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Synopsis

0.1 Introduction

According to the Quantum ChromoDynamics (QCD), the theory of strong interaction, there are

two important properties that partons posses known as asymptotic freedom and confinement[1].

As per the confinement property, in the limit of low momentum transfer or increase in the distance

between the quarks, the strength of the interaction among the quarks becomes very high. As a

consequence, free or isolated quarks cannot exist in nature. They are always found to be bound

inside hadrons. On the other hand, the asymptotic freedom [2, 3] states that in the limit of high

momentum transfer or high energy density, the interaction strength among the quarks becomes so

weak that the quarks almost behave like free particles. They are no longer confined to hadrons.

This deconfined state of quarks and gluons are called Quark Gluon Plasma known to prevail in

the early universe about a micro-second after the Big Bang when the temperature was very high

[4, 5]. The universe was then filled with a hot and dense soup of quark gluon plasma. At about

10−6 sec after the Big Bang, when the temperature of the expanding universe decreases, the quarks

and gluons fragment to form hadrons and a transition from the phase of quark-gluon-plasma to

hadronic matter happened. The transition, depicted by the diagram of baryonic chemical potential

(µB) vs. temperature (T) commonly known as the phase diagram of the strongly interacting mat-

ter is expected to be of first order at low temperature ∼ 50MeV and high µB , whereas, at very
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0.1. INTRODUCTION

high temperature ∼ 150MeV and very low µB, the transition is a smooth crossover. The critical

point is expected to lie at the junction between these two types of transitions. In the laboratory,

the QGP state is formed by creating regions of high energy density (> 1GeV/fm3) by colliding

Pb+Pb nuclei at Large Hadron Collider (LHC), CERN and Au+Au nuclei at Relativistic Heavy

Ion Collider (RHIC), BNL. ALICE at LHC-CERN and STAR, PHENIX at RHIC-BNL are the

major experiments to study the formation & properties of the medium and its evolution. Results

from the experiments have indicated the formation of a strongly coupled nearly perfect liquid in

heavy ion collision. As the nuclei collide, they thermalize and form a hot thermalized medium of

deconfined quarks and gluons which then expands, cools down and reaches a density and tempera-

ture where the partons get combined to form a hadron gas. After some time, the hadron fractions

become fixed. This stage in the evolution process is called the chemical freeze-out [6]. As the

medium expands further, the interactions between hadrons stop and hadrons reach the detectors

freely with their final energies and momenta. This stage is called the thermal freeze-out.

Experimentally we cannot observe each stage separately, we observe only the final state observ-

ables from the the final state hadrons reaching the detector. Each stage of this evolution has some

particular properties and some signals through which the states can be probed. Since the lifetime

of QGP is of the order of 10−23 second, the signals of QGP are indirect. A nuclear collision is char-

acterized by its centrality, number of produced particles, energy density and pressure of the formed

state, the freeze-out temperature and volumes among others. The properties of the particles pro-

duced in the collisions provide insight on the production mechanism and the characteristics of the

medium created. One of the first measurements in these experiments is the particle multiplicity

at the mid-rapidity region which provides information on energy density, entropy and mechanism

of particle production. The entropy produced in the early collision time, transforms into particle

multiplicities later. Rapidity is the relativistic measure of velocity of a particle. The transverse

xx
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momentum spectra of charged particles and identified particles provide information about mean

transverse momenta, temperature, radial flow and other observables [7]. The low pT part of the

spectrum exhibits an exponential behaviour having thermal origin, whereas, the high pT region

follows a power law distribution having contribution from the fragmentation of hard parton scat-

tering [8]. The inverse slope of the low pT spectra gives the effective temperature at freeze-out and

the average radial flow velocity can also be obtained from pT spectra.

One of the signatures of QGP formation is jet-quenching expressed by the Nuclear Modification

factor RAA that measures the energy loss of high pT partons in the QGP medium that are produced

at the initial stage of the collision. They are considered to be useful to probe the early stages of

the collision as well as that of the entire medium evolution. RAA measures the deviation of the

yield in A-A collisions compared to the scaled p-p reference due to the presence of a medium.

Di-hadron correlation is another important observable for the evidence of medium formation. The

hard partons fragment into a collimated shower of correlated particles in a conical volume called

Jets [9]. If a pair of back to back jets carrying equal amount of energy called dijets is produced

near the periphery of the fireball, one escapes directly losing lesser energy compared to the other

one that traverses through the medium and loses a sufficient amount of energy by collisions with

medium partons, or via gluon bremsstrahlung emission. Di-hadron correlation with high pT trigger

serves as an important evidence of the QGP medium measuring the suppression of the away side

correlation peak which indicates the energy loss of the parton in the medium. Modification of

the fragmentation functions of partons in heavy ion collision that measures the distribution of the

final state hadrons from a hard process as a function of the fraction of parton’s momentum carried

away by hadron serves as another evidence of medium formation.

Jet-shapes or jet-substructures are among the new observables that probe the properties of the

QGP medium. They help to understand the intra-jet broadening or collimation as a result of jet

xxi



0.2. STUDY OF JET SHAPES IN PP COLLISIONS AT 5.02 TEV

quenching. The substructures are expected to be modified in heavy ion collisions at RHIC and

LHC energies with respect to the pp collisions. Some of the variables representing the substruc-

tures are Angularity (g), Dispersion (pTD), Lesub, jet differential shape (ρ(r)) [10, 6]. g increases

if the jet is broadened by the medium and g decreases if the jet is collimated. pTD measures how

hard or soft the fragmentation is. LeSub describes the hardest splitting and therefore it is not

sensitive to the background.

Measurement of jets in proton-proton collisions allows to test pQCD and hadronization models.

Also, these measurements provide the baseline for the heavy-ion studies like the modification in

jet structures and production rates in heavy-ion collisions through the medium interaction.

0.2 Study of jet shapes in pp collisions at 5.02 TeV

In this thesis, the substructure of charged jet has been studied in p+p collision at
√
sNN = 5.02

TeV with the ALICE experiment at CERN, Geneva. Charged particles of jets are measured

using the Time Projection Chamber (TPC) and the Inner Tracking System (ITS). FastJet package

[11, 12, 13, 14, 15] is used to use the final state particle to obtain the inital parton information

i.e jet finding. Anti−KT algorithm is used to reconstruct jets with resolution parameter R=0.2,

0.4 and E-scheme. Minimum track pT of 0.15 GeV/c and |η| <0.9 are used as constituents cut

and jet acceptance is considered as |η| < 0.7 for R=0.2 and |η| < 0.5 for R=0.4. Three jet shape

observables i.e. Angularity (g), Dispersion (pTD), LeSub have been studied in this analysis. The

angularity that measures the radial energy profile of the jet, signifies whether jets are collimated

or broadened. The dispersion tells how hard or soft the fragmentation is. LeSub describes the

hardest splitting, therefore it should not be sensitive to the background [6, 10, 16].

For a conical jet, the resolution parameter in a jet finding algorithm represents the radius of a jet

and it is defined by, R =
√

∆φ2 + ∆η2, where ∆φ and ∆η are the distances of the particle from
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the jet axis in φ and η. The most commonly used jet algorithm is anti-kT that reconstructs conical

jets and has been used in this analysis.

Raw distributions of jet shape variables have been studied for R=0.2 and R=0.4. At higher jet

pT , jets are collimated for R = 0.2. It is seen that when the jet radius is increased, jets are

broadened for a particular jet pT . To compare the measurements to theoretical calculations or

other measurements, the results must be corrected for the fluctuations due to the finite detector

resolution. Two dimensional Bayesian unfolding [17] has been used in an iterative way to remove

the detector effects on the jet shape variables and to get the corrected observables. To unfold the

shape variables, a 4D response matrix [16] has been constructed using PYTHIA. The correlation

between the shapes at particle and detector level has been studied. After that, the jet shape

resolution has also been obtained for the three observables. Then the unfolded solutions for

different iterations are compared to the raw distribution. It is seen that the unfolding changes

the shape significantly and solution converge above four iterations. The stability of unfolding is

checked by refolding the solution back and checking its agreement with the raw distribution. To

test the stability of the unfolding procedure, a closure test has also been performed where, the

unfolding input is filled with Monte Carlo(MC) information. The MC which is used to fill the

input is expected to be statistically independent from the sample that is used to fill the response

(typically input contains 3% and response 97% of the MC sample). The performance is validated

from the ratio of the unfolded solution to the true MC. The systematic errors are then estimated

for different sources and added in quadrature. Finally, the fully corrected results are shown with

model comparison.
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0.3. RESULTS

0.3 Results

Fig. 1 shows the fully corrected jet shapes in p+p collision at
√
s = 5.02 TeV for two resolution

parameters R=0.2 and R=0.4. The angularity distribution gets broader for R=0.4 and the peak

shifts towards higher value, whereas, the dispersion slightly shifts towards left for R=0.4 which

indicates the jet-broadening at higher radius and the small radius jets are fragmented harder at

particular jet pt. The jet shapes for R=0.2 and R=0.4 are compared with PYTHIA8 [18] and the

comparison along with the ratio is shown in Figure. Pythia is used for event generation in high-

energy physics emphasizing on multiparticle production in collisions between elementary particles

which means hard interactions in ep, pp and e+e− collision.
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Figure 1: jet shape distributions in pp for R=0.2 and 0.4 in jet pT 40-60 GeV/c and comparison
with Pythia 8 model
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0.4 A model study of medium modified jet shape observables in

Pb-Pb collisions at
√
sNN=2.76 TeV

As a part of the thesis, a study of the medium modified jet shape observables in Pb-Pb collisions at

√
sNN=2.76 TeV using EPOS-3 [21, 22] and JEWEL [19, 20] event generators has been presented.

The jet-medium interaction in high energy heavy ion collisions is an important phenomena to

characterize the hot and dense medium produced in such collisions. Medium-induced modifications

to the substructure of inclusive charged jets indicates a redistribution of energy inside the jet cone

and provides insight into the energy loss mechanisms of jets in the medium. We investigate the

in-medium modification to the two jet shape observables i.e., the differential jet shape (ρ(r)) and

the angularity (g) in the most central Pb-Pb collisions at 2.76 TeV using two commonly used event

generators JEWEL (recoil OFF) and EPOS-3 in the jet-pT range of 20-40 GeV/c.

JEWEL with recoil OFF has been used primarily as a reference system as that has been

found to explain the global jet observables satisfactorily but lacks in jet-shape variables at the

higher jet-radii. EPOS-3 that explains the bulk properties in such collisions quite well takes into

account a hydrodynamically evolving bulk matter, jets and hard-soft interactions. A comparison

between the results from these models shows that while JEWEL (recoil OFF) does not explain

the distribution of lost energy at higher radii with respect to the jet-axis, EPOS-3 explains the

effect quite well. However, in EPOS-3, the implemented partonic energy loss mechanism and

secondary hard-soft interactions during hadronization and hadronic cascade phase are different

from the conventional jet energy loss models. The current study can, therefore, provide important

new insights on mechanisms regarding the modeling of the medium and hard-soft interactions in

heavy ion collisions.
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Figure 2: Upper panel: Differential jet shape ρ(r) measured as a function of distance from the
jet axis for inclusive charged jets in 20 < pT,chjet < 40 GeV/c with R = 0.2 and R = 0.3
in 0-10% central Pb-Pb collisions at

√
sNN = 2.76 TeV using the EPOS-3 event generator and

compared with the minimum bias pp results. Lower panel: The jet shape nuclear modification
factor, quantified as ρ(r)PbPb/ρ(r)pp
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Chapter 1

Introduction

The first set questions that came to our mind are ”what is the basic building block of matter”, ”how

is the universe created and evolve to the present condition?” Georges Lemaitres’s Big Bang theory

of universe was the first conceptual idea of the cosmological origin of the universe. According to

the Big Bang theory, the Universe started from a point of infinitesimally small volume (point)

with very high temperature and density called the singularity about 13.8 billion years ago. All

the matters were compressed into a single point which subsequently exploded and then started

expanding [1]. This is considered to be the beginning of space and time. In the early universe,

immediately after the Big Bang when the temperature was extremely high [2], all the four forces

were united to a single force according to the Grand Unification Theory. After ∼ 10−43 sec of Big

Bang, the separation of the gravitational force occurs first, the strong force decoupled next and

finally the electromagnetic and weak forces got separated after ∼ 10−11 sec after the Big Bang.

The universe was so hot that the quarks and gluons, participants in the strong force, were free.

At about 10−5 sec after the Big Bang, the universe was filled with a hot and dense soup of quarks

and gluons called Quark-Gluon plasma (QGP). Collisions between particles were so energetic that

it did not allow quarks to combine into hadrons. This stage is known as Quark Epoch. At about

1



Figure 1.1: The Big Bang picture: creation and evolution of the Universe [3]

10−6 sec after the Big Bang when the temperature was about 0.2 GeV, Quark Epoch ended and

a transition from the phase of quark-gluon-plasma to hadronic matter happened. This is known

as Hadron Epoch. After that, protons and neutrons got combined to form nuclei. The atoms,

molecules and the matter were formed subsequently. The different stages are depicted in Fig.

1.1. Deep inelastic scattering experiment suggested that the constituent particles of proton called

partons can be probed under the condition of high momentum transfer. It was then thought

that similar conditions like the microsecond old universe can be created in the laboratory by

colliding two heavy nuclei at ultra relativistic energies [4]. This challenging task was successfully

performed by establishing two powerful accelerators: The Relativistic Heavy Ion Collider (RHIC)

at Brookhaven National Laboratory (BNL), New York and Large Hadron Collider (LHC) at the

European Organization for Nuclear Research (CERN), Geneva. They accelerate charged particles

at extremely high energy and make them collide to recreate the state of the matter that existed

in the few microsecond old universe.
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CHAPTER 1. INTRODUCTION

1.1 The Standard Model: fundamental particles and interactions

The Standard Model is a theoretical model describing the fundamental particles, their interactions

and the force-carriers. Matters are made up of atoms and molecules and an atom consists of a

nucleus containing protons and neutrons and electrons revolving around the nucleus. By 1932, the

electrons, protons and neutrons were known as the elementary particles. In 1964, the existence of

the subatomic particles known as quarks was proposed and in 1968, it was found in the Stanford

Linear Accelerator Centre (SLAC) that neutrons and protons contain more fundamental particles

known as quarks. Subsequent investigations led quarks to be classified as up (u), down (d), charm

(c). strange (s), top (t) and bottom (b). The lepton group has electorn (e), electron neutino (νe),

muon (µ), muon neutino (νµ), tau (τ) and tau neutrino (ντ ). All the elementary particles have

their corresponding anti-particles. The strongly interacting particles formed by the elementary

particles are called hadrons and are divided into two groups: baryons and mesons. The baryons

are made of three quarks and the mesons consist of quark and anti-quark pair. The quarks and

the leptons are grouped into three generations. The generation-I consists of the lightest and

the stable particles. Generation-II and Generation-III have the heavier and short-lived particles.

The quraks and gluons carry a quantum number called ”color” similar to the electric charge in

electrodynamics. All hadrons must have an integral charge and neutral color. Quarks and leptons

are therefore the fundamental building blocks of matter. There are four fundamental forces in

nature having different strengths and ranges namely, strong force, weak force, gravitational force

and electromagnetic force. The weakest force in the nature is Gravitational force which is a

long range attractive force acting between any two objects. The long ranged electromagnetic

forces act between any two charged particles and can be attarctive or repulsive depending on

the nature of charges. The weak force is a short-range force which is responsible for β decay

and neutrino interactions and the strong nuclear force of shortest range holds the neutrons and
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Figure 1.2: Fundamental particles in the Standard Model

protons together inside a nucleus. The Quantum Electrodynamics (QED) is the theory for the

electromagnetic interactions. The Electro-Weak theory postulated by Glashow, Weinberg and

Salam is a unified theory of electromagnetic and weak interactions [5] and the fundamental theory

of strong interactions is given by the Quantum Chromodynamics (QCD) [6] which describes the

interactions among quarks. The strong force is mediated by gluons which can interact with other

gluons also. Photons are the carriers for the electromagnetic force and the weak interactions are

mediated by massive W± and Z0 bosons. The existence of hypothetical mediator particles of

gravitational force called gravitons are yet not established. The latest addition to the Standard

model of elementary particles is the Higgs boson which has been discovered by the ATLAS and

CMS experiments at the LHC (Large Hadron Collider) in CERN, Geneva in 2012 and describes

the mass of the elementary particles. The elements of the standard model have been shown in Fig.

1.2.
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1.2 QCD: Theory of strong interaction

Figure 1.3: The strong coupling constant αs as a function of the momentum transfer Q [7]

Quantum Chromodynamics (QCD), the theory of the strong interactions between the quarks

and the gluons was introduced by Gell-Mann in 1972 [6]. Initially, the particles were classified

according to charge, isospin, strangeness and they were grouped in eightfold way depending on

their mass and properties which was thought to be explained by the three flavours of quarks. But

this could not explain the existence of Ω− hyperon consisting of three strange quarks with parallel

spins as this combination of fermions is not allowed by Pauli’s exclusion principle. It could be

explained if there exists an additional quantum number of quarks proposed by B. V. Struminsky

[8]. Similar contradiction was observed with the Λ++ baryon having three up quarks with parallel

spins. Greenberg and Han–Nambu independently explained [9, 10] this mystery by introducing an

additional quantum number of quarks called the color charge which is analogous to the electrical

charges in Quantum Electrodynamics (QED). There are three different color charges namely red,

green and blue (R,G,B) unlike two types of electric charge in QED. Due to this color charge,
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gluons can interact among themselves unlike neutral photons in QED. Eight different color states

are possible for gluons in QCD. The color of the quarks is changed by the gluon exchange, however

the flavors of the quarks are not changed. Two important properties of QCD are asymptotic

freedom and confinement [11]. The ”asymptotic freedom”, discovered in 1973 by Gross, Politzer

and Wilczek [12, 13] states that the shorter the distance between the quarks are, the weaker is the

strength of the interaction among them. This can be explained in terms of momentum transfer.

The strong coupling (αs) is defined as, αs(Q
2) = 12π

(33−2nf )ln(Q2/λ2QCD)
, where Q2 is the momentum

transfer, nf is the number of flavors and ΛQCD is the so-called “QCD scale” with a typical value

of about 200 MeV. The dependence of αs on the momentum transfer Q has been depicted in Fig.

1.3. In the limit of large momentum transfer or short inter-quark distances, the coupling i.e. the

interaction strength becomes so weak that the quarks almost behave like free particles. This is

called asymptotic freedom. As a consequence, inside the hadrons, quarks are almost free. On the

other hand, in case of low momentum transfer or if the distance between the quarks increases,

the strength of the interaction increases. This is called ”confinement”. As a consequence, free or

isolated quarks cannot exist in nature.

1.3 QCD phase diagram

As per the idea of the asymptotic freedom, if a nuclear matter is subjected to the condition of

extremely high temperature or pressure, a state of deconfined quarks and gluons can be created.

