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Abstract

Heavy-ion collisions at ultra-relativistic energies provide sufficient energy densities

and/or temperature that allow to transform the confined hadronic matter into a

deconfined state of quarks and gluons, commonly known as quark-gluon plasma

(QGP). Jet quenching or partonic energy loss in the medium is one of the most im-

portant signatures in favour of the existence of QGP in heavy-ion collisions. Jets are

cascades of energetic hadrons that result from the fragmentation of hard-scattered

quarks and gluons in high-energy collisions.

Recent measurements in high-multiplicity proton-proton (pp) collisions show in-

triguing QGP-like signals which tell that the pp collisions can not be treated as

elementary collisions. This brings to the table the possibility of QGP formation

in pp collisions as an open question that requires to be addressed and investigated

further. In view of this, intra-jet properties such as jet shape and fragmentation

functions are promising observables since they are more sensitive to the details of

the parton shower and hadronization processes.

This thesis presents the first measurement of the multiplicity dependence of intra-

jet properties of leading charged-particle jets, the mean charged-particle multiplic-

ity and fragmentation functions in pp collisions at
√
s = 13 TeV using the ALICE

detector. Jets are reconstructed from charged particles produced at midrapidity

(|η| < 0.9) using the sequential recombination anti-kT algorithm with jet resolution

parameters R = 0.2, 0.3, and 0.4 for the transverse momentum (pT) interval 5–110

GeV/c. A significant modification in jet fragmentation functions in high-multiplicity

(HM) events is observed compared to minimum-bias events. The results are com-

pared with predictions from QCD-inspired event generators and PYTHIA 8 quali-

tatively reproduces the data. A detailed PYTHIA 8 study shows that multiparton

interactions and contributions from gluon-initiated jets play significant roles in HM

events.
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This thesis also reports the estimation of jet transport coefficient, q̂, for both

quark- and gluon-initiated jets in presence and absence of magnetic field using a

quasi-particle model. In presence of a finite magnetic field, a significant enhancement

in q̂ is found for both quark- and gluon-initiated jets at low temperatures, which

gradually decreases towards high temperatures.
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Chapter 1

Introduction

Physics is the science that studies matter, energy, and the fundamental forces that

govern the universe’s behaviour. It seeks to understand the basic principles that

describe the nature of the physical world and the interactions between different

entities. “Particle physics” is the branch of physics that deals with the behaviour

and the fundamental properties of the particles in the universe and the forces that act

upon them. The fundamental building components of matter and their interaction

have been the central focus of Physics from ancient to current times. Physicists seek

the ultimate answers by identifying the laws regulating the universe and unearthing

previously undiscovered substances. Initially, there was a belief that matter was

composed of indivisible atoms [1]. Later, Sir J. J. Thomson’s cathode ray tube

experiment [2] led to the discovery of the electron, challenging the idea of atoms

as indivisible. Sir J. J. Thomson proposed a model where electrons were embedded

in a positively charged “soup”. Ernest Rutherford discovered that electrons orbit

around a small, compact nucleus at the centre of the atom, which contains most of

the atomic mass and the positive charge [3]. Thomson’s ‘plum pudding’ model was

overturned as a result. It was discovered that protons [4] and neutrons [5] make up

the atomic nucleus. Neutrons are neutral, but protons have a positive charge. The

Deep-Inelastic Scattering (DIS) experiment [6, 7] demonstrated that protons and
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neutrons, previously thought to be fundamental particles, are not indivisible. They

comprise of smaller entities called quarks, held together by exchanging massless

particles known as gluons. Quarks and gluons collectively form the category known

as “partons”. Quarks are elementary particles and are the building blocks of protons

and neutrons, while gluons mediate the strong force that binds quarks together. The

classification of all known elementary particles and the fundamental forces through

which they interact (except gravity) is well explained by the Standard Model of

particle physics.

1.1 The Standard Model of Particle Physics

The development of quantum mechanics and special relativity –the two major physics

breakthroughs of the 20th century–gave rise to the Standard Model [8–10]. While

the former describes the physical aspects of nature at the size of atoms and sub-

atomic particles, and the latter covers the propagation of matter and light at high

speeds. The entire description that is consistent with special relativity and quantum

mechanics is brought about by the development of Quantum Field Theory (QFT), in

which all particles are thought of as excited states of their underlying quantum fields

and are, therefore, more fundamental than the particles themselves. The standard

model is the most precise physical theory to date, describing three of four funda-

mental forces (the electromagnetic, the weak, and the strong force) and all known

particles as quantized fields and excitations. The presence of every component of

the Standard Model was established, particularly with the discovery of the Higgs

boson at the Large Hadron Collider (LHC) in 2012.

Figure 1.1 shows the classification of all known elementary particles as described

by the Standard Model. Elementary particles are divided into two main groups:

fermions, which have half-integer spin and follow Fermi-Dirac statistics, and bosons,

which have integer spin and obey Bose-Einstein statistics. Fermions are splitted
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Figure 1.1: The classification and basic properties of fundamental particles of the standard
model. I, II, and III represent the three generations of fermions. The picture is taken from
Ref. [11].

further into leptons that participate in electroweak interactions without a colour

charge and quarks (anti-quarks) that participate in the strong interaction. There

are six types (known as flavours) of quarks and six types of leptons. For quarks, six

flavours are distinguished with a quark type: up (u), down (d), strange (s), charm

(c), bottom (b), and top (t). In addition, each quark has six anti-quarks that have

the same mass but opposite electric charges: anti-up (ū), anti-down (d̄), anti-strange

(s̄), anti-charm (c̄), anti-bottom (b̄), and anti-top (t̄). All fermions are sorted into

particles showing similar physics behaviour called generations. The lighter and more

stable particles are present in the first generation, whereas the heavier particles are

in the second and third generations. In addition, Fig. 1.1 illustrates particles that act

as mediators for these forces (weak, electromagnetic and strong forces). The weak

force is mediated by W± and Z0 bosons, whereas the carriers of electromagnetic

and strong forces are photons and gluons, respectively. The Standard Model also

has a spin-0 boson called Higgs, named after Peter Higgs, who proposed the Higgs
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mechanism in 1964 [12–15], together with five other scientists. Their predictions

were confirmed and proved successful by the ATLAS and CMS experiments [16,17].

Peter Higgs and Francois Englert received the Nobel Prize for their ground-breaking

theoretical research in 2013.

The standard model has been remarkably successful in explaining a wide range

of experimental observations in particle physics. However, it does have limitations

and does not incorporate gravity. Additionally, phenomena such as dark matter and

dark energy are not accounted for within the Standard Model.

1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) [18] is an essential component of the Standard

Model of particle physics. QCD describes the strong force binding quarks and

gluons together to form hadrons. The strong interactions are mediated by gluons

that carry colour charge, whereas the quantum field theory of electromagnetism,

Quantum Electrodynamics (QED) describes the electromagnetic force mediated by

photons with no electric charge. QCD is invariant under local SU(3) transformations

and part of the SU(3) symmetry group.

The QCD Lagrangian [19] is expressed as:

LQCD = −1

4
FA
µνF

µν
A +

∑
q

ψ̄q,a
(
iγµ∂µδab − gsγµtCabACµ −mqδab

)
ψq,b. (1.1)

In Eq. 1.1, ψq,a is the Dirac spinor of the quark field with flavour q, colour charge

a, and mass mq; t
C
ab is the 3 × 3 Gell-Mann matrices; γµ are Dirac γ–matrices which

express the vector nature of the strong interaction with µ being a Lorentz vector

index; gs is the strength of the quark-gluon interaction. The first term of Eq. 1.1

describes the kinematics and the dynamics of the gluons, and it can be expressed
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as:

FA
µν = ∂µA

A
ν − ∂νAAµ − gsfABCABµACν , (1.2)

where fABC are the structure constants of SU(3) group. In Eq. 1.2, the term

“gsf
ABCABµA

C
ν ” represents the self-interactions among gluons. The self-coupling

of gluon is related to two important properties of the QCD theory, known as con-

finement and asymptotic freedom.

1.2.1 Colour Confinement and Asymptotic Freedom

In theory, the QCD potential as a function of the distance between a quark–anti-

quark pair is expressed as:

VQCD (r) = −4

3

αs(r)

r
+ σ.r, (1.3)

here αs is the QCD gauge coupling parameter and σ is the QCD string tension. In

Eq. 1.3, the first term refers to Coulomb-like force, which depends on 1/r, whereas

the second term increases linearly with increasing the distance between the pairs.

The actual value of the coupling parameter αs in Eq. 1.3 cannot be predicted by QCD

for a given energy scale, but its energy dependence can be found by perturbative

quantum chromodynamics (pQCD) calculations. The running coupling strength αs

can be expressed as a function of the gluon’s four-momentum transfer, Q2:

αs(Q
2) =

4π(
11− 2

3
nq
)

ln
(

Q2

Λ2
QCD

) , (1.4)

where ΛQCD, the QCD scale parameter, corresponds to the energy scale below which

perturbative coupling becomes divergent, and nq is the number of active flavours.

The experimentally determined value of ΛQCD is around 200 MeV [20]. From Eq. 1.3

and 1.4, it is observed that the second term (string term) of Eq. 1.3 is dominant at

low energies (large distance between quark–anti-quark pairs and small Q2), leading
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to a linear increase in the QCD potential with r. This phenomenon, known as

“colour confinement”, because of which it is impossible to observe the free quarks

and gluons. However, the string term disappears for high energies (minimal distance

r→ 0 between quark and anti-quark, high Q2), and the Coulomb coupling becomes

extremely weak. This phenomenon is known as “asymptotic freedom” [21–23], where

quarks and gluons behave like free particles. The coupling parameter αs is shown

in Fig. 1.2 against the four-momentum transfer measured at various scales using

different experimental measurements. It is evident that at higher energy reactions,

the strong coupling decreases.

Figure 1.2: Experimental measurements of QCD running coupling constant (αs) as a
function of momentum transfer (Q). The figure is taken from Ref. [24].

It is expected that at sufficiently high temperatures, the hadronic matter can

be melted into a deconfined state of partonic matter, where the coupling between

the partons is small due to “asymptotic freedom”. This deconfined state of QCD

matter is known as the quark-gluon plasma (QGP).
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1.2.2 The Quark-Gluon Plasma

The QCD matter is restricted to colourless hadrons at typical temperatures in the

universe. However, at very high pressure or temperature, hadronic matter vanishes

and is replaced by a deconfined state of QCD matter called the quark-gluon plasma.

Such deconfined quark and gluon states are thought to have existed in the early uni-

verse, a few microseconds after the Big Bang, at high temperatures and zero baryon

chemical potential. Figure 1.3 (left) shows the two states of QCD matter and its

Figure 1.3: Left: Phase diagram of QCD matter as a function of temperature and baryon
chemical potential [25]. Right: Lattice QCD calculations of thermodynamic variables
compared to hadron resonance gas calculations [26]

phase transition as a function of temperature and baryon chemical potential (µB),

popularly known as the QCD phase diagram. The “hadron gas” in the lower-left

corner of the QCD phase diagram represents conventional hadronic matter under

confinement conditions. Under natural conditions in the universe, nuclear matter is

represented by the point at (µB = 950 MeV, T ∼ 0). A color-superconductor state

is expected to occur at low temperatures and high baryon chemical potential. A

high temperature and low baryon chemical potential represents the other conceiv-

able extreme. The transition is predicted at T ∼ 145–165 MeV [27] in the limit of

µB = 0, corresponding to an energy density of roughly ε ∼ 0.18–0.5 GeV/fm3 [28].

At these high temperature and low baryon chemical potential, the LQCD calcu-

lations [29] predict a smooth crossover between the hadronic and partonic phases.
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These calculations use an equation of state that relates thermodynamic properties

like temperature (T ), pressure (p), and energy density (ε) to describe the equilib-

rium properties of QCD matter. The right panel of Fig. 1.3 illustrates the normalised

pressure (3p/T 4), entropy density (3s/4T 3), and normalised energy density (ε/T 4)

as a the function of temperature. The sharp increase in energy density and en-

tropy in Fig. 1.3 indicates the creation of new degrees of freedom resulting from

the transition from hadronic to partonic states. Experimentally, collisions between

heavy-ions at ultra-relativistic energies can provide enough energy densities to lead

to such a state. In the laboratories such as the Large Hadron Collider Experiment

(LHC) at CERN and the Relativistic Heavy Ion Collider (RHIC) at BNL, such a

state of matter has been created by colliding heavy nuclei, e.g., gold (Au), lead (Pb)

at ultra-relativistic velocities.

1.3 Heavy-Ion collisions

1.3.1 Evolution of the heavy-ion collisions

ALI-PUB-530950

Figure 1.4: The evolution of a heavy-ion collision [26]
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The evolution of a heavy-ion collisions [26] is theoretically characterized by a

sequence of stages as follows: (a) an initial state determined by the projectile’s wave

functions; (b) pre-equilibrium stage and formation and expansion of QGP; (c) the

formation of hadrons; (d) chemical and kinematic freeze-out, as shown in Fig. 1.4.

Initial state

Before the collision, each incoming nucleus looks like a Lorentz contracted disk

moving at almost the speed of light. After collisions, these two discs meet with

a specific collision geometry, which is determined by the number of participat-

ing nucleons (Npart) and number of binary collisions (Ncoll). In the initial state,

the total energy density and entropy deposition is determined by the partons

within the nucleus that participate in the smaller-Q2 interactions, where Npart

is used to determine the interaction rate of these partons. As a result of varia-

tions in the distribution of nuclear matter, such parton interactions cause the

initial density profile to become “lumpy”, as seen in Fig. 1.4.

The QGP phase

After the collision, the smaller-Q2 interactions create a weakly coupled pre-

equilibrium phase. This is tailed by the production of more softer partons

in these processes that allow the formation of a strongly coupled QGP phase

to arise. The gluon and charm quark trajectories in Fig. 1.4 show that the

hard processes from large-Q2 interactions, whose rate is driven by Ncoll, allow

the production of high-momentum gluons and high momentum/mass quarks.

They provide information on the opaqueness of the QGP because of their small

wavelengths; these will be covered in detail in Chapter 2.

It is, however not well understood what exact processes are responsible for the

thermalization of the QGP. In this stage, the medium’s temperature surpasses

the critical temperature predicted by lattice QCD calculations. The medium

will cool and expand until hadronization takes place during its evolution. As
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a strongly coupled fluid, the QGP can be characterized by relativistic viscous

hydrodynamics. The expansion of the medium is primarily driven by the pre-

viously mentioned non-uniform spatial energy distribution in the initial state,

which leads to pressure gradients in the QGP phase and anisotropic flow. The

shear viscosity of the QGP, or resistance to fluid deformation, has an impact

on this. Radial flow is caused by higher pressure in the centre of the QGP

medium than its periphery. The resistance to expansion, or bulk viscosity, of

the QGP, regulates the rate of expansion and has an impact on this.

