic field ⇠0.5 T to

all the central barrel detectors. The sub-systems of the central barrel are placed in

accordance with their increasing radii like the Inner Tracking System (ITS), the Time
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Figure 2.3: Pictorial view of the Inner Tracking System of ALICE

Projection Chamber (TPC), the Transition Radiation Detector (TRD), and the

Time Of Flight (TOF) in full ⌘�� region. The PHOton Spectrometer (PHOS), the

ElectroMagnetic Calorimeter (EMCal), the High Momentum Particle Identification

Detector (HMPID), and the ALICE COsmic Ray DEtector (ACORDE) also lie in

the central barrel region but with partial ⌘ and � coverage. A brief description of

these sub-systems is given below.

• Inner Tracking System (ITS): ITS is the innermost detector of ALICE,

placed closest to the interaction point (IP) [11]. It is mainly used for improve-

ment of impact parameter, primary vertex determination with a momentum

resolution better than 100 µm. The ITS also provides secondary vertex recon-

struction of hyperon decays, particle identification and track reconstruction

of low-momentum particles below 100 MeV/c. ITS consists of six-layer cylin-

drical silicon vertex detector with two layers of Silicon Pixel Detector (SPD),

Silicon Drift Detector (SDD) and Silicon Strip Detector (SSD) each as shown

in figure 2.3. The innermost layer (of SPD) is located at radial distance of 3.9

cm and outermost layer (of SSD) at 43.0 cm in the pseudorapidity interval

|⌘| < 0.9.
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Silicon Pixel Detector (SPD): The SPD constitutes two innermost layers

of the ITS located at a distance of 3.9 cm and 7.6 cm from the beam axis.

Its main aim is to determine the primary and secondary vertex as well as the

measurement of impact parameter of secondary tracks. SPD operates in high

track density environment around 50 cm�2. SPD has hybrid silicon pixels of

size 50 µm(r�) ⇥ 425 µm(r�) and contains 9.8 ⇥ 106 cells. The extended

pseudorapidity coverage of |⌘| < 1.98 provides uniform track matching with

the Forward Multiplicity Detector (FMD).

Silicon Drift Detector (SDD): These are the two intermediate layers of

the ITS positioned at 15.0 cm and 23.9 cm from the beam axis. In this region

the particle density reaches up to 7 cm�2. SDDs have multi particle tracking

capability and provide energy loss measurements for particle identification.

Silicon Strip Detector (SSD): SSDs are the outermost layers of ITS at a

distance of 38.0 cm and 43.0 cm from the beam axis. Both layers are equipped

with the double-sided Silicon Strip Detectors and cover the pseudorapidity

range |⌘| < 0.9 (common to other layers of the ITS) with the full azimuthal

coverage. The SSD connects the ITS tracks to the tracks in the TPC and also

provides dE/dx information.

• Time Projection Chamber (TPC): ALICE TPC is the main tracking

detector in central barrel region with full azimuth and covers ⌘ range of

�0.9 < ⌘ < 0.9. The TPC provides charged-particle tracking similar to ITS,

TRD, and TOF detectors. A large transverse momentum range with good

resolution is covered by the TPC from low pT ⇠ 0.1 GeV/c to high pT ⇠ 100

GeV/c. The TPC also provides excellent charged particle identification via

dE/dx measurements, for example, the TPC along with the TOF ⇡/K(K/p)

separation upto 2.5(2) GeV/c [12]. It provides vertex measurements, charged

particle momentum measurements with good two-track resolution, together

with the other central barrel detectors. Since TPC is one of the most impor-
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Figure 2.4: Layout of the field cage Time Projection Chamber of ALICE.

tant detectors of ALICE and is extensively used in the current analysis. The

detailed description of the TPC is given below.

Layout of the TPC: The design of TPC detector is innovative in many as-

pects. It is a cylindrical detector having inner(outer) radius of about 85(250)

cm and the length along the beam axis is 500 cm. The basic structure of the

TPC is shown in figure 2.4. It has a cylindrical field cage structure with an ac-

tive volume of 90 m3 filled with gasses; Ne(90%), CO2(10%), and N2(5%) [13].

The field cage is operated at high drift field of 400 V/cm with a central high

voltage electrode of 100 kV. The two opposite axial potential dividers are

placed to provide uniform electrostatic field in the active volume of the TPC.

The optimized gas mixture of Ne/CO2/N2 allows low multiple scatterings, low

space-charge e↵ect, drift time of about 90 µs and long term stability proper-

ties. The Multi Wire Proportional Counter (MWPC) is installed at the end

plates of the cylinder. The total readout pads mounted on the endcaps are

550000 of three di↵erent sizes 4 ⇥ 7.5 mm2 (inner chambers), 6 ⇥ 10 mm2

and 6 ⇥ 15 mm2 (outer chambers) providing low occupancy and better track

resolution.
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Figure 2.5: Block diagram of the TPC Front End Electronics readout.

Working Principle: When a charged particle emanates from the collision

point, it passes through the active volume of the detector and gets ionized

along its way by producing ions and electrons. The electrons drift towards

end plates of the cylinder where they are detected by anode wires of the

MWPC. The position of space point projected onto the endplate is measured

as one coordinate and the other coordinate is taken from the induced signal

on cathode pad along the anode wire. The third coordinate is given by the

time taken (drift time) by ionized electrons to reach the anode wire. The

TPC yields many three-dimensional points for each track which allows full

track reconstruction [14]. The endcaps of the TPC are covered by eighteen

trapezoidal shaped cathode readout chambers.

Front End Electronics: The charge collected on the TPC pads is further

processed by Front End Electronic (FEE) boards mounted on the service sup-

port wheels independently supported by the TPC. The advantage of using

support wheels is to avoid the loading of electronics weight on the TPC. A

single readout channel consists of three basic parts: a charge sensitive ampli-

fier, a 10-bit Analog to Digital converter (ADC) and a digital circuits with

Multi-Event Bu↵er. A signal collected on the TPC pads has fast rise time

(< 1 ns) along with the long tail due to the motion of positive ions. It gets



2.3 A Large Ion Collider Experiment 47

amplified and integrated to a semi-Gaussian pulse by a low impedance ampli-

fier based on the Charge Sensitive Amplifier (CSA) shaper. These functions

are operated by a chip called Pre Amplifier Shaper (PASA). In the next step,

an amplified analog signal is converted into digital signal by 10-bit low power

ADC and the digitized signal passes through number of operations such as zero

suppression, tail cancellation or baseline subtraction etc. The digital circuits,

Multi-Event bu↵er, and the ADC, are contained in a single ALTRO (ALice

Tpc ReadOut) chip. The readout process up to the ALTRO chip as shown in

figure 2.5 is contained in the Front End Card (FEC), controlled by Readout

Control Unit (RCU) which works as interface between FECs (on one side) and

the trigger, the DAQ system, and the Detector Control System (DCS) (on the

other side) via Detector Data Links (DDL).

• Transition Radiation Detector (TRD): TRD covers the pseudorapidity

interval �0.84 < ⌘ < 0.84 with inner and outer radius of 2.90 m and 3.68

m, respectively. The main purpose of the TRD is to identify electrons inside

the central barrel for momentum > 1 GeV/c and reject pions in central Pb-

Pb collisions at 100% rejection capability [15]. TRD enhances the signal-

to-background ratio for J/ production measurements and due to excellent

impact parameter resolution of ITS, the TRD is capable of reconstructing

charm quark in semi leptonic decays. It provides level 1 trigger (L1) for charged

hadrons.

• Time Of Flight (TOF): It is a large gaseous detector spanned in the pseudo-

rapidity region |⌘| < 0.9. The Multi-gap Resistive Plate Chambers (MRPCs)

are the best choice for the TOF detector [16]. It provides Particle IDentifica-

tion (PID) with better resolution > 3� for ⇡/K and K/p in the intermediate

pT range 2.0 � 2.5 GeV/c for pions and kaons, while up to 4 GeV/c for pro-

tons [17]. The TOF in conjunction with the ITS and TPC allows the track and
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vertex reconstruction, dE/dx measurements in pT range up to 1 GeV/c which

further provides identification of large samples of pions, kaons, and protons.

• ElectroMagnetic CALorimeter (EMCal): EMCal is a cylindrical

calorimeter, made of Pb-scintillators, situated adjacent to the ALICE solenoid

magnet at a distance of ⇠4.5 m from the beam axis covering |⌘|  0.7 and

azimuth angle �� = 107�. It measures the neutral pion yield via decay photon

measurements. The main objective of ALICE EMCal is to study the energetic

partonic interactions with the highly dense matter (physics of jet quenching)

in such high energy heavy-ion collision environment. In combination with the

TPC and the ALICE magnetic field strength, EMCal provides good resolu-

tion for jet reconstruction [18]. The structure of EMCal is designed to perform

high pT physics measurements. It also provides trigger (L0, L1) for photons,

electrons and hard jets.

• PHOton Spectrometer (PHOS): The PHOton Spectrometer is a highly

segmented high resolution electromagnetic calorimeter and provides meson

identification with better position resolution due to the large distance (⇠

460 cm) from the IP. It covers pseudorapidity range �0.12 < ⌘ < 0.12 with

the limited azimuthal acceptance (220� < � < 320�). The main task of PHOS

is to detect and identify thermal photons and study the thermal properties

of initial hot dense matter produced in the collision via low pT direct pho-

ton measurements in a wide transverse momentum (pT ) range from 5 MeV to

100 GeV [19]. It measures the neutral pions (⇡�) up to the pT range of 1-10

GeV/c which provides information about the initial and final state particle

production. Due to the di↵erent sensitivity of di-photons and di-leptons to

the various phases of collision, these measurements allow to explore the spec-

trum of di↵erent stages in heavy-ion collision. The PHOS consists of PHOS

(Electromagnetic Calorimeter) and CPV (Charged Particle Veto) units, where
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the CPV rejects the charged particles for better resolution of photon measure-

ments. In conjunction with the other charged particle detectors, PHOS is

capable of providing the information about the domains of DCC (Disoriented

Chiral Condensate) formation by studying the charged to neutral particle mul-

tiplicity fluctuations on an event-by-event basis.

• High Momentum Particle Identification Detector (HMPID): It is

specifically optimized for particle identification at higher pT > 1 GeV/c beyond

the momentum range covered by the ITS, TPC (via energy loss measurements)

and the TOF (via Time Of Flight measurements). It covers central pseudo-

rapidity range (|⌘| < 0.6) with partial azimuthal coverage (1.2� < � < 58.8�).

HMPID allows the track-by-track separation of ⇡/K and K/p up to pT range

of 3 GeV/c and 5 GeV/c, respectively. The hadron identification mechanism

in HMPID is based on the Ring Imaging CHerenkov (RICH) counters [20].

• ALICE Cosmic Ray Detector (ACORDE): ACORDE plays two impor-

tant roles in ALICE: it provides a L0 trigger for the commissioning, calibra-

tion purpose, and secondly it detects the atmospheric muons in combination

with the TPC, TRD and TOF to study high energy (0.1-2 TeV) cosmic rays.

ACORDE constitutes two scintillator counters placed on top of L3 magnet at

a distance of 8.5 m from the beam axis [21].

2.3.2 Forward Detectors

The sub-detectors of this category are located in the forward pseudorapidity region.

They are mainly focused to provide the fast trigger signals for both the central barrel

detectors and the ALICE main trigger system i.e., the Central Trigger Processor

(CTP). In addition to trigger signal, the forward detectors: ZDC, PMD, FMD, T0,

and V0 provide important physics results in p-p, p-Pb, and Pb-Pb data analysis.
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• Zero Degree Calorimeter (ZDC): It is a quartz fibre sampling calorimeter

consists of two hadronic calorimeters (ZDC) located at 116 m on either side of

the IP [22]. Each ZDC comprises two distinct detectors namely, ZN and ZP, for

the detection of spectator neutrons and protons, respectively. To complement

the ZDC, two electromagnetic calorimeters (ZEM) are used to measure the

energy of particles in the forward region. ZEM is placed at 7 m from the

IP opposite to the muon arm. ZDC measures the energy deposited by non-

interacting particles (Nspectators) to estimate the collision centrality and the

number of participating nucleons. ZDC is situated at 0� relative to the beam

axis whereas ZEM is placed at an angle of 45� w.r.t. beam axis.

• Photon Multiplicity Detector (PMD): PMD is a gaseous detector with

honeycomb structure working in a proportional counter region located at 364

cm from the IP with ⌘ coverage of 2.3 < ⌘ < 3.7 over the full azimuthal

angle [23]. The main physics goals of the PMD are, photon multiplicity mea-

surements [24], event plane estimation and transverse electromagnetic energy

calculation. PMD is capable of providing information about the DCC domains

by studying the event-by-event multiplicity fluctuations [25].

• Forward Multiplicity Detector (FMD): FMD has highly segmented ra-

dial structure with five rings made of silicon detectors located at di↵erent ⌘

positions (�3.4 < ⌘ < �1.7 and 1.7 < ⌘ < 5.0) in the forward region with 2⇡

azimuth. The main tasks of the FMD are: charged particle multiplicity mea-

surements, event plane estimation, flow analysis, and the study of multiplicity

fluctuations [26].

• VZERO Detector (V0): It consists of two arrays of plastic scintillator

detectors named as V0A and V0C, installed on either side of the IP [26]. The

V0 covers pseudorapidity ranges 2.8 < ⌘ < 5.1 (V0A at a distance of 340 cm

from the IP in a direction opposite to the muon arm) and �3.7 < ⌘ < �1.7
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(V0C at a distance of 90 cm from the IP). It provides three types of trigger

systems: Minimum Bias trigger, multiplicity trigger and semi central trigger in

proton-proton and lead-lead collisions. Apart from the trigger information, it

also measures luminosity, particle multiplicity, and centrality. The V0 detector

serves as centrality estimator (V0M) for heavy-ion collisions by taking the sum

of amplitude of multiplicity distributions from both detectors V0A and V0C.

• TZERO Detector (T0): T0 also consists of two arrays of Cherenkov

detectors, T0-A (4.61 < ⌘ < 4.92) at a distance of 375 cm and T0-C

(�3.28 < ⌘ < �2.97) at 72.7 cm from the IP. It is located close to the beam

pipe to increase the triggering e�ciency in heavy-ion collisions (⇠ 100%). T0

is designed to generate a start time (T0) signal for the TOF detector with a

good time resolution of about 50 ps and “wake-up” signal for the TRD before

L0 trigger [26]. T0 signal corresponds to real time of the collision. It provides

vertex position measurements, multiplicity triggers and also a minimum bias

trigger.

2.3.3 Muon Spectrometer

Muon spectrometer is positioned in the forward rapidity region (�4.0 < ⌘ < �2.5)

of ALICE detector. It is designed for the study of heavy-quark vector mesons

(J/ , 0,⌥,⌥0,⌥00) and for � meson productions from the decay products of µ+µ�

channel. This measurement allows one to analyze and compare the yields of all

quarkonia species as a function of pT in di↵erent collision centrality. The open

heavy flavour production measurements are possible to analyze in the limited ⌘ range

by detecting e and µ from the TRD and muon spectrometer, respectively. Muon

spectrometer has a complex arrangement of many components, such as absorber

which absorbs charged hadrons and photons coming from the interaction vertex,

tracking system of 10 detection planes with high granularity and trigger chambers.
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Muon spectrometer provides a dimuon trigger system along with the high granularity

readout unit [27].

2.4 ALICE Data Processing

2.4.1 ALICE-online data processing systems

The Pb-Pb collisions provide enormous amount of particle multiplicity and the han-

dling of such high multiplicity data is a big challenge for ALICE experiment. To

perform this task e�ciently, the data processing is divided into sub-systems named

as: Central Trigger Processor System (CTP), Data Acquisition System (DAQ), High

Level Trigger (HLT), Detector Control System (DCS) and Experiment Control Sys-

tem (ECS).

Central Trigger Processor System (CTP): The ALICE CTP is a hard-

ware trigger which controls and synchronizes the trigger signals from all ALICE

trigger detectors. CTP is optimized to select the rare physics events produced

during the high multiplicity Pb-Pb collisions at the LHC. The trigger selection is

performed for di↵erent colliding systems: pp, p � Pb, and Pb � Pb. The tracking

detector’s (e.g. TPC) design is optimized in such a way that they are capable to

cope with the high multiplicity collisions. The trigger inputs in ALICE are divided

into three parts: L0, L1, and L2. A level 0 (L0) signal reaches the detector after

1.2 µs and level 1 (L1) trigger reaches at 6.5 µs, after the collision. The CTP also

takes care of the final trigger, a level 2 (L2), and waits for the past-future protection,

which means that CTP restricts the superposition of large number of events known

as pile-up events. The time interval for this process is about 88 µs. After collecting

the information from all trigger signals, the CTP decides the selection and rejection

of events and transfers the output signal to the trigger detectors using LTU (Local

Trigger Units) and also a decision copy to the DAQ system.
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Figure 2.6: ALICE online data processing systems.

Data Acquisition System (DAQ): The DAQ combines the event informa-

tion recorded by all sub-detectors to form a complete event [28]. The Detector Data

Links (DDL) are used as interface between sub-detectors and the DAQ system. They

transfer the event information to Local Data Concentrators (LDCs) where the in-

formation is collected from all the sub-detectors in the form of sub-events. Further,

the sub-events are sent to Global Data Concentrators (GDCs) for the formation of

full event and is stored in Transient Data Storage (TDS). The CTP trigger reduces

the events by selecting the interesting physics events and maximize the performance

of ALICE DAQ by minimizing the bandwidth consumption of the DAQ system.

The task of event selection is shared by both the trigger and the DAQ systems and

the selected events are sent to the High Level Trigger (HLT) for further selection in

order to store the processed data at permanent data storage.

High Level Trigger (HLT): The ALICE High Level Trigger is a software

trigger used to reduce the data volume in order to fit the data rate in available

bandwidth [28]. In order to select the good physics events without loosing its physics

content, the data passes through multiple steps, firstly the events from the detector

are accepeted or rejected on the basis of online selection analysis, by selecting a

region of interest (ROI) within the event. ROI corresponds to the selection of
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interesting ⌘ � � phase space. HLT decides the selection of event and can also

modify the data without losing the physics information.

Detector Control System (DCS): The main aim of DCS is to keep track

of the ongoing processes to ensure the safety and correct operation of the ALICE,

by monitoring all the sub-detectors and their corresponding Front End Electronics

(FEE). It has a remote control to all the sub-systems and technical equipments.

The DCS provides information about the detector conditions and parameters for

the o✏ine data reconstruction.

Experiment Control System (ECS): The ECS supervises and controls all

the processes involve in the data processing (CTP, HLT, DCS and DAQ). It is the

main part of ALICE control system.

2.4.2 ALICE-o✏ine data processing systems

The raw data collected from all the sub-detectors is processed through ALICE o✏ine

framework known as AliROOT (mainly C++ and ROOT based) which performs

number of tasks on the data after online data processing. The main tasks are:

calibration, simulation, alignment, reconstruction, and data analysis etc.

Event Generation and Simulation: The simulation studies were performed

to design the detector in order to make full use of the detector to extract interesting

physics information from the data. The ALICE framework enables the access to

di↵erent event generators such as HIJING [29], PYTHIA [30, 31], and AMPT [32]

etc. The primary particles produced by these event generators contain full kine-

matic level information such as momentum, charge, mass and PID number of each

produced particle for particle identification. The transport packages: GEANT3 [33],

GEANT4 [34], and FLUKA [35], contain detailed information about the response of

the detector when particle crosses the active volume after collision. The generated

particles are passed through transport packages to create the environment of parti-
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cle interactions similar to real experimental collision. The hit information stored in

the detector is digitized by the corresponding electronics and the data are stored in

binary form based on ROOT which is the object oriented data analysis framework.

Analysis: The reconstruction process is same for the experimental and sim-

ulated data. First of all, the data is stored in the form of Event Summary Data

(ESD) after reconstruction of raw data. ESD includes whole information of an oc-

cured event e.g., primary and secondary vertex position, reconstruction parameters

of all produced particles, particle identification information etc. The AOD (Analysis

Object Data) is the reduced version of ESD obtained by applying some standard

physics cuts to remove the unnecessary information for the physics analysis. Most of

the physics analysis are performed on the AODs. ALICE analysis framework reads

each event only once and di↵erent algorithms can be applied to it according to the

need of the ALICE user [36].

ALICE Grid Facility: To process the ALICE data, a lot of computing power

is required and for that the data processing is distributed over the GRID systems

located worldwide to analyze the large amount of data in a reasonable time. The user

interacts with the GRID systems via ALICE Environment (AliEn) User Interface

(UI) [36, 37] and can analyze the data in di↵erent ways: (1) on local system of

the user, (2) interactive mode or (3) on group of machines by submitting an alien

batch job to the AliEn system which is independent of the local user system and

is distributed to several computing systems (shown in figure 2.7) according to the

availability.

AliROOT Framework: ALICE o✏ine framework (AliROOT) is based on

the Object Oriented programmes. The ROOT framework is a basic need of AliRoot

and serves as supporting framework [38]. The whole framework is written in C++

computing language along with some external programs in FORTRAN language.
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Figure 2.7: Snapshot of the ALICE-Grid computing systems located worldwide.
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Chapter 3

Charged-Neutral Fluctuations in

Pb-Pb collisions at
p
sNN = 2.76

TeV

3.1 Introduction

It is believed that at very high temperature and energy density, the matter produced

may undergo chiral phase transition. In heavy ion collisions, the collision debris

are produced and move outward from the collision zone for a distance of about few

fermi at the speed of light leaving behind relatively colder interior whose vacuum has

chiral orientation di↵erent from the true vacuum. The misalignment of the vacuum

direction is called as Disoriented Chiral Condensate (DCC) [1]. As the temperature

of the system drops, the chiral field starts oscillating toward the direction of true

vacuum emitting pions coherently. It is expected that the distribution of these

coherently radiated pions is very di↵erent from those emitted incoherently.