The Lattice QCD [14, 15] calculations show that the system undergoes a sharp transition beyond

a critical temperature on increasing the energy density of the medium. The results are shown

[16, 17, 20] in Fig 1.4 for the energy density ε normalized by T 4 vs temperature T. The figure

shows a steep rise of energy density per T 4 when the temperature approaches a critical value of

about TC ∼ 173± 15MeV . This calculation gives the critical energy density εC ∼ 0.7 GeV/fm3.
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Figure 1.4: The temperature dependence of energy density of QCD medium obtained from Lattice
QCD calculation with 2 light quark flavors, 3 light quark flavours and 2+1 (two light quarks and
one heavy quark) flavor. The energy density steeply rises as the temperature approaches critical
temperature TC which is an indication of phase transition. Arrows indicate the energy densities
reached in the initial stage of heavy ion collisions at the SPS, RHIC & LHC. [17, 18]

This sharp transition is an evident signature of phase transition. In a collision, therefore, if the

energy density of nuclear matter is high (ε ≈ 1 GeV/fm3) [21], it is predicted that a state of

deconfined quarks and gluons will be formed for a very short time which soon expands, cools down

and undergo hadronization. The first search of such a state started at Bevalac at Barkeley Na-

tional Lab, USA using Au beam at 1 GeV/nucleon hitting a target [19]. Subsequently, a number

of experiments were performed in search of QGP at the Alternate Gradient Synchrotron (AGS),

BNL, USA and at the Super Proton Synchrotron (SPS), CERN, Geneva like WA80, NA35, NA49,

NA61 and others [19]. Then, in 2000, the Relativistic Heavy Ion Collider (RHIC) at BNL started

its first run with four experiments BRAHMS, PHENIX, PHOBOS and STAR with Au+Au colli-

sions upto
√
sNN = 200 GeV/nucleon. After that, in 2010, experiments were performed at LHC

using high energy beams of Pb ions at
√
sNN = 2.76 TeV. Such a high energy density of above 1

GeV/fm3 [22, 21], needed for the QGP formation has been achieved in high energy heavy ion col-
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lisions at RHIC and LHC. A high energy density of about 12-14 GeV/fm3 and about 6 GeV/fm3

have been reached in the heavy ion collisions at LHC and RHIC respectively [23, 24]. A similar

transition may also occur when the nuclear medium is compressed to a net baryon density of about

2-3 times the nuclear matter density. Such a transition from hadron phase to QGP phase and back

to hadron is represented by a diagram known as the QCD phase diagram shown in Fig.1.5. It

Figure 1.5: A schematic of QCD phase diagram [25]

shows the net baryon density or baryon chemical potential µB which is the energy required to

add a baryon to the system or to remove a baryon from it versus the temperature of the fireball.

The extreme region of high temperature and zero µB represents the early universe and has been

created at LHC. At low temperature and high µB, the matter is expected to be like that of the

core of neutron stars. These two extreme regions are represented by a QCD critical point. Lattice

QCD predicts a smooth crossover at high T and low µB beyond the critical point [27, 28] and

below the critical point temperature, the transition is of the first order [29]. At LHC, a cross-over

transition is found to be around TC =160 MeV. The top RHIC and LHC energies fall in the high

temperature region and SPS, AGS, FAIR, NICA and low energies at RHIC probe mostly the high
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net-baryon density region.

1.4 Evolution of QGP

In the colliders, two Lorentz contracted nuclei collide at the speed of light along the z-axis and

move away from the collision zone depositing a large amount of energy in the collision region for a

short duration of time in a very small region of high energy-density and small net baryon content.

In the central rapidity region, a system of QGP is expected to be formed due to high energy

deposition. The evolution of the fireball produced in the heavy ion collisions consisting of several

Figure 1.6: Light cone diagram showing the stages of a heavy ion collision [40]

stages has been depicted in Fig 1.6. The stages can affect the state of the final state particle

depending on the particle production mechanism. The incoming nuclei are usually described

as an independent collection of nucleons by the Glauber model [30] or a wall of gluons called
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the Color Glass Condensate [31]. In such initial state models, there is an asymmetric nuclear

overlap region due to the impact parameter of the nuclei and fluctuations in the positions of the

incoming partons. Some of the incoming nucleons do not take part in the collision and pass away

without interacting. These spectator nucleons can be used to measure the impact parameter of

the collision. The partons may scatter-off of each other at an early stage before the QGP medium

is produced. An interaction between quarks where a large amount of momentum is transferred,

is called a hard scattering. The medium evolves and forms a soup of quarks and gluons that

reaches a local equilibrium. The lifetime of this QGP phase is expected to be about 1-10 fm/c

depending on the collision energies [32]. Then it expands, cools down and reaches a density and

temperature where the partons get combined to form hadrons. The formed hadrons are described

in the form of hadron-gas. After some time, the compositions of hadrons are frozen. This stage

in the evolution process is called the chemical freeze-out [9]. As the medium expands further, the

interactions between hadrons stop and hadrons reach the detectors freely with their final energies

and momenta. This stage is called the thermal freeze-out and naturally, the thermal freeze-out

temperature is lower than the chemical freeze-out temperature. From the ratios of the final state

particles, the chemical freeze-out temperature is estimated to be around 160 MeV [33, 34, 35] and

the thermal freeze-out temperature is found to be about 100–150 MeV,depending on the collision

centrality and energy [36, 37, 38, 39].

1.5 Experimental Signature of QGP

The nuclei collide, thermalize, and form a hot thermalized medium of deconfined quarks and gluons

which then expands, cools down and forms hadrons as depicted in Fig 1.7. Experimentally we

cannot observe each stage separately, we observe only the final state observables by collecting the

final state hadrons reaching the detector. Each stage of this evolution has some specific properties
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and some signals through which the states can be probed. Since the lifetime of QGP is of the

order of 10−23 second, the signals of QGP are mostly indirect.

Figure 1.7: Schematic diagram of a collision: two nuclei collide, form the QGP state which expands
and hadronizes and finally the hadrons reach freeze-out [26]

1.5.1 Bulk observable

A nuclear collision is characterized by its centrality, number of produced particles, energy density

and pressure of the formed state, the freeze-out temperature and volume among others. The

first measurement after a collision at any energy is mostly the charged particle multiplicity at

the mid-rapidity region. The entropy produced in the early collision time transforms into particle

multiplicities at a later stage. Rapidity is the relativistic measure of velocity of a particle defined

by, y = 1
2 ln

E+pz
E−pz , where E and pz are the total energy & longitudinal momentum of the particle.

At very high energy, p >> m,

y =
1

2
ln
|p|+ pz
|p| − pz

= −ln(tan(θ/2)) = η (1.1)

where polar θ is the angle at which particles are emitted with respect to beam axis and η is called

the pseudorapidity. Pseudorapidity can be measured easily as θ is a direct measurable quantity.

11
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The pseudorapidity distribution of particles is related to rapidity distribution as,

dN

dηdpT
=

√
1− m2

m2
T cosh

2y

dN

dydpT
(1.2)

For y � 0, both are almost same, and for y ≈ 0, a dip in dN/dη distribution arises around η ≈ 0 due

to the presence of the mass term [40]. Mid-rapidity is important as most of the particles are formed

due to the conversion of collision energy into particles in the transverse plane in this region. When

two nuclei overlap, the distance between their centres is called the impact parameter of the collision

and the number of nucleons in the overlapping zone is called the participant nucleons Npart. So,

low impact parameter and large Npart imply a more central collision where the particle multiplicity

in the final state is higher. As seen from the Fig 1.8 (right), the normalized pseudorapidity density

Figure 1.8: Charged particle pseudorapidity (η) distribution as a function of centralities and
pseudorapidity density at mid-rapidity vs average number of participant nucleons (< Npart >) in
PbPb collision at LHC energy. [41, 42]

increases with centrality indicating that the multiplicity increases faster than Npart at mid-rapidity,

probably because of the contribution of the hard process to particle production [45]. As seen in Fig

1.8 (left), most of the particles are produced around mid-rapidity i.e. in the transverse plane around

θ ≈ 90o, and the yield decreases as one goes away from the mid-rapidity region. Total produced
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Figure 1.9: Transverse momentum spectra of charged hadrons in PbPb collision. [46]

charged particle multiplicity in a collison can be found from the η-distribution by extrapolating it

upto beam rapidity and integrating over the whole range. The pseudorapidity distribution does

not require mass identification unlike rapidity distribution. The η-distribution can be used to

estimate the Bjorken energy density,

ε(τ0) =
1

πR2τ0

dET
dη

=
< E >

πR2τ0

dN

dη
|η=0 (1.3)

where, the volume of the initially produced collision is considered as a cylinder of length dz =

τ0dη,πR2 is the longitudinally projected overlap area of the colliding nuclei, dN is the number of

particles ,< E > is the average energy per particle and τ0 is the proper time of thermalization

taken as 1 fm/c.

The transverse momentum spectra of charged particles (Fig 1.9) and identified particles provide

information about mean transverse momenta, temperature, radial flow and other observables [47].

The low pT part of the spectrum exhibits an exponential behaviour having thermal origin, whereas,

the high pT region follows a power law distribution having contribution from the fragmentation

of hard parton scattering. The entire range can be described by a Levy function which has both
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an exponential part and a power-law function [40]. The inverse slope of the low pT spectra gives

the effective temperature at freeze-out that has a thermal origin as well as a contribution from

collective flow of particles and the average radial flow velocity can also be obtained from the pT

spectra. Interestingly, for pp collisions at 7 TeV, such analysis gives a freeze-out temperature of

about 154 MeV and radial flow velocity of about 0.45 c [43] which falls in the range of temperature

required for a deconfinement transition. Therefore, high-multiplicity pp events are also candidates

to show collectivity as well.

Collective flow

One of the signatures of the collective behaviour of the matter created in the collisions is the

collective flow. In the non-central collision (Fig 1.10), the overlapping zone has an almond shape.

A particle approaching towards the longer direction of the collision zone is more probable to suffer

scattering and to change its direction than a particle approaching towards the shorter direction

of the collision zone. Therefore, the density of particles in the short direction is higher resulting

in a higher pressure gradient between the centre of the system and the vacuum along the short

direction. Therefore, the flow velocity is also higher there and more particles are emitted in that

direction[48].

This initial spatial anisotropy gets converted to the momentum anisotropy resulting in asym-

metrical particle emission in the perpendicular plane. The presence of these anisotropies in the

momentum distribution of the final state hadrons is the evidence of the medium flow and it is ex-

pressed as the Fourier expansion of the azimuthal distribution of the emitted particles with respect

to the event plane angle Ψ: E d3N
dp3

= d2N
2πpT dpT dy

(1 + 2
∑∞

n=1 vncos(n(φ − ψ))). The coefficients of

expansion are called flow parameters and are defined as, vn = 〈cos(n(φ− ψn))〉, ψ is the reaction

plane angle. v1 is directed flow coefficient, v2 is elliptic flow coefficient and v3 is triangular flow
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Figure 1.10: A non-central collision produces an almond shaped interaction zone. The initial
anisotropy gets converted to momentum anisotropy via pressure gradient [44]

coefficient as shown in Fig 1.11. v2 arises mainly due to the anisotropies in the overlap region of

the incoming nuclei i.e. overall geometry, whereas, v3 arises mainly from the fluctuations in the

nucleon positions within the nucleus. Since, the plane angle is not experimentally measurable, the

flow coefficients are measured by correlation between observed particles, for example, for elliptic

flow, it is defined by, 〈〈e2i(φ1−φ2)〉〉 = 〈〈e2i(φ1−ψ−(φ2−ψ))〉〉 ≈ 〈v22〉.

Figure 1.11: Simulation of Pb-Pb collision at
√
sNN = 2.76 TeV with the PHOBOS Glauber Monte

Carlo [49].

v2 and v3 provide dominant contributions to the azimuthal anisotropy.
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A non-zero value of v2 is produced due to the interactions among the constituents of formed

matter in the initially spatially deformed overlap zone. The conversion of this spatial anisotropy

to momentum anisotropy serves as a signature of re-interactions in the fireball.

A high value of the elliptic flow coefficients means the rescattering among the particles is large

enough to bring the matter to local thermal equilibrium and the early pressure is also high. Since,

the spatial anisotropy is highest at the beginning of evolution, therefore,the elliptic flow provides

information about the thermalization time scale of the early stage of collision [50]. The earlier the

equilibrium, the larger are the anisotropies [51, 52].

The anisotropy coefficients are sensitive to the properties of fluid - its viscosity and the equation

of state. The viscosity to entropy ratio can be estimated from the shape and magnitude of these

anisotropies, which shows that the QGP at RHIC and LHC is of the lowest viscosity to entropy

ratio [34, 53, 38, 54].

Due to the fluctuation in the positions of nucleons in nuclei, thereby fluctuation in the shape of

the initial collision region event by event, vn also fluctuates event by event. The spatial anisotropy

is defined by the eccentricity ε = 〈y2−x2〉
〈y2+x2〉 where x and y are the positions of the participants [51].

vn is found to be proportional to the eccentricity εn of the initial collision region for small n values

[55]. For larger n, vn is more sensitive to the viscosity of the fluid. Fig 1.12 shows the time

evolution of the interaction zone where the energy density profile is represented by the contours

and it shows how the system evolves from an asymmetric overlap zone to an almost symmetric

system.

For a given pT , the elliptic flow shows a mass ordering. v2 decreases with increasing particle

mass which is a consequence of the effect of the mass-dependent radial flow on the pT spectrum

of single particle[50] which is the radial expansion of the fireball created. It is known that, the

radial flow gives a boost to the particles in transverse momentum which depends on the particle
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Figure 1.12: Time dependence of the formed initial transverse energy density profile in coordinate
space in case of a non-central heavy-ion collision. [52, 51]

mass and flow velocity β of the medium, thereby, shifts the pT distribution to higher pT and this

effect is more for heavier mass and higher flow velocity. Therefore, there is a suppression in the

spectrum at low pT which along with the range over which this happens increases with particle

mass and flow velocity.

Now, as discussed earlier, in case of v2 > 0, radial velocity is higher in x direction than in y

direction, so the suppression in the spectrum at low pT also as mentioned above. Therefore, it

reduces the v2 at low pT (pT < 2 GeV/c) by preventing the excess of particles with pT along x

direction over y direction. This reduction and the pT range over which this occurs increases with

mass and radial flow v2,π(pT ) > v2,K(pT ) > v2,p(pT ) [50].

But, interestingly, this mass ordering is not observed at intermediate pT , 2 < pT < 5 GeV/c

region as shown in Fig. 1.13. The v2 of baryons is higher than that of mesons in this region

which can be explained if it is assumed that the hadronization occurs by the recombination of

quarks [75]. The constituent quark number scaling of this observable provides a strong evidence

of this quark coalescence [56]. But the situation is not same in LHC. There, the NCQ scaling is

violated for pT > 3 GeV/c [57]. Also, v2 of φ-meson at the intermediate pT shifts towards baryon

instead of mesons. All these observations indicates that possibly the mass is responsible for the

baryon-meson ordering of v2 rather than the constituent quark numbers.
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Figure 1.13: The v2 as function of pT for π, p and φ, Ω from minimum bias Au+Au collisions
at
√
sNN = 200 GeV for 0-80% centrality (left panel) [56] and the pT -differential v2 for different

particle species, forthe 5–10% centrality interval of Pb–Pb collisions at
√
sNN = 2.76 TeV. [57]

1.5.2 Electromagnetic probe and dileptons

Electromagnetic probes like photons and dileptons are useful probes of QGP medium as they are

emitted from the medium almost without interacting & carrying the undistorted properties of the

medium, whereas, hadrons are emitted mostly from the freeze-out surface. The direct photons are

all the produced photons except those coming from decay of hadrons in the last stage of collisions.

At high pT , direct photons are produced from initial hard collisions and jet fragmentation. At low

pT , the direct photons are radiated from the thermalized QGP medium by qq̄ annihilation and

comptopn scattering. The thermal photons carry information about the initial temperature of the

medium formed.

The high pT isolated photon associated with a jet can be used to find the momentum of the

associated parton. The prompt photons carrying the initial state information and its modifications

in nuclei can be used to probe the gluon saturation.

An excess of photons is observed in heavy ion collision in the thermal region (1 < pT < 4 GeV/c)

compared to that in pp collisions as shown in Fig 1.14. But at larger pT , no such enhancement

is observed [58, 59]. The nuclear suppression factor RAA (defined in sec. 1.5.5) of direct photons
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is consistent with unity showing no suppresion [60]. Thermal photons reveal that the QGP can

Figure 1.14: Direct photon spectra in AuAu and PbPb collision at 200 GeV and 2.76 TeV[58, 59]

reach a temperature of 300–600 MeV in central collisions at both 200GeV [61] and 2.76 TeV [62].

1.5.3 J/ψ suppression

The heavy quarks - Charm and Bottom quarks are produced at the early stage of the collision.

Later, the available energy for particle production decreases which is not enough to create them.

Also, as they are heavy, the possibility of formation of these quarks from thermal bath is very low.

J/ψ is the bound state of charm and anti-charm quark. In the QGP medium, due to the presence

of other quarks, anti-quarks and gluons around a c-quark, a charm quark may not be able to come

close to an anti-charm quark to form a bound state, this is called color Debye screening. Due to

this screening, interactions between heavy quarks and anti-quarks are diluted and the probability

of the formation of J/ψ decreases. On the other hand, the open charms yields (D0, D±, DS)

are enhanced as the charm quarks can combine with other light-flavor quarks around. A strong

suppression in the yield of charmonia is observed in heavy ion collisions compared to that in pp

collision [63, 64] at SPS energy. However, this suppression is lesser in LHC energies as shown in

Fig 1.15, because, at sufficiently high energy, there is possibility of production of plenty of charm,

anti-charm quarks resulting in a competition between suppression and regeneration. Also, higher
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states of quarkonia can decay to produce more J/ψ.

Figure 1.15: RAA of inclusive J/ψ in Pb+Pb collisions at
√
sNN =5.02 TeV at midrapidity with

pT for different centralities [64]

1.5.4 Strangeness enhancement

Strangement enhancement is a strong signal of QGP [65]. Up (u) and down (d) quarks constitute

the colliding nucleons. Strange quarks are not present in the initial state as valence quarks. So,

if we get hadrons in the final state with strange quarks as its constituents, then it must have

been formed through the inelastic collisions or as a part of the partonic medium via the process of

hadronization. The temperature and energy density of the QGP medium in equilibrium produced

in high energy collision is higher than the mass of strange quark. Therefore, strange quarks and

strange anti-quarks can be abundantly produced in heavy ion collision compared to pp or pA

collisions through several processes like flavour creation (gg → ss̄, qq̄ → ss̄) and flavour excitation

(gs→ gs, qs→ qs) in early stage of the collisions or during the subsequent partonic evolution by

gluon splittings (g → ss̄). These processes lead to enhancement of strange particles with respect

to pions in heavy-ion collisions. This enhancement does not show a significant dependence on

either collision centrality or the collision energy. The ratio of yields of strange particles to pions
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decreases for peripheral collisions as the overlap of the colliding nuclei is very small and becomes

similar to the observed pp collisions. Recent study has shown a significant enhancement of the

strange and multi-strange particles to pions with increasing particle multiplicity in pp collisions at

7 TeV [66]. This enhancement increases with increase in strangeness content rather than mass or

baryon number. At high multiplicity, the yield ratios become similar to that observed in Pb–Pb

collisions [66] as shown in Fig 1.16.