Hadronization and Freezeout

The region of the QGP that cools below the transition temperature (TC)

hadronize during the evolution of the system. Depending upon the temper-

ature and energy density, hadronization may occur at different times and in

different phase spaces. As the system evolves, the inelastic and elastic interac-

tions among the hadron continue.

At a temperature Tch, inelastic interactions between hadrons cease, and the

relative abundances of different hadron species stop changing. This point is

referred to as “chemical freeze-out”. Elastic interactions among hadrons can

continue until a temperature Tkin, where the distance between two hadrons be-

comes larger than the mean free path, and hadrons stop interacting elastically.

This is known as “kinetic freeze-out” or “thermal freeze-out”. Afterwards, the

particle momenta gets fixed, and particles produced in the collision emerge

freely from the system and travel towards the detector.

1.3.2 Collision Geometry and Glauber Model

Figure 1.5 shows a geometrical representation of a collision between two nuclei at

very high energy. Both projectile and target beams are accelerated to velocities

nearly equal to the speed of light in opposite directions and are then made to collide
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Figure 1.5: A schematic representation of relativistic heavy-ion collision. The figure is
taken from Ref. [30].

with each other. As both nuclei travel at relativistic velocities, they become Lorentz

contracted along the beam direction (z-axis) and appeared as a flattened or pancake-

like objects. The impact parameter (b) indicates the perpendicular distance between

the centre of these two colliding nuclei. The parameter b characterizes the overlap

region of collisions and provides information about the centrality of the collision.

The value of b can range from 0 fm, corresponding to head-on collisions to about

twice the radius of the nucleus, which corresponds to the most peripheral collisions.

Depending on b values, some fractions of nucleons from both nuclei take part in

interactions, which are referred to as “participants” (Npart) while some nucleons do

not participate in the collision, called as “spectators” (Nspectator = 2A−Npart, A =

mass number of nucleus).

In heavy-ion collisions, Npart and Ncoll are estimated using the Glauber model [31]

where, the nuclear reaction is compared with the superposition of independent

nucleon-nucleon collisions. The mean values of Npart, Ncoll, and impact parame-

ter “b” for given centrality classes of measured events are estimated using Monte

Carlo Glauber calculations [31]. This is done by using the connection between the

distribution of the number of charged particles with the < Npart > and impact pa-

rameter b, as depicted in Fig. 1.6. It is observed that a more central collision, i.e.

collision with a small impact parameter, leads to a higher particle multiplicity.
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Figure 1.6: Illustration of the correlation between the final number of produced charged
Nch and Glauber calculated quantities. The figure is taken from Ref. [32].

1.3.3 Kinematic variables

When studying relativistic heavy-ion collisions, it is essential to use kinematic vari-

ables that are either invariant under Lorentz transformations or have simple forms

that allow for straightforward comparisons between different frames of reference.

The momentum of the particles produced in the collisions is presented in terms

of the four-momentum, pµ = (E, px, py, pz), where the transverse momentum pT =√
p2
x + p2

y is most commonly used parameter in the later part of this thesis. In the

relativistic limit, the velocity of the particle is known as rapidity, which is defined

as:

y =
1

2
ln
(E + pz

E − pz

)
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where E and pz are energy and z-component of momentum of the particle respec-

tively. The advantage of using rapidity in high-energy collisions are because of

its linear transformation under Lorentz boosts. To measure the rapidity of a par-

ticle, one should measure two quantities of that particle, such as its energy and

z-component of momentum. In many experiments, it is not easy to measure both

quantities simultaneously. So, it is convenient to utilize another variable, called

pseudorapidity (η), which is defined as

η = − ln[tan(
θ

2
)] (1.5)

Figure 1.7: Geometry of angle θ and azimuthal angle (ϕ).

where θ is the angle between the particle’s momentum and beam axis. If the

particle’s kinetic energy is much greater than its rest mass energy, i.e. the massless

limit η is equivalent to the rapidity y. The position of a particle in the transverse

plane around the beam axis for a fixed θ is described by the azimuthal angle (ϕ=

tan−1(py/px)). Figure 1.7 shows a geometrical description of these quantities.

In a proton-proton collision, the centre-of-mass energy is commonly expressed as
√
s, where s = (p1 + p2)2 represents one of the Mandelstam variables and p1, p2 are

the four momenta of the approaching protons, whereas in heavy-ion collisions, the
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center-of-mass-energy per nucleon-nucleon collision is expressed as
√
sNN.

1.4 Experimental probes of the quark-gluon plasma

Several complementary observables provide evidence that heavy-ion collisions pro-

duce deconfined QCD matter. Some of the important signatures of the quark-gluon

plasma are discussed in this section: Quarkonium suppression, elliptic flow, jet

quenching, and strangeness enhancement.

1.4.1 Quarkonium Suppression

The charmonium and bottomonium states (cc̄ and bb̄ bound states, respectively) are

predicted by the colour screening model [23] to dissociate in the medium, suppressing

the observed yields. The dissociation can be attributed to the screening of the

binding potential of heavy quark-antiquark pairs by the deconfined colour charges in

the QGP. As a result, the heavy-quark potential in a deconfined medium is screened.

The screening radius (Debye radius, rD) at high enough temperatures will be lower

than the average quarkonium state size. The magnitude of the screening radius

is contingent upon the medium’s temperature; specifically, a rise in temperature is

anticipated to result in a reduction in the radius. Since the states with higher binding

energies have smaller radii and dissociate at higher temperatures, the dissociation

of the resulting quarkonium states and the consequent suppression of the yields are,

therefore, dependent on the temperature of the medium and are expected to occur

sequentially. J/ψ mesons are composed of a charm quark (c) and an anticharm quark

(c̄) and the suppression of J/ψ is expected in the presence of QGP. Experimental

observations of J/ψ suppression are first observed at the CERN SPS [33] and later

confirmed at the RHIC [34,35] and the LHC [36,37]. Figure 1.8 indicates that J/ψ

production is suppressed at both RHIC and LHC energies.

14



0 2 4 6 8 10 12
)c (GeV/

T
p

1

1.5

2.
76

 T
eV

A
A

R

5.
02

 T
eV

A
A

R

0 2 4 6 8 10 12
)c (GeV/

T
p

0.2

0.4

0.6

0.8

1

1.2

1.4

A
A

R

−µ+µ → ψInclusive J/

Transport (Du and Rapp)
Statistical hadronization (Andronic et al.)

 < 4y20%, 2.5 < −Pb, 0−ALICE Pb
 = 5.02 TeVNNs
 = 2.76 TeVNNs

〉 
part

N 〈
0 50 100 150 200 250 300 350 400

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4
 12%±<4            global sys.= y = 2.76 TeV), 2.5<

NN
sALICE (Pb­Pb 

 9.2%±|<2.2     global sys.= y = 200 GeV), 1.2<|
NN

sPHENIX (Au­Au 

 12%±|<0.35          global sys.= y = 200 GeV), |
NN

sPHENIX (Au­Au 

Figure 1.8: Measurements of RAA of J/ψ as a function of pT (left) and 〈Npart〉 (right) for
heavy-ion collisions. Figures are taken from Refs. [36, 37].

1.4.2 Anisotropic Flow

In non-central heavy-ion collisions, the overlap region of two incoming nuclei is spa-

tially asymmetric with an almond-like shape. This spatial asymmetry results in a

momentum anisotropy among the final-state hadrons, meaning particles are prefer-

entially emitted in certain directions. This momentum anisotropy then manifests

as anisotropy in the azimuthal angle (ϕ) of the produced particles with respect to

the reaction plane. The reaction plane is a geometric plane defined by the impact

parameters (the relative transverse positions of the colliding nuclei) and the beam

direction (the direction of the incoming particles). The angle ϕ measures the angle

of emission of a particle in the plane perpendicular to the beam direction.

In relativistic collisions, the invariant cross-section of the produced particles can

be expressed in terms of the Fourier decomposition as follows:

E
d3N

d3p
=

1

2π

d2N

pTdpTdydϕ

(
1 +

∞∑
1

2vncos(n[ϕ−Ψr])

)
; (1.6)

where, vn = 〈cos(nϕ)〉; ϕ: azimuth angle, pT: transverse momentum, and y: rapid-

ity, and Ψr: the reaction plane angle. The azimuthal anisotropy as a function of pT

and y, is described by the quantity vn. For directed flow, the coefficient is denoted by
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v1, for elliptic flow by v2, for triangular flow by v3, and so forth. Since the particles
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Figure 1.9: The pT differential v2 of Λ(Λ̄),K0
s , φ,p(p̄),K±, and π± - meson for various

centrality classes in Pb-Pb collisions [38]

produced just after collision do not interact among themselves; therefore, the az-

imuthal distribution is initially isotropic in nature, i.e., vinitialn = 0. After interaction

with each other multiple times, a momentum anisotropy in the final state particles

results from the anisotropy in the pressure gradient of the non-uniformly structured

initial state. This results in a non-zero v2 as more matter is forced outward in the

direction of the steeper pressure gradient. A large number of early rescattering re-

sults in a positive v2 also probably guarantees that the medium has reached a local

thermal equilibrium.

The v2 measurements for charged particles as a function of pT in different central-

ity classes of Pb–Pb collisions at
√
sNN = 5.02 TeV [38] are shown in Figure 1.9. It

is found that the amplitude of v2 grows with decreasing collision centrality, reaching

its maximum value for 40–50% Pb–Pb collisions. In addition, v2 reduces in periph-

eral collisions (50–60% and 60–70%), indicating that the system’s shorter lifetime

prevents it from producing greater v2.
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1.4.3 Jet quenching

Jets are collimated showers of particles produced from the fragmentation and hadroniza-

tion of hard scattered partons in high energy collisions. While passing through the

QGP medium, these hard-scattered partons interact strongly with the medium par-

tons due to their colour charges and lose energy through elastic (collisional) and

inelastic (gluon radiation) processes, known as “jet quenching”. The observable for

the study of jet quenching is the jet nuclear modification factor RAA, which is used

to quantify the suppression of the jet production in heavy-ion collisions, compared

to the expectation from binary scaled pp collisions. The RAA can be defined as:

RAA =
d2NAA/dydpT

< TAA > dσINELpp /dydpT

; (1.7)

where NAA are the jet yields in A-A collisions, and σINELpp is the inelastic cross

section in pp collisions, < TAA > is the nuclear overlap function. Experimentally, a

clear suppression of jet production is observed in heavy-ion collisions compared to

pp collisions at both RHIC and the LHC experiments. The importance of jets to

understand the quark-gluon plasma is discussed in detail in Chapter 2.

1.4.4 Strangeness enhancement

In heavy-ion collisions, the production of strange hadron particles are enhanced in

comparison to minimum bias pp collisions, which is one of the key signatures of QGP

medium, popularly known as strangeness enhancement [39]. Strange quarks are

produced through hard scattering processes, which include flavour creation (qq̄ → ss̄,

gg → ss̄), flavour excitation (qs→ qs, gs→ gs), and gluon splittings (g → ss̄). Due

to large gluon density in the QGP medium, the creation of ss̄ pairs from the gluon

channel dominates over the annihilation of quark (q) and anti-quark (q̄). As a result

of the dominance of the gluon channel, strange hadron production is enhanced in

the presence of the QGP medium in AA collisions compared to what is observed in
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pp collisions. Strangeness enhancement was first discovered in 1988 by the CERN

fixed-target NA35 experiment [40], subsequently confirmed by CERN SPS [41–46],

RHIC [47–49] and later at the LHC [50]. The results in Fig. 1.10 show a smooth

Figure 1.10: The ratio of pT-integrated yield between multi-strange hadrons to pions
(π+ + π−) as a function of 〈dNch/dη〉 in pp collisions at

√
s = 7 TeV [51]

transition between the various collision systems and a rise in the ratio of multi-

strange to non-strange hadron yields with the multiplicity of charged particles.

1.5 Small collision systems

The proton-proton and proton-lead collisions are considered small collision systems

used to take simple references for heavy-ion collisions, i.e., they lacked the necessary

conditions to produce the QGP. However, this paradigm has been questioned by

recent measurements in high-multiplicity pp and p-Pb collisions. Signatures of QGP
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formation have also been seen in pp and p-Pb collisions, which are characterized by

charged particle multiplicities that are comparable to those attained in peripheral

heavy-ion collisions. The strangeness enhancement effect, the double-ridge in the

two-particle correlation distributions in high multiplicity events are some of these

QGP-like signatures in small collision systems.

The question of whether these observations, which point to a collective behaviour

originated from the production of a deconfined state of matter or if initial state effects

or final state effects other than the QGP formation is to blame instead, is raised by

these observations.

1.5.1 Importance of pp collisions

The simplest hadronic system to study nuclear matter effects is the proton-proton

collision. The pp collisions are generally used to validate and test predictions of

the Standard Model of particle physics. This includes studying the interactions of

quarks and gluons, electroweak processes, making precise measurements of particle

properties, such as masses, lifetimes, and production cross-sections etc. Historically,

pp collisions have played a pivotal role in the discovery of new particles, such as

W and Z bosons in 1983 [52, 53] and Higgs boson in 2012 [16, 17] were discovered

through pp (pp) collisions. The discovery of Higgs boson confirmed the mechanism

responsible for mass generation in the Standard Model. The pp collisions also help

to test the perturbative and non-perturbative QCD by measuring the production

cross-section and properties of jets [54–59].

However, recent measurements at LHC have revealed QGP-like signatures in

high multiplicity pp collisions, as mentioned in the next subsection.

1.5.2 QGP-like signatures

Strangeness enhancement:

Recently, high-multiplicity pp collisions show the enhanncement of strange-
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particle yields at
√
s = 7 and 13 TeV [51, 60], as shown in Figs. 1.10 and

1.11, respectively, where the enhanncement reaches values similar to those

observed in peripheral Pb-Pb collisions. Given that various collision systems

Figure 1.11: The ratio of pT-integrated yield between multi-strange hadrons to pions
(π+ + π−) as a function of 〈dNch/dη〉 in pp collisions at

√
s = 13 TeV [60]

should entail distinct particle production mechanisms, this behaviour is very

noteworthy [51].

The ridge-like structure in two-particle correlation distributions:

The angular correlation distributions between two particles are determined as

a function of two parameters: ∆φ and ∆η. The former is the difference in

the azimuthal angles of two particles, while the latter is the difference in their

pseudorapidity. The ATLAS experiment measured the two-particle angular

correlation in pp collisions at
√
s = 13 TeV for two intervals of charged particle

multiplicity (left: 0 < Nrec < 20, right: Nrec > 120) [61], where Nrec is the

reconstructed charged particle multiplicity. The results are shown in Fig. 1.12.