The detection and study of the DCC provides valuable information about the

nature of chiral phase transition. The most important signal to investigate the DCC

domains is the distribution of neutral pion fraction. Thus, in practice one has to

look into the ratio of neutral to charged pions multiplicity. Several experiments

have made many attempts to search for the DCC signal. JACEE collaboration

detected some events with large number of neutral particles compared to charged
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particles in the localized pseudorapidity-azimuth (⌘ � �) phase space [2]. The dif-

ferent techniques have been already used for the search of DCC viz., normalised

factorial moments and Discrete Wavelet Transform analysis (DWT) [3]. The nor-

malised factorial moment technique was adopted by the Minimax collaboration for

the DCC study in p-p̄ collisions at center-of-mass energy 1.8 TeV. They have intro-

duced a robust observable which is insensitive to detector e�ciency and gives very

di↵erent values for generic pion events and DCC type events though they found no

evidence for the existence of DCC domains [4]. Huang et al . [5] suggested the Dis-

crete Wavelet Transform (DWT) method for the DCC study. WA98 collaboration

used this method to measure charged-neutral fluctuations which is considered as a

possible signature for the DCC. The analysis was performed on Pb-Pb collisions

data at 158 A GeV at CERN SPS facility. The measurements proved the absence of

correlated DCC type fluctuations in charged to neutral particles and put an upper

limit on the localized non-statistical DCC-like fluctuations of 10�2 for azimuthal

window (��) = 45� � 90� and 3 ⇥ 10�2 for �� = 90� � 135� with 90% confidence

level [3]. The Sliding Window Method (SWM) was also used by WA98 collaboration

for the charged-neutral fluctuation measurements which helps to scan each ⌘ � �

region microscopically, for the presence of non-statistical DCC fluctuations [6].

STAR collaboration at RHIC studied the event-by-event charged neutral corre-

lation at forward rapidity in Au+Au collisions at
p
sNN = 200 GeV. The observables

used for the measurements are ⌫dyn and rm,1 and are studied as a function of cen-

trality [7]. The results obtained exhibited a very small deviation (< 1%) from the

generic pion production.

For this analysis, the Pb-Pb data recorded by the ALICE detector at
p
sNN =

2.76 TeV is used to study the non-statistical charged-neutral fluctuations on event-

by-event basis. The photon multiplicity is measured with the Photon Multiplicity

Detector (PMD) and the charged particles with the Forward Multiplicity Detector

(FMD). A brief overview of the PMD and FMD is given in the next sections.
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3.2 Photon Multiplicity Detector

The Photon Multiplicity Detector (PMD), a highly-segmented pre-shower detector,

allows to study an event-by-event measurement of photon multiplicity and its spatial

distributions (⌘ � �) in forward rapidity region. It is a purely Indian detector,

including the design, fabrication and testing of the detector. For the first time,

PMD was installed in WA93 experiment [8] at CERN SPS and was also used in

WA98 experiment [9] at CERN SPS. Later on, PMD design was upgraded with

latest electronics and readout techniques to handle the high multiplicity heavy-ion

collisions and installed in the STAR experiment [10] at RHIC BNL and in the ALICE

experiment [11] at LHC CERN.

3.2.1 Photon Multiplicity Detector in ALICE

ALICE PMD is a high granularity gas detector designed to measure photon multi-

plicity at TeV energies and works in the proportional counter region [12]. It con-

sisted of two parallel planes: the Preshower plane (PRE) and the Charged Particle

Veto (CPV) plane sandwiched by a lead converter of thickness 1.5 cm equals three

radiation length (3X0). PMD was located at a distance of 367.2 cm from the in-

teraction point (IP) and covered a full azimuthal acceptance (0� < � < 360�) with

pseudorapidity range of 2.3 < ⌘ < 3.9.

3.2.1.1 Design and Fabrication

The two types of modules were fabricated for the PMD viz., the Long type and the

Short type. The long type module consisted of 96 rows and 48 columns whereas the

short type module had 48 rows and 96 columns. Each of the PMD plane contained

four super modules (SM) and each super module had six unit modules resulting

in total of 48 modules for PMD (24 unit modules for each CPV and PRE). A
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Figure 3.1: Schematic view of ALICE PMD unit cell.

rectangular shaped honeycomb arrangement had 96⇥48 or 48⇥96 unit cells. In

order to control high multiplicity environment created in Pb-Pb collisions at LHC,

the dimension of a cell was kept smaller for ALICE PMD than that of STAR PMD

which led to a high granularity detector. Figure 3.1 shows the schematic view

of hexagonal shaped unit cell having cross section area of 0.23 cm2 and depth 0.5

cm [13]. The honeycomb chamber made of thin copper sheet was placed between two

gold plated Printed Circuit Boards (PCB). A gold plated tungsten wire of diameter

20 µm was passed through the centre of each cell and a proper tension was applied

to the wire while soldering. A continuous flow of gas mixture of Ar and CO2 (70:30)

was used as an active medium. The Pb converter plates placed between the CPV

and PRE planes were also of two types depending upon the size of the module. The

long plate had dimensions 49.05 cm ⇥ 21.7 cm and a short one had 42.5 cm ⇥ 25.15

cm. Also a support of 5 mm stainless steel (SS) plate was given to the lead converter

plate and the module. The whole PMD was divided into two halves so as to install

it easily around the beam pipe and each half had its own electronic accessories, gas

supply and cooling systems.
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Figure 3.2: A circuit diagram of PMD FEE board.

3.2.1.2 Front End Electronics Readout

The honeycomb array had common cathode and gold plated anode wire readout.

The Front End Electronic (FEE) board consisted of Multi Chip Module (MCM) and

were used to collect the signal from anode wires at ground potential using the flexible

kapton cables. The collected signals were processed, digitized and transferred to the

Translator Board (TB). Further, TB forwarded the signal to Cluster Read Out

Concentrator Unit System (CROCUS) through Patch Bus (PB) cables. The PMD

Data Acquisition System (DAQ) received the signal from CROCUS via Detector

Data Link (DDL) connected directly to ALICE DAQ system. The various PMD

readout components are discussed below.

Front End Electronic Board: The FEE board comprised of four 16 input

channel Multiplexed ANAlog Signal Processor (MANAS) chips, two inverting bu↵er

amplifiers, a Muon Arm Readout Chip (MARC) and two serial 12 bit Analog to

Digital Converters (AD7476). The schematic layout of the PMD FEE board is

shown in figure 3.2.

MANAS chip is the basic component of FEE board. It is based on the GAS-
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Figure 3.3: A circuit diagram of MANAS Chip.

SIPLEX with modified capacitor used for calibration and high voltage isolation for

each channel. All the components of MANAS chip are depicted in figure 3.3. The

design and fabrication of MANAS chip was done by the Indian members of ALICE-

INDIA Collaboration. MANAS chip consisted of Charge Sensitive Amplifier (CSA),

Semi Gaussian Shaper (SGS), Deconvolution Filter (DF), Track/Hold device and an

analog multiplexer (MUX). The signal information from anode wire was collected

by the CSA and integrated using feedback capacitor placed over the CSA. A long

hyperbolic tail of integrated signal was removed by the DF and ensured the base

line restoration. The SGS worked as pulse shape amplifier used to shape the signal

pulse to Semi Gaussian and suppressed the signal pile up resulting in an increase in

the signal-to-noise ratio. The MANAS chips were coupled to a single output channel

where output signal was collected. The clock (CLK) pulse manages all the 16 input

channels of MANAS chip.

An inverting bu↵er amplifier was another important component of PMD FEE

board. Since ADCs operate on positive signals only, the inverting amplifiers were

used to invert the collected negative signal into positive signal. The analog output

signal received from the MANAS chip was converted to digital signal using 12-bit
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serial ADCs. Further, the digitized output was transferred to MARC which controls

all the four MANAS chips and two ADCs.

CROCUS: The main task of Cluster Read Out Concentrator Unit System

(CROCUS) was to collect and concentrate the signal from FEE board and send it to

the PMD DAQ system which further transfers it to the ALICE DAQ system. The

CROCUS had three parts: the CROCUS Back board, the CROCUS Front board

(FRT) and the CROCUS Concentrator board (CRT). Each CROCUS consisted of

five FRTs and one CRT board. In total there were four CROCUSs in the PMD

connected to the two halves of the PRE and CPV planes.

Translator Board (TB): The output of the FEE board is Low Voltage

Transistor Transistor Logic (LVTTL) signal whereas the output from the CROCUS

is Low Voltage Di↵erential Signal (LVDS). The TB converts all the LVTTL signals

to LVDS before transferring it to the CROCUS and also translates the LVDS signals

to LVTTL signals.

Patch Bus Cable: The main function of flexible and flat PATCH BUS cable

was to transfer the LVDS signals from TB to CROCUS and vice-versa. The PMD

patch bus cable was around 8.5m long and 200 such cables were used for the readout

in PMD.

3.2.1.3 Working Principle

PMD consisted of two identical planes: Preshower plane (PRE) and Charge Particle

Veto (CPV) plane, and a lead converter plate was placed in between the planes.

When a photon hits the plane facing the IP i.e., CPV plane and passes through the

lead converter, an electromagnetic shower is produced, which produces equivalent

signals in PRE plane as shown in figure 3.4. These showers produce signals in various

cells of the active volume of PRE plane. When a charged particle hits the CPV,

no electromagnetic shower is created by lead converter and therefore a↵ects only

single cell resembling those of Minimum Ionizing Particles (MIPs). The thickness of
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Figure 3.4: Schematic view of the working principle of PMD.

the lead converter is optimized in such a way that there should be large conversion

of photons to electromagnetic showers and less transverse shower spread so as to

prevent the shower overlap in high multiplicity heavy-ion collisions. In summary,

the photons do not hit the CPV plane but deposit energy in the PRE plane whereas

the charged particles produce hits in both planes. This information helps to reject

the charged particles in obtaining the photon multiplicity as well as many event-by-

event measurements sensitive to fluctuations analysis. A pictorial representation of

the ALICE PMD is shown in figure 3.5.

3.2.1.4 Photon Reconstruction

The raw data collected from the ALICE PMD is further passed through various

steps such as, zero suppression, pedestal subtraction, removal of hot/noisy cells of

PMD, gain correction, etc. After applying all these corrections to the PMD data,
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Figure 3.5: Pictorial view of ALICE PMD depicting two parallel planes CPV and

PRE and a lead converter placed between the planes.

the photon reconstruction is performed which involves two steps: Clustering and

Photon-hadron discrimination.

Clustering: A group of adjacent cells with non-zero ADC values are termed

as clusters. The two clusters are separated from each other by a cell with zero

ADC. For the clustering of cells, a clustering algorithm is used on raw data [14].

This algorithm is used in p+p collision data which involves low multiplicity events

and is known as “crude clustering
00. The clusters are identified as the particles

falling on the PMD. In case of Pb-Pb collisions, the particle density is very high

and a cluster might merge into the other cluster resulting into the formation of a

supercluster containing large number of cells. Thus, for the better identification

of particles (clusters), one needs to divide the supercluster into smaller clusters

which is named as refined clusters and the process is called “refine clustering
00. The

photon and the charged particle both make clusters in preshower plane of PMD. In

order to di↵erentiate between the charged particles and the photons, photon-hadron

discrimination is performed.
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Photon-hadron discrimination: There are two ways to discriminate

hadrons from photons in the data sample. The first one is based on the cluster

size and ADC value. When an incident photon creates an electromagnetic shower

in the PRE plane, it hits the number of cells rather than a single cell. The adjacent

fired cells collectively make one cluster which is large and has higher ADC value

compared to any incident hadron having small cluster size and lower ADC value. In

order to reject the charged hadrons, an optimized cut on the cluster size (number of

cells) and the cluster ADC is applied. At this stage, most of the charged particles

are rejected and the data sample is dominated by photons. Another method to

enhance the photon-to-hadron ratio is based on the hit information from the CPV

plane. The CPV records a single hit for the hadrons and no hit for the photons.

The CPV and PRE planes have one to one cell matching which is very useful in

the discrimination procedure. A single hit for the hadron in CPV plane also pro-

duces a single hit in PRE plane in the same cell whereas photon passes through

CPV with no hit information produces a shower of particles in the PRE plane by

hitting more than one cell. This information leads to the identification of photons

and charged particles. However, the data set used in the present analysis have very

limited coverage for CPV and this method is not suitable to use.

3.3 Forward Multiplicity Detector

The Forward Multiplicity Detector (FMD) is a silicon pixel detector used to measure

the charged particle multiplicity, pseudorapidity densities, the study of flow e↵ects

via azimuthal multiplicity dependence of charged particles on event-by-event basis

and the thermodynamical properties of the deconfined state produced in heavy ion

collisions.
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Ring z (cm)
Radial

coverage (cm)

no. of

Azimuthal

sectors

no. of Radial

strips
Eta (⌘) coverage

FMD1I 320 4.2-17.2 20 512 3.68 < ⌘ < 5.0
FMD2I 83.4 4.2-17.2 20 512 2.28 < ⌘ < 3.68
FMD2O 75.2 15.4-28.4 40 256 1.70 < ⌘ < 2.29
FMD3I -62.8 4.2-17.2 20 512 �3.40 < ⌘ < �2.01
FMD3O -75.2 15.4-28.4 40 256 �2.29 < ⌘ < �1.70

Table 3.1: FMD segmentation, radial coverage, distance from the IP and the pseu-

dorapidity coverage for the FMD rings.

3.3.1 Layout of the FMD

FMD consists of three subdetectors: FMD1, FMD2 and FMD3. It has five rings

separately placed around the beam pipe as shown in figure 3.6. Out of the five rings

of FMD the two outer rings are named as: FMD2O and FMD3O, and the inner

rings are called FMD1I, FMD2I, and FMD3I. The FMD2 and FMD3 covers the

same ⌘ region on either side of the IP whereas FMD1 is positioned at larger distance

compared to FMD2 and FMD3 from the IP and lies in the forward ⌘ region. The

silicon sensor detector of thickness 300 µm is used for FMD [15]. These sensors are

mounted on thin ceramic spacers and fixed onto the hybrid PC board containing

preamplifier electronics. The silicon module containing silicon sensors is mounted

on the honeycomb support structure and forms a complete FMD ring. Table 3.1

summarizes the z-position, segmentation, radial and pseudorapidity coverage of each

ring. The radial overlap between the inner and outer rings reflects the overlap in

the pseudorapidity coverage.

The present analysis needs the multiplicity of neutral and charged particles in

the common ⌘ coverage. Out of the three FMDs, FMD1 and FMD2 lie on the same

side where PMD is located while the FMD3 is positioned on the opposite side. The

pseudorapidity range of FMD2I (2.28 < ⌘ < 3.68) overlaps with the PMD range

(2.3 < ⌘ < 3.9). Thus FMD2I is used for the analysis.
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PoS(LHC07)016

The role of the FMD in high pT physics Hans H. Dalsgaard

Figure 3: The ALICE experiment.

Figure 4: The Forward Multiplicity Detector. There are three inner and two outer rings. From left to right
are shown FMD 1,2,3. The interaction point is midway between FMD2 and FMD3.

distributions can be written as the Fourier expansion:

E
d3N
d3p

=
1
2π

d2N
pTdpTdy

(1+
∞

∑
n=1
2vn cos(n(φ �Ψr))) (3.1)

The components, vn =< cos(n(φ �Ψr)) > of this expansion characterise the flow. v1 is the direct
flow and v2 is the elliptical flow. The experimentally observed reaction plane, the event plane, Ψr

5

Figure 3.6: Conceptual layout of the FMD showing five rings mounted around the

beam pipe. The FMD comprises three sub-detectors FMD1 (left), FMD2 (middle)

and FMD3 (right).

3.3.2 Readout Electronics of the FMD

A complete FMD readout system of FMD is shown in figure 3.7. The silicon sen-

sor and hybrid card contain VA1 ALICE Pre-Amplifier-Shaper integrated chips at-

tached directly to the FMD modules via pitch adaptors in order to amplify the

weak signal collected from the silicon strips. An amplified analog signal is digitized

in the ALTRO Analog-to-Digital Converter and the digital information is stored in

multi-event bu↵ers before transferring it to DAQ. The Readout Control Unit (RCU)

is used to send the data into another multi event bu↵er and transfers to the AL-

ICE DAQ system via optical DDL link. RCU connects the FMD digitizer cards to

the DAQ system, the Detector Control System (DCS) and the Timing and Trigger

System (TTC). The RCU module also handles the data acquisition, trigger systems

and detector control via indicated links.

3.4 Monte Carlo Models

At relativistic energies, heavy-ion collision is a possible choice to investigate the

transition from normal nuclear matter to the deconfined state of quarks and gluons.

Several experimental facilities at SPS, RHIC, and LHC, provide the opportunity to

study the properties of highly dense matter and measured many observables, such as
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Module Analog serial line
(10 Mhz) 

Digitizer 
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VA1_ALICE
read-out control

VA1_ALICE

DDL

DCS

TTC optical link
(clock, L1, L2)

Figure 3.7: Architecture of the FMD readout electronics system.

transverse momentum spectra, pseudorapidity densities, elliptic flow, and particle

azimuthal correlations etc. To understand the results from di↵erent measurements,

many Monte Carlo models have been developed. The Heavy Ion Jet INteraction

Generator (HIJING) and A Multi Phase Transport (AMPT) models are used to

study the non-statistical fluctuations in charged neutral particle multiplicities.

HIJING: Heavy Ion Jet INteraction Generator (HIJING) is a FORTRAN

based event generator which includes two processes, viz., jet production and jet

fragmentation [16]. First includes the pQCD model and the jet fragmentation is

carried by the Lund JETSET fragmentation model which hadronizes the partons.

HIJING is mainly designed to explore the range of initial conditions possible in

relativistic heavy ion collisions, multijet production, nuclear e↵ects, jet quenching,

and particle production for pp, pp̄, pA, and AA collision systems over a wide energy

range.



74 Chapter 3

AMPT: A Multi Phase Transport (AMPT) is s dynamical transport model

which includes various stages of heavy-ion collisions [17]. AMPT is capable of gen-

erating events for wide range of energies from 5 GeV to 5500 GeV for di↵erent

collision systems viz., pp, pA, and AA. AMPT consists of four main components:

the initial conditions, partonic interactions, transition from partonic to hadronic

matter, and the final hadronic interactions. The spatial and momentum distribu-

tions of minijets are the part of initial conditions described by the HIJING model.

Scatterings among partons are described by ZHang’s Parton Cascade (ZPC), which

includes two-body scatterings only [18]. The hadronic interactions are described by

A Relativistic Transport (ART) model [19]. The AMPT model is characterized into

two di↵erent parts based on the processes involved in it.

• AMPT Default: In default AMPT version [20], after successive collisions

partons recombine to their parent strings and resulting in hadron production

using the Lund string fragmentation model [21]. The particle production after

the collision of two Woods Saxon shaped nuclei is described by hard and soft

components. Hard processes involve higher energy transfer and produce ener-

getic jets described by PYTHIA whereas the soft component includes JETSET

fragmentation model.

• AMPT String Melting: In this AMPT model [22], the partons undergo

a transition to the hadronic matter via quark coalescence mechanism, which

converts a pair of quark and anti-quark (qq̄) into mesons and three quarks

(qqq) into baryons. So besides the recombination to their parent strings like in

Default AMPT, the transition from partonic to hadronic state is achieved by

the Quark Coalescence Model [23]. In the absence of partonic and hadronic

interactions, the AMPT model with string melting configuration reduces to

HIJING.

For the current study, the o�cial Monte Carlo samples of HIJING and AMPT
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Collision system Pb–Pb
Collision energy 2.76 TeV
HIJING LHC11a10a bis, ⇠ 3M
AMPT (String Melting ON Rescattering OFF) LHC13f3a, ⇠ 39M
AMPT (String Melting OFF Rescattering ON) LHC13f3b, ⇠ 53M
AMPT (String Melting ON Rescattering ON) LHC13f3c, ⇠ 39M

Table 3.2: Details of the data sets used for the analysis.

included in the ALICE AliRoot framework are used and a detailed description of

data sets is listed in Table 3.2.

3.5 Analysis Strategy

The heavy-ion collision data collected by ALICE contain millions of events which

are good and bad according to the run conditions. In order to select the highly

e�cient heavy-ion runs one has to select good run numbers and the events which

are di↵erent from the beam-gas or machine induced interactions.

3.5.1 Event Selection

A nearly uniform detector acceptance can be achieved by applying di↵erent selection

cuts over good events. In ALICE framework, this task is performed by a class

named AliPhysicsSelection which selects the real physical events by rejecting the

background rich events. There are di↵erent types of trigger classes on the basis of

which AliPhysicsSelection class works. For this thesis work, a minimum bias collision

events are analyzed. The Minimum Bias (MB) trigger rejects the events produced

by beam-gas interactions or from other possible backgrounds. It is configured by a

hit in the VZERO-A or VZERO-C detector or in any of the first two layers of the

ITS i.e., SPD detector.

• Centrality Selection: In ALICE analysis, the centrality selection is done

by an o�cial centrality task i.e., AliCentrality, using the multiplicity distri-
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Figure 3.8: The centrality distribution obtained by summing the VZERO ampli-

tude distributions and fitted with the Glauber NBD fit (represented by red line).