Figure 1.16: pT -integrated yield ratios ofK0
S , λ,Ξ,Ω to pions (π+ + π−) as a function of< dN/dη >

measured in mid rapidity [66]

1.5.5 Hard probe: partonic energy loss in medium

Jet Quenching

High pT partons are produced at the initial stage of the collision prior to the production of QGP

and they lose energy as they traverse through the medium. Therefore, they are considered to be

useful to probe the early stages of the collision as well as the entire medium evolution. The hard
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partons fragment into a collimated shower of correlated particles in a conical volume called Jets

[67]. Thus, measurement of Jets can shed light on the energy loss mechanism in the medium.

The fragments carry fractions of the original parton momentum. This fragmentation function is

modified in AA collision compared to that in pp collision due to the presence of medium in AA

collision. If a pair of back to back jets carrying equal amount of energy called di-jets is produced

near the periphery of the fireball, one escapes directly losing lesser energy compared to the other

one that traverses through the medium and loses a sufficient amount of energy by collisions with

medium partons, or via gluon bremsstrahlung process as shown in Fig 1.17. This is known as Jet

quenching. This Jet quenching is expressed by Nuclear Modification factor RAA and defined by,

Figure 1.17: Jet-quenching in heavy ion collision. Figure is taken from [71]

RAA(pT ) =
d2NAA/dydpT

< Ncoll > ×d2Npp/dydpT
(1.4)

where < Ncoll > is the mean number of binary nucleon-nucleon collisions in a single nucleus-nucleus

collision obtained from Glauber model. If there is no medium, the nucleus-nucleus collision will be

just the superposition of nucleon-nucleon collisions, the hard processes are then expected to follow

the Ncoll scaling and RAA will be unity. So, this quantity measures the deviation of the yield in
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A-A collisions compared to the scaled p-p reference as the high pT particles are suppressed due to

the energy-loss in the medium. Therefore, RAA <1 at high pT indicates the presence of medium.

In central collisions, hadrons suffer a higher energy loss in the medium and are suppressed by a

factor of almost 6 at about 7 GeV/c as shown in Fig 1.18. The suppression decreases slowly with

increase in pT . However, at lower pT , RAA can be >1 which is likely to be due to the cronin

effect [68] or the validation of Npart scaling rather than Ncoll scaling. This suppression of high-pT

Figure 1.18: The nuclear modification factor of charged particles as a function of transverse mo-
mentum [69]

hadrons was seen by the STAR experiment at RHIC using dihadron correlations. The suppression

of the away-side peak was seen in AuAu collision, whereas no suppression was observed for dAu

and pp collision. This gives the evidence of the formation of a medium in heavy ion collision

[70]. Like hadronic RAA, jet pT spectrum is also suppressed in heavy ion collisions with respect to

p+p collisions indicating the energy loss of jets in the medium. This suppression is quantified as

Jet-RAA. Jets are studied to understand the energy loss mechanism and its dependence on path

length in the medium. The interactions of the jets with the medium results in a modification of

their structure, particle composition, fragmentation, splitting functions and redistribution of their

energy which have been discussed later. Alternatively, RCP can be measured instead of RAA, where
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instead of pp collisions, peripheral heavy ion collisions are used as the reference. This is usually

done when the corresponding p+p data are not available for reference. The advantage is that if

other nuclear effects are present in the RCP cross-section, it will get cancelled in the ratio and also,

the collisions are recorded at the same time thereby having same detector conditions. However,

QGP effects can be there in peripheral collisions which can make the interpretation difficult.

Cold nuclear matter effects, which refer to the differences observed in p+A collisions with respect to

p+p collisions where medium is likely not to be formed, but the production of the final observable

can be influenced by a nucleus present in the initial state, are studied by the measurement of RpPb

and it is used to decouple the effects observed in A+A data coming from the medium interactions.

RpPb is found to be unity within the uncertainties of the measurements beyond pT= 2 GeV/c

which indicates that the reason of the observed suppression in A+A collisions cannot be cold

nuclear matter effects. At low pT , it is comparable with RPbPb at 70-80% centrality.

Di-hadron correlation

Di-hadron correlation is one of the methods to probe jet-physics. In a hard parton scattering, two

back to back partons separated by 1800 in the transverse plane are produced as depicted in Fig

1.19. A high-pT hadron called trigger particle is identified whose momentum can be considered

as the jet axis of the parent parton. So it is used to define the coordinate system. The other

hadrons’ momenta are calculated with respect to the momentum of this trigger particle. In the

di-hadron correlation with high pT trigger in ∆η,∆φ, the near-side peak around ∆φ= 0o arises

from associated particles produced by the same parton as the trigger and the away-side peak near

180o in ∆φ arises from the associated particles from the partons opposing the trigger generating

one. One of the first measurements of jet quenching through di-hadron correlation was performed

by the STAR collaboration at RHIC [72], where the observed disappearance of the away-side peak
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Figure 1.19: Schematic diagram showing a high-pT hadron as the trigger particle in the study of
dihadron correlations in a p+p collision

in Au-Au collisions indicated substantial interactions of the partons with the medium. The near

side peak was similar in pp and Au-Au collisions which can be due to the effect of a strong “surface

bias” that means, the trigger selects jets with a short in-medium path length. The suppression of

away-side peak relative to p+p or d+Au is quantified by a factor similar to RAA as, IAA = YAA
Ypp

[72]

where YAA and Ypp are the away-side yields for Au-Au and p-p collisions. More number of particles

at low pT compared to that at high pT are caused by gluon bremsstrahlung or collisional energy

loss, so IAA <1 at high pT . On the other hand, no differences are observed between d+Au and p+p

collisions on the near or away-side [73] which indicates that any modifications observed are due to

hot nuclear matter effects. The near-side peak can be used to study the angular distribution of

momentum and particles around the triggered jet. The ALICE collaboration measured di-hadron

∆η − ∆φ azimuthal correlations in Pb-Pb at
√
sNN =2.76 TeV. At low pT , a near-side ridge

structure is seen and the away-side is broad which indicates hydrodynamics as the underlying

physics. At higher pT , there is a ”jet” peak in nearside and a small recoiling jet distribution in
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Figure 1.20: Di-hadron azimuthal correlations in Pb-Pb for two different pT regime

away side as shown in Fig. 1.20. Similar to di-hadron correlations, correlation studies between

hard hadrons and reconstructed jets are performed to overcome the drawbacks of bias imposed by

the background suppression methods as described earlier. In this case, the yield of reconstructed

jets within |π − ∆φ| <0.6 is estimated with respect to an already selected reconstructed hadron

[74]. Compared to dihadron correlations, it is more advantageous because a jet has a stronger

correlation with the kinematics of the parent parton than a high pT hadron as shown in Fig. 1.21.

For very high pT hadrons, the jets correlated with that hadrons come from hard process, whereas,

for low pT hadrons, the yield will be dominated by combinatorial jets. Now, the difference between

the jet yields in these two cases ∆recoil are estimated to subtract the background from jets and

compared to that in p+p collisions. It is seen that there is substantial jet suppression in A+A

collisions relative to p+p collision.

1.5.6 Quark coalescence as an indirect probe of QGP

A strong nuclear suppression in the yield of pions in the intermediate transverse momenta ( > 2

GeV/c) in central Au + Au collisions was observed in Relativistic Heavy Ion Collider (RHIC) [75],

compared to that in p+p collisions [76]. The reason of the observed suppression of the intermediate
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Figure 1.21: Suppression of jets in Pb+Pb collision with respect to p+p collision. ∆recoil is the
difference between the number of jets within π −∆φ < 0.6 of a hadron with 20 < pT < 50 GeV/c
and a hadron with 8 < pT < 9 GeV/c

and high pT hadrons was experimentally established to be due to the energy loss of partons in

the hot and dense medium [67] known as jet quenching. But this suppression was seen to be

absent in case of protons and Λ’s which is very surprising. The other interesting observations are

that, the p/π ratio exceeds unity for transverse momenta 2 to 5 GeV/c and RAA is close to 1

for baryons while it is much less than 1 for pions in this momentum range. The effects are also

seen in Pb-Pb collision at 2.76 TeV in ALICE shown in Fig 1.22. Apart from that, the elliptic

flow also shows a particle species dependence [56, 77]. This is called Baryon Anomaly. It was

proposed that in the region of high parton density, hadrons of a few GeV momenta are produced

by recombination of partons instead of fragmentation. Now, in the exponential regime of the

parton spectra, recombination dominates over fragmentation but fragmentation takes over when

the parton spectra exhibits a power law form [75]. There is also an alternative explanation of

this behaviour using radial flow that pushes the massive particles more to higher pT as discussed

earlier.
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Figure 1.22: Left: p/π ratio with pT in pPb and PbPb collisions at
√
sNN =5.02 and 2.76 TeV,

respectively. Right: RAA of charged particles with pT in minimum bias p+Pb compared to 0-5%
and 70-80% Pb+Pb collisions [78, 79]

1.6 Motivation of this study:

Measurement of jets in proton-proton collision systems allows to test pQCD and hadronization

models. Also, these measurements provide the baseline for the heavy-ion studies like the modifica-

tion of jet structures and production rates in heavy-ion collisions due to the presence of the medium.

Jet measurements in pp collisions also constrain non-perturbative effects, such as hadronization [9].

The ultimate goal of jet measurements in heavy ion collisions is to learn about the QGP by com-

paring the results with that of p+p collision. Measurements of jets in small system like p+p

collisions are already complicated. Additionally, it is more challenging to measure jets experi-

mentally in heavy ion collisions due to the large background. Subtracting the background using

different methods and the selection criteria to remove the background contribution impose biases

on the resultant jet.

As discussed earlier, the jet yield and fragmentation are modified due to the interaction with the

medium formed in heavy ion collisions with respect to the pp collisions. Therefore, the energy loss

mechanism of the partons in the medium can be understood through the measurement of such

modifications.
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1.6.1 Jets

In a collision, a hard process leads to a partonic shower called parton jet which later hadronizes

and generates a collimated shower of hadrons known as hadron jet. But the definition of a jet

is ambiguous both in partonic and hadronic level [9]. In the partonic level, in a process like

e+e− → qq̄, if the quark emits a gluon at an small angle relative to itself, it is taken as a part of

the jet but if the gluon is emitted at large angle, it may be considered as a third jet. In hadronic

level also, it is unclear which final state particles should be considered as the part of jet and it

is more difficult in heavy ion collision than p+p collision due to large background as shown in

Fig. 1.23. It is very complicated whether the particles generated from any interaction between

Figure 1.23: A dijet event in a Pb+Pb collision at
√
sNN= 2.76 TeV in CMS showing the large

background for jet measurements in heavy ion collisions.

the daughters of the parton and the medium particles should be taken as part of the jet or not.

For this, jet measurements are different from the other measurements like particle yield. A proper

jet finding algorithm and background subtraction methods should be used for the study of jets.

However, to suppress the background contribution in the measurements of reconstructed jets, a
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minimum momentum threshold for the constituent particles is usually used which may bias the

measured jet also. The momentum distribution of a hadron in the jet is given by the fragmentation

function Dh(z), where z= ph/p represents the fraction of parent parton’s momentum taken away by

the hadrons. This fragmentation function is modified in heavy ion collision due to the energy loss

of the partons via interaction with the medium. As the hard partons have much higher transverse

momentum and energy than the medium partons, so the energy loss broadens and softens the jet.

Hence,this study allows to understand the energy loss mechanism in the QGP medium. Mostly, the

collective flow contributes to the correlated background in jet measurements. But jets themselves

can result in a non-zero vn through jet quenching, thereby making the background subtraction

complicated for jet studies.

1.6.2 Effect of medium in jets

From the discussions so far, the energy loss of partons in medium is evident, though how they

interact with medium is not yet discussed. As already discussed, measurement of a jet is not

the measurement of a parton, rather it measures the final state particles that come from the

fragmentation of the parton. The interactions with the formed medium can shift the energy from

higher momentum final state particles to lower momentum and therefore jets are broadened by

the energy shift from higher pT to lower pT final state particles through the interactions with

the formed medium. Similarly, if medium partons become correlated with the hard parton via

interactions with medium, then also modifications can occur [80]. This lost energy may or may

not be reconstructed as part of a jet depending on the jet finding algorithm. Several observables

provide evidence in support of the modification of jets in medium. Some observables that focus

on the average property of jets as a function of directly measurable quantities include di-hadron

correlations, jet shape (ρ(r)), momentum distribution of particles in a reconstructed jet, called
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the fragmentation function Djet(z) etc. Some new observables include angularity (g), dispersion

(pTD), LeSub, jet mass etc., some of these observables are discussed below. Jet shapes allow to

study the information on how constituents are distributed in a jet. The jet-medium interaction also

results in jet substructure modifications which can be quantified by different jet-shape observables.

Fragmentation function with jets

The fragmentation function measures the distribution dNh/dz of the momentum fraction z, where

z=ph/p is the fraction of parton’s momentum or jet momentum carried away by hadron. It is

defined as [81],

Dh(z) =
1

Njets

dN

dzch
(1.5)

From the Fig 1.24, it is seen that there is a significant change in the fragmentation function in the

Figure 1.24: Ratio of fragmentation functions of reconstructed jets for different centralities to
60-80% in Pb+Pb collision at 2.76 TeV [82].

most central collisions relative to that in the peripheral collisions. An enhancement is seen at low
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z whereas, there is a reduction at intermediate z which indicates the redistribution of the energy

loss for mid to high pT hadrons to low pT particle production. It is one of the direct observations

of the softening of the fragmentation function in the medium. However the definition includes

the parent parton’s momentum and jet momentum is not same as parton momentum. But the

fragmentation functions estimated with large radii jets are approximately same as the definition.

Jet shape

Another observable related to the structure of the jet is the jet shape (ρ(r)) which measures the

radial distribution of the transverse momentum of the tracks in a jet and is defined by,

ρ(r) =
1

δr

1

Njet

∑
jets

∑
tracks∈[ra,rb] p

track
T

pjetT
(1.6)

Here, the jet cone is divided into several annuli with radial width of δr and each annular ring has

an inner radius of ra = r − δr/2 and outer radius of rb = r + δr/2.

The r =

√
(φtrack − φjet)2 + (ηtrack − ηjet)2 ≤ R is the radial distance of the track from the jet

axis. The transverse momenta of the tracks and the reconstructed jet are denoted as ptrackT and

pjetT respectively. In the numerator, the transverse momenta of the charged particles inside one

annular ring is summed to estimate the fraction of the reconstructed jet momentum pjetT carried

by the particles inside each annulus. The final result is obtained after averaging over the total

number jets (Njet) under consideration.

Fig 1.25 shows that the difference in ρ(r) between p+p and Pb+Pb is largest for 0-10% centrality

in Pb+Pb collision at larger radii. Whereas, the radial distribution of the pT of the tracks in a

jet is almost similar for p+p and 50-100% Pb+Pb collision. The large deviation from unity in

the ratio at large radii (r > 0.2) indicates that jets are broadened in the medium in most central

Pb+Pb collisions with respect to that in p+p collisions for a particular
√
sNN [85] and this is
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expected due to the redistribution of the lost energy of the jets in the medium at large distances

from the jet axis.

Figure 1.25: CMS measurement of ρ(r) as a function of jet radii in Pb+Pb and p+p collisions and
their ratios at different centralities [85].

LeSub

One of the new observables is LeSub [84] defined by,

LeSub = plead,trackT − psublead,trackT (1.7)

It describes the hardest splitting, so it should not be sensitive to the background. LeSub measured

in Pb+Pb collision at
√
sNN = 2.76 TeV for jets with charged particle constituents (charged jets)

for R=0.2 agrees with the PYTHIA simulation results of p+p collisions well indicating that the

presence of medium cannot affect the hardest splittings, though, ALICE data are for relatively low

momentum and relatively small jets, which selects more collimated fragmentation patterns.
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Figure 1.26: Figure from ALICE [84]. Lesub distribution in Pb+Pb collisions for R=0.2 charged
jets with momenta between 40 and 60 GeV/c compared to PYTHIA simulations

Dispersion

Quark jets have harder fragmentation functions than gluon jets. Therefore, jets with hard con-

stituents carrying a large fraction of the jet momentum are mostly generated from them. Dispersion

is defined as,

pDT =

√∑
i

p2T,i/
∑
i

pT,i (1.8)

where pT,i represents the transverse momentum of the i-th constituents of the jet. It tells how

hard or soft the fragmentation is [83]. This quantity was initially introduced to separate between

quark and gluon jets as quark jets yields a larger mean pDT [86]. Fig 1.26 shows the pDT distribution

of charged jets in Pb+Pb collisions at
√
sNN = 2.76 TeV for R=0.2 having 40 < pT < 60 GeV

are compared to that of PYTHIA. It was seen that the mean pDT was larger compared to the

PYTHIA (p+p) but the data are close to PYTHIA quark which indicates a quark jets bias or
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Figure 1.27: Figure from ALICE [83]. pDT shape distribution of charged jets for R=0.2 in Pb+Pb

collisions along with PYTHIA comparison for 40< pjetT <60 GeV/c

harder fragmenting jets.

Angularity

Another jet shape variable that measures the radial energy profile of the jet is the angularity or

girth and it is defined by,

g =
∑
i

piT
pjetT
|∆Rijet| (1.9)

where piT denotes the transverse momentum of the i-th constituent of the jet with reconstructed

jet momentum pjetT and ∆Rijet is the distance between i-th constituent and the jet axis in (η, φ)

space. g will increase with the broadening of the jet in the medium and will decrease if the jet is

collimated. The gluon jets are broader than quark jets and therefore they have a higher average

g. In the ALICE Pb+Pb collisions as shown in Fig 1.27, it is observed that compared to the

PYTHIA results, g slightly shifts towards left i.e. smaller values [83], though the shift is unclear,
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but this indicates a higher collimation of the core in Pb+Pb collisions than in p+p collisions. The

comparison of data with PYTHIA shows that it is closest to PYTHIA predictions for quark jets.

This can be due to the quark bias towards quarks.

These shape studies are important to understand the intra-jet broadening or collimation as a

Figure 1.28: Figure from ALICE [83]. Angularity distribution for charged jets in Pb+Pb collisions
for R=0.2 with 40< pjetT <60 GeV/c along with PYTHIA,JEWEL and to q/g PYTHIA results.

result of jet quenching. Jet shape study can help to answer one more question : whether jets

fragment in the medium, or they just lose energy in the medium and then fragment after reaching

the surface like vacuum fragmentation. If the latter one is true, then jet quenching is a shift in

parton pT followed by vacuum fragmentation and it indicates the consistency of jets shapes in

Pb+Pb collisions with p+p collisions. But a shift in g indicates the fragmentation in the medium.

The thesis is organized as follows. In chapter 2, We have discussed the overview of LHC and

ALICE experiment, its sub-detectors and their working principles. In the present work, the Inner

Tracking System (ITS) and Time Projection Chamber (TPC) are used to detect charged particles.