The long-range ridge at ∆φ ∼ π is associated with the dijet partner and
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Figure 1.12: Two-particle correlation functions, C (∆η,∆φ), in pp collisions at 13 TeV
in Nrec intervals 0–20 (left) and ≥ 120 (right) for charged particles having a momentum
range of 0.5–5 GeV. The distributions have been truncated to suppress the peak at the
near side to avoid statistical fluctuations at larger |∆η| [61]

momentum conservation in general, whereas the peak centred in (∆η,∆φ) =

(0, 0) is related to particles generated in the same jet or originating from the

decay of the same hadron. A long-range near-side ridge at ∆φ ∼ 0 is visible in

the highest multiplicity interval (right panel), and it resembles the one seen in

heavy-ion collisions. The ALICE and CMS collaborations also reported similar

findings in high-multiplicity pp collisions [62,63].

A few other observations also support the formation of QGP-like systems in

high-multiplicity pp collisions, such as higher radial flow velocity [64], and azimuthal

anisotropy driven by collision geometry [65]. Surprisingly, several other signatures

need to be explored in these collisions, i.e., jet quenching, suppression of charmo-

nia and bottomonia. The major part of this thesis is dedicated to explore the jet

quenching in small collision systems.
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1.6 Organization of this thesis

This thesis is organized as follows: Chapter 1 introduces theoretical aspects of study-

ing relativistic heavy-ion collisions and discusses the importance of pp collisions. A

detailed overview of jets and their use to understand the QGP medium is explained

in Chapter 2. Chapter 3 provides a brief overview of Large Hadron Collider and

the ALICE detector systems. Chapter 4 aims to present and discuss the analysis

techniques and methods used to study the jet properties in pp collisions at
√
s =

13 TeV. This chapter shows the first measurement of multiplicity dependence intra-

jet properties, and the results are compared with Monte Carlo event generators.

Chapter 5 describes the study of jet transport coefficient in the presence of a mag-

netic field using a quasi-particle model. Chapter 6 summarizes the work presented

in this thesis.
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Chapter 2

Jets: an overview

In ultrarelativistic heavy-ion collisions, a hot and dense medium of quarks and gluons

called the quark-gluon plasma is created due to the presence of high temperature

and/or densities in the collisions. The hard scatterings (high-momentum trans-

fer) of partons (quarks and gluons) take place early in the collisions, prior to the

QGP formation. These partons eventually fragment into collimated shower of par-

ticles, knows as jets. Concerning their respective energy scales, the evolution of jets

can be segmented into three stages. At the greatest energy scale, the initial stage

consists of a small number of partons interacting and exchanging high-momentum

transfer-squared, or Q2. The second stage is a multi-parton cascade shower, pro-

duced from the initial hard-scattered parton, where gluons radiate from the first

traversing parton and decay into quark-antiquark pairs or radiate further gluons. A

non-perturbative process called hadronization takes place as the virtualities of the

partons reduce, and the resulting set of partons combine to produce a set of final

state hadrons in the last stage of jet evolution. In this chapter a detailed discussion

on the definition of jet, jet reconstruction, the importance of jets in pp, p-Pb and

Pb-Pb collisions, and about the thesis works are presented.
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2.1 Towards jet definition

Jets are cascades of energetic hadrons that result from the fragmentation of hard-

scattered (i.e., produced in processes with large squared momentum transfer Q2)

quarks and gluons in high-energy collisions.

2.1.1 Theoretical understanding

The production cross-section of the jet is predicted by the pQCD factorisation the-

orem [1]. Figure 2.1 shows the 2 → 2 hard scattering of pp collisions, where the

scattered partons move in the transverse plane after the collision with high-pT and

180 degrees apart at roughly the same pT. With the help of the factorization formula

expressed in Eq. 2.1, one can differentiate individual steps and processes that take

place when the jets are created. The production of a final state X (parton, hadron,

jet) is written as [2]:

σh1h2→X (p1, p2) ∝ fh1
i (x1, Q

2)⊗ fh2
j (x2, Q

2)⊗ σij→k
(
x1p1, x2p2, Q

2
)
⊗Dk→X(z,Q2).

(2.1)

The term fh1
i (x1, Q

2)
(
fh2
j (x2, Q

2)
)
, denoted as Parton Distribution Functions

(PDFs), is the probability of finding a parton of species i(j) within the incoming

proton h1(h2) with fractional momentum x1(x2) of the total longitudinal momentum

and of virtuality Q2 (the hard scale set by the partonic process). The Dokshitzer-

Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations govern the scale Q2 evolution

of PDFs, which are universal (process independent) non-pertubative objects [3, 4].

The parton k, we are interested in, is part of a partonic system (a pair of back-

to-back partons at leading perturbative order) that is created by the hard scattering

of partons i and j, which is described by the perturbative cross section σij→k. This

partonic system will relax its initial virtuality Q2 through QCD branching down to

a scale Q2
0 ∼ 1 GeV [2], below which perturbation theory stops, and hadronization
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Figure 2.1: Left: A schematic diagram of 2 → 2 hard process in pp collisions; Right:
Fragmentation and hadronization of partons, appearing in [5]

of the fragments occurs.

In the process of hadronization, the partonic fragments are grouped into colour-

neutral structures using different methods such as Lund strings [6], clusters [7], etc.,

which dynamically decay into the final state hadrons.

As seen in the right panel of Fig. 2.1, a partonic shower is created via the frag-

mentation process, and eventually, a spray of particles is produced via hadronization.

Comparisons between theory calculations and data are only valid when the same

definition is employed, as different jet definitions produce different jets. A brief

overview of the jet reconstruction procedures in the experiment, as well as in the

MC event generators, is discussed in the next subsection.

2.1.2 Reconstruction of jet

Jet reconstruction uses algorithms which provide a set of rules for grouping final state

particles into jets. The “Snowmass accord”, which was outlined in 1990 [8] by several

eminent theorists and experimentalists, addresses certain general characteristics of

jet definitions. It says that several important properties that should be met by

a jet definition are [9]: (i) Simple to implement in an experimental analysis; (ii)

Simple to implement in the theoretical calculation; (iii) Defined at any order of
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perturbation theory; (iv) Yields finite cross sections at any order of perturbation

theory; (v) Yields a cross-section that is relatively insensitive to hadronization. The

second major community-wide discussion on jets occurred in 2000 as part of the

planning for Run II of the Tevatron [10]. By then, new jet algorithms had been

developed [11–14], outdated algorithms had been fixed [15], and it is probably safe

to say that the community had nearly met the Snowmass requirements [16]. The

most important factors of an algorithm that must be taken into account are the

infra-red and collinear safety and the size of the jet. The area and size of the jet

determine how sensitive it is to soft radiations. In order to accurately calculate

the mass and energy of the jet, it is necessary to have a bigger jet radius since

this permits the jet to capture enough hadronized particles. However, a smaller jet

radius helps to reduce the underlying and pile-up effects and avoid overestimation

of the mass and energy of the jet.

The jet reconstruction algorithms can be broadly divided into two categories: a)

cone-based algorithms and b) sequential recombination algorithms. Cone-based al-

gorithms are based on the premise that QCD branching and hadronization leave the

bulk characteristics of an event’s energy flow unaltered (more precisely, energy flow

into a cone), can be regarded as “top-down” algorithms. Sequential recombination

algorithms are, on the other hand, regarded as “bottom-up” algorithms are typically

connected to the divergent structure of QCD matrix elements and repeatedly recom-

bine the nearest pair of particles based on some distance metric. There are several

cone algorithms, such as, “Iterative cone (IC)”, “Iterative cone with progressive

removal (IC-PR)”, “Iterative cone with split-merge (IC-SM)”, and “Iterative cone

with split-drop (IC-SD)”. The kT, Anti-kT, and Cambridge/Aachen algorithms are

the mostly widely used sequential clustering algorithms.
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2.1.2.1 Cone algorithms

“Iterative Cone” (IC) algorithms start with a seed particle, i, which sets the initial

direction of the jet. In these algorithms, the momenta of all particles within a

circle (or “cone”) of radius R (a dimensionless quantity) around i are added up in

azimuthal angle ϕ and rapidity, y, such that

∆R2 = (yi − yj)2 + (ϕi − ϕj)2 < R2; (2.2)

where yi and ϕi are the rapidity and azimuth of particle i, respectively. The direction

of the resultant sum of all particles inside the cone is then considered as a new ‘seed’

direction. One repeats the process until the direction of the cone is stable. However,

this algorithm has some limitations about how to select seeds and what one should

do when the cones overlap or share particles. These two issues are addressed by

using approaches such as progressive removal (PR), split-merge (SM), and split-

drop (SD) with the iterative cone (IC) methods, resulting in IC-PR, IC-SM, and

IC-SD algorithms.

In the IC-PR algorithm, the particle with the highest transverse momentum in

the event is considered as the first seed. After finding the stable cone corresponding

to the first seed, one can consider it a jet and all particles within that jet are

removed from the event. This process is repeated until no particles remain (above

some optional threshold). The PR approach prevents cone overlap. However, the

issues of collinear safety remain.

In IC-SM algorithm [10], a different strategy is applied to address the problem

of the same particles showing in multiple cones. In this approach, all the stable

cones that are produced by iterating through all particles or calorimeter towers (or

those that are, for instance, above some seed threshold ∼ 1-2 GeV) are indentified.

Then, a split-merge (SM) operation can be performed, which unites two cones if

the particles are shared with harder cone account for more than a fraction ‘f ’ of the
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softer cone’s transverse momentum; otherwise, the shared particles are assigned to

the cone to which they are closer.

A “split-drop” (SD) process [17] is an alternative to SM in which non-shared

particles from the softer of two overlapping cones are dropped, i.e., completely ex-

cluded from jets. The primary problem with the IC-SM and IC-SD algorithms

are that adding a new soft seed particle may cause new stable cones and change the

final set of jets, i.e. infrared unsafe.

The seedless cone (SC) algorithm, which is Infrared and Collinear (IRC) safe,

avoids the use of seeds and iterations. This technique is frequently called a split-

merge algorithm (SC, therefore SC-SM). A soft particle may introduce new stable

cones into a seedless cone algorithm, but none of those new cones will involve hard

particles because a soft particle does not affect the stability of a cone involving

much larger momenta. As a result, the set of hard stable cones is infrared safe. The

aforementioned seedless method was designed for fixed-order computations involving

a minimal number of particles. On the other hand, the challenge of finding all stable

cones was solved in 2007 using a polynomial-time geometrical approach, which is

referred to as SISCone [18]. However, the SISCone algorithm is the slowest of the

IRC safe algorithms.

2.1.2.2 Sequential recombination algorithms

The JADE collaboration first introduced the simple sequential recombination algo-

rithm in the middle of the 1980s [19]. In this algorithm, the particles are grouped

based on momentum space, assuming that particles within jets will have small dif-

ferences in transverse momenta, resulting jets with fluctuating areas in (η−ϕ) space.

This algorithm is also IRC safe. Moreover, after the introduction of FastJet algo-

rithm [20], these algorithms are much faster and preferred by the experimentalists.

All sequential recombination algorithms follow a similar method. First the dis-
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tance between the particles is determined using

di,j = min
(
k2p

T,i, k
2p
T,j

) ∆R2
i,j

R2
, (2.3)

where ‘p’ is the process parameter indicating the kind of sequential recombina-

tion method; kT is the transverse momentum of the particle; ∆R2
i,j = (ηi − ηj)2 +

(ϕi − ϕj)2, is the (η − ϕ) space distance between the two particles and R is the

radius parameter, which determines the size of the jet. The second distance variable

is di,B which is the distance between the particle and beam or jet axis, represented

as

di,B = k2p
T,i. (2.4)

The minimum of the dij and diB is found in the first step. If the minimum is dij,

then particles i and j are combined into one object by summing their four vectors

and removed from the list of particles. Otherwise, if diB is minimum, then i is

considered as the final jet and removed from the list of particles. This process is

repeated until all particles become part of the algorithm and the distance between

the jet axes Rij is larger than R.

The parameter ‘p’ in Eq. 2.3, 2.4 is ‘1’ for kT algorithm [21], which merges

soft particles first and is consequently helpful in background determination. Since

this algorithm considers soft particles first, it gives jets with irregular sizes. The ‘p’

value is ‘0’ for the Cambridge/Aachen (C/A) algorithm [22]. In this method,

the distance variables are independent of momentum, and therefore, the jets are

irregular in shape like the kT-algorithm. However, the C/A has a clustering hierarchy

in angle, which makes it possible to consistently view a specific jet (hard and soft

jet substructure) on many different angular scales.

The anti-kT algorithm, where ‘p’ is ‘-1’, prefers hard particle clusterings over

soft particle clusterings or energy-independent clusterings. This indicates that the

jets expand outward from the hard “seeds”. This is the standard approach used by
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LHC experiments for signal extraction, producing jet regions with perfect circles in

azimuth and pseudorapidity space.

2.2 Overview of experimental results on jets

The hard and elementary scatterings leading to the production of jets occur in the

early stages of the collisions. In pp collisions, jets are well-defined objects in QCD

and well-understood theoretically and experimentally [23]. In the case of heavy-ion

collisions, jets are expected to get modified in comparison to pp collisions since the

process of hard quark or gluon evolution towards hadronization is influenced by and

integrated into the evolving QGP medium. This section discusses a brief overview of

the importance of jets to understand the QGP. The following are the questions that

jet studies try to address in order to understand the QGP: Does the interpretation

of results in heavy-ion collisions require the consideration of cold nuclear matter

effects? To what extent do partons lose energy in the medium? How do partons

fragment inside the medium? Does fragmentation behave the same in a vacuum, or

is it modified? What is the impact of the lost energy on the medium, and where

does it go?

The medium is not expected to be produced in small collision systems (pp and

p-A or d-A collisions). The measurements in pp collisions are used to take a baseline

study. On the other hand, the measurements in p-A or d-A collisions, where the

presence of a nucleus in the initial state may affect the final observations compared

to pp collisions. Various phenomena, such as coherent multiple scattering inside the

nucleus [24], gluon shadowing [25], or partonic energy loss [26–28], may cause these

effects, known as cold nuclear matter effects, and therefore, they must be considered

in order to interpret heavy-ion collisions.

The partonic scattering rate in nuclear collisions is expected to get increased lin-

early with the average number of binary nucleon-nucleon collisions 〈Ncoll〉 compared
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to pp collisions assuming the initial state remains unchanged [29]. Therefore, the

nuclear modification factor RpPb is defined as the ratio of the transverse momen-

tum (pT) spectra of particles or jets in nuclear collisions to those in pp collisions,

scaled by 〈Ncoll〉. The production of jets [30–34] and high-pT particles [35–37] are

strongly suppressed in central heavy-ion collisions compared to pp collisions, which

is known as jet quenching. High-pT particles and reconstructed jets have also been

used in experimental searches for jet quenching effects in d-Au collisions at RHIC

and in p-Pb collisions at the LHC. These studies use more-differential event selec-

tion, as well as Minimum Bias (MB) events. Events are defined in terms of “event

activity” (EA) based on the following factors: forward charged-particle multiplicity

(STAR [38], PHENIX [39,40], ALICE [41]); forward transverse energy (ATLAS [42],

CMS [43]); or zero-degree neutral energy (STAR [38], ALICE [41]); where “forward”

and “zero-degree” denotes the direction of the heavy nuclear projectile respectively.