Di↵erent centrality bins shown by vertical lines are used in the analysis of Pb-Pb

collisions at
p

sNN = 2.76 TeV.

butions from various detectors meant for this measurement, such as VZERO,

ZDC, SPD, and TPC. In particular, the centrality using VZERO detectors is

obtained from the sum of the signal amplitude distributions in the VZERO

detectors. On the basis of this centrality calculation, analysis task in AL-

ICE framework assigns a value for each centrality by dividing it into di↵erent

classes from 0 to 90% illustrated in figure 3.8. The ZDC estimates the colli-

sion centrality by measuring the energy deposited by non-interacting particles

(Nspectators) in ZDC. In this analysis, the VZERO detector is used as the cen-

trality estimator.

• Vertex Selection: The vertex cut (| vz |) of ±10 cm at longitudinal vertex

position from the nominal interaction point is applied on MB selected events

and the distribution is shown in figure 3.9. The vertex cut ensures a uniform

acceptance region.
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Figure 3.9: Z-vertex distribution for Pb-Pb collisions at
p

sNN = 2.76 TeV.

Event and track cuts Value

Physics selection AliEvent::kMB
Vertex | Vz |< 10cm
Centrality Estimator V0M
Pseudorapidity (⌘) 2.8 < ⌘ < 3.6
Nch hits 0.3 < Edep/EMIP < 1 taken as one particle

Edep/EMIP > 1 taken as two particles
N��like hits > 432 (6⇤MIP)
Number of cells (Ncell) fired in PMD > 1

Table 3.3: Event and track cuts used for the analysis.

3.5.2 Track Selection

After the event selection, the next step is to select good tracks by rejecting the

fake tracks (tracks which fail during the reconstruction process). For the present

analysis, the neutral particles are reconstructed in the PMD and the charged tracks

are taken from the FMD. The analysis is performed on Event Summary Data (ESD)

due to the absence of Analysis Object Data (AOD) for PMD. As discussed earlier

in section 3.3.1, the FMD2I ring is selected due to the common pseudorapidity

coverage (2.28 < ⌘ < 3.68) with the PMD (2.3 < ⌘ < 3.9). Table 3.3 lists the

detailed description of event and track cuts used in the analysis.

Since FMD is not an isolated detector and is surrounded by other ALICE

detectors. The primary particles produced during the collision pass through various
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ALICE detectors before reaching the FMD. Thus the scattering of primary particles

on the detector material leads to the production of secondary particles which also

deposit energy in the FMD. Figure 3.10 shows the energy deposited by secondary

particles in each FMD ring and the SPD [24]. It is clear from the figure that the

main source of secondary particles is from the material interactions. FMD2I ring

has comparatively lesser energy deposition from the secondary particles as compared

to the other FMD rings. Thus, the FMD2I ring with ⌘ coverage 2.8 < ⌘ < 3.6 is

selected for the analysis.

The FMD2I ring consists of twenty sectors and 512 strips covering the full

azimuthal plane. Each sector of FMD2I ring has four pre-amplification chips (VA)

named as VA0, VA1, VA2, and VA3. Figure 3.11 depicts the energy loss distributions

per VA chip for the sector 16 and 17. It is observed that there are issues with the

two VA chips of sector 16 and 17. The MIP peak is shifted down in four out of eight

VA chips which consequently a↵ect the azimuthal distribution and the analysis. The

dashed line in each plot is marked to compare the distributions of eight VA chips.

Thus, out of 20 the two sectors 16 and 17 are excluded from the analysis [24].

3.5.3 Methodology

WA98 experiment searched the charged-neutral fluctuations in nuclear collisions at

CERN SPS using the SWM with magnetic field o↵ operation at 158 A GeV [3].

STAR experiment at RHIC also performed the same analysis at
p
sNN = 200 GeV

using the observables ⌫ch��
dyn and rm,1 [7]. The study of charged to neutral particle

fluctuations in heavy-ion collisions is performed using the PMD and FMD with

overlapping geometric acceptance in the forward pseudorapidity region (2.28 < ⌘ <

3.68). Due to the absence of some modules or the non-working cells of PMD, and

as well as less energy deposition by secondary particles in 2.8 < ⌘ < 3.6 region of

FMD2I, a reduced common ⌘ coverage of both detectors is used for the analysis. The
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Figure 6.29: Detailed view of the secondary contributions from Figure 6.28. It is clear from the Figure

that the correction for secondaries is crucial for any meaningful physics results to come out of this analysis.
Figure 3.10: Detailed view of energy deposition by secondary particles in the SPD

and each FMD ring.



80 Chapter 3

102 CHAPTER 6. DATA ANALYSIS

���������
��� � ����

��

���

���

���

���

���
���������
����

���������
��� � ����

��

���

���

���

��� ���������
����

���������
��� � ����

���

���

���

���

��� ���������
����

���������
��� � ����

��

���
���

���

���

���
��� ���������

����

���������
��� � ����

��

���

���

���

���

��� ���������
����

���������
��� � ����

��

���

���

���

��� ���������
����

���������
��� � ����

��
���
���
���
���
���
���
���

���������
����

���������
��� � ����

��

���

���

���

���

��� ���������
����

Figure 6.25: FMD2I energy distributions per VA chip in sectors 16 and 17 from run 138225. Each plot

shows the energy loss distribution of 128 strips of a single VA chip. It is seen that there are clear issues.

It appears that the MIP peak is shifted down in 4 out of 8 VA chips which will a�ect the analysis. The

dashed lines mark Edep/EMIP = 0.6 to guide the eye when comparing the plots.

Figure 3.11: Energy distributions per VA chip in sectors 16 and 17 of the FMD2I

ring. Each distribution shows the energy loss in FMD strips of a single VA chip.

measurement of dynamical fluctuations is performed using two di↵erent methods

which are discussed below.

• Localized Event Analysis

• Global Event Analysis

3.5.3.1 Localized Event Analysis

The localized event analysis method scans each available ⌘�� region at microscopic

level and search for the unusual events present in the data sample.

Sliding Window Method: The localized charged neutral fluctuations are

studied using the Sliding Window Method (SWM) [25] which was previously used

in WA98 experiment at CERN SPS. This method allows to investigate all regions

with unusually small or large fractional values of f defined as,
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Figure 3.12: A pictorial view of the Sliding Window Method (SWM).

f =
N��like

Nch
(3.1)

where, N��like and Nch, are the number of gamma-like particles and charged

particles, respectively. The fraction is measured for the most central (10%) events,

determined by the V0M centrality estimator. The whole azimuthal plane is scanned

by sliding �� window of chosen step size �� = 18� over the full ⌘ � � plane as

depicted in figure 3.12. The choice of step size �� = 18� is limited by FMD resolu-

tion in the azimuthal plane. The fraction f is calculated in each event for di↵erent

window sizes �� = 18�, 36�, and 54�, using Eq. 3.1. The maximum and mini-

mum values of fraction f obtained in each event correspond to “gamma excess” and

“charge excess”, respectively.

3.5.3.2 Global Event Analysis Methods

This method includes the analysis of the observables averaged over all the events

for a given centrality.
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⌫ch��
dyn for Charged Neutral Fluctuations: The deconfined phase transition

is associated with enhanced fluctuations in conserved quantities such as strangeness,

net-charge, and baryon number etc. The formation and decay of DCC domains

could lead to distinct distributions of neutral to pion ratio than the generic pion

production. If this process survives the final state interactions, it will appear as anti-

correlation between the yields of neutral and charged pions. The charged particle

multiplicity is represented as charged pions (ch) and photons (�) as neutral pions. In

case of generic production, the neutral and charged particles would be produced in

equal abundances due to the isospin symmetry. The formation of pions of particular

isospin causes large deviation in the �� ch correlation from the generic expectation.

To understand the relation between neutral and charged pions, the observable needs

to be sensitive to � � ch correlation. Thus, a robust variable ⌫ch��
dyn is introduced

which involves lowest order factorial moments that helps to reduce the statistical

uncertainties and is defined as,

⌫ch��
dyn =

⌦
N�(N� � 1)

↵
⌦
N�

↵2 +
hNch(Nch � 1)i

hNchi2
� 2

⌦
N�Nch

↵
⌦
N�

↵
hNchi

(3.2)

= !� + !ch � 2 ⇥ corrch�� (3.3)

The first two terms are the measures of photon number fluctuations (!�) and

charged particle multiplicity fluctuations (!ch) and the third term corresponds to

ch � � correlation (corrch��). The h...i represents an average over all events. In

case of high multiplicity environment, i.e., a purely statistical fluctuations, the in-

dividual terms in Eq. 3.2 would become unity whereas for low multiplicity events,

the three individual terms may deviate from unity even in the absence of dynamical

fluctuations. In view of this, it is di�cult to decide on the basis of individual terms

whether the fluctuations are dynamical or statistical. To overcome this individual

term problem, the observable ⌫ch��
dyn is constructed by adding the three terms de-
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fined in Eq. 3.2 [26]. Thus, the ⌫ch��
dyn term becomes non-zero in case of dynamical

fluctuations and zero for purely statistical fluctuations.

The observable ⌫ch��
dyn is strongly dependent on the average multiplicity of pho-

tons (hN�i) and charged particles (hNchi). The scaled average multiplicity depen-

dence of ⌫ch��
dyn is studied and the results are compared with those of Monte Carlo

event generators viz., HIJING and AMPT.

Factorial Moments: The dynamical fluctuations in charged-to-neutral par-

ticles were also studied by the Minimax collaboration at the Tevatron, Fermilab by

using factorial moments method [4]. The expression for the normalized factorial

moment analysis can be written as,

Fm ⌘ hN(N � 1).....(N � m+ 1)i
hNim (3.4)

To search for the DCC domains, a usual multiparticle formalism (Fm) is ex-

tended to bivariate distributions with variables N� and Nch,

Fm,n =

⌦
Nch(Nch � 1).....(Nch � m+ 1) N�(N� � 1).....(N� � n+ 1)

↵

hNchim
⌦
N�

↵n (3.5)

The ratio of normalized factorial moments introduces a robust observable,

rm,1 =
Fm,1

Fm+1,0
(3.6)

putting the values from Eq. 3.5 in Eq. 3.6, the rm,1 becomes,

rm,1 =

⌦
Nch(Nch � 1)...(Nch � m+ 1) N�

↵
hNchi

hNch(Nch � 1)...(Nch � m)i
⌦
N�

↵ (3.7)

For the pion production under isospin symmetry case i.e., the generic case of



84 Chapter 3

Poisson distribution, rm,1 = 1 while for the pure DCC case, rm,1 deviates from unity.

The advantage of using this variable is that it is independent of inclusive particle

multiplicities and insensitive to detector ine�ciencies.

rgenm,1 = 1, (Poisson limit/generic pion case) (3.8)

rDCC
m,1 =

1

m+ 1
(DCC) (3.9)

The variation of rm,1 is studied as a function of average multiplicity for data

and di↵erent Monte Carlo models. The rm,1 dependence on higher moments for top

central collisions is also studied. In order to minimize the contamination e↵ects, the

tight selections are applied on the photon-hadron discrimination procedure and the

results obtained from the data are compared with the HIJING and AMPT models.

3.6 Statistical Error Estimation

For an event-by-event fluctuations analysis, the statistical errors are estimated using

two methods explained in this section.

• Analytic Method: The uncertainty in the ⌫ch��
dyn is estimated using analytic

method. The detailed description of this method can be found in ref. [27] and

the expression for the analytic method is written below.



3.6 Statistical Error Estimation 85

V [⌫dyn] =
1

N

1

hmi6 hni6
⇥
⇢
6
⌦
n2m2↵ hni4 hmi4 � 4

⌦
n3m

↵
hni3 hmi5

�4
⌦
nm3↵ hni5 hmi3 + 8

⌦
n2m

↵ ⌦
n2↵ hni2 hmi5 + 8

⌦
nm2↵ ⌦m2↵ hni5 hmi2

�4
⌦
n2m

↵
hnmi

⌦
n3↵ ⌦m4↵ � 4

⌦
nm2↵ hnmi hni4

⌦
m3↵ � 4

⌦
n2m

↵ ⌦
m2↵ hni4 hmi3

�4
⌦
nm2↵ ⌦n2↵ hni3 hmi4 + 8 hnmi3 hni3 hmi3 � 4 hnmi2

⌦
n2↵ hni2 hmi4

�4 hnmi2
⌦
m2↵ hni4 hmi2 � 4 hnmi2 hni4 hmi4 + 4 hnmi

⌦
n3↵ hni2 hmi5

+4 hnmi
⌦
m3↵ hni5 hmi2 � 8 hnmi

⌦
n2↵2 hni hmi5 � 8 hnmi

⌦
m2↵2 hni5 hmi

+8 hnmi
⌦
n2↵ ⌦m2↵ hni3 hmi3 + 4 hnmi

⌦
n2↵ hni3 hmi5 + 4 hnmi

⌦
m2↵ hni5 hmi3

+ hni4 hni2 hmi6 +
⌦
m4↵ hni6 hmi2 � 4

⌦
n3↵ ⌦n2↵ hni hmi6 � 4

⌦
m3↵ ⌦m2↵ hni6 hmi

+4
⌦
n2↵3 hmi6 + 4

⌦
m2↵3 hni6 �

⌦
n2↵2 hni2 hmi6 �

⌦
m2↵2 hni6 hmi2

�2
⌦
n2↵ ⌦m2↵ hni4 hmi4 + 2

⌦
n2m

↵
hni4 hmi4 + 2

⌦
nm2↵ hni4 hmi4

�4
⌦
n2m

↵
hni3 hmi5 � 4

⌦
nm2↵ hni5 hmi4 + 4 hnmi2 hni4 hmi3 + 4 hnmi2 hni3 hmi4

�4 hnmi
⌦
n2↵ hni3 hmi4 � 4 hnmi

⌦
m2↵ hni4 hmi3 + 4 hnmi

⌦
n2↵ hni2 hmi5

+4 hnmi
⌦
m2↵ hni5 hmi2 � 4 hnmi hni5 hmi4 � 4 hnmi hni4 hmi5 + 2

⌦
n3↵ hmi6

+2
⌦
m3↵ hni6 hmi2 � 4

⌦
n2↵2 hni hmi6 � 4

⌦
m2↵2 hni6 hmi + 2

⌦
n2↵ hni4 hmi5

+2
⌦
m2↵ hni5 hmi4 + 2

⌦
n2↵ hni3 hmi6 + 2

⌦
m2↵ hni6 hmi3 + 2 hnmi hni4 hmi4

+
⌦
n2↵ hni2 hmi6 +

⌦
m2↵ hni6 hmi2 � hni6 hmi4 � hni4 hmi6

�2 hni5 hmi5 +O(
1

N2 )

�

(3.10)

here N is the total number of events, m and n are photon number and charged

particle multiplicity, respectively.

• Sub-sampling Method: In this method, the total number of events in data

are divided into “k” sub-samples by randomly choosing the almost equal num-
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ber of events in each sub-sample. The observable x is calculated for each sub

sample and the final error in x is also estimated by taking the standard devi-

ation (�) of those calculated values (xk) in each sub-sample from the average

value (hxi). The statistical error in the mean value of x is defined as,

�hxi =
�p
N

(3.11)

where

� =

sP
(xk � hxi)2

N � 1
(3.12)

and µ = hxi = 1

N

NX

k=1

xk (3.13)

here µ is the mean value of observable x. For this analysis, ten such sub-

samples are taken to estimate the statistical uncertainties for data as well as

for Monte Carlo models.

3.7 Analysis Results

The results obtained for charged-neutral fluctuations measurement in Pb-Pb colli-

sions at
p
sNN = 2.76 TeV are discussed in this section.

3.7.1 Data Quality Assurance Checks

To check the uniform acceptance of the detector, the data quality assurance plots

are studied such as azimuthal angle (�) and pseudorapidity (⌘) distributions. In the

data quality checks, the azimuthal angle distributions for both detectors FMD and

PMD are studied in the selected common pseudorapidity coverage 2.8 < ⌘ < 3.6

and are shown in figure 3.13 (left) and (right), respectively. In case of FMD, �
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Figure 3.13: Azimuthal angle distributions for FMD (left) and PMD (right) in a

common pseudorapidity region 2.8 < ⌘ < 3.6 selected for the analysis.

is close to uniform distribution whereas for PMD, the variation is much more. In

PMD, some of the sectors have very low multiplicity with respect to neighbouring

sectors. This large variation is due to the non-working modules of PMD shown by

blank areas in figure 3.14. Due to the large variation, the PMD azimuthal coverage

216� < � < 334� corresponding to sectors 13, 14, 15, 16, 17 and 18 is rejected and

the analysis is performed for the sectors 1 � 12 (0� < � < 216�) and for 19, 20

(334� < � < 360�).

Figure 3.14 shows the X and Y positions of hits on the preshower plane of

PMD and plotted as a function of ⌘. Each ring corresponds to di↵erent ⌘ range and

is represented by di↵erent colour. Figure 3.14 presents the full ⌘ coverage of PMD

(left) and the hit distribution for the selected ⌘ region (right). The rectangular

shaped boxes represent the PMD modules and the blank area in the figure with no

hits corresponds to uninstalled modules or the non-functional area of the PMD.

Figure 3.15 shows the correlation betweenN��like and FMD2INch in a common
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Figure 3.14: X-Y display of hits on the preshower plane of PMD in full ⌘ coverage

2.3 < ⌘ < 3.9 (left) and for 2.8 < ⌘ < 3.6 selected for the analysis (right) in Pb-Pb

collisions at
p

sNN = 2.76 TeV. The coloured rings indicate di↵erent ⌘ regions.

⌘ coverage of 2.8 < ⌘ < 3.6. It is observed that Nch increases linearly with N��like.

3.7.2 Charged-to-Neutral Fluctuations using SWM

An event-by-event charged-to-neutral fluctuations are analyzed for Pb-Pb collisions

at
p
sNN = 2.76 TeV for the most central events (0-10%) in the chosen window

�� = 18�, 36�, and 54� over the azimuthal plane. The fraction f is calculated for

each �� using Eq. 3.1 and the distributions are shown in figures 3.16, 3.17, and 3.18.

The scatter plots for N��like versus Nch are also displayed in these figures.

For Azimuth Window Size �� = 18�: In figure 3.16, the top left and

right panels show the scatter plots ofN��like versusNch for gamma excess (��excess)

and charge excess (ch�excess), respectively. From the upper plots it is clearly

seen that the correlation between N��like and Nch is not symmetric around the

line N��like = Nch. In the top left plot, one can see more number of photons

than charged particles in some events. The similar behaviour is observed in the

top right plot, where more number of Nch are observed compared to N��like. Such

events with an excess of one particular type of particles lead to the dynamical

fluctuations. The distributions of fractions are displayed in bottom left and right
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Figure 3.15: Distributions of N��like vs Nch for PMD and FMD2I ring in pseudo-

rapidity region 2.8 < ⌘ < 3.6.

panels for ��excess and ch�excess, respectively. The one-dimensional plots describe

that the distributions are not Gaussian which is the case for statistical fluctuations,

but have an extra tail for higher fraction values of f (��excess) and 1/f (ch�excess)

indicating the presence of localized charged-neutral fluctuations.

For Azimuth Window Size �� = 36� and 54�: A similar distributions

showing the correlation between N��like versus Nch for gamma excess and charge

excess, and their respective 1-dimensional projections are studied for �� = 36� and

54� in figures 3.17 and 3.18, respectively. If we compare the three azimuth windows,

it is seen that the ��excess and ch�excess decreases with increase in window size

from 18� to 36� and further to 54�.

3.7.2.1 Event Characterization for �� = 18�, 36� and 54�

From 1-dimensional distributions of ��excess and ch�excess, the events from the

tail of the distributions are filtered out by applying cut on higher f and 1/f values,

respectively, for �� = 18�, 36�, and 54�. Again the ratios f (= N��like/Nch) and
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Figure 3.16: For �� = 18�: the scatter plots between N��like versus Nch (upper

panels) and fraction (f), (1/f) distributions for ��excess and ch�excess (bottom

panels), respectively.
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Figure 3.17: For �� = 36�: the scatter plots between N��like and Nch (upper

panels) and fraction (f), (1/f) distributions for ��excess and ch�excess (bottom

panels), respectively.
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panels), respectively.
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Figure 3.19: ��excess for �� = 18�: the ratio plot of N��like/Nch in (a), N��like

hit distribution in (b), and Nch hits in (c) w.r.t sectors covering the azimuthal angle

selected for the analysis. Another example event is also shown in right side column

figure.

1/f are obtained for each filtered event and the distributions of N��like and Nch are

also studied as a function of � (bin width �� = 18�) shown in figure 3.19. Some of

the example plots for di↵erent events showing ��excess and ch�excess in �� = 18�,

36�, and 54� are discussed. A particular event is identified by its run number, event

number, and file number written inside each figure.

• Gamma excess: Figure 3.19(a) shows plot for the fraction N��like/Nch(= f)

for di↵erent azimuthal sectors of �� = 18�. Apart from all the sectors, only

the sector number 3 has larger fraction value out of the selected events in tail

of f distributions implies that the concentration of photons is more than the
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charged particles in that particular sector. The middle and bottom plots are

the distributions of N��like and Nch w.r.t sector number. A rise in sector num-

ber 3 of figure 3.19(b) shows large number of N��like hits in PMD and dip in

the corresponding sector of figure 3.19(c) shows less number of charged parti-

cle hits in FMD. Similar plots for one more event are shown in figures 3.19(d),

(e), and (f). In order to understand the event Id written in figure 3.19(a),

the number “138225035 440 (96)” indicates run number (138225), file num-

ber (138225035 440), and event number (96). Similarly, figures 3.21(a), (b),

and (c) illustrate the gamma excess plots for �� = 36�. In the upper plot,

the fraction values are much higher for two sectors 2 and 3 relative to other

sectors and corresponding rise in number of photons (N��like) is reflected in

figure 3.21(b) and the bottom plot displays the dip for Nch in those two sec-

tors in comparison to other sectors. Figure 3.22(a) presents the f distribution

showing higher values in three adjacent sectors (11, 12 and 13) for �-excess in

the window size �� = 54�. The same sectors got large number of N��like hits

in PMD and dip in FMD, when compared to other sectors.