In chapter 3, the in-medium modification to the two jet shape observables i.e., the differential jet
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shape (ρ(r)) and the angularity (g) in the most central Pb-Pb collisions at
√
sNN= 2.76 TeV using

two event generators JEWEL (recoil OFF) and EPOS-3 in the jet-pT range of 20-40 GeV/c have

been studied. The study of medium-induced modifications to the substructure of inclusive charged

jets indicates a redistribution of energy inside the jet cone and provides insight into the energy loss

mechanisms of jets in the medium. JEWEL with recoil OFF has been used mainly as a reference as

that can explain the global jet observables satisfactorily but lacks in jet-shape variables at higher

jet-radii. EPOS-3 takes into account a hydrodynamically evolving bulk matter, jets and hard-

soft interactions. A comparison between the results from these models shows that while JEWEL

(recoil OFF) does not explain the distribution of lost energy at higher radii with respect to the

jet-axis, EPOS-3 explains the effect quite well. The observation indicates that the unconventional

hard-soft interactions as implemented in EPOS-3 can be instrumental in the realistic modelling of

jet-medium interactions. JEWEL is a Monte Carlo simulation program designed for the study of

jet quenching in heavy ion collisions. It interfaces a perturbative final state parton shower with

the medium and accounts dynamically for the interaction between jet and medium. JEWEL can

be used in two operational modes: recoil ON and OFF. In the recoil OFF mode, the energy and

momentum transferred to the background partons are not taken into account in the final state

fragmentation. EPOS-3 is a parton based model with flux tube initial conditions. In EPOS, the

partonic energy loss scheme doesn’t involve the interaction of jets with hydrodynamic fields. The

secondary hard-soft interactions take place during the hadronization and the hadronic cascade

phase.

In chapter 4, the analysis details of the ALICE data in pp collisions at
√
sNN =5.02 TeV have

been presented. The aim of the analysis is to obtain the jet-shape parameters i.e. angularity,

dispersion and LeSub. In this chapter, data sets, events and track selection cuts, jet finding cuts,

jet reconstruction algorithm have been discussed. Additionally, efficiency correction on the raw
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data has been performed through the unfolding method. A closure test has also been performed

to validate the unfolding procedure. The sources of systematic uncertainties have been discussed.

Finally the fully corrected results are presented along with the model comparison for pp collision

at
√
sNN=5.02 TeV.
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Chapter 2

A Large Ion Collider Experiment

An overview of the accelarating components at LHC is presented in this chapter with brief discus-

sions on the ALICE detectors and sub-detectors that have been used in this analysis.

2.1 Large Hadron Collider

LHC is the largest particle accelerator in the world till date. The CERN accelerator complex is

a set of accelerators that accelerates the particles to increasingly higher energies [1, 2, 3]. The

function of the machines is to accelerate the beam to a certain energy, injects the beam into the

next one which further increases the beam energy to a higher value and sends the beam to the next

one and so on. LHC is the last element of this chain in which it has become possible to accelerate

the proton beams to collide from opposite directions & provides maximum up to the centre of

mass energy (
√
sNN ) of 13 TeV, Pb beams up to

√
sNN =5.02 TeV and recently the Xe beams

upto
√
sNN = 5.44 TeV till now. Fig 2.1 shows the schematic diagram of the accelerator complex.

The process of accelerating a beam, say, of protons is as follows. At first, electrons are stripped

from the hydrogen atoms to obtain protons. Then, these are fed into the PS Booster (PSB) at 50

MeV energy from the LINear ACcelerator where they are accelerated further and sent to the next
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2.1. LARGE HADRON COLLIDER

LINAC PSB PS SPS LHC

proton 50 MeV 1.4 GeV 25 GeV 450 GeV 7 TeV

Pb ions 4.2 MeV 72 MeV (LEIR) 5.9 GeV 177 GeV 2.76 TeV

Table 2.1: Different stages of acceleration of protons and leads

machine Proton Synchrotron (PS) at 1.4 GeV that subsequently accelerates them to 25 GeV. Then

they enters the next element of the chain which is the Super Proton Synchrotron (SPS) where they

reach the energy of 450 GeV and finally they are inserted to the LHC where they are accelerated

to few TeV energy. The stored beams move in both clock-wise and anticlock-wise directions and

circulate for hours in the beam pipes. Similarly, Pb ions are extracted from a pure vapourized

sample of Lead and accelerated to 4.2 MeV per nucleon by passing through LINAC3. Then they

are accelerated to 72 MeV per nucleon in Low Energy Ion Ring (LEIR). After that, they are

transferred to PS which accelerates them to 5.9 GeV per nucleon and sent to SPS where it is fully

stripped to Pb82+. There, it acquires energy of 177 GeV per nucleon and are fed to LHC where

they achieve the corresponding desired energies. The circumference of the Large Hadron Collider

is 26.7 km. In LHC, the stored beams, travelling in opposite directions, collide at four interaction

points where the two rings intersect. There are four big experiments situated at those points-

ALICE, ATLAS, CMS and LHCb. Apart from that, there are three more smaller experiments-

TOTEM next to CMS, LHCf next to ATLAS and MoEDAL next to LHCb [1].

Charged ions radiate when they are accelerated in a curved path or orbit. This is called Syn-

chrotron radiation. The energy loss per turn by synchrotron radiation is inversely proportional to

the fourth power of mass of the particle. So, the energy loss for protons is much lower than the

electrons per turn since protons are about 2000 times heavier than electrons. Therefore, it is more

effective to accelerate massive particles to obtain high energy collision than lighter ones. The LHC

tunnel is built underground at a mean depth of 100 m because of several factors. First of all, it is

less expensive to build a tunnel underground than to build at the surface by acquiring the land.
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CHAPTER 2. A LARGE ION COLLIDER EXPERIMENT

Figure 2.1: THE CERN accelerator complex consisting of accelerators LINAC, PS, PSB, LEIR,
SPS and LHC and the experiments ALICE, CMS, ATLAS, LHCb

Also, the impact on the landscape is reduced and the earth crust serves as a good shield against

radiation.

The primary goal of LHC is to produce and study the details of Higgs boson which is responsible

for the mass of the elementary particles, understanding of the supersymmetry, dark matter and

dark energy through the proton-proton collision and to study the properties of the matter existed

in micro-second old universe called Quark-Gluon-Plasma through the heavy-ion collisions.

As per the present theories, after the creation of the Universe from the Big Bang, a phase existed

where the matter was extremely hot and dense and composed of elementary building blocks of
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2.1. LARGE HADRON COLLIDER

matter-quark and gluons-called ”Quark-Gluon-Plasma”. As the Universe cooled, the quarks are

combined to form hadrons which is known as the hadronization of quarks. The LHC can produce

the deconfined state of quarks and gluons by colliding heavy ions at extremely high energy. Finally,

the particles produced in the collisions, hadrons, leptons and photons, reach the detectors and can

be detected to study the properties of QGP.

The LHC is not a perfect circle. It consists of dipole bending magnets which bend the beam

particles to keep them in their nearly circular orbits, quadrupole magnets which focus the beam

to a very narrow region and accelerating RF cavities that accelerate particles and keep them at

a constant energy. LHC uses (10−13 atm) ultrahigh vacuum to avoid collisions of beams with gas

molecules. The particles circulate in the ring in the form of bunches. Each bunch of protons or Pb

ions, as it circulates around the LHC, gets squeezed to about 16 µm near the interaction points to

increase the collision probability and then expanded to 1 mm far from the interaction zone.

2.1.1 Beam parameters

The event rate (R) is related to the interaction cross-section (σ) of a process by, R = L × σ,

where L is the luminosity. The reaction rate of a process depends on the instantaneous luminosity,

luminosity depends on the number of particles in each bunch, the frequency of complete turns

around the ring, the number of bunches and the beam cross-section. As discussed earlier, to

increase the collision rate, bunch size is squeezed to about 20 µm near the collision point [4].

Luminosity in a machine can be increased by increasing the number of bunches. Each beam

contains nearly 3000 bunches of particles with a bunch spacing of 25 nsec and each bunch contains

almost 100 billion particles. When the bunches cross each other, there are about 40 collisions.

Bunches cross about 30 million times/second resulting in almost 1 billion collisions/second in LHC

[1]. The designed luminosity for pp collisions is of the order of 1034cm−2s−1 but ALICE operates
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CHAPTER 2. A LARGE ION COLLIDER EXPERIMENT

around 1030cm−2s−1. In 2010 and 2011, the highest luminosity achieved in ALICE with Pb ions

are of the order 1025 and 1026 cm−2s−1 respectively.

2.2 ALICE detectors

Figure 2.2: ALICE detector layout showing all the sub-detectors

The primary goal of ALICE is to form and probe the properties of a state of deconfined quarks

and gluons called Quark-Gluon Plasma by colliding heavy ions at high temperatures and energy

densities that is predicted to have existed a micro-second after the Big Bang, before the atoms

and molecules were formed. In such collisions, several thousands of particles are produced. For

this, high-granularity detectors, like the Time Projection Chamber and the Silicon Drift Detectors

are used. One of the primary requirements for such a heavy-ion collision experiment is to have

a tracking system with a large acceptance and efficiency that can track the particles produced in

the collisions. Also, detectors are needed to identify particles in a wide momentum range. An

efficient online trigger system is also essential. Tracking is done in ALICE using three-dimensional
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hit information in the detectors in a magnetic field. A low magnetic field is preferred to allow

the reconstruction of low-pT particles. ALICE uses magnetic field of 0.5 T to guarantee a good

momentum resolution at high momenta as well as reconstruction of low momenta particles. ALICE

collects data with the collisions of proton-proton, proton-lead, lead-lead, Xe-Xe at
√
sNN upto a

few TeV. The weight of ALICE is about 10000 tonne and size is about 26 m × 16 m × 16 m.

ALICE can measure particles in a wide range of momentum from 100 MeV/c to 10 GeV/c.

Fig 2.2 shows the layout of the ALICE experiment. It has a central barrel system and several

forward detectors. The central system is placed in a magnetic field of about 0.5 T. It consists

of the Inner Tracking System (ITS) for tracking and vertex determination, the main tracking de-

tector Time Projection Chamber (TPC), the Transition Radiation Detector (TRD) to identify

electrons and the Time Of Flight detector (TOF) to identify and track the particles are having

full azimuthal coverage at mid rapidity |η| ≤ 0.9 and the High-Momentum Particle Identification

Detector (HMPID) to identify particles in high pT range, the Photon Spectrometer (PHOS) which

is an electromagnetic calorimeter to detect direct photons and the Electromagnetic Calorimeter

(EMCal) to detect photons and electrons. These detectors have smaller acceptance in both pseu-

dorapidity and azimuthal angle. The forward detector system covering forward pseudorapidity

consists of the Muon Spectrometer, the Forward Multiplicity Detector (FMD), Photon Multi-

plicity Detector (PMD) and the Zero Degree Calorimeter (ZDC). There are two trigger detectors

located on each side of the interaction point: the scintillator detector V0 and the cherenkov counter

T0. The ALICE experiment also includes a dedicated detector ACORDE to study the high-energy

cosmic ray showers and the nature of primary cosmic rays.

The ALICE detectors have been described in detail in the subsequent sections.
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2.3 The Central Barrel Detectors

The central part of ALICE contains Inner Tracking System (ITS), Time Projection Chamber

(TPC), Transition Radiation Detector (TRD), Time Of Flight (TOF), PHOton Spectrometer

(PHOS), Electromagnetic Calorimeter (EMCal) and High Momentum Particle Identification Detec-

tor (HMPID). ITS, TPC, TRD and TOF have full azimuthal coverage at mid rapidity (|η| < 0.9),

the rest of the detectors are of limited coverage. In this analysis, substructure of only charged

jets are studied. Jets are reconstructed with jet algorithm and the charged constituents of jets

are selected using TPC. For full jet reconstruction, apart from TPC, the EMCal and PHOS are

needed to detect the neutral components of jets.

2.3.1 Inner Tracking System

ITS is the tracking detector closest to the collision point having six cylindrical layers placed coax-

ially around the beam pipe as shown in Fig 2.3. To handle a very high track density, up to

90/cm2, high granularity Silicon-pixels are used in the inner most layers of ITS to provide very

good position and momentum resolutions.

ITS is designed to be capable of handling a maximum of 8000 tracks per unit rapidity. The

spatial resolution of ITS is of the order of a few tens of µm.[5] The primary functions of ITS are to

reconstruct primary vertex using the first two layers of ITS, to find the secondary vertex for hyper-

ons, B, D mesons, to identify particles of low momentum via energy loss measurement (< 1 GeV)

in non-relativistic region using the next four layers, to perform tracking in the standalone mode

of low pT particles and with TPC, to improve the momentum resolution of TPC tracks, providing

good position as well as energy momentum resolution. ITS has six cylindrical layers of silicon

detectors - two Silicon Pixel Detector (SPD), two Silicon Drift Detectors (SDD) and two Silicon

Strip Detectors (SSD). Except the two innermost SPD, all the layers have analogous readout to
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Figure 2.3: ITS detector of ALICE with its six layers

SPD SDD SSD

Inner radius(cm) 3.9 14.9 38.5

Outer radius(cm) 7.6 23.8 43.6

η-coverage |η| < 1.75 |η| < 0.9 |η| <1.0

Resolution(µm) 12 (r-φ) & 100 (z) 38 (r-φ) & 28 (z) 20 (r-φ) & 830 (z)

Table 2.2: Details of the ITS layers

identify particles via energy loss measurement. The low momentum particles can be detected by

ITS only. SPD covers the pseudo-rapidity range |η| < 1.75, SDD and SSD cover |η| < 1.0 and

|η| < 0.9 respectively.

Silicon Pixel Detector: The coverage of these two layers is |η| < 1.75 and it is placed at radius

R=3.9 to 7.6 cm respectively. It is a highly granular layer with spatial resolution of maximum 12

µm in r-φ and 100 µm in the z-direction. SPD helps to measure the primary vertex precisely and

reconstruct the secondary vertex.

Silicon Drift Detector: The two middle layers of ITS are SDD with coverage |η| < 0.9 and radius

R=14.9 to 23.8 cm from the beam pipe. This is used for particle identification using specific energy

loss (dE/dx) and tracking of the tracks passing through it. It uses drift time of electrons to find

the position of track hits and the z-position of the hits are determined from the centroid of the

charge accumulated in the anodes. It has position resolution of 38 µm in r-φ and 28 µm in z.
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Silicon Strip Detector: These are the last two layers of ITS used for particle identification and

tracking. It covers |η| <1.0 and is located at radius R=38.5 and 43.6 cm respectively. It has

spatial resolution of 20 µm in r-φ and 830 µm in Z. This layer is important for TPC-ITS track

matching.

Performance of ITS:

Primary vertex reconstruction: The high track density in SPD is advantageous to determine the

z-coordinate of the vertex with a precision of about 10 µm by combining the hits in the two pixel

layers. For pp collisions it is around 90 µm. The interaction vertex is a space point where maxi-

mum number of tracklets converge. Each cluster on layer 1 is connected to all clusters on layer 2

of SPD within a window δφ < 0.5 rad by a line in z,r, thereby forming tracklets. At r = 0, DCA

between the tracklet and nominal beam position is calculated for all such tracklets. The position

of the maximum in the z-distribution of DCA is considered as the preliminary vertex. x,y position

of vertex is determined from the centre of beam spot averaged over many events and resolution is

given by the size of the beam spot. For N tracklets, vertex resolution ∝ 1/
√
N , N ∝ dNch/dη.

Tracking: The tracking is performed using Kalman filter inward-outward-inward algorithm. Track

seeds, built using the TPC clusters and the preliminary vertex at the outer radius of TPC, are

propagated inward and at each step, nearest found clusters are associated to them. Only the

tracks having > 20 clusters in the outer volume, are propagated to the inner TPC region. The

reconstructed TPC tracks are extrapolated to the ITS outermost layer and become its seed which

is propagated inward and updated at each ITS layer similar to TPC. The reconstruction efficiency

in TPC for low pT particles is very poor. For this, Standalone ITS reconstruction is done with the

clusters leftover by TPC+ITS. Tracks reconstructed in ITS are extrapolated to their point of clos-

est approach (PCA) to preliminary determined vertex. Then they are propagated outward using
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the clusters found at previous stage. Tracks reaching TOF are matched with the TOF clusters.

Similarly track matching is performed with TRD, EMCal, PHOS, HMPID and re-fitted. Also, the

expected time of flight for different particles are updated to identify particles using TOF. Again

the tracks are propagated inwards and re-fitted, thus, the position, direction, curvature etc. of the

tracks are determined. The reconstructed tracks in TPC and ITS are used to find vertex more

precisely than the SPD tracklets alone. The tracks reconstructed in TPC and ITS are extrapolated

to the PCA to the nominal beam line and far outliers are removed. Thus the precise vertex is

determined.

Secondary vertex reconstruction: The secondary vertex reconstruction is shown in Fig 2.4. The

Figure 2.4: Secondary vertex reconstruction using ITS

tracks with DCA (distance of closest approach of the track) to the interaction vertex > a specific

value are selected. For each unlike-sign pair of such tracks, PCA between the two tracks is calcu-

lated. PCA is the point where the two tracks are closest to each other. Then the following cuts are
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checked: Distance between two tracks at PCA < 1.5 cm, PCA should be closer to the interaction

vertex than the innermost hit of either of the two tracks, cosθ between the total momentum vector

of the track pair and the line connecting the primary and secondary vertices must be> 0.9

Particle identification: ITS allows hadron separation below 100 MeV/c. dE/dx is measured from

the analog readout of the electronic signals produced in SDD and SSD resulting in good π-K sep-

aration upto 0.5 GeV/c and good π-p and p-K separation upto 1 GeV/c.

ALICE is also going through an upgrade of ITS, the main goal of the detector upgrade is to handle

the collision rate of 50 kHz in Pb–Pb collisions. The current ITS detector has some limitations [6],

though the precision of ITS to determine the DCA is sufficient for the study of production of charm

mesons above pT > 1 GeV/c, it is insufficient at lower pT . Also, the proper decay length of the

charm baryon is about 60 µm which is lower than the impact parameter resolution of the present

ITS. Therefore currently, charm baryons cannot be measured by ALICE in central PbPb collisions.