The measurements of inclusive hadron at RHIC in d-Au collisions [38, 39] show

the enhancement of yield in the pT interval 2–5GeV/c, however, no significant yield

modification is observed at higher pT with no significant difference between MB

and EA-selected distributions. In inclusive hadron measurements in p-Pb collisions

at the LHC, ATLAS and CMS report yield enhancement for pT greater than ∼

30 GeV/c in MB events [42, 44, 45], and ATLAS reports additional dependence on

EA [42]. In contrast, ALICE does not observe significant yield modification for pT

> 8 GeV/c in either MB or EA-selected events [41,46]. In MB p-Pb collisions at the

LHC and d-Au collisions at RHIC, no significant yield modification has been seen

for inclusive jet yield [40,47–49]. While the ALICE collaboration finds no such yield

modification as a function of event “centrality”, measurements by the PHENIX

collaboration at RHIC [40] and the ATLAS collaboration at the LHC [48] find

apparent enhancement of the inclusive jet yield in EA-selected populations. In p-Pb

collisions at
√
sNN = 5.02 TeV, a correlation measurement of the dijet transverse-

momentum balance finds no substantial deviation from a simulated pp reference
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distribution, independent of EA [43]. The dijet acoplanarity measurements, which

can be produced by both initial-state and final-state effects also reveal that, in

comparison to simulations of pp collision distributions, there is no modification due

to nuclear matter effects in EA-selected p-Pb collisions at
√
sNN = 5.02 TeV [19,43,

50].

2.2.1 Partonic energy loss in the medium

Strongly interacting probes are expected to lose energy in the medium and be sup-

pressed at high momenta, but electroweak probes, like direct photons, leave the

QGP intact because it does not interact via the strong force. The results from the

PHENIX experiment showed that the high-pT coloured probes (final state hadrons)

are suppressed in heavy-ion collisions, however, direct photons are not suppressed at

RHIC energies [52–55]. A similar result is also observed at LHC [56–60] energies as

shown in the left panel of Fig. 2.2. The suppression of charged hadron spectra was

ALI-PUB-527901

Figure 2.2: Left: RAA for high-pT hadrons [56–59] and electroweak probes such as pho-
tons [60], W and Z bosons [61, 62]; Right: The measurements of jet RAA for jet radius
R = 0.4 at the LHC [63–65]

the first sign of jet quenching in the heavy-ion collisions. At RHIC energies [66, 67]

the lowest value of RAA for light hadrons goes up to 0.2 in heavy-ion collisions.

Furthermore, this value is 0.1 in Pb-Pb collisions for LHC energies 2.76 TeV and
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5.02 TeV, respectively [63–65, 68]. It appears that at pT ≈ 100 GeV/c, the RAA of

charged hadron reaches unity [45]. This is also predicted that for all QCD-inspired

energy loss models, RAA will reach 1, since at leading order, the differential cross

section for interactions with the QGP is proportional to 1/Q2 [69].

Because of the sensitivity to nonperturbative processes and the complexity of

the theoretical description of hadronization, measurements of hadronic observables

blur fundamental physics. Measurements of reconstructed jets are thought to be less

sensitive to these effects [70]. The jet nuclear modification factor is measured by the

ALICE [68], ATLAS [65], and CMS [63] experiments at LHC. A comparative result of

jet RAA at the LHC energies is shown in the right panel of Fig. 2.2. It is observed that

within the systematic uncertainties, jet RAA is consistent at LHC energies. Although

the jet RAA measurements provide overall precision of jet quenching effects, the

study of more differential measurements might be more sensitive to the energy loss

mechanism.

The measurement of dihadron correlation helps to understand the energy loss

and modification of the jet fragmentation procedure. Figure 2.3 shows the measure-

ment of dihadron correlation in pp, d-Au, and Au-Au collisions at
√
sNN = 200 GeV,

showing the suppression of the away side peak in central Au-Au collisions. A com-

plete suppression of away side peak and moderate enhancement of near side peak is

observed in the first measurement of dihadron correlation [71,72].

At the LHC, the first evidence of jet quenching is observed with reconstructed

jets in the measurement of dijet asymmetry Aj [73], which measure the momentum

imbalance between leading and subleading jets. A comparative study of dijets be-

tween Pb-Pb and pp collisions show that a higher value of Aj is observed in Pb-Pb

compared to pp collisions, consistent with the expectations due to jet energy loss.

The subsequent results from CMS [74], and ATLAS [75] experiments show similar

observations. Several other measurements, such as, gamma-hadron [76], jet-hadron

correlations [77] , heavy quark energy loss [58] etc. also support the concept of RAA
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Figure 2.3: Dihadron correlation in pp, d-Au and Au-Au collisions at
√
sNN = 200 GeV

before background subtraction (a), and after background subtraction (b) [71,72]

as partonic energy loss. The reaction plane dependent measurements of jet v2 [78]

show path length dependent energy loss possibly requiring a parton to go through

at least 2 fm of QGP in order to lose energy.

2.2.2 Impact of the medium on the jet

The energy loss of the parton in the medium was discussed in the previous subsec-

tion. However, the interaction between partons and the medium was not covered.

A jet is a measurement of the final state of hadrons produced when the parton frag-

ments rather than a measurement of a parton. Based on their spatial correlations

with each other (and hence with the parton), hadrons in the final state are grouped

into the jet. Whether the lost energy has had time to equilibrate in the medium

determines whether or not it maintains its spatial correlation with the parent par-

ton. When a bremsstrahlung gluon fragments, it will be correlated with the parent

parton if it is unable to attain equilibrium with the medium. The jet is widened by

interactions with the medium, which transfers energy from higher momentum final

state particles to lower momentum particles. If partons from the medium become
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associated with the hard parton through medium interactions, similar apparent mod-

ifications might happen. The jet-finding algorithm and its parameters determine if

this lost energy is recovered as a component of a jet or not. The observation that

energy is lost is relatively simple, but there are numerous methods to modify the jet;

once we have observed observables specifically tailored to search for these effects, we

must be sure which mechanisms actually take place under which conditions. Several

distinct observables, each with unique advantages and disadvantages, show that the

medium does modify jets.

In the presence of a medium, the internal structure of the jet can be modified

coming from a variety of sources. The momentum broadening of jets can happen

due to the soft radiative and collisional interactions with the medium, which shifts

energy from higher momentum final-state particles to lower-momentum particles

and broadens the jet. Additionally, the medium may cause partonic splittings,

which would further modify the substructure of the jet. Moreover, depending on

the path lengths through the medium, jet substructures are also modified. Results

from the ALICE, CMS, and ATLAS experiments show strong modification of the

following jet substructure observables in Pb-Pb collisions compared to pp collisions,

such as jet fragmentation function [79,80], jet shape observable [81,82], jet grith [83],

groomed jet radius [84], and the groomed momentum splliting fractions [84].

The distribution of final state particles coming from a hard scattering is measured

by fragmentation functions, which are the total of parton fragmentation functions.

The charged-jet fragmentation function is defined as zch = pparticleT /pjet
T and ξch =

log(1/zch), where pparticleT is the transverse momentum of jet constituent and pjet
T is

the transverse momentum of the jet, reflecting how jet constituents are distributed

with respect to the jet axis. The ATLAS measurements show the modification

of fragmentation function in Pb-Pb collisions compared to pp collisions for three

jet pT intervals [80], as depicted in fig. 2.4. There is a noticeable enhancement

at low z, which is followed by a depletion at intermediate z. This implies that
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Figure 2.4: Ratio of jet fragmentation function in Pb-Pb collisions compared to pp colli-
sions with ATLAS [80]

low momentum particle production is the source of the energy loss seen for mid-

to-high momentum hadrons. The fragmentation functions of jets have also been

measured: for D0 mesons tagged jets, photon-tagged jets, and inclusive jets showing

a significant modification of this observable in heavy-ion collisions [85–87]. Jet

shape observables, which also describe the jet profile, are used to quantify the radial

distributions of momentum carried by the jet constituents. Several measurements

have been made of jet shapes for inclusive jets [88, 89], D0 mesons tagged jets [90],

and photon tagged jets [91].

λkα = (piT/p
jet
T )k(∆Ri,jet/R)α (2.5)

Another jet observable, the generalized angularities, defined in Eq. 2.5 represents an

entire phase space of jet structure observables, each with a distinct momentum and

angular component effect based on k and α values [92]. This phase space is repre-

sented by distinct regions for common jet structure observables such the jet mass

(k = 1, α = 2) and jet girth (k = 1, α = 1). The degree to which these observables
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modify can be determined by measuring the generalized angularities, which can also

help to explain why certain jet structural variables, like the mass, do not show a

strong modification [93], while others, like the girth, show modification [94]. Jet

substructure observables also use subjets, inside the jet to investigate the partonic

splittings. Grooming is usually used to focus more on the hard structure of the jet

and reduce the sensitivity to nonperturbative effects. Several groomed jet observ-

ables are measured to look for the modification in the presence of QGP medium,

such as groomed jet radius θg [84], groomed momentum splitting fraction zg, and

the number of splittings in a jet that pass Soft Drop (nSD) etc. It is observed that in

heavy-ion collisions θg is modified, however no significant modification is observed

for zg and nSD [95]. A detailed discussion of all the jet substructure observables are

discussed in Ref. [23], showing the modification in the presence of QGP medium.

2.3 Theoretical understanding of jet energy loss

Theoretically, two main categories of jet quenching effects can be classified as the

impact of QGP on the jet, which is formulated via weakly- or strongly-coupled

mechanisms and another one is the influence of the jet on the medium.

At the weakly-coupled limit, the radiative and collisional energy loss mechanisms

are considered. Several pQCD formalisms implement these mechanisms as a num-

ber of hard scatterings as in the Higher Twist (HT) [96] and Gyulassy-Levai-Vitev

(GLV) [97] formalisms, or as multiple soft scatterings as in the Baier-Dokshitzer-

Mueller-Peigne-Schiff-Zakharov (BDMPS-Z) [98], Arnold-Moore-Yaffe (AMY) [99],

and Amesto-Salgado-Wiedemann (ASW) [100] formalisms. AdS/CFT is used in

the strong coupling limit when a drag force is the primary energy loss mechanism.

Various models employ various mixes of the above mentioned implementations.

Jet quenching may also be affected by the influence of the jet on the medium

because the interaction with the medium reaction may add more particles to the
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jet cone. It is also possible to apply the medium response in a weakly- or strongly-

coupled manner. A kinetic-theory-based method is used to construct the medium

response in the weakly-coupled limit, where medium partons gain energy scattered

from the jet and recoil, creating a hole in the place of parton after recoil [101]. The

medium response is implemented using hydrodynamic theory in the strongly-coupled

limit when the evolution is a bulk medium with a diffusive wake. Furthermore, a

wake that is opposite to holes in the weakly-coupled scenario can also emerge behind

a hard parton. Therefore, various models are categorized by the jet-quenching effects

predicted in those models.

2.4 About the thesis work

2.4.1 Jets in high-multiplicity pp collisions

The pp and p–Pb collisions are initially performed to consider as baseline measure-

ments and to separate the initial-state effects from the final-state medium effects

observed in heavy-ion collisions. However, recent studies in these collisions, specif-

ically at high multiplicities, show ample signatures conventionally associated with

the QGP formation in heavy-ion collisions. These observations have brought an im-

mense interest to study pp and p–Pb collisions more precisely. As discussed in the

previous section, both in d-Au collisions at RHIC and p-Pb collisions at the LHC, the

nuclear modification factor has been measured for both charged particles and jets,

indicating no evidence of jet quenching at small collision systems [71,102–107]. Re-

cently, the measurement from the ALICE collaboration has found that the jet yield

increases with increasing multiplicity classes, indicating the jet production changes

with event activity in pp collisions, but the slope of the jet spectrum remains similar

compared to that in MB events [108].

In this thesis, we showed the first measurement of multiplicity dependence of

charged particle intra-jet properties in pp collisions at 13 TeV with the ALICE ex-
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periment [109]. A strong modification in the jet fragmentation function is observed

in the HM event class for the lower jet-pT interval. The amount of modification de-

pends on the jet-pT and jet radius and is also qualitatively explained by PYTHIA 8

with Monash 2013 tune. A detailed description of the analysis and results are ex-

plained in Chapter 4.

2.4.2 Jet energy loss: in presence of magnetic field

The energy loss of jets in heavy-ion collisions can be quantified by a quantity known

as jet transport coefficient denoted as q̂. The phenomena of jet quenching has been

very well explored by various theoretical models [4–14], viz. GLV-CUJET [15–17],

MARTINI [9], MCGILL-AMY [8], HT-M [18,19], HT-BW [6,20,21], JEWEL [22–25]

etc. In non-central nucleus-nucleus collisions, a substantial magnetic field (B) is

expected to be formed due to moving charges (spectators) at relativistic energy. It

is anticipated that the strength of the magnetic field created immediately following

the collision will be as high as 10m2
π (∼ 3× 1015 Tesla) at the LHC [39] and as high

as m2
π (∼ 1018 G) at RHIC.

In this thesis, we studied the effect of this huge magnetic field on jet transport

coefficient, q̂. To estimate q̂ in the absence of a magnetic field, a quasi-particle type

description [40] is used, which is based on the thermodynamics of lattice quantum

chromodynamics (LQCD) [41, 42]. The magnetic field dependent q̂ is calculated

based on the LQCD magneto-thermodynamical quantities [43, 44]. The parallel

and perpendicular component of q̂ for quark- and gluon-initiated jets are estimated

using the correspondence between shear viscosity η and q̂ in presence of magnetic

field [45].
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Chapter 3

The Experimental Setup

This chapter presents a brief introduction to the Large Hadron Collider (LHC) [1–3]

and the detector sub-systems of A Large Ion Collider Experiment (ALICE) [4, 5]

used in this thesis work. The description of various detectors is given in terms of

their mechanical design, position, coverage, and physics goals. The ALICE trigger

setup, data acquisition system, and the offline framework of data analysis are also

discussed in brief.