• Charge excess: In figures 3.20(a), (b), and (c), the fraction distributions

(Nch/N��like), and the hits of particles in PMD and FMD in each sector are

displayed for a particular event exhibiting ch�excess for �� = 18�. The mid-

dle plot shows a dip in PMD sector corresponding to highest fraction value

whereas a peak is observed in the FMD shown in figure 3.20(c). It is observed

that the fraction values in all other sectors except for the sector number 1 are

within statistical uncertainty. Another event of charge excess for �� = 18�

is also shown in figures 3.20(d), (e), and (f). The charge excess plots are also

studied for �� = 36� and 54�. For 36�, the highest fraction (1/f) values in two

of the sectors and corresponding dip and rise in same sectors is observed for

PMD and FMD in figures 3.21(e) and (f), respectively. A similar behaviour
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Figure 3.20: ch�excess for �� = 18�: the ratio plot of Nch/N��like in (a), N��like

hit distribution in (b), and Nch hits in (c) w.r.t sectors covering the azimuthal angle

selected for the analysis. Another example event is also shown in right side column

figure.

is observed in figures 3.22(d), (e), and (f) showing relatively larger fraction

values in three adjacent sectors exhibiting less N��like and more Nch in the

corresponding sectors for �� = 54�.

3.7.3 Charged-to-Neutral Fluctuations using ⌫��ch
dyn

The fluctuations in the relative production of charged and neutral particles are

studied in Pb-Pb collisions via ⌫��ch
dyn . The neutral and charged particle multiplicity

used for the estimation of ⌫��ch
dyn is obtained from the PMD and FMD in a common
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Figure 3.21: For �� = 36�: the ratio plot of N��like/Nch in (a), N��like hit distri-

bution in (b), and Nch hits in (c) for ��excess w.r.t sectors covering the azimuthal

angle selected for the analysis. Right side column figure represents the ch�excess

plots showing ratio for Nch/N��like in (d), N��like hit distribution in (e), and Nch

hits in (f).



3.7 Analysis Results 97

2 4 6 8 10 12 14

)
ch

 / 
N

-li
ke

γ
ra

tio
 (=

N

0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3

Gamma Excess
event Id: 138624045_110 (26)

(a) < 3.6η = 2.76 TeV, 2.8 < NNsPb-Pb, 

2 4 6 8 10 12 14

-li
ke

γN

10

20

30

40

50

(b)
PMD

sector no.
2 4 6 8 10 12 14

chN

0

10

20

30

40

50

60

(c)
FMD

2 4 6 8 10 12 14

)
-li

ke
γ

 / 
N

ch
ra

tio
 (=

N

1
2
3
4
5
6
7
8
9

10

Charge Excess
event Id: 138534061_1750 (111)

(d) < 3.6η = 2.76 TeV, 2.8 < NNsPb-Pb, 

2 4 6 8 10 12 14

-li
ke

γN

5
10
15
20
25
30
35
40
45

(e)
PMD

sector no.
2 4 6 8 10 12 14

chN

0

50

100

150

200

250

(c)
FMD

Figure 3.22: For �� = 54�: the ratio plot of N��like/Nch in (a), N��like hit distri-

bution in (b), and Nch hits in (c) for ��excess w.r.t sectors covering the azimuthal

angle selected for the analysis. Right side column figure represents the ch�excess

plots showing ratio for Nch/N��like in (d), N��like hit distribution in (e), and Nch

hits in (f).
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pseudorapidity range 2.8 < ⌘ < 3.6 for azimuthal angle 0� < � < 216� and 334� <

� < 360� due to the non-uniform acceptance of PMD and FMD.

3.7.3.1 Variation of individual terms in ⌫��ch
dyn

Eq. 3.2 can also be expressed as a linear combination of three terms,

⌫��ch
dyn = w�� + wch ch � 2 ⇥ wch�� (3.14)

where w��, wch ch, and wch�� are defined as

w�� =

⌦
N�(N� � 1)

↵
⌦
N�

↵2 , (3.15)

wch ch =
hNch(Nch � 1)i

hNchi2
, (3.16)

and wch�� = 2 ⇥
⌦
N�Nch

↵
⌦
N�

↵
hNchi

(3.17)

The variation of these individual terms in ⌫��ch
dyn are studied as a function of

collision centrality and average multiplicity in the acceptance region. The three

possibilities for the observable ⌫��ch
dyn can be +,� or = 0.

• ⌫��ch
dyn > 0 : This is the case when wch�� < (w�� + wch ch) which implies the

dominance of self-correlation terms (�� and ch � ch).

• ⌫��ch
dyn < 0 : In this case, the third term involving cross correlation (wch��)

dominates resulting in wch�� > (w�� + wch ch). The negative correlation tells

that the photons and charged particles are strongly correlated rather than the

self correlations among photons and charged particles.
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Figure 3.23: The average multiplicity dependence of three individual terms in ⌫��ch
dyn

for data and di↵erent event generators: HIJING and AMPT (SM On/O↵).
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Figure 3.24: Centrality dependence of three individual terms in ⌫��ch
dyn for data and

di↵erent event generators: HIJING and AMPT (SM On/O↵).

• ⌫��ch
dyn = 0 : A Poisson distribution expects the zero value for ⌫��ch

dyn .

The multiplicity dependence (
p
N��like ⇤ Nch) of three independent terms w��,

wchch, and w��ch is shown in figures 3.23(a), (b), and (c), respectively. It is observed

that the three terms decreases as one moves from lower multiplicity towards higher

multiplicity. For all three plots, the data have lower values than AMPTs of di↵er-

ent configurations viz., String Melting (SM) ON rescattering ON/O↵, and SM O↵

rescattering ON, but higher than HIJING. All the three terms decreases gradually

for higher multiplicity and approaches unity which is the Poisson limit for each term.
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Figure 3.25: Non-statistical fluctuations of ⌫��ch
dyn as a function of collision centrality

(left) and average multiplicity (right) at
p

sNN = 2.76 TeV for data and di↵erent

Monte Carlo models: HIJING and AMPT (SM On/O↵).

Figure 3.23 can also be expressed in another form as a variation of collision

centrality for the individual terms shown in figure 3.24. The trend is same in both

figures 3.23 and 3.24, because the centrality of an event reflects the average multi-

plicity. The values for individual terms are positive and the experimental data lies

in between the AMPT and HIJING data points in each centrality class.

3.7.3.2 Centrality and Average Multiplicity Dependence of ⌫��ch
dyn

The non-statistical fluctuations in charged-neutral particles are measured for Pb-Pb

collision data at
p
sNN = 2.76 TeV as a function of average multiplicity and collision

centrality for common pseudorapidity interval 2.8 < ⌘ < 3.6 of PMD and FMD.

Figure 3.25 (left) shows the centrality dependence of robust observable ⌫��ch
dyn

for experimental data. The results obtained from data are compared with the AMPT

and HIJING event generators. The data points represented by solid blue markers

show an increasing trend as one moves from more central collisions toward peripheral

collisions. The average multiplicity (
p

N��like ⇤ Nch) dependence of ⌫��ch
dyn is also
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Figure 3.26: Centrality dependence of scaled ⌫��ch
dyn at

p
sNN = 2.76 TeV for data

and di↵erent Monte Carlo models: HIJING and AMPT (SM On/O↵).

studied and shown in figure 3.25 (right). It is seen that the Monte Carlo models are

consistent in all centralities as expected for Poisson distribution and shows slight

deviation for low multiplicity events. The non-zero positive values for data represent

the presence of non-statistical fluctuations in all centrality bins.

3.7.4 Scaled multiplicity dependence of ⌫��ch
dyn

Figure 3.26 presents the ⌫��ch
dyn values scaled by the average multiplicity (⌫dyn ⇤

p
N��likeNch) for di↵erent centrality classes from 0 to 80%. The AMPT and HI-

JING show that the scaled ⌫��ch
dyn values are constant in each centrality and have flat

structure exhibiting no centrality dependence. The data have completely di↵erent

trend as compared to di↵erent Monte Carlo event generators.

3.7.5 Robust Variables

The Minimax collaboration introduced a robust observable rm,1 to explore further

the charged-neutral (ch��) correlation strength. The multiplicity dependence of r1,1
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Figure 3.27: Variation of robust observable r1,1 as a function of average multiplicity

(upper panel) and r1,1 dependence on higher order moments (bottom panel), in

Pb-Pb collisions at
p

sNN = 2.76 TeV for data and di↵erent Monte Carlo models:

HIJING and AMPT (SM On/O↵).

is shown in upper plot of figure 3.27 for data and HIJING events. The comparison

is also performed with AMPT model of three di↵erent configurations. The data

points follow an increasing trend with increase in
p

N��like ⇤ Nch as one moves from

more peripheral collisions towards semi-central collisions and saturates for more

central high multiplicity collisions. The results show that r1,1 values for HIJING and

AMPTs are constant and almost equal to unity indicates the generic pion production

scenario.

The bottom plot in figure 3.27 presents the rm,1 dependence on its higher order
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moments (m) for most central collisions (0 � 10%). The HIJING and AMPTs lie

on the Poisson value (⇠1) for higher moments too whereas the rm,1 decreases with

increasing m for data.

3.8 Summary

An event-by-event charged-neutral multiplicity fluctuations are measured in the

common azimuthal coverage of the PMD and the FMD in pseudorapidity range

2.8 < ⌘ < 3.6 for Pb-Pb collisions at
p
sNN = 2.76 TeV. The three di↵erent ob-

servables f , ⌫��ch
dyn and rm,1 are used for the estimation of � � ch fluctuations as a

function of multiplicity and centrality. The fraction f is measured for experimental

data in a localized phase-space region and an excess of events are separated from

the whole sample which show either ��excess or ch�excess. For the present anal-

ysis, the non-statistical fluctuations are observed in ⌫��ch
dyn for the data whereas the

model studies show very small deviations from the Poisson value. The variation of

⌫��ch
dyn ⇤

q⌦
N��like ⇤ Nch

↵
with respect to centrality exhibits ⇠ 1/

q⌦
N��like ⇤ Nch

↵

dependence in data, whereas the HIJING and AMPT are compatible with zero. To

explore further the correlation between � and ch particles, the factorial moments

rm,1 is also studied as a function of m. For more central events, the rm,1 exhibits

decreasing trend with increasing m in data, whereas HIJING and AMPT exhibit no

dependence. The PMD Pb-Pb data used for this analysis had some problems viz.,

the hot cell removal, gain calibration corrections, etc. The results presented are not

explained by any Monte Carlo models used for this analysis.
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Chapter 4

Event-by-event charge separation

using Sliding Dumbbell Method

4.1 Introduction

At relativistic energies, the colliding heavy ions produce an overlap region leaving the

spectator nucleons aside [1, 2]. These spectator nucleons create a strong magnetic

field and induces the electric current that causes the separation of oppositely charged

particles along the system’s orbital angular momentum direction resulting in the

Chiral Magnetic E↵ect (CME) [3–5]. So far, charge separation e↵ect study has been

reported by STAR [6, 7] at RHIC in Au+Au collisions, ALICE [8, 9] in Pb-Pb

collisions and CMS [10] collaboration in p-Pb and Pb-Pb collisions data. No strong

evidence has been reported yet for the presence of CME though the studies are

still going. The aim of the thesis is another attempt to study possible correlations

between the charged particles with ALICE Pb-Pb collisions using the two- and three-

particle correlators proposed by Voloshin [11] as well as using a new method named

as “Sliding Dumbbell Method” (SDM) developed to search for the localized charge

separation. The particle azimuthal correlations are studied in terms of di↵erent

centrality intervals and in each centrality, di↵erent event shape classes to isolate the

events showing charge separation e↵ect classified using SDM method.

The HIJING (Heavy Ion Jet Interaction generator) and the AMPT (A Multi
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Phase Transport) event generators are used for simulation study. HIJING does

not include elliptic flow thus one should not expect any flow-induced background

correlations, whereas the AMPT has elliptic flow which can contribute to background

correlations for the two- and three- particle correlations. To observe the e↵ects of

CME signal on the particle correlations in AMPT, the CME signal is injected in the

standard String Melting AMPT. The standard AMPT and signal injected AMPT

results are compared for two- and three- particle azimuthal correlations.

4.2 Monte Carlo models

The HIJING and the AMPT generated events are used for the particle azimuthal

correlation measurements in Pb-Pb collisions at
p
sNN = 2.76 TeV. The charged

particle track in the transverse momentum range 0.2 < pT < 5.0 GeV/c and pseu-

dorapidity interval �0.8 < ⌘ < 0.8 are selected for the analysis. The full azimuthal

coverage (0� < � < 360�) is used for the analysis.

4.3 Analysis Strategy

In previous measurements, the CME has been measured via multi-particle corre-

lator averaged over a collection of events and hence there is a possibility that the

e↵ect might get diluted. We have studied the event-by-event localized charge separa-

tion using Sliding Dumbbell Method (SDM) similar to the Sliding Window Method

(SWM) [12] used by the WA98 collaboration at the CERN SPS [13, 14]. The advan-

tage of using SDM is one can separate the events exhibiting CME type e↵ects. The

particle azimuthal correlations measured using Q-cumulant method [15] are studied

for di↵erent categories of charge separation events using SDM and for each centrality

bin.
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4.3.1 Sliding Dumbbell Method

In this method, a full azimuthal plane is scanned by sliding the dumbbell of�� = 90�

(shown in Figure 4.1) in steps of �� = 1� while calculating the value ofDb± everytime

which is defined as,

Db± = Dbforw+ +Dbback� (4.1)

Db± =
N forw

+

(N forw
+ +N forw

� )
+

N back
�

(N back
+ +N back

� )
(4.2)

where N forw
+ and N forw

� are the number of positively and negatively charged

particles in the forward side of the dumbbell, respectively, whereas N back
+ and N back

�

are the number of positively and negatively charged particles in the backward side

of the dumbbell, respectively. A pictorial view of the Sliding Dumbbell Method

(SDM) is depicted in figure 4.1. Db± is basically the sum of positive charge fraction

(Dbforw+ ) on one side of the dumbbell and the negative charge fraction (Dbback� ) on

the other side of the dumbbell. If the charged particles are uniformly distributed

over the full azimuthal plane then the value of each fraction in Eq. 4.2 will be equal

to 0.5 and the sum will be Dbmax
± = 1 but if the charged particles are not uniformly

distributed then the Dbmax
± value will exceed unity and the maximum value can be

equal to 2.

After calculating the Db± value in each step of sliding the dumbbell, an asym-

metry Dbasy also calculated which is defined as,

Dbasy =
(Posforwex � Negbackex )

(Posforwex +Negbackex )
(4.3)

where Posforwex = N forw
+ � N forw

� is the positive charge excess on the forward

side of the dumbbell and Negbackex = N back
� � N back

+ is the negative charge excess on
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φ = 90°

φ = 180°

φ = 270°

φ = 0°

+, -

+, -

Δφ

δφ

Db+� = Db+ + Db�

Db+ = Nforw+
(Nforw+ + Nforw� )

Db� = Nback�
(Nback+ + Nback� )

Figure 4.1: A pictorial view of the Sliding Dumbbell Method.

the backward side of the dumbbell. An asymmetry cut (Dbasy) rejects the events

with large asymmetry in the positive and negative charge particle excess on either

side of the dumbbell within an event. Figure 4.2 (A) presents an ideal case of CME

event and figures 4.2 (B), (C), and (D) display three examples showing di↵erent

Dbasy values. The | Dbasy |= 0.1 shown in figure 4.2 (B) contains almost similar

number of positive charge excess (Posforwex ) and negative charge excess (Negbackex ) on

the forward and backward side of the dumbbell, respectively. Such type of events are

selected for the analysis exhibiting CME-type behaviour. Figure 4.2 (C) indicates

an event with | Dbasy |< 0.25 is also selected for further analysis. In figure 4.2 (D),

asymmetry value becomes 0.5 due to the large positive charge excess on forward

side but no negative charge excess on the backward side of the dumbbell. Such type

of events are rejected by applying the Dbasy cut. In each event Dbmax
± with the
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condition | Dbasy |< 0.25 is obtained by sliding the dumbbell in steps of 1� over the

whole azimuthal plane.
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Figure 4.2: (A) is ideal case of CME-type event and (B), (C), and (D) show

di↵erent example events exhibiting di↵erent asymmetry values in an event.

To understand the usefulness of SDM in searching the CME-type e↵ects, the

obtained distributions of Dbmax
± in each centrality are further sliced into 10 bins

where top 10% Dbmax
± corresponds to higher Dbmax

± values while 90-100% bin cor-

responds to lowest Dbmax
± values. The multi-particle correlators are investigated for

di↵erent classes of charge separation based on Dbmax
± .

4.3.2 Multi-particle Azimuthal Correlations

Aim of this thesis is to measure the three particle azimuthal correlations for the

analysis of charge separation e↵ect due to the CME. Voloshin [15] suggested the

multi-particle correlator defined as,
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hcos(n(�i + �j � 2 RP ))i = hcos(n(�i + �j � 2�k))i/v2,k (4.4)

where �i and �j are the azimuthal angles of ith and jth particle. The determi-

nation of reaction plane angle ( RP ) (defined by the impact parameter and beam

direction) is not possible experimentally. Thus for calculating the three particle

correlator relative to reaction plane, one can use the third particle as an event plane

and divide three particle correlator by the elliptic flow of third particle as written

in Eq. 4.4. The three particle correlator (hcos(�i � �j � 2�k)i) and the v2,k are

measured via Q-cumulants discussed in next section.

4.3.2.1 Q-cumulants

The calculation of multi-particle correlations need computing power to go over all

possible particle multiplets. Moreover, the heavy-ion collision data contain high

multiplicity events which will consequently take enormous time for the calculations.

To avoid this problem, Voloshin [15] suggested to express cumulants in terms of flow

vector, Qn. The main advantage of using Q-cumulants is that it reduces the relative

non-flow contributions.

The Q-vector (“flow-vector”) for n harmonic is denoted by Qn and defined as,

Qn =
MX

i=1

ein�i (4.5)

where �i is the azimuthal angle of ith particle and summation runs over all the

particles in an event with multiplicity M.

The strategy used in measuring the multi-particle correlations via Q-cumulants

involve some steps discussed below.

Step 1: The first step in calculating the particle correlations involves the

decomposition of the expressions | Qn |2, QnQnQ
⇤
2n, and | Qn |4, in terms of h2in|n,
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h3in,n|2n, and h4in,n|n,n, respectively, which are,

h2in|n ⌘ 1

P (M, 2)

MX

i,j=1
(i 6=j)

ein(�i��j), (4.6)

where P (n,m) is n!
(n�m)!

h3in,n|2n ⌘ 1

P (M, 3)

MX

i,j,k=1
(i 6=j 6=k)

ein(�i+�j�2�k), (4.7)

h4in,n|n,n ⌘ 1

P (M, 4)

MX

i,j,k,l=1
(i 6=j 6=k 6=l)

ein(�i+�j��k��l). (4.8)

Step 2: In second step, the system of coupled equations obtained in first

step are solved for two-, three-, and four- particle azimuthal correlations and are

expressed totally in terms of various combinations of Q-vectors.

Step 3: To obtain the final results for the multi-particle correlations, an

average over all events is performed.

hh2iin|n ⌘
PN

i=1(w2)i(h2in|n)iPN
i=1(w2)i

(4.9)

hh3iin,n|2n ⌘
PN

i=1(w3)i(h3in,n|2n)iPN
i=1(w3)i

(4.10)

hh4iin,n|2n ⌘
PN

i=1(w4)i(h4in,n|n,n)iPN
i=1(w4)i

(4.11)

where double brackets denote an average over all tracks and then over all N

events. w2 = M(M�1), w3 = M(M�1)(M�2), and w4 = M(M�1)(M�2)(M�3),
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are event weights which make correlations free from multiplicity fluctuations.

• Flow Estimation via Cumulants: To estimate the three particle correla-

tor defined in Eq. 4.4, the flow coe�cient of 2nd harmonic is measured using

cumulants which are defined in terms of particle azimuthal correlations as,

c2{2} = hh2ii (4.12)

c2{4} = hh4ii � 2 ⇤ hh2ii2 (4.13)

In terms of flow harmonic, the cumulants can be written as,

v2{2} =
p
(c2{2}) (4.14)

v2{4} = (�c2{4})1/4 (4.15)

• Three Particle Correlator: The Q-vector is defined as,

QnQnQ
⇤
2n =

MX

i,j,k=1

ein(�i+�j�2�k) (4.16)

There are three di↵erent cases for the indices i, j, and k.