Also, it has a limited read-out rate capabilities of maximum rate of 1 kHz which is not sufficient

to fulfil the required rate capabilities. The main aim of the ITS upgrade includes heavy flavour

measurements like, RAA and v2 measurement of B,D mesons, Λ baryons, D meson production

within jets and its fragmentation functions etc. Apart from that, the reduced material thickness

and the efficient tracking and read-out capabilities of the upgraded ITS is expected to help in the

detailed measurement of low-mass dielectrons. In short, the goal of ITS upgrade includes highly

improved tracking in standalone mode and with TPC over a wide range of momentum specially in

low momentum and precise secondary vertex reconstruction from the decay of charm and beauty

hadrons. The upgraded detector is designed to consist of seven concentric cylindrical layers having

radial extension from 22 mm to 430 mm with respect to the beamline. The data handling capacity

of the upgraded detector is expected to be at a rate of 100 kHz and 400 kHz for Pb+Pb and pp

collisions respectively [6].
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2.3.2 Time Projection Chamber

TPC is the main tracking detector in ALICE that surrounds ITS [7] as shown in Fig 2.5. It is used

to identify charged particles by measuring their momentum & dE/dx and to determine the vertex

of the colision along with ITS, TOF and TRD thereby providing a good momentum resolution,

two track separation and dE/dx resolution for pT < 10GeV/c. The acceptance of TPC is |η| <0.9

which is important for event-by-event fluctuation study of the hadronic observables. The inner

and outer radii of TPC are about 80 cm and 250 cm respectively and the overall length in the

beam direction is 500 cm. TPC provides a large volume of 88 m3 filled with gas 90% Ne,10% CO2

and N2. The TPC field cage provides a highly uniform electric field in the cylindrical volume so

that the primary charged particles can be transported to the read-out end plates by going a long

distance of ≈ 2.5 m. Due to the symmetry in particle production in a collider experiment, two such

back-to-back field configurations are chosen in the same volume, having a common high-voltage

electrode at the axial centre of the cylinder. The potential, developed between a central electrode

and the two end plates is required to drift the particles. Due to the gas mixture in the TPC and

the required high rate capability, a uniform drift field of about 400 V/cm is developed which causes

the high voltage at central electrode as high as 100 kV causing a maximum drift time of about 90

µs. The readout chambers on the two end plates are multiwire proportional counters with cathode

pad readout. There are 570132 pads in the the multiwire proportional chambers located at the

TPC end plates. In TPC upgrade, MWPC are being replaced by the GEM chambers and they

can handle Pb-Pb interaction rate up to 50 kHz. The data collection rate of the upgraded TPC is

expected to increase by a factor of about 100 in the high-luminosity environment. Choice of the

gas mixture is optimized to ensure good momentum resolution, high rate handling capability,low

space charge effect and low scattering. Since the medium is gaseous, there is low multiple scatter-

ing due to large radiation length. Charged particles pass through the gas volume and ionise the
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Figure 2.5: Schematic layout of the ALICE Time Projection chamber (TPC)

gas and the liberated electrons drift towards the end plates with drift velocity ≈ 2.7 cm/s and hit

the readout pads. Under the influence of magnetic field, depending on the charge and momentum,

the particles bend in helical path. Since, there are 159 pad rows, a track of a particle can have

maximum 159 clusters in the TPC volume. From the radius of curvature of the track and magnetic

field, the momentum of the particle can be determined. The (x,y) coordinates are determined by

the hits in MWPC pads at the end plates and z coordinate is determined by calculating the arrival

time of the signal with respect to collision time of the beams. The detector’s position resolution is

about 800-1100 µm and 1100-1250 µm in the r-φ plane and z-direction. From the measurement of

the particle momentum and the specific energy loss < dE/dx > which is measured by the charge

collected from readout pads, the particle can be identified from Bethe-Bloch formula as shown

in Fig 2.6. The separation of the charge particles upto pT= 1 GeV/c using dE/dx measuremt is

possible in the TPC. The momentum resolution varies from 2% to 20% for tracks of pT from 100

MeV/c to 100 GeV/c for TPC alone and with other detectors, TPC provides better momentum

resolution up to 10% for tracks up to 100 GeV/c. For good dE/dx resolution, particle identification
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Figure 2.6: Particle Identification using energy loss. Black line represents the Bethe-bloch curve
for different particles. If the dE/dx of a track with a certain p is close to the dE/dx of a particular
species obtained from Bethe curve at the same p, that track is identified as that species.

is possible down to pT = 0.3 GeV/c.

2.3.3 Time Of Flight (TOF)

TOF is used for particle Identification up to a higher pT range than with TPC alone by measuring

the particle velocity from their time of flight measurement, in the intermediate pT range [8, 9].

To measure the time of flight, it needs a start time t0 and a stop time t. Therefore, the velocity

of the particle is given by, v= l / (t-t0) or β = l / c(t-t0), l is the known track length. Knowing

the momentum p of the particle from TPC, one can determine its mass and thus one can identify

the particle by :m = p
√

t2

l2
− 1 = p

√
1
β2 − 1, t is the time of flight. The start time is provided by

the T0 detector or it can be estimated using the particle arrival times at the TOF detector. The

particle identification process is shown in Fig 2.7. TOF provides PID upto 2.5 GeV/c for π/K &

upto 4 GeV/c for protons which is not achievable by the TPC alone. TOF in ALICE is a large

area Multi-gap Resistive Plate Chamber (MRPC) located just around TRD. Gas detector is the

only choice to cover a large area of about 141 m2.The mass resolution has three contributions:

δm/m = δp/p, δm/m = (E/m)2δl/l, and δm/m = (E/m)2δt/t. For high momentum, only the
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errors in time of flight and track length dominate. Therefore, the time resolution must be good.

The MRPC used here has a time resolution ≈ 80 ps, better than Scintillator (≈100 ps). The dis-

Figure 2.7: ALICE Time-Of-Flight technique: particle momentum vs velocity of the particles
obtained from TOF

tribution is cleaner in p-p than Pb-Pb. The background is due to the tracks incorrectly matched to

TOF. This background does not affect the TOF resolution. The number of standard deviation in

time of flight difference nσ = t2−t1
δt is used to identify particles, where δt is the intrinsic time resolu-

tion. TOF has the inner and outer radii of 370 cm and 399 cm from the beam axis respectively and

it covers a full azimuth at mid rapidity |η| <0.9. The overall time resolution of TOF is given by,

σTOF =
√
σ2intrinsic + σ2t0, where the last term is the resolution in initial time from the T0 detector.

2.3.4 Electromagnetic Calorimeter

The primary goal of using the EMCal in ALICE is to study the jet quenching effect and full jet

reconstruction. It extends the pT range for jets, direct photons and electrons from heavy-flavor

decays. Calorimeters measure energy of particles by measuring the energy deposited by them in

the material. EMCal detects electrons and photons that interact via electromagnetic interaction.

The strongly interacting particles can be detected using Hadronic Calorimeter as they begin to

lose energy in EMCal but are stopped in HCal (Hadronic Calorimeter). The main property of a
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calorimeter is that it can detect neutral particles like neutrons and photons also by the energy

deposition which cannot be detected in a tracking detectors like TPC. The particle identification

using EMCal is illustrated in Fig 2.8. It detects the electromagnetic components of jets, electrons

Figure 2.8: Particle identification using ALICE EMCal where the EM particles produce showers
& get stopped and hadrons mostly pass through the region.

from heavy flavour decay and photons. EMCal is a sampling calorimeter consisting of active layers

of scintillator material and absorbing layers of high density materials (lead). The absorbing layers

stopped the particles whereas, the active layers produce the signals. EMCal covers |η| < 0.7 and

80o < φ < 187o and it has depth of 20X0 [10]. The distance of this detector from the interaction

point is 428 cm. One of the goals of EMCal is to measure neutral energy of jets. With the help

of this, full jet spectra can be measured in different systems, as the charged components are de-

tected by TPC. It can perform γ/π0 discrimination up to 30 GeV/c, electron/hadron separation

for momenta larger than 10 GeV/c.
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2.3.5 Photon Spectrometer (PHOS)

PHOS is a high resolution, high granularity homogeneous electromagnetic calorimeter based on

scintillating PbWO4 crystal to detect photons, covering the range from thermal raditaion to hard

processes in a wide range up to 100 GeV/c and reconstruct neutral mesons decaying to photons

as shown in Fig 2.9. It can detect the photons directly coming from the interaction point and its

main goal is to separate the direct photons from the decaying photons. The acceptance of this

detector is |η| < 0.12 and 250< φ <320o. The distance from IP is 460 cm [11] and it is made of

dense scintillating crystals (PbW04) to bear the large particle density. A set of multiwire chambers

in front of the PHOS helps to separate the charged particles from photons.

Figure 2.9: Schematic layout of Photon Spectrometer with coverage |η| < 0.12 and 250< φ <320o

2.3.6 Transition Radiation Detector (TRD)

Transition radiation is a radiation emitted by a relativistic charged particle traversing through an

inhomogeneous medium like a boundary between two different materials with different electrical

properties and it is in proportion to its energy [1]. By this way, it can distinguish the particles from

each other. TRD is the main detector for electron detection of momentum above 1 GeV/c which is

not accessible by the TPC through the ionization energy loss measurement for the discrimination

of electrons from hadrons. The low pT (<1 GeV/c) electrons can be identified by measuring the
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specific energy loss dE/dx in the TPC. This is necessary for measuring the production of J/ψ

and Y in their dielectron channel. Also, with the help of the TRD along with the ITS, mesons

with open charm and open beauty via their semi-leptonic decays can be studied. It provides good

electron-pion separation for momenta 1 ≤ p ≤ 100 GeV/c. ALICE TRD is part of the ALICE

central barrel having full φ coverage and -0.84 ≤ η ≤ 0.84. It is placed at a radial distance from

290 cm to 368 cm from the beam axis. The TRD consists of a radiator and a drift chamber filled

with a mixture of Xe/CO2(85/15) [10].

2.3.7 High Momentum Particle IDentification (HMPID)

HMPID is basically a Ring Imaging Cherenkov counter with a liquid C6F14 radiator and a CsI

photo-cathode as shown in Fig 2.10. Under certain conditions, particles passing through a medium

above a certain velocity excite the medium and it emits ’Cherenkov light’, named after the discov-

erer of this phenomenon. The photons are emitted at an angle that depends on the velocity of the

particle [1, 10]. From the meaasurement of the velocity by detecting the light and the momentum

information of the particle from TPC, the mass and therefore the type of the particle can be deter-

mined. The main challenge is that the number of emitted photons is very less. A photon incident

on the CsI surface will produce an electron with high probability of getting detected. It makes it

possible to measure particles beyond the momentum range allowed by ITS, TPC and TOF. With

HMPID, it is possible to separate π/K up to 3 GeV/c and π/p up to 5 GeV/c.

The particle identification ranges of different detectors are shown in Fig 2.11.

2.3.8 ALICE COsmic Ray DEtector (ACORDE)

The ACORDE is scintillator counters placed on the upper surface of the L3 magnet [1] with

the acceptance of |η| ≤1.3 and |φ| < 600. Single atmospheric muons and muti-muon events are
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Figure 2.10: Layout & working principle of HMPID in ALICE

Figure 2.11: Particle identification in ALICE

identified using ACORDE together with the TPC, TRD and TOF. When atmospheric muons

hit the detectors, the ACORDE supplies a fast L0 trigger. For the calibration, alignment and

performance of ALICE tracking detectors, the signal is required.

2.4 The Forward detectors

Photon Multiplicity Detector (PMD), Forward Multiplicity Detector (FMD), Cherenkov detec-

tor T0, Scintillator detector V0 and Zero Degree Calorimeter (ZDC) are the forward detectors
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in ALICE [11]. Their main purpose is to provide Level-0 trigger and multiplicity information in

forward/backward region. FMD, T0 and V0 are located on both sides of Interaction Point.

2.4.1 T0 detector

The two T0 detectors -T0A and T0C, consisting of Cherenkov radiators are placed on the opposite

sides of the Interaction Point (IP). T0C is placed at 70 cm from IP and T0A is placed at 360 cm

from IP. The main goal of T0 is to supply fast timing signals for the L0 trigger, to give a wake-up

call for TRD and to provide start time or collision time for TOF for particle identification. T0

has |η| acceptance of 3.3 to 2.9 & 4.5 to 5 and it has a timing resolution better than 50 ps. The

first trigger function is very important to discriminate beam–gas interactions. With this time

resolution, ±1.5 cm accuracy in vertex determination is obtained. If the vertex position lies within

the pre–defined values, an L0 trigger signal known as T0–vertex will be generated. The T0 signal

must correspond to the real time of the collision and it has to be independent of the vertex position.

Cherenkov detectors with quartz radiators are chosen because fast scintillators may not survive

for long under heavy dose of radiation and quartz is radiation hard. Also, it has very fast light

emission compared to other fast scintillators. T0 detector layout is shown in Fig 2.12.

2.4.2 Forward Multiplicity Detector (FMD)

The primary function of the FMD is to measure the multiplicity of charged particles in the pseu-

dorapidity acceptance −3.4 < η < −1.7 & 1.7< η <5.0. This detector helps to extend the coverage

of η of multiplicity measurements, to study event-by-event multiplicity fluctuations and to perform

flow analyses.
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2.4.3 V0 detector

It is the basic detector to estimate the centrality of a collision. Since the deposited energy in the

V0 detectors is directly proportional to the number of primary particles generated in the collision,

so the centrality of a collision can be obtained from this. Two scintillating V0 detectors - V0A

and V0C are placed at a distance of 340 cm and 90 mm from IP respectively on both sides of

IP having pseudo-rapidity coverages V0A (2.8 > η > 5.1) and V0C (−3.7 < η < − 1.7). V0

mainly provides online L0 centrality trigger. It provides minimum bias trigger for central barrel

detectors in pp and ion-ion collisions. Minimum bias trigger requires the condition of at least one

particle hit on V0A or V0C or on both V0A & V0C. The trigger efficiency would be more with

only V0A or V0C but due to background of interaction of beam with the residual gas of beam

pipe, it is not advantageous. V0 can separate the background particles from those coming from

real collisions by using the time of flight of particles detected by each V0. There is a difference of

about 6 ns between real events and events associated to beam gas interactions. The mean number

of hits are 10-20 for rings of V0C and somewhat smaller for V0A. The number of charged particles

emitted inside the acceptance angles of the V0A and V0C rings are about 1000-1600 and 1400-1800

respectively. To identify a beam-beam collision, the event should occur on both V0A and V0C

at the expected time i.e. 11 ns after the collision on V0A and 3 ns after the collision on V0C.

The separation of real events from beam gas interactions using V0 detector is shown in Fig 2.13.

The V0 provides centrality measurement based on the energy deposited in the scintillators. The

centrality estimation using V0 detectors is shown in Fig 2.14. The relation between the number

of primary charged particles emitted into the corresponding pseudorapidity range and the total

charge collected inside a V0 ring was extracted. In 2009 and 2010 pp data taking periods, the

minimum bias trigger requires a hit in either of the V0s or in the SPD. In 2011 and 2012, the trigger

condition was changed to a requirement of hits in both V0s and any other detector triggering as
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Figure 2.12: Distinguishing real events from beam gas interaction using V0 detector

the luminosity and beam background increased in LHC for pp collision. In Pb–Pb collisions, at

least two out of the three conditions are to be satisfied and those are: (a) a signal in V0A, (b) a

signal in V0C (c) two hits in the SPD outer layer. Later in 2010, the MB trigger was restricted

to the coincidence between SPD and both V0s with the increase in luminosity during Pb–Pb data

taking.
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Figure 2.13: Centrality estimation using V0

2.4.4 Photon Multiplicity Detector (PMD)

PMD is a forward detector designed to measure the event-by-event multiplicity and the spatial

distribution of photons in the forward region. The working principle is shown in Fig 2.15. It

is a highly granular preshower detector with full φ acceptance and 1.8 ≤ η ≤ 2.6 placed at a

distance of 5.8 m from the IP on the opposite side of the dimuon spectrometer [12, 13]. Photons

pass through a converter and initiate electromagnetic shower producing signals on several cells of

the detector. Hadrons do not produce shower and usually hit only one cell and generate a MIP
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signal (minimum-ionizing particle). The converter’s thickness is chosen in such a way that the

photon conversion probability is high. Also the transverse spread of shower is kept small so that

the overlap of shower does not occur in high multiplicity events. The veto detector in front of the

converter is used to reject charged particles. PMD is able to study event shapes and fluctuations

Figure 2.14: Working principle of PMD in ALICE

in the forward region. Using the preshower signal the PMD will provide estimates of transverse

electromagnetic energy.

2.4.5 Zero Degree Calorimeter (ZDC)

ZDC measures the energy of the spectator nucleons and therefore, the centrality of the collision

can be estimated using this detector. When two nuclei collide, they can overlap fully or par-

tially. In peripheral collisions, a small portion of the nuclei overlap, therefore only a few nucleons

participate in that collision and most of the nucleons fly apart along the beam direction without
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participating. These are called spectator nucleons [14]. ZDC is the farthest detector from IP which

collects these spectator nucleons. These spectators deposit their energy in ZDC. For central col-

lision, the deposited energy is very small, whereas, for peripheral collisions, the energy deposited

is large. Therefore, the centrality of a collision can be estimated by ZDC. It has a dense absorber

where incident particles generate showers and quartz fibers where the showers produce Cherenkov

radiation. It consists of two proton calorimeter (ZP) and two neutron calorimeter (ZN) to detect

protons and neutrons respectively placed along beam line 115 meters away from the IP on both

sides. Hence, they are called Zero Degree Calorimeters (ZDC). But due to the incomplete frag-

mentation of the spectator nucleons, the correlation between the ZP and the ZN is not sufficient

for the determination of the centrality of collision. So, there is an electromagnetic calorimeter

(ZEM) in ZDC to measure the energy of forward photons coming from neutral pion decays.

2.4.6 Muon Spectrometer:

Heavy quarkonium states like J/ψ, ψ′,Υ,Υ′,Υ” help to study the hot and early stage of heavy

ion collision as they are sensitive to QGP formation [15, 16]. In presence of QGP at high energy,

quarkonium states are dissociated due to colour screening. Therefore, their production rate is

suppressed. The ALICE forward muon spectrometer basically detects these quarkonia through

their decay in µ+µ− channels. This detector covers pseudorapidity range 2.5 ≤ η ≤ 4 with full

azimuthal acceptance and the resonances can be detected down to a very low pT . The invariant

mass resolution is about 70 MeV in the J/ψ region and about 100 MeV for Υ. The layout of

the Muon spectrometer is shown in Fig 2.16. The inner beam shield protects the chambers from

background particles. The front absorber, made of carbon and concrete, filters all the particles

except muon coming from vertex. It limits the multiple scattering and energy loss of the muons.

The tracking system is made of 10 cathode pad chambers which are made of composite material
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Figure 2.15: Muon spectrometer

to minimize the scattering of the muons and the trigger system is to select heavy quark resonance

decays. It selects on the basis of the pT of the two individual muons. Most of the muons that are

emitted in the decays of the J/ψ or Υ family resonances have a pT larger than the background

muons from pion and kaon decays. Therefore, a cut on the pT of the muons is implemented by the

trigger to reject the background muons and to select the interesting events that contains at least

one pair of opposite-sign muons with a high pT . It consists of a large dipole magnet which helps

in tracking and momentum reconstruction of muons.

2.4.7 Triggers:

The data from all the underground ALICE detectors are transmitted to the Data Acquisition

farm near the surface over optical fibers using the Detector Data Links (DDLs). There are two

types of computers there. The Local Data Concentrators (LDCs) or the first layer of computers

receives and formats the data and send it to the Global Data Collectors (GDCs) or second group

of computers after data is accepted by the High Level Trigger (HLT). GDCs put all the things

together to create the so-called events which are stored on local disks (the Transient Data Storage

- TDS) in files encoded using the AliROOT format, adopted for the Offline data processing. The

data files are finally transferred to the CERN Computing Centre, and are ready to be published
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on the Grid.