3.1 The Large Hadron Collider (LHC)

The LHC is the world’s largest particle accelerator, located on the border between

Switzerland and France, near CERN, Geneva. The LHC is 26.7 km [3] long syn-

chrotron accelerator built in the existing tunnel previously used by the LEP (Large

Electron Positron) collider. The LHC is positioned between 45 meters and 170

meters below the Earth’s surface. The LHC consists of two separate accelerator

rings, which accelerate particles in opposite directions. Superconducting magnets

are utilized to guide the particle beams to move in opposite directions. The magnets

produce a strong magnetic field of 8.33 T, which is achieved by cooling them to a

very low temperature of 1.9 K using superfluid helium [3]. The LHC can collide
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protons with protons (pp), protons with nucleus (p–A), and nucleus with nucleus

(AA) at ultra-relativistic energies. As of today, the LHC has reached collision en-

ergies of
√
s = 13.6 TeV for pp collisions,

√
sNN = 8.16 TeV for p–Pb collisions,

and
√
sNN = 5.36 TeV for Pb–Pb collisions. Protons and lead ions are accelerated

in bunches. In the case of pp collisions, each bunch contains ≈ 1011 protons, with

a maximum of 2808 bunches per proton beam, whereas for Pb–Pb collisions, each

bunch consists of 7×107 nuclei, and the number of bunches per beam is 592 [3].

Before entering the LHC ring, protons and lead ions are pre-accelerated through

several stages. During these pre-acceleration stages, their energies are gradually in-

creased to make them ready for injection into the LHC. The schematic of the CERN

accelerator complex [6] is shown in Fig. 3.1.

In the beginning, protons are sourced from a bottle of hydrogen gas, and then

they undergo a process where they are stripped of their electrons. The stripped

protons are injected into the Linear Accelerator (LINAC), which accelerates them

to an energy of 50 MeV [3]. Protons with an energy of 50 MeV are further ac-

celerated by injecting them into the Proton Synchrotron Booster (PSB), increasing

their energies to 1.4 GeV. The accelerated protons from PSB are then directed to

the Proton Synchrotron (PS), which accelerates them to gain an energy of 25 GeV.

After that, protons are injected into the Super Proton Synchrotron (SPS), where

energy is boosted to reach 450 GeV. After SPS, protons are sufficiently energetic to

be injected into the LHC ring. In the case of lead ions, they start from a source

of vaporized lead. Lead ions are initially accelerated through LINAC3 to reach an

energy of 4.2 MeV per nucleon. From there, they are injected into the Low Energy

Ion Ring (LEIR), which accelerates the lead ions up to 72.2 MeV per nucleon. After

that, they follow the same route as protons before injection into the LHC ring [3].

The LHC features four interaction points indicated by yellow dots in Fig. 3.1.

Four major experiments are designed and built at these four interaction points: A

Large Ion Collider Experiment (ALICE) [4], Compact Muon Solenoid (CMS) [7], A
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Toroidal LHC ApparatuS (ATLAS) [8], and LHC beauty experiment (LHCb) [9].

The ALICE focuses on the study of heavy-ion collisions and particularly aims to

investigate the properties of quark-gluon plasma (QGP). ATLAS and CMS are

general-purpose detectors designed to explore various phenomena, including the

search for Higgs boson to new particles beyond Standard Model, supersymmetry,

etc. In contrast to ALICE, ATLAS, and CMS, which have enclosed detector setup

surrounding the collision point, the LHCb consists of a set of sub-detectors to de-

tect mainly particles emitted in the forward direction after interactions. The LHCb

investigates rare decays of the beauty quark and the phenomena of charge parity

violation. At the LHC, there are also smaller experiments such as TOTEM (TOTal

Elastic and diffractive cross-section Measurement) [10], LHC forward (LHCf) [11],

and Monopole and Exotics Detector At the LHC (MoEDAL) [12] which expand the

physics capabilities and cover a broader range of scientific objectives of the LHC.

These smaller experiments share the interaction points of ATLAS, CMS, and LHCb.

We have used the data samples collected by the ALICE experiment. The next sec-

tion provides further details on the ALICE experiment and its objectives.

3.2 A Large Ion Collider Experiment (ALICE)

The ALICE experiment at the LHC is a dedicated heavy-ion collision experiment

that focuses on studying the strongly interacting QCD matter, the QGP, which is

believed to be present a few microseconds after the Big Bang. In addition to QGP

studies, the ALICE experiment has the capability to access a large set of observables

(both in soft and hard sector in QCD) in a wide momentum range to shed light on

the different stages of the evolution of heavy-ion collisions, starting from the initial

state to the QGP phase and then transition to hadronic matter [4, 5, 13]. Various

aspects of pp and p–Pb physics are also part of the ALICE program. The pp

and p–Pb collisions are initially performed to consider as baseline measurements
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and to separate the initial-state effects from the final-state medium effects observed

in heavy-ion collisions. However, recent studies in these collisions, specifically at

high multiplicities, show ample signatures conventionally associated with the QGP

formation in heavy-ion collisions. These observations have brought an immense

interest to study pp and p–Pb collisions more precisely.

Figure 3.2: The ALICE experiment at the CERN LHC [13].

The ALICE detector consists of eighteen sub-detectors, as schematically shown

in Fig. 3.2. It is placed at the interaction point IP2 of the LHC. The ALICE detector

setup has a dimension of 16×16×26 m3 and a weight of ∼ 10000 t. It provides a

robust particle identification (PID) over the momentum range from pT ∼ 0.15 GeV/c

to pT ∼ 20 GeV/c [5]. It can reconstruct primary and secondary vertices, e.g., it

can achieve a resolution of ∼ 100 µm for studying the 2- and 3-prong decays of D

mesons. Heavy-ion collisions produce a large number of charged particles, which

are challenging to track. The ALICE detector is optimized to measure the average

charged-particle multiplicity at midrapidity 4000 but tested with simulations up to

8000 [4]. One can divide the ALICE detector system into three distinct parts: central

barrel detectors, forward detectors, and MUON spectrometer. A brief discussion on
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individual sub-detectors is presented in the following sections.

The ALICE detector system follows a right-handed orthogonal coordinate sys-

tem [14] with nominal interaction point (IP) at x, y, z = 0. The z axis is directed

along the beam line, and positive (negative) z direction corresponds to the forward

(backward) direction, also labelled as “A-side” (“C-side”) of the ALICE apparatus.

The x axis points to the accelerator centre, perpendicular to the mean beam direc-

tion and in line with the local horizontal. Positive (negative) x direction is towards

(outwards) the accelerator centre from the IP. The y axis is perpendicular to the

x and z axis. The positive y direction is upward from the IP, and the negative y

direction is downward from the IP.

3.3 Central Barrel detectors

The central barrel detectors of ALICE consist of tracking detectors (ITS, TPC,

TRD, TOF, and HMPID), electromagnetic calorimeters (PHOS and EMCal), and

an array of scintillators (ACORDE). All these detectors (except ACORDE) are

embedded inside a L3 solenoid magnet. The ACORDE is placed on top of the

magnet and used to trigger cosmic rays. The name ‘L3’ comes because the magnet

is reused from the L3 experiment at the LEP collider. The L3 magnet provides a

magnetic field of 0.5 T, allowing it to bend charged-particle tracks, which in turn

helps to measure the momentum of the tracks.

3.3.1 Inner Tracking System (ITS)

The Inner Tracking System (ITS) [4, 15] is one of the tracking detectors of ALICE,

placed closest to the beam pipe. It consists of six layers of cylindrical silicon de-

tectors, as shown in Fig. 3.3. The two innermost layers are called Silicon Pixel

Detector (SPD), two middle layers are called Silicon Drift Detector (SDD) and the

two outermost layers are known as Silicon Strip Detector (SSD). The acceptance,
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Figure 3.3: Layout of the Inner Tracking System (ITS) detector [15].

position, and purpose of each of the components of the ITS detector are summarized

in Table 3.1. Being closest to the beam pipe, the SPD has the best granularity of

256×160 pixels/cells with a size of 50 µm in rφ and 50 µm in z. The SPD is mainly

used for trigger selection and determination of the primary vertex position. The first

layer of the SPD has the pseudorapidity coverage of |η| < 2.0 that allows to measure

charged-particle multiplicity, together with Forward Multiplicity Detector (FMD),

over a wide kinematic range in η (∼ eight units: −3.4 < η < 5.1) [16]. The other

four layers (SDD and SSD) of the ITS are used for PID through the measurement of

specific energy loss (dE/dx) of charged particles. Moreover, the ITS improves the

angle and momentum resolution of charged particles reconstructed by the TPC.

3.3.2 Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) [4, 17, 18] is the main tracking detector of

ALICE experiment. As shown in Fig. 3.4 (left), the TPC is cylindrical in shape

with an inner radius of 85 cm and an outer radius of 247 cm. The TPC surrounds

the ITS with its central axis positioned along the beam direction with a length

of ≈ 500 cm. The TPC covers the pseudorapidity region of |η| < 0.9 with full

azimuth. The active volume of the TPC is filled with a mixture of Ne + CO2 +

72



Table 3.1: The acceptance, position, and purpose of each of the components of ITS detec-
tor. Here, r is the radial distance from the IP.

Detector η φ Position Main Purpose

in polar in azimuth (in cm)

SPD |η| < 2.0 0
o
< φ < 360

o
r = 3.9 tracking, vertex

|η| < 1.4 0
o
< φ < 360

o
r = 7.6 tracking, vertex

SDD |η| < 0.9 0
o
< φ < 360

o
r = 15.0 tracking, PID

|η| < 0.9 0
o
< φ < 360

o
r = 23.9 tracking, PID

SSD |η| < 1.0 0
o
< φ < 360

o
r = 38.0 tracking, PID

|η| < 1.0 0
o
< φ < 360

o
r = 43.0 tracking, PID

N2 (90:10:5) gas and divided by a 22 µm thick aluminized mylar foil, serving as

the central high voltage (HV) electrode. The endplates of the TPC are divided

into eighteen trapezoidal sectors. Each sector consists of MultiWire Proportional

Chambers (MWPC) with cathode pad readout. A voltage of 100 kV is applied

between the central HV electrode and the endplates.

The working principle of the TPC is as follows. When charged particles enter

into the gas volume of the TPC, they ionize the gas and produce electrons and ions.

Due to the presence of an electric field between the central HV electrode and the

endplates, the electrons drift towards the endplates and are then detected by the

MWPC, which provides the information of x and y coordinates, deposited energy

and drift time. The third coordinate, z, can be calculated from the drift time of the

electrons. Thus, the TPC can provide all three coordinates of the tracks of charged

particles, which means a complete reconstruction of the trajectory of the incident

charged particles. In addition, the TPC is operated inside a magnetic field of 0.5 T

that helps to measure the momentum of charged particles using the curvature of

its trajectory. The TPC provides a good momentum resolution within the range

of 0.1 < pT < 100 GeV/c. Figure 3.4 (right) illustrates the PID performance of

the TPC in Pb–Pb collisions at
√
sNN = 2.76 TeV, showing an excellent separation
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between different species of charged particles [13].

ALI-PUB-528800

Figure 3.4: (Left) Layout of the Time Projection Chamber (TPC) detector [18]. (Right)
Measurements of specific energy loss (dE/dx) for different particles with the TPC [13].

3.3.3 Transition Radiation Detector (TRD)

The Transition Radiation Detector (TRD) [4,19,20] of ALICE is designed to identify

electrons with momentum above 1 GeV/c. Above this momentum, the TPC is

no longer sufficient to distinguish between electron and pion (see the right plot of

Fig. 3.4).

Figure 3.5: Layout of the Transition Radiation Detector (TRD) detector [4].

The TRD is placed in the central barrel (surrounding the TPC) at 290 < r < 368
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cm in radial distance from the nominal IP. It covers the pseudorapidity region of

|η| < 0.84 over the full azimuth. The layout of the TRD detector is shown in Fig. 3.5.

It consists of 18 super modules, each containing 30 modules arranged in 6 layers in

the radial direction and 5 stacks along the z axis. The length of the TRD detector

is about 700 cm. Figure 3.6 (left) shows the cross-sectional view of a single TRD

module, which consists of three components: a 48 mm thick carbon fibre laminated

Rohacell/polypropylene fibre sandwich radiator, followed by a 30 mm thick drift

region, and a 7 mm thick MWPC with pad readout.

Figure 3.6 (left) also illustrates the working principle of the TRD detector. When

charged particles with high velocities i.e. γ ≥ 1000 (γ = 1/
√

1− β2 and β =

velocity) pass through materials with different dielectric constants; they radiate

photons. This phenomenon is known as Transition Radiation (TR) [21]. In the

momentum range analyzed with the TRD (1 < pT < 10 GeV/c), the TR is only

produced by electrons. Figure 3.6 (right) presents the average pulse height for pions

(triangles) and electrons with (circles) and without (squares) the production of TR as

a function of drift time. A clear separation between electrons and pions is visible for

momentum 2 GeV/c. As the drift time increases, an increasing separation between

electrons and pions is observed, which is attributed to the fact that the incident

electron produces TR photons early while traversing through the radiator.

3.3.4 Time of Flight Detector (TOF)

The Time of Flight (TOF) Detector [4, 22, 23] of ALICE consists of a large array

of Multigap Resistive Plate Chambers (MRPCs) positioned at 370 < r < 399 in

radial direction from the IP, covering the pseudorapidity region of |η| < 0.9 over full

azimuth. It has a moduler structure that corresponds to 18 sectors in azimuthal

direction and 5 segments in the direction of the z axis, as shown in Fig. 3.7 (left).

The TOF detector identifies pions and kaons with momentum up to 2.5 GeV/c

and protons up to 4 GeV/c. It complements the PID capabilities of the ITS and
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Figure 3.6: (Left) Schematic cross-sectional view of a module of the TRD. (Right) Average
pulse height for electrons and pions as a function of drift time [4].

TPC. The PID performance of the TOF detector is shown in Fig. 3.7 (right) in Pb–

Pb collisions at
√
sNN = 5.02 TeV. A clear separation is visible for different species

of charged particles, especially pronounced for heavy particles at low momentum.

ALI-PUB-528804

Figure 3.7: (Left) Schematic drawing of one supermodule of the TOF, comprising of 5
modules, in the ALICE spaceframe [4]. (Right) PID performance of TOF detector [13].

3.3.5 High-Momentum Particle Identification Detector (HMPID)

The High-Momentum Particle Identification Detector (HMPID) [4, 24] is designed

for the inclusive measurements of identified charged hadrons with momentum above
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1 GeV/c. It consists of 7 modules, each with dimensions of 1.5×1.5 m2. Each

detector module is based on a proximity-focusing RICH (Ring Imaging CHerenkov)

counter, which uses a liquid radiator C6F14 (perfluorohexane) and employs CsI thin

films deposited onto the cathode plane of a MWPC. The HMPID is located at

r = 490 cm from the nominal IP and fixed at the two o’clock position, covering the

pseudorapidity region of |η| < 0.6 over an azimuth of 1
o
< φ < 59

o
.

Figure 3.8: Working principle of the HMPID detector [25].

The working principle of HMPID is described in Fig. 3.8. When charged particles

traverse through the radiator C6F14, Cherenkov radiation is emitted from there. The

radiation propagates in the proximity volume of CH4 along a cone with the trajectory

of the particle as its axis and an opening angle θ. A collection cathode is placed

near the radiator to prevent electrons released by ionizing particles in the proximity

gap from entering the volume of the MWPC. The angle θ is proportional to the

velocity (β) of the particle. The MWPC detector produces the image of Cherenkov

radiation as a ring. One can deduce the angle θ by measuring the ring radius.