(1) When all the 3 indices are di↵erent i.e., (i 6= j 6= k)

h3in,n|2n ⇤ M(M � 1)(M � 2) (4.17)

(2) When out of three, the two indices are di↵erent i.e., (i 6= j = k) or

(i = j 6= k)

(�i + �j � 2�k) = (�i � �k) for (i 6= j = k)

(�i + �j � 2�k) = (2�i � 2�k) for (i = j 6= k)
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The corresponding coe�cients and weight factors are,

h2in|n ⇤ M(M � 1)2! (4.18)

h2i2n|2n ⇤ M(M � 1) (4.19)

(3) When all the three indices are same i.e., (i = j = k)

1 ⇤ M (4.20)

After combining all the individual terms, the Eq. 4.16 becomes,

QnQnQ
⇤
2n = h3in,n|2n⇤M(M�1)(M�2)+h2in|n⇤M(M�1)2!+h2i2n|2n⇤M(M�1)+M

(4.21)

h3in,n|2n =
QnQnQ

⇤
2n � 2⇤ | Qn |2 � | Q2n |2 +2 ⇤ M

M(M � 1)(M � 2)
(4.22)

The three particle correlator for ++ and - - combinations are obtained for a

given sample using above mentioned method. The average of both terms is

taken for the final three particle correlator for same sign.

Similarly, the three particle correlator is obtained for opposite sign (OS) charge

pairs by restricting one type of particles as positive with multiplicity M and

other type as negative with multiplicity m. The three particle correlator for

OS charge pairs (+ -) can be written as,

h3in,n|2n =
qnQnQ

⇤
2n � qnQ

⇤
n

mM(M � 1)
(4.23)

where Qn and qn denote Q-vectors for positive and negative charged parti-

cles with multiplicity ”m” and ”M”, respectively. The final three particle

correlator is obtained using Eq. 4.10.
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• Two Particle Correlator: The estimation of elliptic flow requires the mea-

surement of two-particle correlator as indicated in Eq. 4.12. The two particle

azimuthal correlations are obtained for di↵erent charge combinations i.e., SS

and OS charge pairs. Consider the case of SS charge pairs and the Q-vector

can be written as,

| Qn |2=
MX

i,j=1

ein(�i��j) (4.24)

There are two cases:

(1) (i 6= j) i.e., correlation between di↵erent types of particles. It gives,

h2in|n ⇤ PM,2 (4.25)

(2) (i = j) represents the self correlation term which is given as,

1 ⇤ M (4.26)

Thus, the decomposition contains two terms; 2- particle and 1- particle con-

tributions. By combining the values from Eqs. 4.25 and 4.26, the Eq. 4.24

becomes,

| Qn |2= h2in|n ⇤ PM,2 + 1 ⇤ M (4.27)

After rearranging the above equation, the two particle correlator for SS (+ +,

- -) charge pairs becomes,

h2in|n =
| Qn |2 �M

M(M � 1)
(4.28)

For the OS charge pairs, the two particle azimuthal correlations are obtained

in a similar way and can be written as,
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h2in|n =
qnQ

⇤
n

m(M)
(4.29)

The averaging over all events is performed using Eq. 4.9 and the resulting

expression is used to estimate the second order cumulant defined in Eq. 4.12.

• Four Particle Correlator: To obtain the 4th order cumulant, the Q-vector

is written as,

| Qn |4=
MX

i,j,k,l=1

ein(�i+�j��k��l) (4.30)

For SS charge pair combination, the above equation can be decomposed into

4 cases on the basis of indices i, j, k, and l.

(1) When all the 4 indices are di↵erent i.e., (i 6= j 6= k 6= l)

The corresponding coe�cient is four particle correlator and the associated

weight factors can be written as,

h4in,n|n,n ⇤ M(M � 1)(M � 2)(M � 3) (4.31)

(2) When three of the four indices are di↵erent i.e., (i = j 6= k 6= l) or

(i 6= j 6= k = l) or (i 6= j = k 6= l),

(�i + �i � �k � �l) = (2�i + �k � �l) for (i = j 6= k 6= l)

(�i + �j � �k � �k) = (�i + �j � 2�k) for (i 6= j 6= k = l)

(�i + �j � �j � �l) = (�i � �l) for (i 6= j = k 6= l)

The corresponding coe�cients and weight factors are,

h3i2n|n,n ⇤ M(M � 1)(M � 2) (4.32)

h3in,n|2n ⇤ M(M � 1)(M � 2) (4.33)

h2in|n ⇤ M(M � 1)2!(M � 2)2! (4.34)
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(3) When two indices are di↵erent i.e., (i = j 6= k = l) or (i = j = l 6= k)

(�i + �i � �k � �k) = (2�i � 2�k) for (i = j 6= k = l)

(�i + �i � �i � �l) = (�i � �k) for (i = j = l 6= k)

The corresponding coe�cients and weight factors are

h2in|n ⇤ M(M � 1) ⇤ 2! ⇤ 2! (4.35)

h2i2n|2n ⇤ M(M � 1) (4.36)

1 ⇤ M(M � 1) ⇤ 2 (4.37)

(4) When all indices are same i.e., (i = j = k = l), only the auto-correlation

terms survive given as,

1 ⇤ M (4.38)

In order to obtain the four particle correlation term, put all the calculated

values in Eq. 4.30.

| Qn |4= h4in,n|n,n ⇤ M(M � 1)(M � 2)(M � 3)

+[h3i2n|n,n + h3in,n|2n] ⇤ M(M � 1)(M � 2)

+ h2in|n ⇤ [(M(M � 1)2!(M � 2)2! +M(M � 1)2! ⇤ 2!)]

+h2i2n|2n ⇤ M(M � 1) +M(M � 1)2 +M

(4.39)

Rearranging the Eq. 4.39, the expression for four particle correlator becomes,

h4in,n|n,n =
(| Qn |4 + | Q2n |2 �2 ⇤ R[Q2nQ

⇤
nQ

⇤
n] � 4(M � 2) | Qn |2)

M(M � 1)(M � 2)(M � 3)

+
2

(M � 1)(M � 2)

(4.40)

Final four particle correlator can be obtained by averaging over N events and

is used to estimate the 4th order cumulant.



4.3 Analysis Strategy 119

Thus, we have estimated the both 2nd and 4th order cumulants and the three

particle correlator. The three particle azimuthal correlations relative to reaction

plane are measured by inserting the values from Eqs. 4.10, 4.12, and 4.13 in Eq. 4.4.

The v2,k used in Eq. 4.4 is taken as the average of v2{2} and v2{4}.

4.3.3 Event characterization using Sliding Dumbbell

Method

The Dbmax
± distributions obtained using the Sliding Dumbbell Method are divided

into 10 bins where 0-10% Dbmax
± bin contains higher Dbmax

± values and the lower

values fall in the lowest Dbmax
± bin of 90-100%. In this way the events of same

centrality are categorized into 10 di↵erent Dbmax
± bins exhibiting di↵erent charge

separation. The correlator values are estimated for all charge combinations (+ +,

- -, + -) for di↵erent Dbmax
± values for all centralities. The results obtained for the

two- and three- particle azimuthal correlations are discussed in the next sections.

4.3.4 Background Estimation

Every experimental measurement of an observable contains physics correlations as

well as some contribution from the background correlations which can induce similar

e↵ect as data. To extract the physics signal from the estimated quantity one has

to eliminate or minimize the background. The two di↵erent techniques are used for

the estimation of background correlations and compared with the data to quantify

the signal contribution.

• Charge Reshu✏e: In charge reshu✏e technique, the charges of the particles

are reshu✏ed randomly over the azimuthal plane keeping polar angle (✓) and

azimuthal angle (�) same. A new sample of reshu✏ed charge events is obtained

It is named as “ChrgR”.
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• Randomization of Azimuthal angle: Another technique used to measure

the background correlations is performed by randomizing the azimuthal angles

(�) of the particles in an event keeping the same number of positive and

negative charged particles as that of data event. The advantage of using this

technique is that it destroys all correlations amongst particles.

The analysis results obtained from the ChrgR and Random are compared

with those of HIJING and AMPT event generators for the multi-particle azimuthal

correlations.

4.4 Heavy Ion Jet Interaction Generator

HIJING is a Monte Carlo event generator developed to study jet and associated par-

ticle production in pp, pp̄, pA, and AA collisions at ultra-relativistic energies [16].

It combines the QCD model for jet production with the Lund model for jet frag-

mentation. HIJING is designed to explore the wide range of initial conditions that

may occur in heavy-ion collisions and covers a wide energy range from 50 GeV to

few TeV. About 3 M o�cial ALICE HIJING events of Pb-Pb collisions at
p
sNN =

2.76 TeV are analyzed in this thesis work.

4.5 Simulation results from HIJING

The results on the study of charge separation e↵ect using multi-particle correlators

are obtained for HIJING event generator. The centrality dependence of Dbmax
±

distributions and the variation of two- and three- particle azimuthal correlators for

HIJING events are discussed in this section.
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Figure 4.3: Centrality dependence of Dbmax
± distributions obtained using the sliding

dumbbell method for HIJING events. The Dbmax
± distributions from ChrgR are also

displayed.

4.5.1 Dbmax
± distributions using Sliding Dumbbell Method

The observable Dbmax
± is the sum of positive charge fraction on the forward side of

the dumbbell and negative charge fraction on the backward side of the dumbbell,

measured using the SDM. The centrality dependence ofDbmax
± distributions obtained

from HIJING and ChrgR are shown in figure 4.3. Both the distributions exhibit

similar behaviour in each centrality interval and shift towards higher Dbmax
± values

as one moves from more central to semi-central collisions indicating events with large

charge separation.

4.5.2 Multi-particle Azimuthal Correlations

The multi-particle correlations are used to investigate the charge separation e↵ect

relative to the reaction plane. The two- and three- particle correlators are measured

using cumulant method and the results from HIJING are compared with those of
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Figure 4.4: Centrality dependence of two particle correlator for opposite sign and

same sign charge pairs for HIJING and ChrgR.

charge reshu✏e to investigate the presence of non-statistical fluctuations.

4.5.2.1 Two Particle Azimuthal Correlations

Figure 4.4 presents the two particle correlations for the pairs of same sign (SS) and

opposite sign (OS) charged particles in each centrality and exhibit similar trend for

all charge combinations. The OS charge pairs have more positive values than those

of SS pairs, whereas the charge reshu✏e has similar magnitude for both OS and SS

charge combinations.

4.5.2.2 Dbmax
± bin dependence of Two Particle Correlations

To further investigate the correlation between the particles of SS and OS, the two

particle correlator (hcos(�a��b)i) is studied as a function of Dbmax
± bins. These bins

are formed on the basis of lower and higher Dbmax
± values where the higher Dbmax

±

values correspond to top 10% Dbmax
± bin while the lower Dbmax

± values belong to

90-100% Dbmax
± bin.

• Opposite Sign: Figure 4.5 (left) shows the two particle correlator as a func-
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Figure 4.5: Centrality dependence of two particle correlator for opposite sign charge

pairs (left) and same sign charge pairs (right) in di↵erent Dbmax
± bins for HIJING

and ChrgR.

tion of Dbmax
± bin for OS pairs in di↵erent centrality classes. The first point in

each centrality belongs to top 10% Dbmax
± bin and the last one belongs to 90-

100% Dbmax
± . HIJING exhibit negative values for higher Dbmax

± bins, whereas

the correlation values become positive as one moves toward lower Dbmax
± bins

in each centrality. Also the correlator values for HIJING matches well with

ChrgR within statistical errors except for the top Dbmax
± bins of 50-70% cen-

trality.

• Same Sign: Figure 4.5 (right) presents the two particle correlation for HI-

JING and ChrgR where it is observed that both follow similar trend. The

higher Dbmax
± bins exhibit more positive values and the magnitude decreases

gradually for lower Dbmax
± bins. The CME production also predicts the posi-

tive values for hcos(�a��b)i. Though the HIJING and ChrgR exhibit positive

correlation but they matches with each other within statistical uncertainties

except for top 10% Dbmax
± bin of peripheral events.
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Figure 4.6: Centrality dependence of three particle correlator for opposite and same

sign charge pairs for HIJING and ChrgR.

4.5.3 Three Particle Azimuthal Correlations

The centrality dependence of three particle correlator (�a,b) is measured for di↵erent

charge combinations SS (+ +, - -) and OS (+ -) and is presented in figure 4.6 for the

HIJING. The measurement of three particle correlator defined in Eq. 4.4 requires

the elliptic flow of third particle c (v2,c). Since HIJING does not include flow of the

particles, thus the value of elliptic flow (v2) is taken from the experimental data of

Pb-Pb collisions at
p
sNN = 2.76 TeV. The estimated three particle correlator exhibit

positive values for both OS and SS charge pairs in each centrality. The ChrgR shows

no di↵erence between the OS and SS charge pairs and correlation values matches

with each other in all centrality intervals within the statistical errors.

4.5.3.1 Dbmax
± bin dependence of Three Particle Correlations

The three particle correlator is also studied in all Dbmax
± bins for di↵erent charge

combination pairs.

• Opposite Sign: Figure 4.7 (left) shows the Dbmax
± dependence of three parti-

cle correlator for OS pairs (�opp) for HIJING and ChrgR. The positive values
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Figure 4.7: Centrality dependence of three particle correlator for opposite sign

charge pairs (left) and same sign charge pairs (right) in di↵erent Dbmax
± bins for

HIJING and ChrgR.

are observed in ten Dbmax
± bins showing no correlation between the oppositely

charged particles. The first point in each centrality have larger positive value

than the other Dbmax
± bins but it matches with the ChrgR within statistical er-

rors showing that the observed correlations are originated from the statistical

fluctuations only.

• Same Sign: TheDbmax
± bin dependence of �same for HIJING and ChrgR for SS

charge pairs is presented in figure 4.7 (right). The �same exhibit negative values

for higher Dbmax
± bins in 50-70% centrality and for the rest of the centrality

intervals the values are compatible with zero and also matches well with ChrgR

within error bars.

• Opp-Same sign: The di↵erence between opposite and same sign three par-

ticle correlations (�� = �opp � �same) is also measured. The �� values are

positive for higher Dbmax
± bins whereas they become mildly negative for lower

Dbmax
± bins in all centrality intervals as shown in figure 4.8. The HIJING and

ChrgR exhibit similar values for �� and matches with each other in all Dbmax
±

bins within the statistical uncertainties.

The multi-particle correlator study observed the positive correlation for both
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Figure 4.8: Centrality dependence of three particle correlator for the di↵erence of

opposite and same sign charge pairs in di↵erent Dbmax
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two particle and three particle correlators for all charge combinations. The centrality

dependence of two particle correlator exhibit the similar trend as is expected for the

CME whereas the three particle correlator shows positive correlation for SS charge

pairs which is exactly opposite to the CME predictions. Also the charge reshu✏e

do not di↵erentiate between the pairs of particles of di↵erent charges and exhibit

same magnitude for the correlation values. Thus the ChrgR can be used for the

background estimation while analyzing the experimental data. Further, the particle

correlations are discussed in terms of Dbmax
± bins where the measured three particle

correlator shows positive values for the OS charge pairs and negative correlation

values for SS charge pairs in higher Dbmax
± which is expected for the CME. Though

the correlation values in higher Dbmax
± bins follow the CME expectations but they

also matches with the background correlations measured using ChrgR. This suggests

that no CME signal is present in HIJING and the observed correlations are the

statistical fluctuations only.
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4.6 A Multi Phase Transport model

AMPT is a dynamical model contains information about the transition from the

partonic phase to hadronic matter. It includes information about the di↵erent phases

of heavy-ion collisions and generate events for di↵erent collision systems, viz., pp,

pA, and AA for wide energy range from few GeV to 5500 GeV [17–19]. AMPT

has flow whereas HIJING does not have flow. As discussed in chapter 3, AMPT

has two configurations named as, Default AMPT and String Melting AMPT (SM

AMPT), which are di↵erent according to the mechanisms involved in these. For the

CME study, about 1.6 M Pb-Pb events of AMPT with the SM ON configuration are

generated to measure the charge-dependent particle azimuthal correlations. Similar

to HIJING, the AMPT does not include CME signal.

In this section, the multi-particle azimuthal correlators are studied using the

SM AMPT events. In order to understand the e↵ect of the presence of CME signal,

the di↵erent percentages of CME signal are introduced in the SM AMPT generated

events and the particle azimuthal correlations are studied. The results obtained are

compared with the standard SM AMPT events.

4.6.1 CME signal injection

The occurrence of CME predicts the emission of positively charged particles in one

direction and the negatively charged particles in opposite direction perpendicular

to the reaction plane (charge separation axis). To study the charge separation due

to CME, the CME signal is injected by flipping the charges of the particles in the

standard AMPT events. The di↵erent types of AMPT samples with di↵erent CME

signal are generated as listed below:

• 0% CME signal: It is the standard string melting AMPT sample and is

denoted as “0% CME”.
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• Fix 1 CME signal: Charges of only one pair of charged particles are flipped

perpendicular to the reaction plane in an event and a new sample of events is

generated which is represented by “Fix 1 CME”.

• CME signal in 50% events: The sample of AMPT events is created by tak-

ing the 50% of events from the standard AMPT of 0% CME and 50% from the

sample of “Fix 1 CME” and is denoted as “50% standard�50% Fix 1 CME”.

• 1% CME signal: Charges of 1% of the total charged particles are flipped in

an event to form a new sample of AMPT events. It is denoted by “1% CME”.

4.7 Simulation results from AMPT

In order to observe the sensitivity of SDM and the e↵ects of the presence of CME,

the CME signal is injected in AMPT generated events. Results obtained are also

compared with those of ChrgR and Random event samples generated for di↵erent

samples of AMPT injected CME signals.

4.7.1 Dbmax
± distributions using Sliding Dumbbell Method

The observable Db± defined in Eq. 4.2 is measured and distributions of maxima

are shown in figure 4.9 for standard AMPT events in each centrality. The Dbmax
±

distributions of ChrgR and Random are also displayed. All the distributions seem

similar in each centrality interval and shift toward higher Dbmax
± values as one moves

toward peripheral collisions.

4.7.2 Dbmax
± distributions of CME injected AMPTs

Figure 4.10 shows the Dbmax
± distributions obtained for the signal injected AMPT

events. The Dbmax
± distributions for AMPT with “Fix 1 CME” are compared with

those of ChrgR and Random in each centrality interval. The distributions match
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Figure 4.9: Centrality dependence of Dbmax
± distributions obtained using the sliding

dumbbell method for AMPT events with 0% CME signal. The Dbmax
± distributions

for ChrgR and Random are also displayed.
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Figure 4.10: The comparison of Dbmax
± distributions obtained using the sliding

dumbbell method for AMPT events with Fix 1 CME signal with the Dbmax
± distri-

butions for ChrgR and Random.
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with each other indicates that the flipping of charges of a pair of particles in an event

does not lead to the large CME type contribution. Figure 4.11 displays the Dbmax
±

distributions obtained from the AMPT sample formed by taking 50% events from

standard AMPT and 50% events from the Fix 1 CME sample. The distributions

for AMPT, ChrgR, and Random, seem similar in all centralities. Furthermore, if

the CME signal is injected by flipping the charges of 1% of the particles in an event,

the Dbmax
± distributions for AMPT shift towards higher Dbmax

± values whereas the

ChrgR and Random distributions do not change much as shown in figure 4.12. The

shift is more in central collisions rather than the peripheral events is due to the fact

that the multiplicity is higher in more central collisions and hence the 1% CME

signal leads to a large number of events with enhanced charge separation. Also

the obtained azimuthal correlations for two- and three- particle correlators exhibit

larger correlation values for 1% CME signal than those in data (calculated in next

chapter). Thus we have restricted our study to 0% CME, Fix 1 CME, and 50%

standard-50% Fix 1 CME signal injected AMPT events.
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Figure 4.11: The comparison of Dbmax
± distributions obtained using the sliding

dumbbell method for AMPT events containing 50% standard-50% Fix 1 CME sig-

nal with those for ChrgR and Random.
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Figure 4.12: The comparison of Dbmax
± distributions obtained using the sliding

dumbbell method for AMPT events containing 1% CME signal with those for ChrgR

and Random.
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Figure 4.13: Centrality dependence of two particle correlator for opposite sign

charge pairs of AMPT, ChrgR, and Random (left) and the comparison of signal

injected AMPT events with the standard AMPT (right).

4.7.3 Two Particle Azimuthal Correlations

Figure 4.13 (left) presents the centrality dependence of two particle azimuthal cor-

relator for di↵erent charge combinations and exhibit positive values for both OS

and SS charge pairs in AMPT. The ChrgR and Random are also displayed in figure

which show positive values for ChrgR whereas the Random is compatible with zero

in all centrality bins. Also the ChrgR and Random do not di↵erentiate between the

charges of di↵erent combinations and show similar values.

The two particle correlator (hcos(�a � �b)i) is also measured for AMPTs with

di↵erent fractions of CME signal and compared with the standard AMPT. Fig-

ure 4.13 (right) shows the centrality dependence of di↵erent AMPTs and observed

that the correlator values become more positive with increase in CME contribution

for SS charge pairs whereas the values become smaller in magnitude for OS charge

pairs. The di↵erence in correlation values for di↵erent CME fractions is significant

for 50-70% collision centrality.
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Figure 4.14: Centrality dependence of two particle correlator for opposite sign

charge pairs in terms of Dbmax
± bins for AMPT, ChrgR, and Random (left) and

the comparison of signal injected AMPT events with the standard AMPT (right).

4.7.3.1 Dbmax
± bin dependence of Two Particle Azimuthal Correlations

The average values for two particle correlator are positive for both OS and SS charge

pairs in each centrality. The variation of hcos(�a ��b)i is studied in di↵erent Dbmax
±

bins for AMPT, ChrgR, and Random. Also the comparison of standard AMPT is

made with di↵erent fractions of injected CME signal.