There are four online systems in the ALICE experiment to control, read out, and monitor different

sub-detectors: trigger system, Detector Control System (DCS), High Level Trigger(HLT) and Data

AcQuisition (DAQ). The Experiment Control System(ECS) organizes the operations controlled by

these four systems.

The trigger system (hardware trigger) selects events of particular interest while rejecting the others.

A sub-detector is called trigger detector when it participates in the production of a trigger decision,

whereas, when it participates in the readout of data, it is called a readout detector. A sub-detector

can be both triggering and readout detector in the same run. For example, EMCal and PHOS

can act as both trigger and readout detectors. The trigger system receives triggers from many

triggering detectors, makes decisions and selections, and then sends the final trigger decisions to

readout detectors. ALICE provides three level trigger system - Level-0 (L0), Level-1 (L1) and

Level-2 (L2) triggers. In some readout detectors, trigger decision L0 has to be supplied in 1.2

µs just after the collision occurs which is very fast for some triggering detectors. A L1 trigger is

defined for those detectors which need longer time than L0 triggers. ACORDE, TOF, HMPID,

PHOS, V0, T0, muon spectrometer produces L0 trigger. TRD produces L1 trigger for electrons

of high momentum. EMCal provides L0 and L1 triggers.

2.4.8 ALICE Offline analysis:

After reconstruction, the events are called Event Summary Data (ESD) which contain all infor-

mation about an event and its tracks like trigger type, vertex, centrality, multiplicity and track by

track PID from various detectors. But, ESD files are of huge volume and not efficient to handle.

Therefore, the data files are compressed to the Analysis Object Data (AOD) which are derived

from ESD by filtering. Tracks which pass some sets of cuts are stored and rest are deleted from
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AOD. Thus AOD contains only the physics related data and is efficient to handle, though analysis

can be done using both AOD and ESD.
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Chapter 3

Study of medium modified jet shape

observables in Pb-Pb collisions at

√
sNN=2.76 TeV using EPOS and

JEWEL event generators

3.1 Introduction

In high energy heavy ion collisions at the RHIC and the LHC energies, as per available data, a

medium with partonic degrees of freedom is formed [1]. The transition from a confined hadronic

phase to a deconfined partonic phase has been concluded to be a cross-over [2]. A wide range of

observables measured in Au-Au/Pb-Pb collisions and their comparison with the reference systems

like pp collisions shed light on various properties of the medium. One of the early observables in

this field of study that probed the gluon-density of the medium had been the fragments of highly

energetic partons in terms of high pT leading particles and additionally reconstruction of full jets
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at the RHIC and LHC energies [3, 4, 5, 6, 7, 8]. Initially, global jet-observables in the form of

suppression of both the leading particles and jets, commonly known as jet-quenching have been

used to probe the gluon-density of the medium. [9, 10, 11].

Now, energy loss of partons by radiation or collision is expected to modify the fragmenta-

tion function of the incoming partons. It is expected that during the process of energy loss and

hadronization, the internal structure of jet also undergoes modification. Measurements of observ-

ables like transverse spread of energy and momentum of the jet fragments in central heavy ion

collisions and it’s comparison to pp collisions lead to a conclusion that the core of the jet gets

harder and the periphery gets extended to a larger radii with softer fragments due to jet-medium

interaction [12]. Observables like energy asymmetry (Aj) and variation of particle density inside

a jet cone with radial distance have been used to understand the energy distribution within jets

after quenching [13, 14].

As per the theoretical descriptions of jet quenching [9, 15, 16, 17, 18, 19], higher energetic

partons suffer energy loss due to their interactions with the thermal partons in the medium and

these scattered partons can have an effect on the final jet-shape parameters [20, 21, 22]. Analyzing

the jet-shape parameters therefore will help to understand the underlying interaction of jets with

the medium. Studies are ongoing using various models for estimating the effect of jet-quenching

on jet-shape observables. These models mostly describe the global jet observables like RAA quite

well [23, 24, 25]. One model that has been extensively used in such studies is JEWEL [26] that

describes the global jet properties quite satisfactorily at the LHC energy. The model as discussed

in the next section in detail, does not simulate the heavy ion collisions as a whole. Rather it uses

the perturbative QCD to describe the interaction of the hard scattered partons with an ensemble of

partons whose phase space distribution and flavor composition are provided by the Bjorken model

[27]. In JEWEL, interaction of the shower partons with the medium partons can be treated in two
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modes i.e., recoil OFF and recoil ON. In the recoil OFF version, the recoiled medium partons do

not take part in further processes towards hadronization. The recoil-ON version, on the other hand

propagates the effect of those recoiled partons to the final observables. Analysis of results from

the recoil-ON version however faces the challenges of background subtraction which is necessary

for comparison with the experimental results [24]. Even though extensive efforts have been made

to develop background subtraction methods, they have their own limitations. The recoil-OFF

version can however be compared with the experimental results directly. Experimentally, for very

high pT jets(> 100 GeV/c), the background reduces drastically mainly due to higher kinematic

cuts applied on the fragments for jet reconstruction [28]. But for jets with relatively lower pT ,

background effect is more prominent along with the other softer contributions from the medium.

This issue is similar for both data and the event-generators simulating the jet-medium interactions.

At a jet pT range of say 20-40 GeV/c, the absence of full event simulation in JEWEL coupled

to the uncertainties in various background subtraction methods together make the predictions of

jet-shape observables with recoil-ON version even more complicated. In this study, we have taken

JEWEL with recoil-OFF and studied the jet pT range of 20-40 GeV/c with R = 0.2 and 0.3 as a

reference, where R is the resolution parameter or the radius parameter of the jet.

In addition to the results from JEWEL taken as a reference, we have studied the same set of

jet-observables using another model named EPOS-3 [29, 30] that explains the bulk observables in

high energy heavy ion collisions quite satisfactorily [31, 32, 33, 34]. However the model has not

been tested well for hard probes. EPOS-3, a full event generator and described in the next section

in detail considers the collision zone consisting of two regions called core and corona. The core is

the region that undergoes 3+1 D event by event hydrodynamic evolution and explains observables

like flow, particle production at low pT quite well. The corona region, on the other hand consists

of jets and implements the high pT phenomena. The simplistic implementation of the partonic
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energy loss in EPOS-3 is different from the conventional jet-energy loss models. In addition, a

modified hadronization procedure through recombination of the string segments from the core and

corona regions has been found to be essential in explaining the RAA upto pT ≈ 20 GeV/c in heavy

ion collisions. Hence, the comparison of the jet shapes obtained using EPOS-3 and JEWEL will

shed some light on the different physics processes capable of explaining the jet-shape broadening

in heavy ion collisions. In EPOS-3, the probability of formation of jet-hadrons inside the fluid

freezeout surface is considerably high upto pT ≈ 20 GeV/c and these jet-hadrons also have a

large probability of re-scattering with the soft hadrons from freeze-out. These secondary hard-soft

interactions can modify the distribution of jet particles inside the jet cone. Hence, the comparison

of the jet shapes obtained using EPOS-3 and JEWEL will shed some light on the different physics

processes which can potentially explain the jet-shape broadening in heavy ion collisions.

In this work, we reconstruct jets from the two models with two R values of 0.2 and 0.3 with

a jet pT range of 20-40 GeV/c. This low-intermediate jet pT range, where medium induced

modifications to the jets are stronger, consists of jet constituents having pT < 20 GeV/c and

suitable for investigating the effect of secondary hard-soft interactions in EPOS-3 as described

above. We have studied a set of jet-shape observables as described in section 3.3. Higher R values

access higher transverse region and thereby explores the lost jet energy region in greater detail.

Main motivation of this work can be listed as (a) sensitivity of JEWEL on jet-shape at lower pT

region without considering the recoiled partons. The possible difference in the pattern compared

to the experimental data may help to better understand the effect of these medium partons on the

jet-shape observables, (b) Study the jet-shape observables in the same pT range using EPOS-3 that

includes a simplistic partonic energy loss mechanism and secondary hard-soft interactions during

hadronization and the hadronic cascade phase.

This chapter is organised as follows, in the next section we provide further details on two models

80



CHAPTER 3. MODEL STUDY

i.e. JEWEL and EPOS-3 in the context of jet quenching, in section 3.3, we discuss the observables

and the analysis method adopted here. Section 3.4 presents the results and the discussions.

3.2 Event generators: JEWEL and EPOS

EPOS-3 is a parton based model with flux tube initial conditions [35, 36, 37, 38]. Initially, the

partons undergo multiple scatterings and the final state partonic system consists of mainly longi-

tudinal color flux tubes (strings) carrying transverse momentum of the hard scattered partons in

the transverse direction [31, 39]. Depending on the partonic energy loss scheme as described in

[29] and local string density, these strings will eventually form the core (bulk) and the corona (jet).

The low momentum strings in the high density area undergo hydrodynamic evolution and form the

bulk. Whereas, the highly energetic strings in the low density area form the corona (jet) following

Schwinger mechanism [34]. In EPOS-3, the partonic energy loss scheme doesn’t involve the hydro-

dynamic fields and it depends on the initial geometric size of the fireball and density of the string

segments along with some other parameters. The secondary hard soft interactions take place at

the hadronization and also during the hadronic cascade phase [29]. For example, the intermediate

pT corona string segments have significant probability of forming inside the fluid freeze-out surface

and these segments may pick up partons from the thermal matter rather than creating them via

usual Schwinger mechanism [29, 34]. In addition, these string segments will also suffer hadronic

interactions with the soft hadrons from the fluid freeze-out and may affect the properties of the

jet. This approach has been found to be essential in describing several experimental features such

as the nuclear modification factor (RAA) [29, 32], baryon to meson enhancement at intermediate

pT [33], elliptic flow at higher pT [29] etc in heavy ion collisions. In this work, the jet-shape will

reflect the effect of the jet-fluid interactions in both partonic and hadronic phases as implemented

in EPOS-3 and will be compared with the JEWEL (recoil OFF) results.
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JEWEL is a Monte Carlo simulation program designed for the study of jet quenching in heavy

ion collisions. It interfaces a perturbative final state parton shower with the medium and accounts

dynamically for the interaction between jet and medium. Aforementioned, the background medium

consists of an ensemble of partons whose phase space distribution and flavor composition are

determined by an external medium model [27]. The current version of JEWEL uses a variant

of the Bjorken model [27] which describes the boost-invariant longitudinal expansion of an ideal

QGP. The shower initiated by the hard scattered parton interacts with the background partons

and loses energy through elastic and radiative processes.

JEWEL can be used in two operational modes: recoil ON and OFF [27]. In the recoil OFF

mode, the energy and momentum transferred to the background partons are not taken into account

in the final state fragmentation. Whereas, in the recoil ON case [27, 40], the recoiling partons

are inserted into the strings connecting the parton shower and this significantly improves the

description of the jet shape observables in JEWEL after proper background subtraction [27].

3.3 Observables and analysis method

Even though a large number of jet-shape observables are being used to study the jet-medium

interactions, in this work, we study two particular observables called differential jet-shape (ρ(r))

[13] and the angularity or girth g [41] . The differential jet shape (ρ(r)) [13] describes the radial

distribution of the jet transverse momentum density inside the jet cone. The definition has been

given in Eq. 1.6 with the description of the parameters. The Angularity or girth [41] that measures

the radial energy profile of the jet is defined in Eq. 1.9.

These shape observables provide quantitative description of the radial distribution of the jet

energy inside the jet cone and have been extensively measured by all the experimental collabo-

rations at the LHC [13, 42, 41, 43]. In heavy ion collisions, based on these observables, the jet
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core has been found to be more collimated and harder compared to the pp collisions at the same

reconstructed jet energy, accompanied by a broadening of the jet at it’s periphery [13, 14].

The analysis is performed on the charged jets reconstructed with the sequential anti− kT jet

finding algorithm using the Fastjet package [45]. Jets are reconstructed with two different values

of resolution parameters R = 0.2 and R = 0.3 for 20 < pT,chjet < 40 GeV/c. The minimum

transverse momentum of the tracks allowed for jet reconstruction is set to 0.15 GeV/c. Tracks

are selected within |η| < 0.9 and jets are selected with |ηjet| < 0.7 and |ηjet| < 0.6 for R = 0.2

and R = 0.3 respectively. The jets having at least one particle with transverse momentum above

pT > 5 GeV/c are considered to reduce the contribution of the combinatorial jets in the selected

jet sample [46][47].

In this work, we have used pp collisions in JEWEL to represent no medium effect and have

then compared with Pb-Pb results from both the models. It should be noted that even though we

have compared pp and Pb-Pb collisions at the same reconstructed jet pT range, it is likely that

the intial jet partons in Pb-Pb were of higher energy before loosing energy in the medium.

For making the observables on the same footing as on the experimental data, we have used

JEWEL recoil OFF data without background subtraction and in EPOS, only corona (jet) particles

are considered to construct the jet.

3.4 Results and Discussions

The top panels of Fig. 3.1 and Fig. 3.2 show the comparison of differential jet shape measurements

(ρ(r)) between 0-10% Pb-Pb collisions and minimum bias pp collisions at 2.76 TeV using the

JEWEL (recoil OFF) and EPOS-3 event generators in the jet pT range of 20-40 GeV/c for R = 0.2

and R = 0.3 respectively. Qualitatively, we find a set of similarities in results from both models

except at high radial distance with resolution parameter R = 0.3. We can clearly see that for both
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the models while going radially outward from the jet-axis, the relative difference in ρ(r) distribution

between 0-10% Pb-Pb and minimum bias pp collisions changes. This indicates a modification in

distribution of energy inside the jet cone.

To quantify the medium induced modifications, the jet shape nuclear modification factor

(ρ(r)PbPb/ρ(r)pp) for both the models are shown at the bottom panels of two figures. Deviation of

the ratio (ρ(r)PbPb/ρ(r)pp) from unity indicates a modification to the jet structure in presence of

the medium. In comparison to the jet-shape in pp, a narrowing of the jet core (at r < 0.02) with

higher momentum density has been observed in central Pb-Pb collisions in cases of both EPOS-3

and JEWEL and this is qualitatively similar to the pattern observed in experimental measurements

by different collaborations at the LHC [41, 13, 48]. One of such results has been shown in Figure

1.25.

As discussed earlier, due to in-medium energy loss, jets reconstructed with a fixed R in central

Pb-Pb collisions may originate from higher energy initial parton compared to that in pp. As the jet

core gets harder with increase in jet energy/momentum and is less affected in presence of a medium,

the jet core in central heavy ion collisions can be harder compared to the peripheral and minimum

bias pp collisions as shown in Fig.3.1 and Fig.3.2. Interestingly, the ratio (ρ(r)PbPb/ρ(r)pp) becomes

less than unity at intermediate radii indicating the in-medium energy loss in central PbPb collisions.

To understand the redistribution of the lost energy in the medium, we compare the results

for two values of the resolution parameter i.e. R = 0.2 and R = 0.3 respectively. Increasing the

resolution parameter from R = 0.2 to to R = 0.3 open up the possibility of including the energy

carried away by softer particles at larger angles from the jet axis. For both the models and the

resolution parameters, the ratios (ρ(r)PbPb/ρ(r)pp) remain below unity upto a radial distance of

0.2. However at higher radial distances, while it remains below unity for JEWEL (recoil OFF) but

goes above unity for EPOS-3 indicating a moderate broadening of jets at the periphery in EPOS-3.
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Figure 3.1: Upper panel: Differential jet shape ρ(r) measured as a function of distance from
the jet axis for inclusive charged jets in 20 < pT,chjet < 40 GeV/c with R = 0.2 and R = 0.3
in 0-10% central Pb-Pb collisions at

√
sNN = 2.76 TeV using the JEWEL (recoil OFF) event

generator and compared with the minimum bias pp results. Lower panel: The jet shape nuclear
modification factor, quantified as ρ(r)PbPb/ρ(r)pp
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Figure 3.3: Angularity (g) measured in 0-10% central Pb-Pb collisions for inclusive charged jets
in 20 < pT,chjet < 40 GeV/c with R = 0.2 using the EPOS-3 and JEWEL (recoil OFF) event
generators.

The broadening of jets at the periphery in EPOS-3 is qualitatively consistent with the experimental

observations which indicate that the energy lost due to jet-medium interaction is distributed at

larger distances from the jet axis and represents a clear signature of in-medium modification of

internal jet structure [13]. Aforementioned, in EPOS-3, the simple partonic energy loss mechanism

doesn’t involve the interaction of jets with hydrodynamically evolving medium. Rather, it depends

on the initial geometry of the fireball and local string density along with modified hadronization

where the intermediate-pT jet-string segments pick up hydrodynamically flowing string segments

and further interact with the bulk hadrons from the freeze-out. These hard-soft interactions in

EPOS-3 contribute to the redistribution of the jet energy inside the jet cone and qualitatively

describe the jet-shape broadening in heavy ion collisions.

It should however be noted that in case of JEWEL as well, there is a slight trend of increasing

the ratio towards unity at larger radii. Also, it has been observed [44, 49] that at higher jet-pT ,

the ratio goes above unity at higher radii for JEWEL with recoil ON suggesting that the recoiled

partons carry and redistribute the energy lost by jets to larger radii.
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Figure 3.4: Same as Fig.3.3 but for jets with R = 0.3 and in the transverse momentum range
20 < pT,chjet < 40 GeV/c.

To further investigate the radial energy profile of the jets, we also measure the angularity for

the two event generators and compared them in Fig. 3.3 and Fig. 3.4 for R = 0.2 and R = 0.3

respectively. For smaller resolution parameter (R = 0.2), the jet core plays an important role in the

measurement of jet shapes and Fig. 3.3 indicates that the jet core in EPOS-3 is more collimated

than JEWEL. This is qualitatively similar to what we observe in the differential jet shape (ρ(r))

measurements as shown in Fig. 3.1 and Fig. 3.2. For larger radius (R = 0.3), a fraction of energy

lost by the jets inside the medium is included inside the jet cone and that broadens the jet at the

periphery for both models as shown in Fig. 3.4. The jet in EPOS-3 is harder at core and broader

at periphery compared to JEWEL and is consistent with the differential jet shape measurements

shown earlier.