Hence, the velocity β can be determined via the well known Cherenkov equation:
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β = 1/n cos θ (n = refractive index of C6F14). The charge and momentum of the

particle can be measured by ITS and TPC. Therefore, by combining the information

from ITS and TPC with the velocity measured by HMPID, one can deduce the mass

of the particle and identify it. Figure 3.9 shows the PID performance of HMPID for

Pb–Pb collisions at
√
sNN = 5.02 TeV presented in terms of Cherenkov angle vs

momentum [26]. It is observed that above a momentum of 3 GeV/c, the signals for

pions and kaons begin to merge, while the signal for protons remains distinct up to

5 GeV/c.

Figure 3.9: Cherenkov angle measured by the HMPID as a function of track momen-
tum [26].

3.3.6 Photon Spectrometer (PHOS)

The PHOton Spectrometer (PHOS) [4, 27, 28] is an electromagnetic calorimeter,

which is designed to study the spectra and collective flow of direct photons and to

investigate jet quenching via the measurement of high-pT π0 and γ-jet correlations.

The PHOS is located on the bottom side of the ALICE setup at 460 < r < 478

cm in the radial direction from the IP (see Fig. 3.10), covering the pseudorapidity of

|η| < 0.125 over an azimuth of 220
o
< φ < 320

o
. The PHOS detector consists of three

full modules and one-half module. Full modules have 56 rows × 64 columns = 3584

detection elements, and the half module has 56 rows × 32 columns = 1792 elements.
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Each element consists of a lead tungstate crystal (PbWO4) of size 22×22×180 mm3,

coupled to an Avalanche Photo-Diode (APD) of size 5× 5 mm2. The signal of APD

is processed by a low-noise preamplifier. The crystals are kept at a temperature of

−25
o
C to amplify the yield of scintillation light in the crystals by a factor of three

compared to that in room temperature. In contrast to EMCal, the acceptance of the

PHOS is low; however, the granularity and resolution of the PHOS are significantly

better than EMCal.

solenoid magnet

ITS 

TPC 

TRD

TOF

EMCal/DCal

HMPID

PHOS

ALI-PUB-560043

Figure 3.10: (Left) Schematic view of the ElectroMagnetic Calorimeter, showing the posi-
tions of the modules on two approximately opposite positions in azimuth. (Right) Cross-
sectional view of ALICE Central barrel detectors. The PHOS is inside the DCal and
indicated in brown [29].

3.3.7 Electromagnetic calorimeters (EMCal and DCal)

The ElectroMagnetic Calorimeter (EMCal) of ALICE is designed for the measure-

ments of electromagnetic observables such as electrons from heavy-flavour hadron

decays, the electromagnetic component of jets, and the spectra of direct photons

and neutral mesons [29,30]. Furthermore, the EMCal provides dedicated trigger for

jets and photons.

The EMCal is positioned at 430 < r < 455 cm in radial direction from the

79



IP, which is almost opposite to the PHOS detector (see Fig. 3.10). The EMCal

covers the pseudorapidity region of |η| < 0.7 over an azimuth of 80
o
< φ < 187

o
.

The EMCal is a sampling calorimeter that utilizes the Shashlik design and involves

77 alternating layers of lead and plastic scintillators. Incident particles produce

showers in the lead absorber layers, and the shower particles then produce light in

the scintillator layers. Wavelength shifting (WLS) fibres guide the produced light

to the APDs, where the signal is detected.

The EMCal consists of three different sizes of supermodules (SMs): full-size, 2/3-

size, and 1/3-size as shown in Fig. 3.11. Full-size SMs comprises of 12 × 24 = 288

modules, 2/3-size SMs have 12 × 16 = 192 modules, and 1/3-size SMs consists of

4 × 24 = 96 modules. These SMs are installed in several campaigns. These last

SMs are placed at 180
o

opposite in φ from the other SMs, this part of the EMCal

is referred to as the Dijet Calorimeter (DCal) [29, 31]. The DCal is split into two

separate parts, with the PHOS placed in between them. The inclusion of DCal

enables the measurements of back-to-back hadron-jet and di-jet correlations, which

are not possible with the EMCal alone. As shown in Fig. 3.11, the EMCal is made

of ten full-size and two 1/3-size SMs, while the DCal is made of six 2/3-size and two

1/3-size SMs. The acceptance of the DCal is 0.22 < |η| < 0.7, 260
o
< φ < 320

o
(for

2/3-size SMs) and |η| < 0.7, 320
o
< φ < 327

o
(for 1/3-size SMs). Figure 3.10 shows

the schematic view of the EMCal and DCal.

3.3.8 ALICE COsmic Ray DEtector (ACORDE)

The ALICE COsmic Ray DEtector (ACORDE) [4,32,33] plays a two-fold role in the

ALICE experiment: (i) it provides a fast (Level-0) trigger signal for the commission-

ing, calibration, and alignment procedures of some ALICE tracking detectors (ITS,

TPC, TOF, HMPID), and (ii) in combination with the TPC, TRD, and TOF, it

detects single atmospheric muons and multi-muon events (muon bundles) that allow

the study of high-energy cosmic rays in the energy region of the knee in the cosmic
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ALI-PUB-560061

Figure 3.11: Geometric overview of electromagnetic calorimeters in the η-φ plane. The
figure is adapted from Ref. [29].

Figure 3.12: Photograph of the ACORDE scintillator array placed on top of the magnet.
The figure is adapted from Ref. [32].

ray spectrum [4].

As shown in Fig. 3.12, the ACORDE is placed on top of the L3 magnet at r = 850

cm, covering the pseudorapidity of |η| < 1.3 over an azimuth of 30
o
< φ < 150

o
.

It consists of 60 scintillator modules. Each module has two scintillator counters,

each with an effective area of 190 × 20 cm2 and a thickness of 10 mm, arranged in

a doublet configuration. With this setup, a uniform efficiency higher than 90% is

achieved along the entire length of an ACORDE module [32].
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3.3.9 Tracking and vertex reconstruction

This section describes the procedure followed to track the incident charged particles

in the central barrel and to determine the interaction vertex position. The procedure

consists of several steps, as shown schematically in Fig. 3.13.

Figure 3.13: Flow chart of track reconstruction in ALICE. The figure is adapted from
Ref. [5].

The procedure begins with the clusterization step, in which the data collected

by the detector are converted into “clusters” characterized by various parameters

such as positions, signal amplitudes (energy deposits), and signal times and their

associated errors. The next step is to find the preliminary interaction vertex using

the SPD tracklets. The tracklets are defined as lines connecting two clusters found

in the two SPD layers (one cluster per layer) of the ITS. The vertex is identified as

a space point to which the maximum number of these tracklets converge.

Afterwards, track-finding and fitting procedures are performed using ITS and

TPC clusters. The found tracks are also matched to the other central detectors

(TRD, TOF, EMCal, PHOS, and HMPID). The procedure consists of three stages

and follows an inward-outward-inward scheme, as shown in Fig. 3.14.

The first inward stage starts with finding tracks in the outermost radius of the

TPC detector. Initially, track seeds are built with two TPC clusters and the primary

vertex point, then with three TPC clusters without any vertex constraint. There are
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Figure 3.14: Description of the three stages of track reconstruction of an event recorded
by ALICE. The figure is adapted from Ref. [34].

159 tangential pad rows in the TPC readout chambers; thus, a track can, ideally,

produce up to 159 clusters within the volume of the TPC. The track seeds are

propagated inward with a Kalman filter technique [35], where seeds are updated

with the nearest cluster according to specific proximity criteria. Since clusters can

be reused in multiple seeds, the same track can be reconstructed multiple times. In

order to avoid this, an algorithm is applied to look for a pair of tracks that share a

fraction of common clusters exceeding a certain limit (between 25% and 50%) and

one of these two tracks is then selected according to some quality parameters based

on the number of clusters, cluster density, and momentum. Furthermore, tracks are
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accepted if they have a minimum of 20 clusters (out of a maximum of 159 clusters),

and they do not miss more than 50% of the clusters expected for a given track

position. These accepted tracks are then propagated inwards to the inner radius

of the TPC. The track-finding efficiency of the TPC detector is determined using

MC simulation and defined as the ratio of the reconstructed tracks to the generated

primary particles. The resulting efficiency values are presented as a function of pT in

Fig. 3.15(a) for pp and Pb–Pb collisions. For pT > 1 GeV/c, the efficiency saturates

at about 80–85% while it rapidly decreases for pT < 0.5 GeV/c because of multiple

scattering and energy loss in the detector material. The tracks reconstructed by the

TPC are propagated to the outermost layer (SSD) of the ITS and are used as seeds

for track reconstruction in the ITS, which follows an inward propagation similar to

the one described for the TPC. The TPC track prolongation efficiency to the ITS is

called ITS–TPC matching efficiency, which is presented in Fig. 3.15(b) as a function

of pT for Pb–Pb collisions. The efficiency is close to 100%.
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Figure 3.15: (a) Track finding efficiency of the TPC detector for pp and Pb–Pb collisions.
(b) ITS–TPC matching efficiency in Pb–Pb collisions. These figures are adapted from
Ref. [5].

The second outward stage begins once the reconstruction of tracks in the ITS

is completed. The tracks are refitted by the Kalman filter technique in the out-

ward direction using the clusters found in the previous stage. Then, the tracks are
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matched to TRD tracklets in the six TRD layers and subsequently matched to the

TOF clusters. The tracks are further propagated to match with signals in EMCal,

PHOS, and HMPID detectors. The information from these detectors is not used

to update the kinematic properties of the tracks but is stored for the purposes of

particle identification.

In the last tracking stage, all tracks are re-propagated inwards, starting from the

outermost radius of the TPC detector. In both TPC and ITS detectors, the tracks

are refitted with the same clusters found in the previous stage. The track properties,

such as the track’s direction, position, and inverse curvature, are finally determined.

Figure 3.16(a) shows the pT resolution for ITS–TPC matched tracks (open mark-

ers) and standalone TPC tracks (solid markers). The resolution is better for ITS–

TPC matched tracks than for the standalone TPC tracks. The resolution for stan-

dalone TPC tracks can be improved by constraining the tracks to the primary vertex.

Finally, the position of the primary vertex is determined using the ITS–TPC

matched tracks, which gives the vertex resolution up to 2–2.5 times better than that

found with the SPD tracklets, as evident from Fig. 3.16(b). The improvement of the

vertex resolution is also visible with increasing the number of contributing tracks.

3.4 Forward detectors

The forward detectors [36] of the ALICE consist of V0, T0, Forward Multiplicity

Detector (FMD), Photon Multiplicity Detector (PMD) [37, 38], and Zero Degree

Calorimeter (ZDC) [39] which are briefly described in the following subsections.

3.4.1 The V0 Detector

The V0 detector [36, 40] is made of two scintillator arrays placed on either side of

the IP at z = 330 cm (V0A), covering pseudorapidity 2.8 < η < 5.1 and z = −90

cm (V0C), covering −3.7 < η < −1.7. Each of the V0 arrays is segmented into 32
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Figure 3.16: (a) The pT resolution for ITS–TPC matched tracks (open markers) and
standalone TPC tracks (solid markers) with and without constraint to the vertex. The
constraint to the vertex significantly improves the resolution of standalone TPC tracks;
however, it has no effect on ITS–TPC matched tracks. (b) Transverse resolution of the
primary vertex found with ITS–TPC matched tracks (solid markers) and SPD tracklets
(open markers) as a function of the number of contributing tracks. These figures are
adapted from Ref. [5].

individual scintillator counters (four rings in the radial direction and eight sections

in the φ direction) as shown in Fig. 3.17. Each detector element is connected with

photomultiplier tubes (PMTs) via WLS fibres. Each scintillator can record both the

amplitude and the time of the signals produced by charged particles.

The V0 detector serves several purposes in the ALICE experiment: it provides

triggers to select minimum bias (MB) events; the V0 time information can be used

to reject the background events such as beam-gas or beam-halo interactions; it

measures charged-particle multiplicity that helps in determining the centrality of

the collision and it also participates in luminosity measurements.

3.4.2 The T0 Detector

The T0 detector [36] is made of two arrays (T0A and T0C) of Cherenkov Counters

placed on both sides of the IP. The T0A is positioned at z = 370 cm, covering

the pseudorapidity 4.6 < η < 4.9, whereas the T0C is located at z = −70 cm,

covering the pseudorapidity −3.3 < η < −3.0. Each of the T0 arrays consists of 12
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Figure 3.17: Sketches of V0A and V0C arrays displaying their segmentations [40].

Cherenkov counters based on a fine-mesh PMT coupled to a quartz radiator.

The T0 provides the start time for the T0F detector, regardless of the collision

vertex. In addition, the T0 detector contributes to the determination of the vertex

position with a precision of about ± 1.5 cm, provides a Level 0 trigger if the vertex

position is within specified boundaries, and participates in discriminating beam-gas

interactions.

3.4.3 Forward Multiplicity Detector (FMD)

The Forward Multiplicity Detector (FMD) of ALICE is designed to measure charged

particle multiplicity in the pseudorapidity regions −3.4 < η < −1.7 (backward

direction) and 1.7 < η < 5.0 (forward direction). The combined information of SPD

and FMD can be used to access a wide kinematic range at the LHC of more than

8 units in pseudorapidity from -3.4 to 5.0. The FMD detector can also be used to

study multiplicity fluctuations event-by-event, to determine the reaction plane, and

to measure elliptic flow. Moreover, in conjunction with PMD, FMD can be used to

study the correlation between charged-particles and photons at forward rapidity.

The layout of the FMD detector is shown in Fig. 3.18. The FMD consists of three

sub-detectors: FMD1, FMD2, and FMD3. The position and acceptance of these

sub-detectors are given in Table 3.2. FMD2 and FMD3 consists of two rings (inner

and outer), whereas FMD1 only has one inner ring. The inner ring is segmented
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Figure 3.18: Layout and positioning of the FMD detector in the ALICE experiment. The
figure is adapted from Ref. [41].

into 20 azimuthal sectors, each containing 512 silicon strips with radii from 4.2 to

17.2 cm. On the other hand, the outer ring is divided into 40 azimuthal sectors,

each consisting of 256 silicon strips with radii from 15.4 to 28.4 cm. Therefore, each

FMD ring has 10,240 silicon strips, resulting in a total of 51,200 strips of the entire

FMD detector.

Table 3.2: The acceptance and position of the sub-detectors of the FMD. Here, z is the
longitudinal coordinate measured with respect to the IP.