• Opposite Sign: The two particle correlator measured in terms of Dbmax
± bins

for OS charge pairs is presented in figure 4.14 (left). The higher Dbmax
± bins

show negative correlation for AMPT, ChrgR, and Random, whereas in the

lower Dbmax
± bins the AMPT matches with the ChrgR. The hcos(�a � �b)i

is also estimated for signal injected AMPT events and compared with the

standard AMPT shown in figure 4.14 (right). The correlation values become

more negative with increase in signal contribution in the AMPT events.

• Same Sign: Figure 4.15 (left) presents the centrality dependence of hcos(�a�

�b)i for SS charge pairs in terms of Dbmax
± bins. The higher Dbmax

± bins exhibit

positive correlation values in AMPT, ChrgR, and Random as expected for the

CME. Though the AMPT has positive values in higher Dbmax
± bins but they
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Figure 4.15: Centrality dependence of two particle correlator for same sign charge

pairs in terms of Dbmax
± bins for AMPT, ChrgR, and Random (left) and the com-

parison of signal injected AMPT events with the standard AMPT (right).

matches with those obtained from Random showing the absence of any kinds

of dynamical e↵ects. The comparison of two particle correlator for di↵erent

AMPTs is shown in figure 4.15 (right). The more the injected CME signal the

larger are the correlation values for 40-70% collision centralities.

4.7.4 Three Particle Azimuthal Correlations

The three particle correlator (�ab) is sensitive to the CME-type e↵ects in heavy-ion

collisions. Figure 4.16 (left) displays the centrality dependence of �ab correlator for

OS and SS charge pairs. Both the charge combinations exhibit negative values in

AMPT. The correlation values for SS charged pairs are more negative than those of

OS charged pairs showing strong correlation among themselves. The ChrgR exhibits

negative values of same magnitude for both OS and SS charge pairs whereas the

Random is compatible with zero irrespective of charges of the particles.

The comparison of signal injected AMPTs are also done in di↵erent centrality

intervals and is displayed in figure 4.16 (right). As discussed in figure 4.16 (left),

the OS and SS charge pairs exhibit negative values for standard AMPT, whereas for

the AMPTs with CME signal injected, the correlation values rise up and become
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Figure 4.16: Centrality dependence of three particle correlator for di↵erent charge

combinations for AMPT, ChrgR, and Random (left) and the comparison of signal

injected AMPT events with the standard AMPT (right).

positive for OS charge pairs in semi-central collisions. For the SS charge pairs �same

becomes more negative than those of standard AMPT in each centrality.

4.7.4.1 Dbmax
± bin dependence of Three Particle Azimuthal Correlations

The three particle correlator is estimated for OS, SS and the di↵erence of OS and

SS charge pairs as a function of Dbmax
± bins in each centrality.

• Opposite Sign: Figure 4.17 (left) shows the variation of �opp in terms of

Dbmax
± bins for standard AMPT, ChrgR, and Random. The observed correlator

values are positive in higher Dbmax
± bins and matches with each other within

statistical uncertainties for all centrality intervals. Figure 4.17 (right) presents

centrality dependence of �opp for signal injected AMPTs and observed that the

correlation values become more positive with increase in injected CME signal.

• Same Sign: For the SS charge pairs, the Dbmax
± bin dependence of �same

is presented in figure 4.18 (left). A large negative values are seen in higher

Dbmax
± bins for each centrality indicating the presence of strong correlation

between the particles of same sign. The more negative correlation values are
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Figure 4.17: Centrality dependence of three particle correlator for opposite sign

charge pairs in terms of Dbmax
± bins for AMPT, ChrgR, and Random (left) and the

comparison of signal injected AMPT events with the standard AMPT (right).

seen for the injected CME signal samples. The ChrgR also behaves in a similar

manner like AMPT whereas the Random exhibits relatively smaller values for

the �same in higher Dbmax
± bins.

The �same values for AMPTs with di↵erent CME signal contributions are com-

pared in each Dbmax
± bin. Figure 4.18 (right) shows the centrality dependence

of �same for 0% CME, Fix 1 CME signal, and for 50%standard-50%Fix 1 CME

signal. The correlation values become more and more negative as the signal

contribution increases indicating the strong dependence of three particle cor-

relator on the percentage of signal injected.

• Opp-Same Sign: Figure 4.19 (left) presents the di↵erence of opposite and

same sign three particle correlation (��) as a function of centrality in each

Dbmax
± bin. The values are positive in higher Dbmax

± bins and matches with

those of ChrgR. The Random shows positive correlation but comparatively

smaller in magnitude in each Dbmax
± bin. The Random is also compatible with

zero except for the top 10-20% Dbmax
± bins.

The centrality dependence for the signal injected AMPT events are also studied

and compared with the standard AMPT as shown in figure 4.19 (right). The
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Figure 4.18: Centrality dependence of three particle correlator for same sign charge

pairs in terms of Dbmax
± bins for AMPT, ChrgR, and Random (left) and the com-

parison of signal injected AMPT events with the standard AMPT (right).
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Figure 4.19: Centrality dependence of three particle correlator for the di↵erence of

opposite and same sign charge pairs in terms of Dbmax
± bins for AMPT, ChrgR,

and Random (left) and the comparison of signal injected AMPT events with the

standard AMPT (right).
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higher correlation values are observed for the AMPT with large injected CME

signal.

The classification of events in di↵erent categories on the basis of Dbmax
± bins

o↵ers a chance to study the particle azimuthal correlations on an advanced level

rather than studying them by averaging over all events which can reduce the chances

to observe rare physical events. The SDM helps to extract the events with large

charge separation and to estimate the CME fraction in di↵erent AMPTs having

di↵erent injected CME signal.

4.7.5 Fraction Estimation

In order to measure the CME contribution in the three particle correlator, the

observable fCME is calculated which is defined as,

fCME =
(��AMPT ���Bkg)

��AMPT
(4.41)

where ��AMPT and ��Bkg are the di↵erence of opposite sign and same sign

three particle correlation for AMPT and background, respectively. For the estima-

tion of ��Bkg, the two techniques of charge reshu✏e and randomization of azimuthal

angles of particles in an event are used. Figure 4.19 (left) shows the large positive

correlation values in higher Dbmax
± bins than those in lower Dbmax

± bins for each

centrality. Also the di↵erent number of Dbmax
± bins in each centrality lead to the

large correlation values for ��. We have also studied the particle correlations for

signal injected AMPT events which are created by flipping the charges of the par-

ticles in an event. The �� correlation values go higher and higher with increase in

the injected CME signal as shown in figure 4.19 (right). From figure 4.19 (right),

it is observed that for 50-70% centrality interval the Dbmax
± bins exhibiting large

correlation values for di↵erent AMPTs are 2 in number and in 10-50% centrality

only 1 Dbmax
± bin is contributing to large positive �� values.
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Figure 4.20: Centrality dependence of the CME fraction obtained from the higher

Dbmax
± bins for AMPTs with di↵erent percentage of signal injected.

Figure 4.20 presents the estimated fraction defined in Eq. 4.41. Only top 0-

10% Dbmax
± events exhibit CME type signal for 10-50% collision centrality, whereas

for lower centralities of 50-70%, top 20% Dbmax
± events show CME type signal.

The more central collisions exhibit almost similar values for fCME whereas

a clear dependence on the injected signal contribution is seen for 30-70% collision

centralities. The injected signal is not recovered in 10-20% centrality due to the

large multiplicities in top centrality and the flipping of charges of a pair remain

within the statistical fluctuations in these collisions. The larger fraction values are

observed when Random is used as background. This is because of the absence of

any type of particle correlations in randomizing azimuthal angles of particles.

4.8 Summary

An event-by-event charge separation e↵ect is studied at
p
sNN = 2.76 TeV using

HIJING and AMPT event generators. The Sliding Dumbbell Method is used which
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scans the azimuthal plane to search for the events showing charge separation e↵ect

and the observable Dbmax
± is measured. The particle azimuthal correlations are

studied in terms of Dbmax
± bins for di↵erent centrality intervals. The background

is estimated by reshu✏ing the charges of the particles keeping ✓ and � same in

an event and by randomizing the azimuthal angles of the particles in an event.

Results obtained are compared for the two particle (�ab) and three particle (�ab)

correlators using Q-cumulant method. The HIJING and AMPT results on two

particle correlator show positive correlation for both OS and SS charge pairs. The

ChrgR exhibits positive values and do not di↵erentiate between the charges of the

particles, whereas the Random values are compatible with zero in each centrality

class. The �ab correlator is also estimated for di↵erent charge combinations as a

function of centrality and exhibit positive values for HIJING and negative values for

AMPT events. The Dbmax
± distributions are also obtained using sliding dumbbell

method for HIJING and AMPT event generators. The distributions seem similar

in each centrality and shift towards higher Dbmax
± indicating the presence of events

with large charge separation. For the better understanding of SDM, the Dbmax
±

distributions are divided into 10 bins for each collision centrality and measured the

�ab correlator in each Dbmax
± bin. The events lying in the top Dbmax

± bins exhibit

larger values for �� correlator as compared to the rest of events belonging to lower

Dbmax
± bins. We have also studied the AMPT by injecting the CME signal of di↵erent

percentages viz., the AMPT with 0% CME signal (standard), AMPT with Fix 1

CME signal, AMPT with 50% events from standard AMPT and 50% from the

Fix 1 CME signal events. The CME fraction (fCME) is extracted and found that it

increases with increase in the injected CME signal for 20-70% collision centrality.
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Chapter 5

Charge Separation E↵ect in Pb-Pb

collisions at
p
sNN = 2.76 TeV

5.1 Introduction

The strong magnetic field (B ⇠ 1015 T) created by the highly energetic fast moving

spectator protons in non-central heavy-ion collisions causes the separation of oppo-

sitely charged particles along the system’s angular momentum direction and per-

pendicular to the reaction plane (spanned by the impact parameter and beam axis

direction). The phenomenon is known as the Chiral Magnetic E↵ect (CME) [1–4].

The two conditions needed for the occurrence of CME are, strong magnetic field

produced by the moving spectator protons having large positive charge, and the

non-zero axial charge density created in high energy heavy-ion collisions [5, 6]. The

CME formation depends on the strength of magnetic field and the duration for

which the magnetic field survives without significant modifications [7]. Voloshin [8]

suggested the multi-particle azimuthal correlator for the measurement of CME. The

two-particle and three-particle azimuthal correlators are given by,

�↵,� = hcos(�↵ + �� � 2 RP )i and �↵,� = hcos(�↵ � ��)i (5.1)

where �↵, �� and  RP denote the azimuthal angles of the produced particles (↵ and

�) and reaction plane, respectively.
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The expectations of the CME signal to the two particle and three particle

azimuthal correlations for the pairs of same sign (SS) charged particles are,

�++,�� < 0 and �++,�� > 0 (5.2)

These correlators are expected to be equal in magnitude and opposite in

sign [9]. The first measurement on the charge separation e↵ect was reported by

the STAR collaboration at RHIC BNL for Au+Au collisions at center-of-mass en-

ergy
p
sNN = 200 GeV [10, 11]. Results obtained exhibited negative values for same

sign (+ +, - -) (SS) and positive values for opposite sign (+ -) (OS) charge pairs

and are qualitatively in good agreement with the CME expectations. Investigation

of the charge separation e↵ect was also performed by ALICE collaboration for Pb-

Pb collisions at
p
sNN = 2.76 TeV [12]. The ALICE results agree with the STAR

measurements for three particle azimuthal correlator.

Further, STAR has also studied the reaction plane dependent three particle

correlator with their Beam Energy Scan program for di↵erent center-of-mass ener-

gies ranging from 7.7 to 200 GeV in Au+Au collisions. The results show that the

di↵erence between the SS and OS charge pairs seems to vanish with decreasing beam

energy, which is as expected for the CME [13].

STAR and ALICE collaborations measured the reaction plane independent

two particle correlator (�↵,�) for SS and OS charge pairs. Results from STAR data

di↵er from those measured by ALICE. STAR exhibits positive correlation for OS

and negative correlation for SS charge pairs showing the in-plane back-to-back cor-

relations which is opposite to the expectations for the CME. On the other hand,

ALICE data exhibit positive values for both OS and SS charge pairs showing similar

behaviour as predicted by the CME.

The in-plane (hcos(�↵)cos(��)i) and out-of-plane (hsin(�↵)sin(��)i) correla-

tion functions obtained from the decomposition of two-particle and three-particle
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correlators are also measured by ALICE. For the OS and SS charge pairs, the AL-

ICE measurements show positive values for in-plane and out-of-plane correlations,

whereas the STAR data have positive values for OS pairs similar to ALICE, but

have negative values for SS charge pairs indicating in-plane back-to-back correla-

tions. Thus the ALICE data qualitatively agree with the CME expectations while

STAR shows some deviations.

The CMS collaboration also presented the results on charge-dependent az-

imuthal particle correlations in p-Pb and Pb-Pb collisions at
p
sNN = 5.02 TeV at

CERN LHC [14]. The measurement has been performed for the SS and OS charged

pairs as a function of multiplicity and pseudorapidity gap between two charged par-

ticles. The observed correlations have similar magnitude for both p-Pb and Pb-Pb

collision systems at the same event multiplicities.

Recently, the ALICE collaboration reported the measurement on constraining

the magnitude of the CME in heavy-ion collisions. The event shape engineering

technique has been adopted to analyze the particle azimuthal correlations. The

change in elliptic flow (v2) reflects the initial geometry of the collision system and

o↵ers a chance to select the events with di↵erent initial geometry. This selection

is based on the reduced flow vector (q2) and is explained in detail in ref. [15]. The

two particle azimuthal correlations observed the positive values for both SS and OS

charge pairs. Also no v2 dependence has been observed for two particle correlator.

The three particle correlator exhibits negative values for SS and positive values for

OS charge pairs in all event classes. A linear v2 dependence is observed in each

centrality interval indicating the presence of large part of background correlations

in the three particle correlator. An upper limit of the CME signal contribution is

reported to the three particle correlator and is found to be 26-33% at 95% confidence

level [15].

In this thesis, we have investigated the event by event charge separation

e↵ect in Pb-Pb collisions at
p
sNN = 2.76 TeV. A new method named “Slid-
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ing Dumbbell Method” (SDM) is used to get event-by-event charge separation.

The charge-dependent particle azimuthal correlations are measured using the Q-

cumulant method [16] and studied in di↵erent centrality intervals as well as for

di↵erent categories of charge separation to extract the CME-type enriched sample

of events.

5.2 Data Analysis

The workflow chart shown in figure 5.1 illustrates the complete analysis procedure.

The Pb-Pb collision data with good runs and events are used for the analysis. More

details on data set, event selections and track selections are given below.

5.2.1 Data Set

The Pb-Pb collision data at center-of-mass energy 2.76 TeV, recorded by the ALICE

detector during run-I is used in this analysis. The ALICE o�cial name of this data

set is LHC10h pass2. The list of cuts used for selecting good runs and events are

listed in Table 5.1. The good runs selected from the Run Condition Table (RCT) [17]

for the current analysis are listed below:

• 137161, 137232, 137235, 137431, 138192, 137162, 137231, 138275, 137236,

137243, 137430, 137440, 137441, 137443, 137530, 137531, 137539, 137541,

137544, 137549, 137595, 137608, 137638, 137639, 137685, 137686, 137691,

137692, 137693, 137704, 137718, 137722, 137724, 137751, 137752, 137844,

137848, 138190, 138197, 138201, 138225, 138364, 138396, 138438, 138439,

138442, 138469, 138534, 138578, 138579, 138582, 138583, 138621, 138624,

138638, 138652, 138653, 138662, 138666, 138730, 138732, 138837, 138870,

138871, 138872, 139028, 139029, 139036, 139037, 139038, 139105, 139107,

139173, 139309, 139310, 139314, 139328, 139329, 139360, 139437, 139438,

139465, 139503, 130505, 139507, 139510.
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Figure 5.1: Flow chart followed for the analysis.
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Figure 5.2: Z-vertex distribution in Pb-Pb collisions at
p

sNN = 2.76 TeV.

The AOD (version 160) data file of LHC10h pass2 is used for the analysis. As

explained in Chapter 3, AOD files in ALICE are input data files those are meant for

the faster analysis as it includes only object relevant for the data analysis. In total,

around 15M events those qualified standard physics selection criteria are flagged as

good events and are used for the analysis.

5.2.2 Event Selection

The minimum bias (MB) collision events are analyzed using MB trigger. The MB

trigger rejects the events produced by beam-gas interactions or from other possible

backgrounds. The vertex cut of 7cm at longitudinal vertex position from the nom-

inal interaction point is further applied to MB selected events. The cut ensures a

uniform acceptance region in central part of the ALICE detector which is used for

the analysis. The vertex cut distribution (vz) is shown in figure 5.2.
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Events and Track Cuts Value

Physics selection AliVEvent::kMB
Vertex (| Vxy |) < 3.0 cm
Vertex (| Vz |) < 7.0 cm

Transverse momentum (pT ) 0.2 < pT < 5.0 GeV/c
Pseudorapidity (⌘) �0.8 < ⌘ < 0.8
Azimuthal angle (�) 0 � 360�

�2/ndf < 4
| DCAxy | < 3.0 cm
| DCAz | < 3.0 cm

Number of TPC clusters > 80

Table 5.1: Event and track selection cuts used in the analysis.

5.2.3 Track Selection

The track selection criteria rejects the tracks that fails during track reconstruction

which may be produced from secondary interactions. These tracks are known as

fake tracks. In this analysis, the tracks reconstructed in the ALICE TPC detector

are used. As mentioned earlier that AOD allows to make track selection based on

its filterbit features. The di↵erent definition of filterbit numbers for di↵erent set of

standard track cuts is available in ALICE framework and in this thesis, filterbit 128

is used. The filterbit 128 selects the tracks reconstructed from TPC detector only

and also ensures that the tracks are coming from the primary Pb-Pb collision.

5.3 Quality Assurance

The quality assurance checks have been performed before doing the analysis to make

sure that only good quality data is being used. For example, the distributions of

track parameters, such as transverse momentum (pT ), azimuthal angle (�), and

the number of TPC clusters (NTPC), are studied and are displayed in figure 5.3

run-by-run. It can be seen that run-by-run deviations are small.

The collision centrality is determined using the multiplicity distribution from

the V0 detector. The correlation between centrality percentile measured using the

V0 multiplicity and the TPC multiplicity is shown in figure 5.4 (left). In order to get
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(a)
(b)

(c)

Pb � Pb, sNN = 2 . 76 TeV

Pb � Pb, sNN = 2 . 76 TeV

Pb � Pb, sNN = 2 . 76 TeV

0.2 < pT < 5.0 GeV/c

Figure 5.3: QA plots for tracks parameters; (a) pT distributions, (b) � distributions,

and (c) number of TPC clusters for di↵erent run numbers as mentioned.

more uniform centrality, the outliers are removed using a cut (| V 0M�TPC |< 7.5)

based on the centralities determined by TPC and V0 detectors [18]. The centrality

correlations after applying cut is linear as shown in figure 5.4 (right).

After applying the cut on centrality distributions, the multiplicity distributions

for negative and positive charged particles are studied and are presented in figure 5.5

indicating the similar behaviour for both positive and negative charged particle

multiplicities.

5.4 Error Estimation

The measured value of an observable for any physics analysis is di↵erent from the

true value and the deviation is known as “error”. The experimental error can be
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Figure 5.5: Multiplicity distributions of positive and negative charged particles for

di↵erent centrality intervals.

classified into two, viz., (1) statistical error, and (2) systematic error. In this section,

the error estimation for both types of errors are discussed.
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5.4.1 Statistical Error

The sub-sampling technique is used to determine the statistical error as discussed

in Chapter 3.

5.4.2 Systematic Error

To determine the a↵ect of various event and track cuts on the observed quantities,

the systematic uncertainties are estimated by varying the standard (default) cuts

used in the analysis. The maximum deviation of varied cut from the standard cut

in an observable is attributed to the systematic uncertainty. The systematic errors

estimated from each varied cut are added in quadrature to obtain the final systematic

uncertainty. The standard cuts used for the analysis are listed in Table 5.1.

Event cuts: The events selected using the V0M centrality estimator are ana-

lyzed for the current study whereas the centrality estimated via multiplicity of TPC

tracks (TRK) and SPD layers (CL1) is used for systematic error estimation. The

events within the vertex range of vz = ±7 cm are analyzed for the analysis and for

the systematic study, the vertex cut is varied for vz = ±10 cm and ±8 cm. The Pb-

Pb events were recorded with positive magnetic field polarity and negative magnetic

field polarity. The magnetic field configuration of each run is taken from the RCT

and the di↵erence of positive (B+) and negative (B�) magnetic field polarity is con-

sidered as systematic uncertainty. The like sign charged particle correlator consists

of ++ and - - charge combinations. The di↵erence between like sign charged pairs is

assigned as the systematic uncertainty. The systematic uncertainty from the elliptic

flow (v2) is taken as the half of the di↵erence between v2{2} and v2{4}.

Track cuts: The track cuts varied for the systematic studies are, distance of

closest approach (DCA) and number of TPC clusters. The standard cuts applied

to the analysis select the primary tracks and reject the particles originate from the

secondary interactions. The values for standard cuts and varied systematic cuts
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Sources of uncertainty Standard cuts Varied cuts

Vertex (| Vz |) < 7 cm < 8 cm and < 10 cm
Mag Field (B) B+ and B� Di↵erence of B+ and B�

Centrality Estimator V0M TPC and SPD
DCAxy 3.0 cm < 2.0 cm and < 4.0 cm

Number of TPC clusters < 80 < 70 and < 90
Charge combinations (SS) ++ and - - Di↵erence of ++ and - -

v2 0.5 ⇤ (v2{2} + v2{4}) 0.5 ⇤ (v2{2} � v2{4})

Table 5.2: Various standard cuts and varied systematic cuts to obtain the systematic

uncertainties for the analysis.

from the event and track cuts are listed in Table 5.2. The systematic sources listed

in Table 5.2 are studied for two particle and three particle azimuthal correlators.