Our work shows that EPOS-3 which takes into account a simplistic partonic energy loss mech-

anism and recombination of core and corona string segments at intermediate pT can qualitatively

explain the in-medium modification to the jet shapes in heavy ion collisions. As discussed earlier,
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the JEWEL with “recoil ON” can reasonably explain the jet shapes in heavy ion collisions at higher

pT (where it is easier to make assumptions for background subtractions) thereby emphasizing the

role of fragments of the scattered partons [27]. One of the main differences between the two event

generators (EPOS-3 and JEWEL) lies in the way the event is simulated. JEWEL generates jets

and models a medium around it as a collection of scattering centers whose cross sections and distri-

butions in phase space can be chosen from an external medium model. The simplified modeling of

the medium in JEWEL (recoil ON and OFF) can’t explain the experimentally observed collective

behaviors at low pT as well as the nuclear modification factor (RAA) for hadrons upto pT = 20

GeV/C in heavy ion collisions [26]. In contrast, simulations based on EPOS 3 with a simple par-

tonic energy loss mechanism and secondary jet-fluid interactions due to recombination of jet string

segments with hydrodinamically flowing bulk string segments as well as hard-soft interactions in

the hadronic phase can describe the nuclear modification factor [29] and in-medium modification

to the jet-substructure in heavy-ion collisions in a consistent way. This observation indicates that

the unconventional hard-soft interaction processes as implemented in EPOS-3 can be instrumen-

tal in the realistic modeling of jet-medium interactions. Further data-model comparisons over a

broad range of jet-pT with identified constituents will be essential for a better understanding of

the medium and the underlying dynamics of the jet-medium interactions in heavy ion collisions.
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Chapter 4

Jets in pp collisions at
√
s = 5.02 TeV:

Analysis details and results from the

ALICE experiment

4.1 Analysis details

Measurement of jet shapes in pp collisions provides the baseline for the heavy-ion studies like the

modification of the jet structures and that of the production rates in heavy-ion collisions due to

the presence of the medium. For a comparison of experimental results with model calculations,

it is needed to separate the contributions from the parton fragments by the hard scattering from

that of the underlying event (UE) particles. The underlying event properties have been extensively

studied in ALICE in pp collisions at
√
s = 13 TeV in [1]. It is found that the UE contributions

increse by almost 30% from
√
s = 7 TeV to 13 TeV. This is specially important in case of high

multiplicity pp collisions at
√
s =7 TeV to 13 TeV but the UE contribution can be assumed to be

insignificant at lower collision energies [2]. So, for pp collisions at
√
s =5.02 TeV the contributions
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from the UE particles are considered to be insignificant and no effect has been made to subtract

them from the data. This is even more valid for min-bias pp collisions as have been studied in

this analysis. However for higher jet radius, like R>0.7, UE contribution may be significant as

more particles are included in the jet cone but for smaller radii (like R=0.2,0.4), the effects are

considered to be insignificant. In the analysis presented in this thesis, the substructures of charged

jets have been studied in p+p collisions at
√
sNN = 5.02 TeV with a minimum bias trigger using

TPC. Three jet shape observables have been used i.e, angularity, dispersion and LeSub. The

charged particles of jets are measured using the Time Projection Chamber (TPC) and the Inner

Tracking System (ITS), whereas, the electromagnetic component of the jet energy is measured by

the ALICE EMCal. In this analysis, only the jets with charged particle components have been

studied.

4.1.1 Jet finding

In the analysis the FastJet package has been used for jet finding [4, 5, 6, 7, 8]. Jets have been

reconstructed with the Anti − KT algorithim for resolution parameter R=0.2,0.4 & 0.7 and E-

scheme [8]. In this scheme, reconstructing the jet from particle level adds their 4-vectors. A

minimum track pT of 0.15 GeV/c is used as constituent cut and the jet acceptance is considered

as |η| < 0.7 for R=0.2.

4.1.2 Definition of the jet shapes

Three jet shape parameters i.e. Angularity (g), Dispersion (pTD), LeSub are used in this analysis.

The definitions of these jet shape observables are defined in Eq. 1.7, 1.8 and 1.9. The first

radial moment called angularity can be used to study whether the jets are collimated or broadened

[9, 10, 3]. The momentum dispersion pTD tells how hard or soft the fragmentation is and the LeSub,
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defined as the difference between the transverse momentum of the leading and the subleading

particles of the jet, describes the hardest splitting. This shape variable is background invariant,

so this is very important for analysis of the Pb-Pb collisions.

4.1.3 Jet reconstruction algorithm in data

In experiment, we get only final state stable particles. An algorithm groups the final state particles

into jet candidates. In case of a conical jet, the resolution parameter which characterizes a jet

finding algorithm is the radius of the jets and it is defined by, R =
√

∆φ2 + ∆η2, where ∆φ and

∆η are the distances of a particle from the jet axis in φ and η. The most commonly used jet

algorithm is the anti-kT algorithm that reconstructs conical jets. But the jet measurement is not a

direct measurement of a parton as it is not clear which final state particles should be considered as

the parts of the jet. The jet-finding algorithms are encoded in the FastJet package which includes

advanced computing algorithms to reduce the computational times for jet-finding which is essential

in heavy ion collisions due to large background. In the anti-kT algorithm [9], two quantities dij

and di are calculated where,

dij = min(1/p2T,i, 1/p
2
T,j)

(ηi − ηj)2 + (φi − φj)2

R2
(4.1)

and di = 1
p2T,i

for every pair of particles. Then the minimum between dij and di are found. If dij

is the minimum , these particles are combined to one jet candidate by adding their energies and

momenta. Then it returns to the first step. If di is minimum, then this is a final state jet candidate

and is then removed from the list and the algorithm returns to the first step. This continues until

there is no remaining particle. As dij is smallest for pairs of high-pT particles, so this algorithm

starts to cluster high-pT particles into jets first and produces a jet around these particles. In heavy

ion collisions, the jets from such a jet-finding algorithm may not be generated by hard processes.
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Because all the final state particles are grouped into jet candidates, some jet candidates will have

particles which are not created in the same hard process, rather they randomly come to that

same region. These are called fake jets or combinatorial jets and these need to be subtracted [9].

The background subtraction is important for jets in heavy ion collisions but not important in pp

collision as medium effect is assumed to be less significant.

Though it is almost impossible to know which particles in the jet belong to the hard process

and which ones belong to the background, however the fact that the average momentum of the

background particles is much less than that of the signal particles, can be used to reduce the effects

of the background. At high pT , particle production is mostly dominated by the hard processes. But

jets themselves can be background for the measurement of other jets, though, the probability is

low. So, the number of background particles as well as the number of combinatorial jets decreases

after imposing a cut on the momentum of the particles to be used in jet-finding. Alternatively,

background can be reduced by considering the higher energy jets or narrower jets by finding its

area Ajet = πR2. As the background energy is proportional to the area, however, independent

of jet energy, therefore for higher energy jets, the change in the reconstructed jet energy due to

the background is smaller. But the study of such high momentum jets cannot provide a complete

picture of partonic energy loss mechanism in the QGP as the jets lose energy in the medium

thereby becoming broader.

The contributions from the combinatorial jet candidates can be reduced by requiring at least

one particle of the jet candidate above a minimum threshold or requiring a hard core in the jet

candidate, or selecting a heavy flavor component within the jet candidate. Though it is ambiguous

to distinguish the background particles arising from hard process from the fake jets, particularly

for low momentum jets, but different methods are applied to correct for these effects separately.
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4.1.4 Data sets:pp

The dataset used in this analysis is LHC 17p. A total 1.03 × 109 minimum bias pp events have

been analyzed in this work and after event selection 9.09 × 108 events have been selected. The

integrated luminosity is 18 nb−1 and EMCAL, MUON triggers are used.

4.1.5 Simulations:pp

We used a Pythia-8 simulation in 20 bins of phardT to obtain the detector response in pp collisions.

A total of 1.72 × 108 such events have been analyzed in this work.

4.1.6 Track and event selection

In this work, jets are reconstructed with final charged tracks as found in the detector. Global

tracks with hits from SPD and refit with hits from ITS and the complementary tracks are used in

jet reconstruction. Complementary tracks mean global tracks without SPD hit and with ITS refit.

Tracks are selected with particle |η| <0.9 and pT >0.15 GeV/c.

The following cuts are applied which are implemented in the AliAnalysisTaskEmcalJet class for

selection of events:

i) The number of vertex contributors is required to be > 1 to have a successfully reconstructed

vertex

ii) Vertex position in z direction relative to the interaction point should satisfy -10 cm < VZ < 10

cm.

iii) The distance between the SPD vertex and the track vertex is required to be within : ∆Vz < 0.5

cm. In this analysis we have used minimum bias pp collisons. These collisions have been tagged

in ALICE as kINT7 where trigger select events from the real collisions and reject the ones coming

from beam-gas interactions. This trigger requires at least one charged particle hit in both the V0A
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and V0C detectors. A physics selection class has been also used to reject background and pileup

events.

4.2 Raw distributions of jet shape variables in pp collisions

Distributions of the three raw jet shape variables for jet pT range 40-60 GeV/c have been shown

in Fig.4.1. At higher pT , jets are found to be collimated for R = 0.2 as seen(in g and pTD). If we

increase the jet radius, jets are broadened for a particular jet pT which can be seen in Fig. 4.1.
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Figure 4.1: Raw shape distributions in pp collisions at
√
s =5 TeV for R=0.2 and 0.4 with jet pT
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4.3 Unfolding in 2D

The measured jet shapes are usually distorted due to the detector effects and finite detector resolu-

tion. Therefore, to compare the obtained results to theoretical calculations or other measurements,

the raw values should be corrected from the effects.

The true unknown shapes are extracted from the measured ones by a process called unfolding. The

process acts on a binned distribution of the obtained values. If the true value of an observable in a

bin ′′i′′ is given ytruei , then the observed value in bin ”j” is given by, yrecoj =
∑

iRijy
true
i . where Rij

is the response matrix relating the true and obseved values [9]. The true value (ytrue) is generated

by an event generator such as PYTHIA. The jet finding algorithm is then applied on the particles

at the event-generator level to generate the true jet observable in the particle level (ytruei ). After

that, the true event is run through a detector simulation, track reconstruction, and track selection

process to create the reconstructed event which can be considered as the ”observed” event in data.

Then the jet finding algorithm is applied on this reconstructed event to create the jets yrecoi in

which detector effects are follow in. After that , the observables in the particle level are matched to

those in the detector-level jets to form the Response matrix. However, ytruei cannot be estimated

just by inverting as the Response matrices for jet observables may not always be regular. To solve

the problem, a two dimensional Bayesian unfolding [11] technique based on the Bayes’ theorem

has been used which has been implemented in the RooUnfold package [12]. The probability of

finding the true value in ith bin when the measured value is in the jth bin is estimated by Bayes’

theorem using the relation P =
piRij∑
k pkRkj

. Here pi is the initial guess of the true distribution or

the base spectrum for unfolding and known as prior [13]. The raw distribution of the jet shape is

the main input for unfolding which must not have any combinatorial background. The measured

distribution is then multiplied with this probability to get an updated pi. In the next iteration,

this unfolded pi is used as the prior. This method is repeated till the convergence of the soultion.

101



4.4. STATISTICAL REQUIREMENTS FOR STABLE UNFOLDING

In the analysis the solution converges after 4 iteration. For the present analysis, jet shape variables

are studied as a function of pjetT , therefore the observables are two-dimensional and the response

matrix is a 4D matrix. This condition is satisfied when the lower pT bin is more than 5× δpT . In

this analysis δpT is 4 GeV/c for R = 0.2, so we truncate measured spectra upto 30-40 GeV/c.

4.4 Statistical requirements for stable unfolding

For the statistical stability of the unfolding procedure the number of jets both for raw & true

should be as high as possible. In the present case we have rebinned the distributions in such a way

that at least 10 jets are present in every bin. We have given as example of the binning for R=0.2

as preferred for different shape observables.

1. g: 0,0.02,0.03,0.04,0.05,0.06,0.07,0.08,0.12 (for both raw & true)

2. pTD: 0.3,0.4,0.5,0.6,0.7,0.8,1 (for both raw & true)

3. LeSub: 0,5,10,15,20,30,40 (for raw)

4. LeSub: 0,5,10,15,20,30,40 (for true)

5. pjetT : 20,25,30,35,40,45,50,55,60,80 (for raw)

6. pjetT : 0,20,40,60,80,100,120,140,160 (for true)
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4.5 Graphical representations of the statistical limitations

The number of jets in each (shape,P jetT ) bin for R=0.2 are shown in Fig 4.2 & 4.3. As shown in

the following figures, the binnings satisfy the statistical requirement for the stability of unfolding.
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4.6 Responses

A response matrix connects the true observable with the measured observable. This contains the

detector effects and background fluctuation effects. For an ideal detector and no background, the

matrix should be 1-matrix with off-diagonal elements zero. In this analysis, jet shapes are studied

which are 2D observables. Therefore, to unfold the shape variables a 4D response matrix [3]

with axes shapepart,ppartT,jet,shape
reco,precoT,jet has been constructed, where superscript ’part’ refers to

the generated or particle level and ’reco’ refers to the reconstructed level or detector level. The
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Figure 4.4: shapereconstructed vs shapepart in pp for R=0.2 for jets 40 GeV/c < pjet,partT < 60 GeV/c

response matrix has been constructed using PYTHIA events at particle level and after full detector

simulation and reconstructions. To evaluate the response matrix, the standard geometric matching
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criteria between the particle level and the detector level MC jet must be satisfied which is known

as the closest pair of jets. The correlation between the shapes at the particle and detector levels

is shown in Fig. 4.4 for each jet shape observable, where the Z coordinate indicates probability.

The jet shape resolution can be obtained as the RMS of the distribution of residuals between the

reconstructed and the particle level shapes as shown in Fig. 4.5(for g & pTD) and Fig 4.6(for

LeSub). The resolution in angularity is defined as, σ(g
rec−gpart
gpart ). In case of pTD, the resolution
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Figure 4.5: (left)Residuals & (right)resolutions of the shape variables in pp for R=0.2 for jets
40 GeV/c < pjet,partT < 60 GeV/c for angularity and dispersion

improves when pTD tends to one for the harder jets. For g, the resolution is poor at low angularities

because of more collimated jets having fewer constituents. At higher angularities the resolution
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Figure 4.6: shapes residuals(left) & resolutions(right) of the shape variables in pp for R=0.2 for
jets 40 GeV/c < pjet,partT < 60 GeV/c for LeSub

improves. Similarly for LeSub, the resolution improves at higher values of the shape variable and

worsens at the lower values due to the detector effects.

4.7 Ingredients of the unfolding

As mentioned in Sec 4.3 and 4.6, the probability is calculated using Bayes’ theorem using a prior

distribution and response matrix. This probability is then multiplied with the measured distribu-

tion to obtain the true distribution. Therefore we need the following elements to unfold our 2D

shape variables.

(a) raw measured 2D shape variable with Jet pT (prawT,jet vs shaperaw)

(b) A 4D response matrix (shapepart,ppartT,jet,shape
reco,precoT,jet)

(c) A 2D prior distribution

(d) The kinemetic efficiency, that corrects the unfolded yield for lost contributions from measured

spectrum beyond the reconstructed limit, which has been shown in Fig 4.7. The kinematic effi-

ciency is defined as, ε =
N

p
jet
T,det

=20−80GeV/c

matched

N
p
jet
T,det

=0−160GeV/c

matched

where symbol N indicates number of jet in particular

jet pT bin. (e) The jet finding efficiency which includes the probability that, for a true jet in the

106



CHAPTER 4. JETS IN PP COLLISIONS AT
√
S = 5.02 TEV: ANALYSIS DETAILS AND RESULTS FROM

THE ALICE EXPERIMENT

0 0.02 0.04 0.06 0.08 0.1 0.12

Angularity

0.88

0.89

0.9

0.91

0.92

0.93

0.94

K
in

e
E

ff

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
D

T
p

0

0.2

0.4

0.6

0.8

1

K
in

e
E

ff

0 5 10 15 20 25 30 35 40 45 50

LeSub

0.87

0.88

0.89

0.9

0.91

0.92

0.93K
in

e
E

ff

Figure 4.7: Kinematic efficincies for the shape variables in pp collisions for R=0.2 in corrected
(true) jet pT bin of 40 GeV/c - 60 GeV/c and for a raw measurd range of 20 GeV/c - 80 GeV/c

..
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acceptance, the reconstructed jet is also in the acceptance.

4.8 Unfolding performance tests in pp for R=0.2

In Fig. 4.8, the unfolded solutions for different iterations are compared to the raw distribution.

It is seen that the unfolding iterations change the shape significantly and the solution converges

above four iterations. So we choose four as the default number of iterations. The stability of
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the unfolding is checked by refolding the solution back and checking its agreement with the raw

distribution. The refolding is the reverse process of unfolding where, the unfolded solution is fed

to the input and the raw distribution is obtained at the output. The refolding of the unfolded
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Figure 4.8: Unfolded shape variables compared to the distribution of the raw shape variables in
pp collisions for R=0.2 in bin of jet pT = 40 GeV/c - 60 GeV/c

solution at each iteration, is divided by the raw distributions as shown in fig 4.9 and the ratios

are compared to the bin by bin relative statistical errors in the raw distributions. As these are

two-dimensional observables, the refolding test is done both for the shape variables and the jet

pT separately shown in Fig. 4.9 and 4.10. As seen from the figures, the difference is within 5%

including the error bar for iteration 4 in all the bins. The difference is quite large after the first

iteration as expected.

To test the stability of the unfolding procedure, a closure test has also been performed where,

the unfolding input is filled with the MC information. The MC information which is used to

fill the input is expected to be statistically independent from the sample that is used to fill the

response (typically input contains 3% and the response 97% of the MC sample). The performance

is validated from the ratio of the unfolded solution to the true MC as shown in Fig.4.11 & 4.12

and the ratio of the refolded solution to the raw as shown in 4.13 & 4.14. As seen from Fig. 4.11

& 4.13, the difference between unfolded(refolded) solution and the true(raw) value is found to be

within 5% for iteration 4 for the shape variables in all the bins and it increases for smaller and

higher iterations which indicates a reasonable validation of the closure test for iteration 4. The
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closure test of pjetT shows a good agreement between unfolded(refolded) solution and true(raw)

value in the region 40-60 GeV/c shown in Fig. 4.12 & 4.14 which is the final result of this thesis.
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Figure 4.11: Closure Test: Unfolded distributions of the shape variables compared to the true
shape distribution represented by the ratio in pp collisions for R=0.2 in jet pT bin of 40 GeV/c -
60 GeV/c
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Figure 4.12: Closure test: Unfolded compared to true pT jet distributions in pp collisions for R=0.2
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Figure 4.13: Closure Test: Refolded compared to raw shape distributions in pp collisions for R=0.2
in bin of jet pT 40 GeV/c - 60 GeV/c
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Figure 4.14: Closure test: Refolded compared to raw pT jet distributions in pp collisions for R=0.2
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4.9 Unfolding performance tests in pp for R=0.4

As has been done earlier for R=0.2, unfolding has also been performed for R=0.4 and to check its

validity, the closure test has been performed with unfolded and refolded distributions. The results

along with the kinematic efficiencies are shown below. The difference between refolded(unfolded)

and raw(true) shape variables is larger than those of R = 0.2 in some bins, however, the difference

is within 5% for iteration 4 in all the bins as shown in Fig. 4.16 and 4.18. The difference between

unfolded and true pjetT is within 5% except for the first bin where it goes beyond 10% as shown in

Fig. 4.19. The large disagreement in the first bin needs further investigation. However, the final

results of this analysis are for 40 < pjetT < 60 GeV/c which satisfies the closure test reasonably.
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Figure 4.15: Kinematic efficincies for the shape in pp for R=0.4 in corrected (true) jet pT bin of
(40.60) and for a raw measurd range of (20,80) GeV/c.
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Figure 4.16: Ratio of the Refolded shape variables relative to the raw distributions for different
regularizations in pp data for R=0.4 in the jet pT bin of 40 GeV/c - 60 GeV/c
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Figure 4.17: Ratio of the Refolded pT,jet relative to that in raw distributions in pp data for R=0.4
in bin of jet pT = 40 GeV/c - 60 GeV/c
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Figure 4.18: Closure Test: Unfolded distributions of the shape variables compared to the true
shape distribution represented by the ratio in pp collisions for R=0.4 in jet pT bin of 40 GeV/c -
60 GeV/c
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Figure 4.19: Closure test: Unfolded distributions compared to the true pT distributions in pp
collisions for R=0.4
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Figure 4.20: Closure Test: Ratio of the refolded shape variables compared to the raw values in pp
data for R=0.4 in bin of jet pT 40 GeV/c - 60 GeV/c
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Figure 4.21: Closure test: Refolded distributions as compared to the raw jet pT in pp data for
R=0.4
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4.10 Estimation of bin to bin correlation work the Pearsons co-

efficients in pp collision data

After the unfolding, the bins may get correlated with each other. The value in any bin of the

unfolded distribution is dependent on the full measured distribution. The Pearson correlation

coefficient is defined as the degree of (anti)correlation between the unfolded bins of the shape

variables. It is a measure of the correlation between two bins in the unfolded result. It is defined

by [13] pi,j = cov(i,j)
σiσj

i,j are two bins. It has the value between -1 to +1, the value of ±1 corresponds

to the strongest possible correlation (anti-correlation) between the bins and 0 means no correlation.