Detector η φ Position

in polar in azimuth

FMD1 3.6 < η < 5.0 0
o
< φ < 360

o
z = 320 cm

FMD2 1.7 < η < 3.7 0
o
< φ < 360

o
z = 80 cm

FMD3 −3.4 < η < −1.7 0
o
< φ < 360

o
z = −70 cm

3.4.4 Photon Multiplicity Detector (PMD)

The Photon Multiplicity Detector (PMD) [37, 38, 42] is designed to measure the

multiplicity and spatial distributions of inclusive photons at forward pseudorapid-
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ity. The PMD can also be used to determine the reaction plane and to study the

azimuthal anisotropy of photons.

The PMD is a gaseous detector located at z = 367 cm, covering the pseudora-

pidity region of 2.3 < η < 3.9 with full azimuth. It consists of two fine granular

planes: the Charged Particle Veto (CPV) and the PREshower (PRE) planes. A

lead converter with a thickness equivalent to three radiation lengths (3X0) is placed

between these two planes. Each PMD plane has 20 modules, each containing 4608

hexagonal cells of size 0.22 cm2 and depth 0.5 cm. Each cell serves as a proportional

counter and is filled with a gas mixture of Ar + CO2 (70:30).

Figure 3.19: Working principle of the PMD. The figure is adapted from Ref. [43].

The working principle of photon detection using the PMD is illustrated in Fig. 3.19.

Due to the presence of a lead converter, when a photon incident on the PMD, it

initiates electromagnetic showers by pair production and bremsstrahlung radiation

and produces signals on several cells on the PRE plane as shown by yellow patches

in Fig. 3.19. Conversely, a charged hadron affects one or two cells and produces a

signal representing a minimum ionizing particle. Based on these observations, one

can identify the photons.

3.4.5 Zero Degree Calorimeter (ZDC)

The Zero Degree Calorimeter (ZDC) [39] is a quartz sampling calorimeter that con-

sists of two sets of neutron (ZNA and ZNC) and proton (ZPA and ZPC) calorimeters
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located on both sides of the IP. The position and acceptance of both neutron and

proton calorimeters are given in Table 3.3. The main purpose of the ZDC is to

detect the energy carried by the spectator nucleons, which is used to determine the

centrality of nucleus–nucleus collisions.

Table 3.3: The acceptance and position of different components of the ZDC detector.
Here, z is the longitudinal coordinate measured with respect to the IP.

Detector η φ Position

in polar in azimuth

ZN |η| > 8.8 0
o
< φ < 360

o
z = ±112.5 m

ZP 6.5 < |η| < 7.4 |φ| < 10
o

z = ±112.5 m

ZEM 4.8 < η < 5.7 |2φ| < 32
o

z = 7.3 m

Figure 3.20: Layout of ALICE Muon Spectrometer. The MCH consists of stations 1 to 5,
and the MTR comprises stations 6 and 7 [44].

3.5 Muon Spectrometer (MS)

The Muon Spectrometer (MS) [4, 45, 46] is designed to study the production of

light vector mesons, heavy flavour mesons, and quarkonium via their µ+µ− decay

channels. It is installed in the “C side” of the ALICE apparatus, covering the
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pseudorapidity region of −4.0 < η < −2.5 with full azimuth. The spectrometer is

made of several components: a front absorber to absorb hadrons produced in the

MS acceptance; a tracking system, Muon CHambers (MCH); a dipole magnet; a

beam shield to reduce the contributions from secondary particles produced at very

large rapidities; an iron filter to absorb the residual background of hadrons, and

finally, the Muon TRigger (MTR). The MCH is composed of five stations placed at

−14.2 < z < −5.4 m and each station consists of two planes: Cathode Pad Chamber

and Cathode Strip Chamber. On the other hand, the MTR is made of two stations

positioned at −17.1 < z < −16.1 m and each station has two planes of Resistive

Plate Chambers. Figure 3.20 illustrates the layout of the Muon spectrometer.

3.6 The ALICE trigger and data acquisition

The detector sub-systems of the ALICE are described in Secs. 3.3, 3.4, and 3.5 start

to read out only once the Central Trigger Processor (CTP) [5, 47] generates the

trigger decision. The CTP is a critical component that determines whether to record

the data from a given collision by analyzing signals from several trigger detectors in

real time, along with bunch crossing and bunch-filling scheme information from the

LHC. The trigger decision consists of three levels:

Level 0 (L0): The L0 is the first trigger decision which is made ≈ 0.9µs after the

collision. It is based on the inputs from V0, T0, EMCal, PHOS, and MTR

detectors.

Level 1 (L1): The L1 trigger algorithm in the CTP evaluates the accepted events

at L0. The L1 trigger decision is made ≈ 6.5µs after the L0 trigger. The

decisions of L0 and L1 triggers are then transmitted to the detectors with a

latency of ≈ 300 ns to trigger the buffering of the event data in the detector

front-end electronics.
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Level 2 (L2): The decision of L2 trigger is made after ≈ 100µs corresponding to the

drift time of the TPC. The L2 decision triggers the sending of the event data

to the Data Acquisition System (DAQ) [48] and simultaneously to the High

Level Trigger (HLT) system [49] where event building and data compression

are performed.

A couple of triggers used in this thesis work can be found in Table 3.4.

Table 3.4: Selection of triggers [5] important to this thesis work.

Trigger Different Description Condition

name acronyms

MBor kINT1 minimum bias trigger to select signals in V0 and SPD

Inelastic (INEL) events

MB and kINT7/V0AND minimum bias trigger to select signals in V0A and V0C

non-single diffractive (NSD) events

The DAQ system of the ALICE is responsible for managing the data flow from

the detector to the data storage. Data from the detector are initially delivered to

front-end machines known as Local Data Concentrators (LDCs). At the LDCs, event

fragments are assembled into sub-events. The sub-events are then sent to a farm of

machines known as Global Data Collectors (GDCs). At the GDCs, the sub-events

are combined to construct the entire event. The DAQ system interfaces with the

HLT, which performs a fast reconstruction of each event, making decisions to accept

or reject it. The HLT applies compression algorithms to reduce the size of the events

without losing essential physics information. This compression is necessary to cope

with the DAQ archiving rate, which is around 1 GB/s. Finally, events are stored in

the CERN computing centre.
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3.7 The ALICE offline framework

The ALICE experiment records an enormous amount of data that requires a sophis-

ticated infrastructure for processing and analysis. This infrastructure is coordinated

by the Worldwide LHC Computing Grid (WLCG) project [50–52], a highly hierar-

chical computing system with three main levels:

Tier-0 centre: It is the largest computing centre located at CERN. It serves as a

central hub in the WLCG infrastructure.

Tier-1 centre: Tier-1 centres are regional computing centres which are logically

clustered around Tier-0. The Tier-1 centres contribute to the storage of events

and are vital for data distribution and accessibility. Tier-1 centres often utilize

magnetic tapes for long-term data storage.

Tier-2 centre: Tier-2 centres are smaller computing centres that are logically clus-

tered around Tier-1 centres.

The WLCG infrastructure is not only limited to data storage but also associated with

data processing tasks, which include various steps such as calibration, reconstruc-

tion of events, simulation, and analysis. The ALICE collaboration has developed

the AliEn (ALICE Environment) [53] service for the analysis of the vast datasets

distributed across the WLCG infrastructure. The AliEn facilitates collaboration

among researchers and provides a user-friendly interface for interacting with the

distributed data. It assists in data management, job submission, monitoring, and

other essential tasks related to data analysis.

The data analysis in ALICE is performed using a software environment called

AliRoot [54,55]. The AliRoot is based on ROOT [56] framework, which is an object-

oriented data analysis framework written in C++. The AliRoot framework provides

various features such as data calibrations, data reconstructions, detector simulations,

visualizations, etc., which are required for the data analysis. The framework is also
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interfaced with various Monte Carlo event generators such as PYTHIA, PHOJET,

HIJING, DPMJET, EPOS, etc. and different transport codes which simulate the

detector response such as GEANT 3 [57,58], GEANT 4 [59] and FLUKA [60]. The

particles produced from event generators are transported through GEANT 3 or

GEANT 4 so that the simulated events contain the complete information available

to real data. The real data and simulated event information are stored in ROOT file

formats like Event Summary Data (ESD) and Analysis Object Data (AOD). Finally,

various analysis codes are developed and written in the AliRoot framework and kept

in a data repository called AliPhysics [61]. These codes are used to access, read,

and extract event and particle information from the root files for further physics

analysis of interest. My thesis work utilizes only the AOD files.
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Chapter 4

Multiplicity dependence of

charged-particle jet properties in

pp collisions

In this chapter, we present the first measurement of multiplicity dependent charged-

particle intra-jet properties in proton-proton (pp) collisions at
√
s = 13 TeV with

the ALICE experiment [1]. Jets are reconstructed from charged particles produced

in the midrapidity region using the sequential recombination anti-kT algorithm with

jet resolution parameters R = 0.2, 0.3, and 0.4 for the transverse momentum (pT)

interval 5–110 GeV/c. The results are compared with predictions of QCD-inspired

Monte Carlo event generators, PYTHIA 8 with Monash 2013 tune and EPOS LHC.

4.1 Introduction

Several experiments at RHIC and the LHC are being performed to study the physics

of the strongly interacting QCD matter, known as quark–gluon plasma (QGP) [2–5],

produced in heavy-ion (A–A) collisions. Various experimental signatures have been

observed in heavy-ion collisions in favor of the formation of the QGP medium. Jet
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quenching [6–8], a phenomenon of in-medium energy loss of energetic partons [9–12],

is one of the most compelling signatures of the quark-gluon plasma.

Various results from A-A collisions are conventionally compared to similar results

from pp and proton-nucleus (p-A) collisions to help making final conclusions about

the QGP formation in A-A collisions. Recent measurements in pp and p-A collisions,

particularly at high multiplicities, however have shown features similar to those in

A-A collisions. These observations triggered an immense research interest to look

for the onset of QGP-like effects in high-energy small collision systems, particularly

at high multiplicities through a plethora of new and precise measurements of differ-

ent potential observables [13–20]. Measurements primarily related to the soft (low

transverse momentum scale, pT ≈ λQCD) QCD sector of particle production mech-

anisms have brought to the forefront various observations commonly understood as

due to medium formation, such as the long-range ridge-like structure at the near

side in two-particle angular correlations [21–25], strangeness enhancement [26–28],

and elliptic flow (v2) [29,30]. However, in terms of the hard probes (high transverse

momentum scale, pT >> λQCD), no conclusive evidence of jet quenching has been

found yet within the current precision achieved in experiments [31,32]. This brings

to the table the possibility of QGP formation in small collision systems as an open

question that requires to be carefully addressed and investigated further. In view of

this, intra-jet properties such as jet shape and fragmentation functions are promis-

ing observables since they are more sensitive to the details of the parton shower and

hadronization processes, which are expected to get modified in the presence of a

dense partonic medium [33–36].

Numerous measurements of intra-jet properties have been performed in hadronic

collisions. Jet shape observables were previously measured by the CDF [37, 38]

and D0 [39] Collaborations in proton-antiproton (pp) collisions at the Tevatron

and by the ALICE [40], ATLAS [41, 42], and CMS [43, 44] Collaborations in pp

collisions at the LHC. Measurements of jet fragmentation functions have also been
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reported by the CDF Collaboration [45] in pp collisions, whereas ALICE [40, 46],

ATLAS [42,47,48], and CMS [49] Collaborations have also studied jet fragmentation

functions in pp and Pb–Pb (lead-lead) collisions at LHC energies.

We performed the first measurement and studied the multiplicity dependence of

charged-particle intra-jet properties in pp collisions at
√
s = 13 TeV. In this study,

the average jet constituent multiplicity 〈Nch〉 and the jet fragmentation functions

(zch and ξch) are measured for leading charged-particle jets (jet with the highest

pT in an event) with jet resolution parameters R = 0.2, 0.3, and 0.4 as a function

of jet pT in minimum-bias (MB) and high multiplicity (HM) pp collisions using

the ALICE detector at the LHC. To correct for the instrumental effects, a two-

dimensional Bayesian unfolding technique implemented in the RooUnfold package

is used. The underlying event (UE) contributions are estimated using the perpendic-

ular cone method, and after unfolding the unfolded UE distributions are subtracted

from the unfolded signal distributions on a statistical basis. The systematic un-

certainties arising from various sources (such as tracking efficiency, event generator

dependence, regularisation parameter variation, prior uncertainty, bin truncation,

and UE estimation method variation) are estimated, and the total systematic un-

certainty is determined by adding them in quadrature. To understand the onset

of various effects in HM events, results obtained from HM classes are compared

to those obtained from MB event classes. The results are finally compared to the

predictions from Monte Carlo models such as PYTHIA 8 and EPOS LHC.

This chapter is organized as follows: Section 4.2 describes the analysis setup used

in this study. Details of jet reconstruction, jet performance, and jet observables are

discussed in Sec. 4.3, 4.4 and 4.5, respectively. The estimation of underlying events is

discussed in Sec. 4.6. The uncorrected results are shown in Sec. 4.7. The procedures

applied to correct the measured distributions for instrumental effects and underlying

event contamination are presented in Sec. 4.8. Section 4.9 presents the estimation of

systematic uncertainties from various sources. Results are presented and discussed in
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detail in comparison with predictions from Monte Carlo event generators in Sec. 4.10.

4.2 Analysis details

4.2.1 Datasets

In the ALICE experiment, the data-taking configurations are periodically reset by

software throughout the raw data collection of the collisions [50]. A huge volume

of data gathered over time is categorized as “production cycles” or “data taking

periods”. The raw data obtained from the detectors are processed and stored as

events in Event Summary Data (ESD) and Analysis Object Data (AOD) files, which

can be used for analysis. The data processing is done through a few reconstruction

passes, which include alignment, calibration, simulation, reconstruction, etc. [51].

In this analysis, the Run 2 datasets of the ALICE experiment collected in the

years 2016, 2017, and 2018 are used and the run numbers are taken from Ref. [52]

for each data taking periods. This work uses the following production cycles of pp

collisions:

LHC16 (pass1): d, e, g, h, i, j, k, l, o, p;

LHC17 (pass1): m, l, i, h, o, k, r;

LHC18 (pass1): b, d, e, f, g, h, i, j, k, m, o, p;

here “pass1” refers to the first reconstruction pass, where high-precision alignments

and data calibrations are done.

4.2.2 Simulation framework

This work uses Monte Carlo (MC) event generators such as PYTHIA 8 with Monash

2013 tune [53] and EPOS LHC [54] event generators. The anchored1 MC productions

1The generated particles from the event generator are transported through the experimental setup us-
ing the GEANT 3 software package, which includes a detailed description of the apparatus geometry and
the detector response via the AliRoot software framework. These simulations include realistic experimen-
tal conditions and exact detector settings as used during the data-taking and are known as “anchored
simulations”
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used in this analysis with a full GEANT 3 [55] ALICE detector simulation are:

PYTHIA 8 Monash 2013 tune: LHC18f5b 2 [jet-jet production];

EPOS LHC: LHC17d20b1 and LHC17d20b;

where jet-jet productions in PYTHIA 8 are the events produced in different pT-

hard bins. The corrections for instrumental effects and the evaluation of systematic

uncertainties are performed with the help of these MC simulations.