The Barlow [19] test is performed to check if the variations of systematic cuts

are statistically significant.

Barlow test, �B =
Xdef � Xsystq
| �2

def � �2
syst |

(5.3)

where �def and �syst are the statistical errors on the observed quantity obtained

for default and varied systematic cuts, respectively. The Xdef and Xsyst are the

values calculated for default and di↵erent systematic cut, respectively. If the Barlow

test has value > 1, then the maximum deviation of varied cut from the default

value is accounted as a systematic uncertainty corresponding to that particular

systematic source. Finally the contributions from all the systematic sources are

added in quadrature to obtain the total systematic uncertainty.

5.5 Background Estimation

The study of event-by-event charge separation includes large part of background

correlations which can produce the similar e↵ect of charge separation. The major

background contributions are from transverse momentum conservation, elliptic flow,
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resonance decays etc. To suppress such background correlations the two di↵erent

techniques named as “Charge Reshu✏e (ChrgR)” and “Random” are used. In the

first technique, the charges of the particles are reshu✏ed randomly over the full

azimuthal plane keeping the polar angle (✓) and azimuthal angle (�) same. Thus, a

new sample of reshu✏ed charge events is obtained. The second technique includes

the randomization of azimuthal angle (�) of charged particles over the azimuthal

plane in an event. Results from the data are compared with those reshu✏ed charges

event sample and randomized azimuthal angle event sample.

5.6 Analysis Results

5.6.1 Sliding Dumbbell Method

As explained in Chapter 4, the Sliding Dumbbell Method (SDM) is used for the

analysis and the observable Db± is measured which is defined as,

Db± =
N forw

+

(N forw
+ +N forw

� )
+

N back
�

(N back
+ +N back

� )
(5.4)

where N forw
+ and N forw

� are the number of positively and negatively charged

particles in the forward side of the dumbbell, respectively, whereas N back
+ and N back

�

are the number of positively and negatively charged particles in the backward side

of the dumbbell, respectively. As discussed in chapter 4, after calculating the Db±

every time, theDbasy cut is calculated which rejects the events with large asymmetry

in the positive and negative charge excess on either side of the dumbbell. Thus the

maximum value for Db± is obtained in each event by sliding the dumbbell of 60� in

steps of 1� in whole azimuthal plane. The Dbmax
± distributions obtained for di↵erent

centralities are displayed in figure 5.6.

The Dbmax
± distributions shift towards higher Dbmax

± values as one moves from
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Figure 5.6: Centrality dependence of Dbmax
± distributions obtained using the sliding

dumbbell method.

more central to semi-central collisions indicating the presence of events exhibiting

the charge separation e↵ect. The maximum value for the Dbmax
± is 2 which implies

that the oppositely charged particles are completely separated from each other.

5.6.2 Comparison of Dbmax
± distributions from Data,

ChrgR, and Random

In order to estimate the background contributions, the following two methods are

used;

• Reshu✏ing the charges of the particles in an event keeping ✓ and � same. It

is named as ChrgR.

• Particles are randomly distributed on the azimuthal plane keeping the same

number of positive and negative charged particles as in the data event. It is

named as Random.

The Dbmax
± distributions obtained from charge reshu✏e (ChrgR) and random-
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Figure 5.7: Dbmax
± distributions obtained using the sliding dumbbell method for

data, charge reshu✏ed and random events in di↵erent centrality intervals.
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ization of azimuthal angles (Random) are compared with the data in figure 5.7.

The three distributions are shown by di↵erent colours and each canvas represents

di↵erent centrality interval. The Dbmax
± distributions exhibit similar behaviour for

data, charge reshu✏e and randomized azimuthal angles in each centrality. The dis-

tributions shift towards higher Dbmax
± values as one moves from more central to

peripheral collisions.

5.6.3 Multi-Particle Azimuthal Correlations

In earlier measurements, the multi-particle azimuthal correlations are studied by

averaging over events in a sample for each centrality and reported the results on

CME signal. It is believed that the signal may get diluted by averaging over the

events. Thus, we have measured the multi-particle azimuthal correlations by slicing

the Dbmax
± distributions of each centrality into 10 bins where the lowest bin of 0-10%

corresponds to higher Dbmax
± values and the highest bin (90-100%) corresponds to

lower Dbmax
± values. Further, the centrality dependence of two- and three- particle

correlators has been studied in terms of Dbmax
± bins.

5.6.3.1 Two Particle Azimuthal Correlations

The two particle correlator (�ab) is studied for di↵erent charge combinations (++, -

-, + -) as a function of collision centrality and is defined as,

�ab = hcos(�a � �b)i (5.5)

where �a and �b are the azimuthal angles of particles a and b, respectively.

The indices a and b represent the charges of the particles.

The centrality dependence of two particle correlator (�a,b) for the SS and OS

charge pairs are shown in figure 5.8. The two particle correlator for SS and OS

charge pairs exhibits positive correlation and the values increases with decreasing
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Figure 5.8: Centrality dependence of two particle correlator for the opposite sign

and same sign charge pairs for data, ChrgR, and Random. The HIJING and AMPT

results are also displayed.

centrality. The same sign pairs are shown with red markers and the opposite sign

pairs are represented by blue coloured markers. The magnitude of correlation values

is more for OS charge pairs than those of SS charge pairs. The open circles and

triangles present the correlation values for charge reshu✏e (ChrgR) and random

(Random), respectively. The points obtained from ChrgR exhibit positive values,

whereas the random points have zero values for both SS and OS charge pairs in each

centrality. Also the ChrgR and Random do not di↵erentiate between the OS and

SS charge pairs as expected. The HIJING and AMPT results for the two-particle

measurement are also displayed in figure 5.8. Both exhibit positive values for OS

and SS charge pairs whereas the magnitude of the correlation values are smaller

than in data.

5.6.3.2 Dbmax
± bin dependence of Two Particle Correlator

The measurement of two particle correlator in di↵erent bins of Dbmax
± is investigated

for all charge combinations. The statistical uncertainties are represented by vertical

lines and the systematic uncertainty is shown with boxes.
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Figure 5.9: Centrality dependence of two particle correlator for pairs of particles

with opposite charge (left) and same charge (right) for di↵erent Dbmax
± bins for

data, ChrgR and Random.

• Opposite Sign: The centrality dependence of two particle correlator

hcos(�a � �b)i for OS charge pairs is shown for all Dbmax
± bins in figure 5.9

(left). The average correlation values shown in figure 5.8 are always positive

for two-particle correlator for SS and OS charge pairs, whereas it is not the

case when studied in terms of Dbmax
± bins. This can be seen in Figure 5.9 (left),

the higher Dbmax
± bins (top 10%) show negative correlation values while the

Dbmax
± bins from 20-100% show positive correlation. The statistical error bars

are smaller than the symbol size and the rectangular boxes represent system-

atic uncertainty. The ChrgR and Random data points exhibit similar trend

and the correlation values are more negative than those of data for higher

Dbmax
± bins.

• Same Sign: Figure 5.9 (right) presents the variation of hcos(�a � �b)i for

SS charge pairs in each Dbmax
± bin. The higher Dbmax

± bins have positive

correlation whereas the values become negative as one moves toward lower

Dbmax
± bins in each centrality interval. The positive values in higher Dbmax

±

bins follow the similar pattern as expected for CME.
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5.6.3.3 Two Particle Correlator w.r.t top 30% Dbmax
±

We have also grouped Dbmax
± into two parts; where first part consists of top 30%

Dbmax
± values and the second part corresponds to 30-100% Dbmax

± .

• Opposite Sign: The centrality dependence of hcos(�a��b)i for opposite sign

(left) and same sign (right) charge pairs is displayed in figure 5.10. The two

particle correlator values for OS (�opp) are mildly positive for top 30% Dbmax
± ,

whereas the higher magnitude for correlation values is observed in 30-100%

Dbmax
± bins. The average values for data are close to the values in 30-100%

Dbmax
± bins. The ChrgR and Random points exhibit negative correlation for

0-30% and becomes positive for rest of the events. All the Dbmax
± bins in

data exhibit positive values which qualitatively describes the predictions of

the CME.

• Same Sign: For the same sign two particle correlator (�same), top 30% Dbmax
±

bins of data exhibit more positive values as predicted for CME than those of

the rest of sample events.

5.6.3.4 Systematic uncertainty in hcos(�a � �b)i for Same Charge

The hcos(�a � �b)i systematics for SS charge pairs are obtained from di↵erent sys-

tematic sources viz., centrality estimators, vertex cut (vz) in the longitudinal direc-

tion, magnetic field polarity (B+ and B�), elliptic flow (v2), same sign charge pairs,

number of TPC clusters, and distance of closest approach (DCAxy). Each figure

contains eleven plots for a particular systematic source and each plot corresponds

to di↵erent Dbmax
± bin. The variation of di↵erent systematic sources are presented

in figures 5.11, 5.12, 5.13, 5.15, 5.16 and 5.14.

The sources of systematic errors and their corresponding fraction values for

di↵erent collision centralities are summarized in Table 5.4.
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Figure 5.10: Comparison of centrality dependence of two particle correlator for the

opposite sign (left) and same sign (right) charge pairs for top 30% Dbmax
± bins and

for the rest of the sample events. The average values are also shown.

Cent !

Sources #
0-5% 5-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70%

Vertex (| Vz |) 0.0014 0.0039 0.0011 0.0042 0.0032 0.0024 0.0074 0.0049
Mag Field 0.0058 0.023 0.0081 0.0028 0.0112 0.0126 0.00026 0.0232
Cent. Est. 0.0068 0.0098 0.0034 0.00505 0.0068 0.0099 0.0152 0.0127
DCAxy 0.0134 0.0137 0.0132 0.0106 0.01005 0.0089 0.0083 0.0035
Nclust. 0.0087 0.0116 0.0035 0.0017 0.0052 0.0064 0.0019 0.0096

Charge Comb. 0.024 0.0048 0.0186 0.014 0.0094 0.0087 0.029 0.0031

Table 5.3: Fractional systematic uncertainty values for two particle correlator for

hcos(�a � �b)i same sign charge pairs.
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di↵erent centrality definitions for di↵erent Dbmax
± bins as indicated.
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Figure 5.12: Centrality dependence of hcos(�a � �b)i for same charge pairs for

di↵erent vertex cuts for di↵erent Dbmax
± bins as indicated.
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Figure 5.13: Centrality dependence of hcos(�a � �b)i for same charge pairs for

di↵erent magnetic field polarity for di↵erent Dbmax
± bins as indicated.
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Figure 5.14: Centrality dependence of hcos(�a � �b)i for same charge pairs for
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± bins as indicated.
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Figure 5.15: Centrality dependence of hcos(�a � �b)i for same charge pairs for

di↵erent cuts on the number of TPC clusters for di↵erent Dbmax
± bins as indicated.
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Figure 5.16: Centrality dependence of hcos(�a � �b)i for same charge pairs for

di↵erent DCAxy cuts for di↵erent Dbmax
± bins as indicated.
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Figure 5.17: Centrality dependence of elliptic flow in Pb-Pb collisions at
p

sNN =

2.76 TeV.

The systematic errors for OS charge pairs are also estimated in a similar man-

ner. The variation of OS two particle correlator for various systematic sources in

each Dbmax
± bin is shown in figures in Appendix A. The table listing fractional un-

certainties are also added in Appendix A.

5.6.4 Centrality dependence of Elliptic Flow

The charge dependent azimuthal particle correlations contain large contribution

from flow-induced correlations along with the flow-independent correlations. The

elliptic flow (v2) is measured using Q-cumulant method and the centrality depen-

dence is shown in figure 5.17. The v2{2} increases as one goes from more central

collisions towards semi-central collisions and saturates after 40-50% centrality. Sim-

ilarly, the v2{4} follows qualitatively similar trend but the values are lower than the

v2{2} which is expected as v2{4} does not include non-flow e↵ects. The v2 is taken

as the mean of v2{2} and v2{4} for computing the three particle correlator. The

half of the di↵erence between v2{2} and v2{4} is taken as systematic uncertainty.
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Figure 5.18: Centrality dependence of in-plane and out-of-plane correlations for

opposite sign (left) and same sign (right) charge pairs for data, ChrgR, and Random.

5.6.5 In-plane and Out-of-plane Correlations

The separation of oppositely charged particles along the system’s orbital angular

momentum direction may arise from statistical fluctuations or from the specific

dynamical e↵ect such as the CME. The separation of charged hadrons in the out-

of-plane direction is the prediction for CME signal. The three particle azimuthal

correlation function can be decomposed into two terms and is expressed as,

�a,b = hcos(�a + �b � 2�c)i/v2,c = hcos��a cos��bi � hsin��a sin��bi (5.6)

where a, b and c indices refer to the charges of the particles. ��a = �a � RP

is the azimuthal angle (�a) of particle a with respect to the reaction plane angle

( RP ). The v2,c denotes the elliptic flow of third particle c. The first term in Eq. 5.6

corresponds to in-plane correlation whereas the second term corresponds to out-

of-plane correlation which is sensitive to the charge-dependent correlations. The

subtraction of these two terms suppresses the correlations which are not related to

the orientation of reaction plane known as non-flow e↵ects and helps to constrain

the signal contribution.

Figure 5.18 shows the decomposition of �a,b into the in-plane and out-of-plane



174 Chapter 5

correlation terms for OS (left) and SS charge pairs (right). For OS charge pairs,

both the in-plane and out-of-plane components have same values except for the

peripheral collisions, implying there is no preferred emission. This could be due

to the resonance decays or other possible background correlations. In case of SS

charged pairs, the out-of-plane component exhibits larger values than those in-plane

correlations. This is exactly what has been predicted for charge separation e↵ect due

to the CME. The ChrgR exhibits positive correlation for both opposite and same

sign pairs, whereas the randomized azimuthal angle events are compatible with zero

for both in-plane and out-of-plane correlations and are independent of charges of

the particles.

5.6.5.1 Dbmax
± bin dependence of In-plane and Out-of-plane Correlations

The overall values for correlation functions exhibit positive values for both OS and

SS charge pairs. For further investigation, the correlation functions are studied in

di↵erent Dbmax
± bins for OS and SS charge pairs.

• Opposite Sign: The in-plane and out-of-plane correlations in terms of Dbmax
±

bins for OS charge pairs are displayed in figure 5.19 (left). Data exhibit positive

values for the in-plane correlation term in all Dbmax
± bins whereas the out-of-

plane term has negative values for top 20% Dbmax
± bins and is positive in rest of

the bins. The ChrgR and Random have negative correlation in higher Dbmax
±

bins for OS pairs whereas the lower Dbmax
± bins have positive values in each

centrality.

• Same Sign: For the SS charge pairs, the data exhibit positive values in higher

Dbmax
± bins for both correlation terms. The more positive values are observed

for out-of-plane correlations than those of in-plane term as expected for the

CME. The ChrgR and Random have the similar patterns as data and the

values for Random azimuthal angles matches with the data in higher Dbmax
±
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Figure 5.19: Centrality dependence of in-plane and out-of-plane correlations for the

opposite sign (left) and same sign (right) charge pairs for di↵erent Dbmax
± bins.

bins within statistical uncertainties.

5.6.6 Three Particle Correlations

The three particle azimuthal correlations are obtained for same sign (++, - -) and

opposite sign (+ -) charge pairs as a function of collision centrality in Pb-Pb collision

events at
p
sNN = 2.76 TeV. The three particle correlator can be obtained using,

�a,b = hcos(�a + �b � 2 RP )i =
hcos(�a + �b � 2�c)i

v2,c
(5.7)

where the symbols have their usual meanings. Since the determination of

reaction plane is not possible experimentally, one has to determine the event plane

angle or can use the expression written on right side of the Eq. 5.7 which is basically

the three particle correlator divided by the elliptic flow (v2,c) of third particle c. We

have measured the three particle correlator and elliptic flow using the Q-cumulant

method as explained in chapter 4.

The CME predicts that the OS charged particles move away from each other

along y-axis and pairs of SS charge pairs move preferentially along the negative
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Figure 5.20: Centrality dependence of three particle correlator for pairs of particles

of opposite charge (left) and same charge (right). The ChrgR and Random points

are also displayed for comparison.

or positive y-axis. Figure 5.20 shows the three particle correlator as a function of

collision centrality. The correlation between OS charge pairs is positive (left) in all

centralities whereas the SS charge pairs have negative values (right) as expected for

the CME, represented by red markers. It is predicted that the pairs of opposite

charges move away from each other and exhibit weak correlation as they traverse

the entire fireball. The centrality dependence of three particle correlator is also

measured for ChrgR and Random. The correlations exhibit similar values for OS

and SS charge pairs and do not di↵erentiate between di↵erent charge combinations.

The ChrgR has negative values in all centralities for both types of charge pairs while

the random events are compatible with zero showing no significant correlations of

any type. Results from HIJING and AMPT event generators are also displayed in

figure 5.20 (left) for OS and (right) SS charge pairs. The HIJING shows positive

values for OS and SS charge pairs, whereas AMPT exhibits negative values for both.

Thus it is clear that neither HIJING nor AMPT follows the patterns as predicted

for CME.

The di↵erence between opposite sign and same sign charge pairs (��) is also

studied for three particle correlator. Figure 5.21 shows the centrality dependence
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Figure 5.21: Centrality dependence of ��(= �opp � �same) for data, ChrgR and

Random events. The HIJING and AMPT results are also displayed.

of �� exhibiting positive values in all centrality classes whereas the ChrgR and

Random are compatible with zero. The correlation values for HIJING and AMPT

are also displayed in figure 5.21 indicating the enhanced signal strength in data

compared to Monte Carlo event generators.

5.6.6.1 Dbmax
± bin dependence of Three Particle Correlations

For further understanding the behaviour of charge-dependent correlations, the three

particle azimuthal correlations relative to reaction plane are obtained in each Dbmax
±

bin as a function of collision centrality for all charge combinations.

• Opposite Sign: Figure 5.22 (left) shows the centrality dependence of three

particle correlator for OS charge pairs (�opp) in all Dbmax
± bins. The first point

in each centrality class corresponds to top 10% Dbmax
± bin and the last one is

for 90-100% Dbmax
± . The three particle correlator measured for data, ChrgR,

and Random are shown with di↵erent coloured markers in figure 5.22 (left).

The data points are slightly more positive than ChrgR and Random in higher

Dbmax
± bins whereas the correlation values are negligible for lower Dbmax

± bins.
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Figure 5.22: Centrality dependence of three particle correlator for opposite sign

(left) and same sign (right) charge pairs for di↵erent Dbmax
± bins for data, ChrgR,

and Random.

• Same Sign: Similarly, the three particle correlator is obtained for the pairs

of particles of same charge (�same) as a function of centrality in each Dbmax
±

bin. In figure 5.22 (right), the higher Dbmax
± bins in each centrality exhibit

negative values showing strong correlation, whereas the correlation decreases

for lower Dbmax
± bins. The ChrgR and Random have same sign and slightly

small values for �same. The number of Dbmax
± bins exhibiting large negative

values are di↵erent in di↵erent centralities.

• Opposite-Same sign: In figure 5.23, the higher Dbmax
± bins exhibit positive

values for ��(= �opp��same) in each centrality. The ChrgR and Random data

points are also displayed as a function of Dbmax
± bins and observed the similar

dependence but the correlation values are slightly smaller in magnitude than

those of data. The strong correlation is seen for higher Dbmax
± bins indicating

the presence of CME-type enriched events corresponding to these Dbmax
± bins.
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Figure 5.23: Centrality dependence of three particle correlator for opposite and

same sign charge pairs for di↵erent Dbmax
± bins for data, ChrgR, and Random.

5.6.6.2 Three Particle Correlations w.r.t top 30% Dbmax
±

In figure 5.23, the top 30% Dbmax
± bins exhibit strong correlations so the three

particle correlator is further studied for 0-30% and 30-100% Dbmax
± bins for each

collision centrality.

• Opposite Sign: Figure 5.24 (left) displays the three particle azimuthal cor-

relation for OS charge pairs as a function of collision centrality. For top 30%

Dbmax
± , the data points exhibit positive and relatively larger correlation val-

ues than those of 30-100% Dbmax
± . The overall values are also displayed in

figure 5.24 (left). The correlation values are smaller in each Dbmax
± bin for

ChrgR and Random events as compared to data. The ChrgR and Random

data points agree well with each other within the statistical uncertainties.

• Same Sign: The centrality dependence of three particle correlator for the

particles of SS charge pairs are presented in figure 5.24 (right) for Dbmax
±

bins of 0-30% and 30-100%. The correlation exhibit negative values in each

centrality for top 30% Dbmax
± whereas the rest of the events have nearly zero



180 Chapter 5

Centrality (%)
0 10 20 30 40 50 60 70

op
p

γ

0.001−

0

0.001

0.002

0.003

0.004

0.005
 = 2.76 TeVNNsPb-Pb, 

 < 5.0 GeV/c
T

| < 0.8, 0.2 < pη|

Data
 
 
 

ChrgR
 
 
 

Random (+ -)
max
±  0-30% Db

max
±  30-100% Db

max
±  Overall Db

systematic

Centrality (%)
0 10 20 30 40 50 60 70

sa
m

e
γ

0.008−

0.006−

0.004−

0.002−

0

0.002
 = 2.76 TeVNNsPb-Pb, 

 < 5.0 GeV/c
T

| < 0.8, 0.2 < pη|

Data
 
 
 

ChrgR
 
 
 

Random (++, - -)
max
±  0-30% Db

max
±  30-100% Db

max
±  Overall Db systematic

Figure 5.24: Comparison of three particle correlator for opposite sign (left) and

same sign (right) charge pairs for top 30% Dbmax
± bins and the rest of the sample

events. The average values are also displayed.

values and agree with the overall values except for 60-70% centrality. The

ChrgR and Random have similar correlation values in each centrality but the

magnitude is smaller than those of data.