A bin is correlated with itself, so the coefficient value for the diagonal elements will be ≈ 1 and

also there will be a small correlation among the neighbouring bins. Any large deviation from

zero corresponds to a smearing rather than unfolding due to either too small or too large number

of iterations and the result is far from the true distribution. A strong correlation will cause a

potential bias in the result and anti-correlation will cause large statistical fluctuation. The more

the coefficient tends towards zero, the less will be the uncertainty and correlation between the bins.

Fig 4.22 and 4.23 shows the correlations between the unfolded bins of the three jet shapes variables

for R=0.2 and R=0.4 respectively. The X and Y axes in the figures represent the corresponding

bin number for finding the correlation and Z axis represents the values of pearson coefficient.

It is clearly seen from the Fig 4.22 and 4.23 that, each bin is strongly correlated with itself

only and it shows a very poor correlation with the other bins i.e. the pearson coefficient is nearly

1 for all the shapes. It signifies that the unfolding has been done properly. If a bin would show

correlation with its neighbouring bin, it would mean that the unfolding was not properly done.
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Figure 4.22: Correlation between the unfolded bins of g, pTD and LeSub in pp for R=0.2 and jet
pT of 40 GeV/c -60 GeV/c for default iteration = 4. The X and Y axes represent the bin numbers.
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Figure 4.23: Correlation between the unfolded bins of g, pTD and LeSub in pp for R=0.4 and jet
pT of 40 GeV/c - 60 GeV/c for default iteration = 4. The X and Y axes represent the bin numbers.
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4.11 Sources of systematic uncertainties in pp

Systematic uncertainty is estimated by varying the parameters used in the analysis within a rea-

sonable value. The sources of uncertainty in determination of the shape observables in this analysis

are discussed below.

(1) Tracking efficiency : The uncertainty in the tracking efficiency comes due to the limited

detector acceptance resulting in varying number of space points in the work and other detector

effects. Variation of 4% is considered in this dataset, the response matrix is modified accordingly

and the shape observables are calculated. The difference between the modified result and the

original result give the systematic uncertainty.

(2) Regularisation: It is given by the number of iterations after which the solution converges.

The standard regularization parameter is such that the deviation between unfolded and true ob-

servable is smallest. It is seen that the difference is within 5% after 4 iterations. So the default

number of iterations is considered as 4 and we vary it to 3 and 7 for estimation of the systematic

uncertainty.

(3) Truncation: The minimum accepted jet pT chosen in this analysis is 20 GeV/c. For sys-

tematic study, the lower limit has been trunctaed to 10 GeV/c. It checks how the results change

with the contamination from combinatorial jets that are more in lower pT .

(4) Prior: As mentioned in the unfolding section, a prior is a base distribution for the unfolding

to start the iteration which should be similar to an expected true distribution. The prior in the 2D

Bayesian implementation of RooUnfold was taken as the projection of the response matrix onto

the true axes. Our default prior is Pythia-8. We consider the ratio between the default unfolded

solution and default prior. This ratio is a 2D correction factor that we apply as a weight to the

response prior to the unfolding such that the prior coincides with the unfolding solution. The

systematic uncertainty we obtain by the difference between the unfolded solution with Pythia-8
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and the corrected solution.

(5) Binning: We consider a variation of the binning in the measured input. For Angularity

we consider the alternative binning: 0.022,0.032,0.042,0.052,0.062,0.072,0.081,0.12, for dispersion

we consider the alternative binning: 0.32,0.42,0.52,0.62,0.72,0.81,1 For LeSub we consider the

alternative binning: 0,5.25,10.25,15.25,20.5,30.5,40.

The components of the uncertainties are then added in qudrature. The different components of

the systematic uncertainties, for the different shapes, measured in pp collisions are shown in Table

.4.1. Fig 4.24 shows the relative systematic uncertainties from different sources in angularity(g),

Shape g pTD LeSub

0-0.02 0.05-0.06 0.08-0.12 0.3-0.4 0.5-0.6 0.8-1 0-5 20-30 40-60

Tracking(%) 10.59 3.61 7.93 11.98 1.54 5.99 2.69 2.93 11.49

Prior(%) 3.44 1.95 9.64 25.34 3.05 9.72 3.24 4.43 9.16

Reg.(%) +1.48 +0.81 +0.03 +3.12 +0.06 +0.71 0.01 0.58 0.72
-1.20 -0.60 -0.15 -2.24 -0.34 -0.83 0.07 0.48 0.62

Truncation(%) 0.67 0.53 1.43 3.46 1.68 5.67 1.32 2.97 5.78

Binning(%) 0.78 2.25 2.69 1.94 0.75 0.11 3.40 3.14 14.23

Total(%) +11.28 +4.77 +12.84 +28.47 +3.88 +12.76 +5.57 +6.87 21.26
-11.25 -4.74 -12.85 -28.39 -3.89 -12.77 -5.57 -6.86 -21.26

Table 4.1: Relative systematic uncertainties on the measured jet shape variables in pp collisions
for three selected jet shape intervals in the jet pchT,jet range of 40-60 GeV/c

dispersion (pTD) and LeSub for R=0.2. The largest contributions to the relative uncertainties

in g, pTD and LeSub come from the tracking efficiency, prior and statistics respectively and the

values are 10% , 25% and 15% respectively. The same is shown for R=0.4 in Fig 4.25 where it is

seen that, the maximum uncertainty comes from the tracking efficiency in all three shapes with

the values of about 20%, 18% and 10% respectively.
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Figure 4.24: Relative systematic uncertainties from various sources in pp data for R=0.2 in jet pT
bin of 40 GeV/c - 60 GeV/c
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Figure 4.25: Relative systematic uncertainties from different sources in pp data for R=0.4 in jet
pT bin of 40 GeV/c - 60 GeV/c
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4.12 Variation of jet shape with R and pjetT

Three jet shape observables have been plotted with R =0.2, 0.4 and 0.7 for 40 < pjetT < 60GeV/c.

Fig 4.26 shows that the angularity shifts to the higher values and dispersion shifts to the lower

values with increasing R. This indicates that at higher radius, jets are broadened as increasing

radius means more constituents are included in the jet. In Fig 4.27, 4.28 and 4.29, three jet shape

observables are plotted for different jet pT ranges with R=0.2, 0.4 and 0.7 respectively. It is seen

that, for each radius, the angularity corresponding to higher pT jets shifts to lower value i.e. the

jets are found to be more collimated. pTD also shows similar trend of broadening most prominently

for R=0.2 & R=0.4.

Among the results presented in this section, only the results with R=0.2 and R=0.4 for jet pT=40-

60 GeV/c are the final results. The results for R=0.7 and those for jet pT=20-40 GeV/c and 60-80

GeV/c need further investigations as the closure test is not valid in these cases.
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4.12.1 Unfolded Jet shape variables with different R for 40< pT,jet <60 GeV/c
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Figure 4.26: Unfolded shape distributions in pp data for R=0.2,0.4 and 0.7 in jet pT 40-60 GeV/c
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4.12.2 Unfolded jet shape variables with different jet pT bin for R=0.2
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Figure 4.27: Unfolded shape distributions in pp data for R=0.2 in various jet pT bin
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4.12.3 Unfolded jet shape variables with different Jet pT bin for R=0.4
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Figure 4.28: Unfolded shape distributions in pp data for R=0.4 in various jet pT bin
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4.12.4 Unfolded jet shape variables with different Jet pT bin for R=0.7
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Figure 4.29: Unfolded shape distributions in pp data for R=0.7 in various jet pT bin
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4.13 Jet shape variables with and without implementation of the

pileup rejection

There is a possibility of including the soft background particles in the jet when the radius is

increased. For this, jet shapes have been studied with pile up rejection criteria to see if any change

occurs. We do not observe any significant change in the jet shape(R=0.4) when the pileup cuts are

applied. The pileup occurs mainly in pp collisions at high luminosity in which seperation between

consecutive collisions is very low. In this work, selection has been applied based on the seperation

of the collisions horizontal plane. It has been applied in such a way that the number of interaction

per bunch crossing is restricted to 0.06. Residual pile up events are rejected based on multiple

vertex finding algorithm using the information from SPD and proper physics selection criteria.
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Figure 4.30: Study of pile up contribution for R=0.4 in jet pjetT bin of 40-60 GeV/c
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4.14 Final Corrected results

4.14.1 Fully corrected results for the jet-shape variables in pp collisions at
√
s =

5.02 TeV and compared with the results for pp collisions at
√
s =7 TeV

for R=0.2

Fig. 4.31 shows the fully corrected results for p+p collisions at
√
s =5.02 TeV with a comparison

to the previous results at
√
s =7 TeV for R=0.2. We do not observe any significant change in the

shape of the distributions.
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Figure 4.31: jet shape distributions in pp collisions at
√
s =5.02 TeV for R=0.2 in jet pT bin of 40

GeV/c - 60 GeV/c compared to the results at
√
s =7 TeV pp collisions
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4.14.2 Jet shape with resolution parameter R=0.2 and R=0.4 for jet pT 40-60

GeV/c

Fig. 4.32 shows the fully corrected jet shape observables g, pTD & LeSub in p+p collisions at

√
s = 5.02 TeV for two resolution parameters R=0.2 and R=0.4. The angularity distribution gets

broader for R=0.4 and the peak shifts towards higher value, whereas, the dispersion slightly shifts

towards left for R=0.4 which indicates the jet-broadening at higher radius and the small radius

jets are fragmented harder at particular jet pT .
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Figure 4.32: jet shape distributions in pp for R=0.2 and 0.4 in jet pT 40-60 GeV/c
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4.14.3 Comparison of Jet shape for R=0.2 and R=0.4 with model

The approved final distribution of g & pTD for pp collisions at sqrts = 5.02TeV have been

presented in Fig.4.33 for R=0.2 & R=0.4. The jet shapes for R=0.2 and R=0.4 are compared with

the results from PYTHIA-8 [14] and the comparison along with the ratio is shown in Fig.4.33.

PYTHIA-8 is widely used for generation of events in high-energy collisions implementing the

multiparticle production in collisions between elementary particles via hard interactions in e+e−,

pp and ep collisions. This model explains different aspects of the pp collision data quite well. The

results show that the data are agreement with PYTHIA-8 except the lowest bins having large error

bars & the deviation is upto 20% [3].
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Figure 4.33: jet shape distributions in pp collisions for R=0.2 and 0.4 in jet pT range of 40-60
GeV/c and comparison with Pythia-8 model
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4.14.4 Summary

In this thesis, we have analyzed data collected by the ALICE collaboration in minimum bias pp

collisions at
√
s= 5.02 TeV. Three jet-shape observables are studied in detail, namely, angularity(g),

dispersion(pTD) and LeSub which describe the internal properties of jets. Measurements of jets

in pp collisions provide baseline for the study of medium modifications of different jet observables

in heavy ion collisions. The underlying events are assumed to have no significant contributions on

the results, so UE subtraction has not been done. After suitable event and track selection, we have

reconstructed charged-jets using anti − kT algorithm with various radius parameter i.e. R=0.2,

0.4 & 0.7. Increasing jet radius includes more jet constituents and would be more useful in AA

collisions for studing energy loss. The raw shape distributions have been unfolded using Bayesian

method to obtain the expected true shapes and the unfolded results are presented. The unfolding

is checked by refolding the solutions back and comparing with the raw distributions. The stability

of the unfolding process has been validated through Monte Carlo closure test where the ratio of

the unfolded to true shapes are observed for all the shapes and pjetT . The difference is found to be

within 5% for iteration 4 and for pjetT = 40-60 GeV/c with R=0.2 and 0.4. A significant deviation

is observed for pjetT 20-40 GeV/c which needs further detailed investigation. Also the results for

R=0.7 are to be checked in details. After unfolding, the bins may be correlated with each other. A

strong correlation or anti-correlation among the neighbouring bins will result in a distribution far

from the true one. Therefore it is necessary to ensure that there is mild or no correlation among

the neighbouring bins. For this Pearson coefficients are estimated and it is found that the value is

almost 0 for all bins except the diagonal ones which ensures a proper unfolding.

Statistical and systematic errors are then estimated. The variation in the shape variables with

respect to the change in parameters like tracking efficiency, number of iterations, minimum jet

pT and others and the results are shown. The largest contribution to the systematic uncertainty
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comes from the tracking efficiency in all three shapes. The results are also compared with the

results from model PYTHIA-8 and the difference between data and model is found to be within

20% which is reasonable as obtained in previous studies. The final corrected distributions of the

three shape variables have been studied at different R & pT ranges. It is seen clearly that at higher

R, the jets are formed to have broadened. No significant energy dependence has beeb observed

when compared to the pp results at 7 TeV.

For future study, the results with pjetT 20-40 GeV/c and 60-80 GeV/c will be studied in detail and

the results for R=0.7 will be checked with proper underlying events subtraction. Also, this study

can be expanded to Pb-Pb collisions at same energy to see the changes in jet substructures due to

medium modifications.
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Chapter 5

Summary and discussions

The Quark Gluon Plasma, the deconfined state of the strongly interacting matter is formed by

creating regions of high energy density by colliding heavy nuclei. One of the signals of QGP

formation is the modification of jet properties in heavy ion collision with respect to the properties

in pp collisions. The high pT partons fragment into a collimated shower of correlated particles in

a conical volume called Jets. Jet-shapes or jet-substructures are the observables that probe the

properties of the QGP medium and helps to understand the intra-jet broadening or collimation as

a result of jet quenching. The substructures are expected to be modified in heavy ion collisions

relative to the substructures in pp collisions. Measurement of jets in proton-proton collisions

provides the baseline for the heavy-ion studies like the modification in jet structures and in the

production rates in heavy-ion collisions through the medium interaction.

In this thesis, We have studied the substructure of charged jet in p+p collisions at
√
sNN =

5.02 TeV with the ALICE experiment at CERN. Charged particle components of jets have been

measured using the Time Projection Chamber (TPC) and the Inner Tracking System (ITS). FastJet

package has been used to use the the final state particles to obtain the inital parton information i.e

jet finding. I have used Anti−KT algorithm to reconstruct jets with resolution parameter R=0.2,
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0.4 & 0.7. Minimum track pT of 0.15 GeV/c and |η| <0.9 have been selected as constituents cut

and jet acceptance is considered as |η| < 0.7 for R=0.2 and |η| < 0.5 for R=0.4. I have studied

three jet shape observables viz Angularity (g), Dispersion (pTD) and LeSub in this analysis. The

angularity measures the radial energy profile of the jet i.e. it signifies whether jets are collimated

or broadened. The dispersion tells how hard or soft the fragmentation is and LeSub describes the

hardest splitting, therefore it should not be sensitive to the background.

The resolution parameter for a conical jet in a jet finding algorithm represents the radius of a

jet and it is defined by, R =
√

∆φ2 + ∆η2, where ∆φ and ∆η are the distances of the particle

from the jet axis in φ and η. Raw distributions of the jet shape variables have been studied

for R=0.2 and R=0.4. At higher jet pT , jets are found to be collimated for R = 0.2. It has

been seen that when the jet radius is increased, jets are broadened for a particular jet pT . For

a comparison to the theoretical calculations or other measurements, two dimensional Bayesian

unfolding has been used to remove the detector effects on the jet shape variables and to get the

corrected observables. To unfold the shape variables, a 4D response matrix has been constructed

using input from PYTHIA-8. The correlation between the shape variables at the particle and the

detector level has been studied. After that, the jet shape resolution has also been obtained for

the three observables. When the unfolded solutions for different iterations are compared to the

raw distribution, it has been seen that the unfolding changes the shape significantly and solution

converges above four iterations. The stability of the unfolding is then checked by refolding the

solution back and checking its agreement with the raw distribution. To test the stability of the

unfolding procedure, a closure test has also been performed where, the unfolding input is filled

with the Monte Carlo(MC) information. The MC which is used to fill the input is expected to be

statistically independent from the sample that is used to fill the response (typically input contains

3% and response 97% of the MC sample). The performance is validated from the ratio of the
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unfolded solution to the true MC. The systematic errors are then estimated for different sources

and added in quadrature. Finally, the fully corrected results have been shown along with model

comparison. The results have indicated that the angularity distribution gets broader for R=0.4 in

comparison to that for R=0.2 and the peak shifts towards higher value, whereas, the dispersion

slightly shifts towards left for R=0.4 which indicates jet-broadening at higher radius and the small

radius jets are fragmented harder at particular jet pt.

Next, I have studied the medium modified jet shape observables in Pb-Pb collisions at
√
sNN=2.76

TeV using EPOS-3 and JEWEL event generators. I have investigated the in-medium modification

to the two jet shape observables viz, the differential jet shape (ρ(r)) and the angularity (g) in

the most central Pb-Pb collisions at 2.76 TeV using two commonly used event generators JEWEL

(recoil OFF) and EPOS-3 in the jet-pT range of 20-40 GeV/c. A comparison between the results

from these models shows that while JEWEL (recoil OFF) does not explain the distribution of lost

energy at higher radii with respect to the jet-axis, EPOS-3 explains the effect quite well. However,

in EPOS-3, the implemented partonic energy loss mechanism and secondary hard-soft interactions

during hadronization and hadronic cascade phase are different from the conventional jet energy

loss models.

As an outlook, it is important the studies are made on these observables in heavy ion collisions

where background plays a prominent role and innovative methods are to be applied to remove the

background. These measurements if performed in heavy ion collisions will help to understand the

energy loss mechanism in the medium, the modifications of the fragmentation functions and the

energy flow inside the jet cone. This will also help to understand the medium properties in detail.
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