• Opposite-Same sign: Figure 5.25 shows the centrality dependence of ��

(=�opp � �same) in di↵erent Dbmax
± bins. The top 30% Dbmax

± exhibits positive

correlation whereas it is negative for 30-100% Dbmax
± . The ChrgR points agree

with those of the Random data points within the statistical uncertainties and

exhibit similar trend as of data. The larger correlation values in each centrality

for higherDbmax
± bins indicate that the CME signal is confined to higherDbmax

±

bins only.

5.6.6.3 Systematic uncertainty in hcos(�a+�b�2 RP )i for Same Charge

The systematic uncertainties in three particle correlator (same charge) obtained by

varying event and track cuts are added in quadrature to obtain the final systematic

uncertainty. The hcos(�a + �b � 2 RP )i systematic errors from centrality estima-

tors, vertex cuts, magnetic field polarities, and same sign pairs are displayed in
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Figure 5.25: Comparison of three particle correlator for opposite and same sign

charge pairs for top 30% Dbmax
± bins and the rest of the sample events. The average

values are also displayed.

figures 5.26, 5.27, 5.28 and 5.29, respectively. Also the same charge systematics

from number of TPC clusters and DCAxy cuts are shown in figures 5.30 and 5.31,

respectively.

Each figure contains eleven plots correspond to di↵erent Dbmax
± bins for one

particular systematic source. It is observed that the variation in three particle

correlator by varying di↵erent cuts is more in peripheral events and decreases as one

moves toward increasing centrality. The obtained fraction for uncertainty values

from di↵erent event and track cuts for SS charge pairs in each centrality interval are

listed in table 5.4. The systematic uncertainty from the elliptic flow is ⇠18% of the

measured correlation value in the peripheral collisions.

Similarly, the systematic errors obtained for OS charge pairs and the di↵erence

of opposite sign and same sign charge pairs are given in Appendix B. The fractional

systematic uncertainty values for OS and OS-SS charge pairs for di↵erent centrality

classes are given in Appendix B.
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Figure 5.26: Centrality dependence of hcos(�a + �b � RP )i for same charge pairs

for di↵erent centrality definitions for di↵erent Dbmax
± bins as indicated.
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Figure 5.27: Centrality dependence of hcos(�a + �b � RP )i for same charge pairs

for di↵erent vertex cuts for di↵erent Dbmax
± bins as indicated.
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Figure 5.28: Centrality dependence of hcos(�a + �b � RP )i for same charge pairs

for di↵erent magnetic field polarity for di↵erent Dbmax
± bins as indicated.



5.6 Analysis Results 185

0 10 20 30 40 50 60 70

sa
m

e
γ

10−

8−

6−

4−

2−

0

3−10×

±
max0-10% Db

 = 2.76 TeVNNsPb-Pb, 
 < 5.0 GeV/c

T
| < 0.8, 0.2 < pη|

0 10 20 30 40 50 60 70
3−

2.5−

2−

1.5−

1−

0.5−

0

0.5
3−10×

±
max10-20% Db

0 10 20 30 40 50 60 70

1.2−

1−

0.8−

0.6−

0.4−

0.2−

0

0.2
3−10×

±
max20-30% Db

0 10 20 30 40 50 60 70

sa
m

e
γ

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2
3−10×

±
max30-40% Db

0 10 20 30 40 50 60 70
0.2−

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2

0.25

0.3
3−10×

±
max40-50% Db

0 10 20 30 40 50 60 70
0.2−

0

0.2

0.4

0.6

0.8

3−10×

±
max50-60% Db

0 10 20 30 40 50 60 70

sa
m

e
γ

0.2−

0

0.2

0.4

0.6

0.8
3−10×

±
max60-70% Db

0 10 20 30 40 50 60 70
0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5
3−10×

±
max70-80% Db

0 10 20 30 40 50 60 70
0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
3−10×

±
max80-90% Db

Centrality (%)
0 10 20 30 40 50 60 70

sa
m

e
γ

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1
3−10×

±
max90-100% Db

Centrality (%)
0 10 20 30 40 50 60 70

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1
3−10×

±
max0-100% Db

 (+ +, - -) (def)
same
γ

 (+ +)  (sys)
same
γ

 (- -)  (sys)
same
γ

Figure 5.29: Centrality dependence of hcos(�a + �b � RP )i for same charge pairs

for di↵erent charge combinations (++, - -) for di↵erent Dbmax
± bins as indicated.
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Figure 5.30: Centrality dependence of hcos(�a + �b � RP )i for same charge pairs

for di↵erent cuts on number of TPC clusters for di↵erent Dbmax
± bins as indicated.
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Figure 5.31: Centrality dependence of hcos(�a + �b � RP )i for same charge pairs

for di↵erent DCAxy cuts for di↵erent Dbmax
± bins as indicated.
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Cent !

Sources #
0-5% 5-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70%

Vertex (| Vz |) 0.049 0.023 0.0074 0.0033 0.0105 0.0054 0.0083 0.0074
Mag Field 0.052 0.0076 0.0082 0.0068 0.034 0.042 0.024 0.0052
Cent. Est. 0.0867 0.0166 0.011 0.017 0.014 0.0204 0.015 0.0061
DCAxy 0.080 0.010 0.0080 0.0077 0.0098 0.019 0.012 0.0162
Nclust. 0.068 0.0094 0.011 0.0098 0.0045 0.0025 0.0034 0.0090

Charge Comb. 0.0135 0.028 0.004 0.011 0.0006 0.022 0.015 0.079
v2 0.34 0.12 0.068 0.062 0.071 0.094 0.131 0.186

Table 5.4: Fractional systematic uncertainty values for hcos(�a + �b �  RP )i for

same sign charge pairs.

5.6.7 Fraction Estimation

It is predicted that the charged particle azimuthal correlations are sensitive to the

CME signal but it contains large background correlations which can also produce

similar type of charge separation e↵ect. In figure 5.23, it is observed that the top

Dbmax
± bins in each centrality interval have larger �� values than the rest of the

events, indicating the presence of events with large charge separation. Number of

Dbmax
± bins showing larger correlation are di↵erent in di↵erent centralities. The

charge separation fraction (fCME) is estimated by selecting the top Dbmax
± bins in

each centrality interval and is defined as,

fCME =
(��data ���bkg)

��data
(5.8)

where ��data and ��bkg are the di↵erence of opposite sign and same sign

charge pair � correlator for data and background, respectively. The correlations

from ChrgR and Random are considered as background in calculating the charge

separation fraction. For di↵erent centralities, di↵erent number of Dbmax
± bins con-

tribute to the estimation of fraction (fCME). For 0-30% collision centrality, only top

10% Dbmax
± bin, for 30-50% collision centrality top 20% Dbmax

± bins and for 50-70%

centrality the top 30% Dbmax
± bins are used for calculating fCME. Figure 5.32 dis-

plays the estimated fCME fraction as a function of centrality. The fCME is more
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Figure 5.32: Centrality dependence of fCME obtained for the di↵erent Dbmax
± bins

in di↵erent centralities. Di↵erent colour represent the fraction of events contributing

to the CME signal.

if Random is taken as background for 20-50% collision centralities. In Random,

particle correlations are completely destroyed which is not true for charge reshuf-

fle. One needs to check Random introducing flow in each event to see if flow give

rise to charge separation e↵ect. Further, it is noticed that the CME signal is en-

hanced many times in top Dbmax
± bins, whereas in lower Dbmax

± bins, if signal is

there it remains within the statistical fluctuations. It is observed that it is possible

to get CME enriched sample corresponding to top 10%, 20%, and 30% Dbmax
± for

20-30%, 30-50%, and 50-70% collision centralities, respectively. The CME fraction

(fCME) is ⇠35% in top 10%, 20%, and 30% Dbmax
± values in these centralities which

corresponds to CME signal ⇠ 5-10% in these collision centralities.

5.7 Summary

The study of event-by-event fluctuations plays an important role in observing the

presence of any kinds of non-statistical fluctuations which would have been diluted



190 Chapter 5

by averaging over the events in an ensemble. In exploring the origin of such dynami-

cal fluctuations one can get important information about the properties of hot-dense

matter created in heavy-ion collisions. A detailed study of event-by-event charge

separation e↵ect is performed on the TPC reconstructed charged tracks in the pseu-

dorapidity interval | ⌘ |< 0.8 in Pb-Pb collisions at
p
sNN = 2.76 TeV. For the

analysis, the observable Db± is measured in each event using the Sliding Dumbbell

Method (SDM) and the Dbmax
± distributions of obtained maxima are studied as a

function of collision centrality. A shift towards higher Dbmax
± values is observed in-

dicating the presence of events with large charge separation. Further, the Dbmax
±

distributions are sliced into 10 Dbmax
± bins where the 0-10% Dbmax

± bin corresponds

to top Dbmax
± values and the 90-100% Dbmax

± bin corresponds to lower Dbmax
± values.

The multi-particle azimuthal correlators are predicted to be sensitive to the CME

study.

The particle azimuthal correlations are also estimated in terms of Dbmax
± bins.

Results on three particle correlator exhibit positive values for OS charge pairs in

higher Dbmax
± bins, whereas the values are negative in lower Dbmax

± bins. For SS

charge pairs, the negative values for �same are observed indicating strong correlation

between the particles of same sign. The centrality dependence of �� is also studied

in di↵erent Dbmax
± bins and large correlation values are observed for higher Dbmax

±

bins. Thus, the SDM isolates the events exhibiting large charge separation from a

given sample of events. For the estimation of background, the two techniques of

charge reshu✏e and randomization of azimuthal angles of particles over the whole

azimuthal plane are used.

The simulation studies are also performed for the charge-dependent correla-

tions using HIJING and AMPT event generators. The observed particle azimuthal

correlations agree with those of ChrgR and Random which is expected, as no CME

signal is present in HIJING and AMPT events. While analyzing the experimental

data an excess in correlation values is observed when compared to ChrgR and Ran-
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dom. The CME signal contribution to the three particle correlator is estimated for

di↵erent number of Dbmax
± bins in di↵erent centrality intervals. The observed CME

signal is confined to only 10 or 20% of the events in each centrality. The three parti-

cle correlator �� (�opp ��same) is found to be positive and decreases with increasing

collision centrality, whereas charge reshu✏e and Random show some correlation or

nearly zero correlation. Sliding Dumbbell Method is found to give better insight in

to the charge separation e↵ect. It is possible to get sample of events contributing

significantly to �� i.e., exhibiting CME type behaviour. It is observed that we can

have the CME enriched sample corresponding to top 10%, 20%, and 30% Dbmax
± val-

ues for 20-30%, 30-50%, and 50-70% collision centralities, respectively. The CME

fraction (fCME) extracted is ⇠35% in the top 10%, 20%, and 30% Dbmax
± values

in these centralities which corresponds to CME signal ⇠ 5-10% in these collision

centralities.
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Appendix A

The study of charge separation e↵ect is performed via multi-particle azimuthal

correlations in terms of di↵erent event categories as a function of centrality. The

two particle azimuthal correlations for di↵erent charge combinations viz, same sign

(+ +, - -) and opposite sign (+ -) are studied in di↵erent centrality bins and Dbmax
±

bins. For the systematic study, the di↵erent event cuts and track cuts are varied and

the maximum deviation from the standard cut is taken as systematic uncertainty for

that particular source. The total systematic error is obtained by adding all of them

in quadrature. The di↵erent cuts varied for the systematic error estimation are,

di↵erent centrality definitions, vertex cut, magnetic field polarity, cuts on number of

TPC clusters, and di↵erent DCAxy cuts. The centrality dependence of two particle

correlations for di↵erent Dbmax
± bins for di↵erent systematic sources is shown in

figures 5.33, 5.34, 5.35, 5.36, and 5.37.
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Cent !

Sources #
0-5% 5-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70%

Vertex (| Vz |) 0.0020 0.0029 0.00091 0.0012 0.0010 0.00094 0.00094 0.0001
Mag Field 0.0056 0.0125 0.0076 0.0010 0.0049 0.0017 0.0042 0.0044
Cent. Est. 0.0027 0.0043 0.0021 0.0063 0.0095 0.0096 0.017 0.0155
DCAxy 0.00058 0.00071 0.0005 0.0010 0.0007 0.00081 0.00086 0.0017
Nclust. 0.0028 0.0080 0.0047 0.00007 0.0031 0.0027 0.0025 0.0025

Table 5.5: Fraction systematic uncertainty values for two particle correlator for

hcos(�a � �b)i same sign charge pairs.

The fractional uncertainty values for hcos(�a � �b)i for same sign charge pairs

are listed in Table 5.6.
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Figure 5.33: Centrality dependence of hcos(�a � �b)i for same charge pairs for

di↵erent centrality definitions for di↵erent Dbmax
± bins as indicated.
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Figure 5.34: Centrality dependence of hcos(�a � �b)i for same charge pairs for

di↵erent vertex cuts for Dbmax
± bins as indicated.
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Figure 5.35: Centrality dependence of hcos(�a � �b)i for same charge pairs for

di↵erent magnetic field polarity for di↵erent Dbmax
± bins as indicated.
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Figure 5.36: Centrality dependence of hcos(�a � �b)i for same charge pairs for

di↵erent cuts on number of TPC clusters for di↵erent Dbmax
± bins as indicated.
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Figure 5.37: Centrality dependence of hcos(�a � �b)i for same charge pairs for

di↵erent DCAxy cuts for di↵erent Dbmax
± bins as indicated.
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Appendix B

The systematic uncertainties estimated for the three particle correlator for

opposite sign charge pairs are obtained by varying di↵erent event and track cuts,

such as di↵erent centrality definitions, vertex cut, magnetic field polarity, cuts on

number of TPC clusters, and di↵erent DCAxy cuts. The centrality dependence of

the varied cuts is presented in figures 5.38, 5.39, 5.40, 5.41, and 5.42,respectively.

The fractional systematic uncertainty values are summarized in Table 5.6.

For the �� (=�opp � �same) charge pairs, the centrality dependence of three

particle correlations for di↵erentDbmax
± bins for di↵erent systematic sources is shown

in figures 5.43, 5.44, 5.45, 5.46, and 5.47, respectively. The fractional systematic

uncertainty values are listed in Table 5.7.
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Cent !

Sources #
0-5% 5-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70%

Vertex (| Vz |) 0.060 0.015 0.010 0.022 0.051 0.0214 0.094 0.039
Mag Field 0.021 0.029 0.060 0.0014 0.043 0.031 0.015 0.012
Cent. Est. 0.042 0.065 0.031 0.057 0.010 0.058 0.045 0.030
DCAxy 0.047 0.035 0.0083 0.0053 0.0036 0.062 0.058 0.017
Nclust. 0.020 0.094 0.010 0.051 0.081 0.055 0.0084 0.0074

v2 0.34 0.12 0.068 0.062 0.071 0.094 0.131 0.186

Table 5.6: Fractional systematic uncertainty values for hcos(�a + �b �  RP )i for

opp sign charge pairs.

Cent !

Sources #
0-5% 5-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70%

Vertex (| Vz |) 0.07 0.027 0.012 0.022 0.052 0.022 0.094 0.039
Mag Field 0.056 0.029 0.06 0.0069 0.054 0.052 0.025 0.013
Cent. Est. 0.09 0.06 0.033 0.059 0.017 0.061 0.047 0.030
DCAxy 0.056 0.03 0.011 0.009 0.010 0.065 0.05 0.023
Nclust. 0.07 0.09 0.015 0.051 0.081 0.055 0.009 0.011

v2 0.34 0.12 0.068 0.062 0.071 0.094 0.131 0.186

Table 5.7: Fractional systematic uncertainty values for hcos(�a + �b �  RP )i for

��.
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Figure 5.38: Centrality dependence hcos(�a ��b)i for opposite sign charge pairs for

di↵erent centrality definitions for di↵erent Dbmax
± bins as indicated.
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Figure 5.39: Centrality dependence hcos(�a ��b)i for opposite sign charge pairs for

di↵erent vertex cuts for di↵erent Dbmax
± bins as indicated.
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Figure 5.40: Centrality dependence hcos(�a ��b)i for opposite sign charge pairs for

di↵erent magnetic field polarity for di↵erent Dbmax
± bins as indicated.



208 Appendix B

0 10 20 30 40 50 60 70

op
p

γ

1−

0

1

2

3

4

5

6

7

8
3−10×

±
max0-10% Db

 = 2.76 TeVNNsPb-Pb, 
 < 5.0 GeV/c

T
| < 0.8, 0.2 < pη|

0 10 20 30 40 50 60 70
0.5−

0

0.5

1

1.5

2

2.5

3
3−10×

±
max10-20% Db

0 10 20 30 40 50 60 70

0.2−

0

0.2

0.4

0.6

0.8

3−10×

±
max20-30% Db

0 10 20 30 40 50 60 70

op
p

γ

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5

0.6
3−10×

±
max30-40% Db

0 10 20 30 40 50 60 70

0.8−

0.6−

0.4−

0.2−

0

3−10×

±
max40-50% Db

0 10 20 30 40 50 60 70

0.8−

0.6−

0.4−

0.2−

0

3−10×

±
max50-60% Db

0 10 20 30 40 50 60 70

op
p

γ

0.6−

0.4−

0.2−

0

0.2

0.4

3−10×

±
max60-70% Db

0 10 20 30 40 50 60 70
0.6−

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1
3−10×

±
max70-80% Db

0 10 20 30 40 50 60 70

0.4−

0.3−

0.2−

0.1−

0

0.1
3−10×

±
max80-90% Db

Centrality (%)
0 10 20 30 40 50 60 70

op
p

γ

0.05−

0

0.05

0.1

0.15

0.2

0.25

0.3
3−10×

±
max90-100% Db

Centrality (%)
0 10 20 30 40 50 60 70

0.1−

0

0.1

0.2

0.3

0.4

3−10×

±
max0-100% Db

Opp Sign (+ -)
TPC = 80 (def)
TPC = 70 (sys)
TPC = 90 (sys)

Figure 5.41: Centrality dependence hcos(�a ��b)i for opposite sign charge pairs for

di↵erent cuts on number of TPC clusters for di↵erent Dbmax
± bins as indicated.
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Figure 5.42: Centrality dependence hcos(�a ��b)i for opposite sign charge pairs for

di↵erent DCAxy cuts for di↵erent Dbmax
± bins as indicated.
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Figure 5.43: Centrality dependence hcos(�a � �b)i for �� for di↵erent centrality

definitions for di↵erent Dbmax
± bins as indicated.
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Figure 5.44: Centrality dependence hcos(�a � �b)i for �� for di↵erent vertex cuts

for di↵erent Dbmax
± bins as indicated.
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Figure 5.45: Centrality dependence hcos(�a � �b)i for �� for di↵erent magnetic

field polarity for di↵erent Dbmax
± bins as indicated.
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Figure 5.46: Centrality dependence hcos(�a � �b)i for �� for di↵erent cuts on

number of TPC clusters for di↵erent Dbmax
± bins as indicated.
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Figure 5.47: Centrality dependence hcos(�a ��b)i for �� for di↵erent DCAxy cuts

for di↵erent Dbmax
± bins as indicated.
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Conferences, Schools, Symposiums, Workshops

attended

1. 10-14 Dec, 2018 DAE International Symposium on Nuclear Physics,

BARC Mumbai, India.

2. 10-14 Dec, 2018 XXIII DAE-BRNS High Energy Physics Symposium,

IIT Madras, India.

3. 12-25 Sept, 2018 AEPSHEP 2018: ASIA-EUROPE-PACIFIC

SCHOOL OF HIGH ENERGY, Quy Nhon, Vietnam.

4. 09-11 March, 2017 CHASCON 2017: 10th Chandigarh Science

Congress, Department of Physics, Panjab University Chandigarh, India.

5. 05-11 Feb, 2017 QM 2017: International conference of Quark Matter,

Chicago, Illinois, USA.

6. 12-16 Dec, 2016 XXII st DAE-BRNS High Energy Symposium, Uni-

versity of Delhi, India.
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7. 05-09 Dec, 2016 61st DAE-BRNS Symposium on Nuclear Physics, SINP

Kolkata, India.

8. 15-18 March, 2016 National School cum Workshop in Accelerator

Physics, Department of Physics, Panjab University Chandigarh, India.

9. 15-19 Feb, 2016 ATHIC 2016: 6th Asian Triangle Heavy-Ion Confer-

ence, Delhi, India.

10. 19-21 Oct, 2015 Workshop on Research Methodology at Dr. S. S. Bhat-

nagar UICET under TEQIP- II, Department of Physics, Panjab University

Chandigarh, India.

11. 25-27 Feb, 2015 CHASCON 2015: 9th Chandigarh Science Congress,

Panjab University Chandigarh, India.

12. April, 2014 Workshop on Contemporary Trends in High Energy

Physics and Experimentation, Panjab University Chandigarh, India.

13. 29 March - 07 April, 2014 Winter School on Accelerator Nuclear and

Particle Physics, BHU Varanasi, India.

14. 02-21 Dec, 2013 IX SERC School on Experimental High Energy

Physics, Indian Institute of Technology (IIT) - Madras, Chennai, India.
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