PYTHIA 8 [53] is a parton-based generator that uses the Lund string fragmen-

tation model to tackle hadronization in order to simulate parton interactions and

parton showers. EPOS LHC [54] is a unique category where elements of the Regge

theory are combined with a parton-based description. In the MC simulation, par-

ticles produced directly from the MC event generator (gen-level) are used to re-

construct particle-level (truth-level) jets and the detector-level (rec-level) jets are

reconstructed with the charged tracks propagated through a GEANT 3 [55] simula-

tion of the ALICE detector system. The selection criteria of jets in the simulations

are the same as those in the experimental data.

4.2.3 Event selection

This analysis is based on 1832 million minimum bias (MB) and 870 million high-

multiplicity (HM) events corresponding to integrated luminosities of 32 nb−1 and

10 pb−1, respectively. Event selection is done in two ways, as discussed in the

following paragraphs. In the first step, events are selected using different triggers

to choose relevant and interesting events based on the requirements of the analysis.

In the second step, several criteria have to be checked in order to ensure proper

reconstruction of the event.

The MB events are selected using the minimum bias trigger, kINT7 (ALICE

acronym), which selects the inelastic events. The MB trigger requires the in-time

coincidence of signals both in the V0A and V0C detectors, which cover an azimuthal

acceptance of 0 < ϕ < 2π and pseudorapidity 2.8 < η < 5.1 (V0A) and −3.7 < η <
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−1.7 (V0C), respectively.

The HM trigger, used to select the high-multiplicity events, requires the sum of

V0A and V0C signal amplitudes (denoted as V0M) to be at least five times larger

than the mean signal amplitude in MB events (denoted as 〈V0M〉). Therefore, the

HM trigger selects 0.1% of MB events having the largest value of V0M. Detailed

selection procedures of HM events in pp collisions at
√
s = 13 TeV are described in

Ref. [56].

A selection criterion on the primary vertex position from the nominal interaction

point is applied along the beam direction to ensure uniform reconstruction efficiency

of the charged particles. The primary vertex reconstruction is considered if the num-

ber of vertex contributors is greater than zero. Events with a primary vertex outside

±10 cm along the beam direction from the nominal interaction point are rejected

to guarantee a uniform acceptance of the central barrel detectors. In addition,

beam induced background events are removed using the two neutron Zero-Degree

Calorimeters (ZDCs) [57]. Events with collision pileup are removed by rejecting

events with multiple reconstructed vertices [58, 59], and out-of-bunch pileup is re-

jected using V0 and SPD detectors [60].

4.2.4 Track selection

The analysis is carried out using the primary charged particles, defined as all parti-

cles with a mean proper lifetime τ > 1 cm/c, which are either produced directly in

the interaction or from decays of particles with mean proper lifetime τ < 1 cm/c [61].

Jets are reconstructed from charged-particle tracks measured with the ITS and TPC

detectors.

To ensure an approximately uniform azimuthal acceptance and good momen-

tum resolution, charged tracks are reconstructed using a hybrid selection tech-

nique [59, 62], where two different classes of tracks are combined. In the first class,

tracks are required to include at least one hit in the silicon pixel detector (SPD),
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which equips the two innermost layers of the ITS. The second class contains tracks

without hits in the SPD, where the primary vertex is used as an initial point of the

trajectory to improve the estimation of the particle momentum (as also discussed in

Sec. 3.3.9 of Chapter 3). Tracks with transverse momentum pT > 0.15 GeV/c in the

pseudorapidity range |η| < 0.9 over the full azimuth (0 < ϕ < 2π) are considered in

this analysis. The hybrid track reconstruction efficiency in both MB and HM events

is found to be about 85% at pT = 1 GeV/c, decreasing to 74% at pT = 50 GeV/c.

Primary-track momentum resolution is 0.7% at pT = 1 GeV/c, increasing to 3.7%

at pT = 50 GeV/c [63].

4.3 Jet reconstruction

Charged-particle jets are reconstructed from the charged tracks with the anti-kT

algorithm and pT recombination scheme using the FastJet 3.2.1 [64] package. The

jet finding algorithms are briefly discussed in Chapter 2. The charged-particle jets

contain charged-tracks with pT > 0.15 GeV/c and |η| < 0.9 as jet constituents. The

analysis is performed with jets reconstructed using jet resolution parameters R =

0.2, 0.3, and 0.4 within the pT interval 5–110 GeV/c. The pseudorapidity coverage

of the reconstructed jets is limited within the fiducial acceptance of the TPC, |ηjet| <

(0.9−R), to minimize the TPC edge effects in jet reconstruction. Leading charged-

particle jets are considered since they are theoretically well-defined objects and

less prone to experimental effects compared to inclusive jets [65]. Moreover, the

formation and evolution of leading jets can be described by jet functions which satisfy

non-linear DGLAP-type evolution equations, and therefore, they are comparable

with the QCD hard scattering models [37].
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4.4 Jet performance

The jet performance is studied with PYTHIA 8 simulation by comparing the particle-

level jets to the detector-level jets. This measures how well the jet is reconstructed

at the detector-level to understand the detector effects. In order to evaluate the

jet performance, the detector-level jets have to be matched to the corresponding

particle-level jets.

A geometrical matching procedure is applied between the detector-level and

particle-level leading jets, known as geometrical-closest approach. A one-to-one

jet matching is ensured where the axes of the matched jets are required to be within

∆R < 0.6R to minimize unrealistic matching. These matched jets are used to cal-

culate the jet energy scale JES, jet energy resolution JER, and jet reconstruction

efficiency εreco. Table 4.1 summarizes the values of ∆JES, JER, and εreco for different

jet-pT ranges.

p
jet, ch
T,truth

R = 0.2 R = 0.3 R = 0.4

(GeV/c) ∆JES(%) JER (%) εreco(%) ∆JES(%) JER (%) εreco(%) ∆JES(%) JER (%) εreco(%)

10–20 -9 20 89 -10 20 90 -12 20 91

20–30 -11 21 94 -12 20 95 -13 20 95

30–40 -13 21 95 -14 20 96 -14 20 96

40–50 -14 21 96 -15 20 97 -15 20 97

80–90 -18 23 97 -19 22 97 -18 22 97

Table 4.1: Approximate values of ∆JES, JER, and εreco to characterize the jet reconstruc-
tion performance for jet R = 0.2, 0.3, and 0.4.

4.4.1 Jet energy scale (JES)

The jet energy scale (JES) distribution is measured as:

JES =
(pjet

T,det − pjet
T,gen)

pjet
T,gen

(4.1)

where, pjet
T,gen and pjet

T,det denotes the particle-level and detector-level leading jet pT.

The JES distribution shows a peak at zero with an asymmetric tail towards negative
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values due to tracking inefficiencies characterized by the mean value of JES denoted

as ∆JES.
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Figure 4.1: JES (2D) for jet R = 0.2
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Figure 4.2: JES (2D) for jet R = 0.3
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Figure 4.3: JES (2D) for jet R = 0.4

Figures 4.1, 4.2 and 4.3 show the 2D distributions of JES as a function of pjet
T,gen for

minimum-bias events with jet radius, R = 0.2, 0.3 and 0.4, whereas the mean of these

distributions ∆JES are marked with red circle points in the 2D distributions. The

ranges of variation of ∆JES with pjet
T,gen vary from -9% (R = 0.2) to -18% (R = 0.4)

as shown in Table 4.1.
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4.4.2 Jet energy resolution JER

The width of the JES distributions is represented as jet energy resolution JER,

which is a measure of the remaining fluctuations and defined as:

JER =
σ(pjet

T,det)

pjet
T,gen

(4.2)

where σ is the width of the pjet
T,det distribution for a given value of pjet

T,gen. Figures 4.4,

4.5 and 4.6 show the JER distributions for MB events with jet R = 0.2, 0.3, and 0.4.

The variation of JER with pjet
T,gen for all jet R is ≈ 20% as also shown in Table 4.1.

4.4.3 Jet reconstruction efficiency

The jet reconstruction efficiency is defined as the probability of having an accepted

jet at any pjet
T,det for a given truth level jet with pjet

T,gen. The efficiency of the jet

reconstruction is evaluated by taking the ratio of the distribution of truth jets that

are matched to a reconstructed jet to all of the truth jets. Figures 4.7, 4.8, and 4.9

show the jet reconstruction efficiency for jets in MB events with radii 0.2, 0.3, and

0.4. It is observed that jet reconstruction efficiency varies between 89% and 97% for

all jet R.

4.5 Jet observables

The charged-particle intra-jet properties, such as mean charged-particle multiplicity

within a jet cone and the jet fragmentation functions, zch and ξch are measured

for leading jets in pp collisions at
√
s = 13 TeV for both minimum-bias and high-

multiplicity events.
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Figure 4.4: JER for jet R = 0.2
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Figure 4.5: JER for jet R = 0.3
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Figure 4.6: JER for jet R = 0.4

4.5.1 Mean charged particle multiplicity

The number of charged-particles constituting a jet is termed as charged-particle

multiplicity Nch. The mean charged-particle multiplicity 〈Nch〉 is presented as a

function of the leading jet pT and calculated using the following relation:

〈Nch〉 =
1

Njets

Njets∑
i=1

Nch,i (4.3)
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Figure 4.7: Jet reconstruction efficiency for
jet R = 0.2
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Figure 4.8: Jet reconstruction efficiency for
jet R = 0.3
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Figure 4.9: Jet reconstruction efficiency for
jet R = 0.4
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where Njets = total number of charged-particle leading jets and Nch,i = number of

charged-particles in the i–th leading jet.

4.5.2 Jet fragmentation functions

The jet fragmentation functions, zch and ξch are defined as:

zch =
pparticle

T

pjet, ch
T

, (4.4)

ξch = ln

(
1

zch

)
, (4.5)

where pparticle
T is the transverse momentum of the jet constituent. The distributions

are normalized by the total number of leading jets and explicitly describe the energy

sharing between constituents within a jet. The ξch distribution is complementary

to zch, which emphasizes fragmentation into low momentum constituents and is

particularly suited to illustrate the QCD coherence effects [35,66–70].

4.6 Underlying events

All particles produced in the collisions that are not integral part of the jet or pro-

duced directly from the hard scattering are referred as underlying events (UE).

Initial- and final-state radiations, multiparton interactions, and beam remnants are

some of the significant sources of UE in pp collisions. For both MB and HM events,

the perpendicular cone method from Refs. [40, 46] is utilised to correct the corre-

sponding distributions of jet observable and estimate UE. The left panel of Fig. 4.10

shows different processes in pp collisions, which contribute as underlying events.
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Figure 4.10: Left: Sources of UE; Illustration of the QCD Monte-Carlo simulation of
a collision with hard scattering [71]; Right: estimation of UE using perpendicular cone
method

4.6.1 Estimation of underlying events

The estimation of backgrounds/underlying events is performed using the perpendic-

ular cone method used in Refs. [40,46] for both MB and HM events. In this method,

the UE particle yield is measured event-by-event within a cone of the same radius

as the jet resolution parameter located at the same pseudorapidity as the leading jet

but in the direction perpendicular to the leading jet axis. The charged particles in

the circular regions are used to estimate the UE contributions to the jet observables

as shown in the right panel of Fig. 4.10. The UE distributions of Nch are measured

by estimating the number of charged-particles in the perpendicular cone and frag-

mentation functions (zch and ξch) are measured from ratio of the particle pT in the

perpendicular cone to the leading jet pT. The ALICE experiment has measured the

charged particle number density in the transverse region with respect to the leading

particle direction as a function of leading track pT in pp collisions at 13 TeV [72].

The red markers in Fig. 4.11 show the underlying event density as a function of

jet pT, in comparison to the UE density as a function of leading track pT (open

black boxes) obtained from Ref. [72]. Although the scales are different (jet pT vs.

leading track pT); however, a reasonable agreement within statistical uncertainties

is observed between the published result and the estimated number density from

the perpendicular cone approach in this analysis.
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Figure 4.11: Comparison of UE with published ALICE result

4.7 Jet observables and UE: uncorrected results

After jet reconstruction and studying the performance of jets, we measure the jet

observables 〈Nch〉, zch, ξch, and corresponding UE contributions. These distribu-

tions are not yet corrected for instrumental effects and, therefore referred as “uncor-

rected/raw distributions”. In this section, the uncorrected results for both minimum

bias and high multiplicity events are shown. The uncorrected 〈Nch〉 distributions

are shown for three jet R = 0.2, 0.3, and 0.4. In the case of fragmentation functions,

results are only shown for the lowest (10–20 GeV/c) and highest (60–80 GeV/c) jet

pT intervals for jet R = 0.4.

4.7.1 Mean charged particle multiplicity

The uncorrected 〈Nch〉 and corresponding UE distributions as a function of jet pT

are shown in Figs. 4.12(a), 4.12(c), 4.12(e) for minimum bias events with jet R =

0.2, 0.3, and 0.4 respectively. Similarly Figs. 4.12(b), 4.12(d), and 4.12(f) show the

distributions for high-multiplicity events for three jet radii. The uncorrected signal

and the UE distributions are marked with red circles and triangles, respectively.

It is observed that uncorrected 〈Nch〉 increases with increasing jet pT as well as
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jet R in both MB and HM events. The UE contributions are large in HM events

compared to MB. Moreover, larger jet R contains more UE contributions than small

jet R, as expected.
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Figure 4.12: (a), (c), and (e): 〈Nch〉 distributions for MB events with jet R = 0.2, 0.3,
and 0.4 respectively; (b), (d), and (f) similar distributions for HM events with jet R =
0.2, 0.3, and 0.4 respectively
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4.7.2 Jet fragmentation functions

Figures 4.13 and 4.14 show the uncorrected fragmentation function zch and corre-

sponding UE distributions for jet pT = 10–20 GeV/c, jet R = 0.4 for MB and HM

events, respectively. A similar results of zch are shown in Figs. 4.15 and 4.16 for jet

pT = 60–80 GeV/c. The uncorrected distributions of ξch and corresponding UE are

also shown in Figs. 4.17 and 4.18 for jet pT = 10–20 GeV/c, jet R = 0.4 for MB and

HM events. A similar results of ξch are also shown in Figs. 4.19 and 4.20 for jet pT

= 60–80 GeV/c. The uncorrected signals and the UE distributions are marked with

red circles and triangles, respectively.

Although the distributions are uncorrected, it is observed that the UE contri-

butions are large in HM events compared to the MB events for both fragmentation

functions with jet R = 0.4. Moreover, the UE contributions are negligible at jet pT

= 60–80 GeV/c compared to that in low jet pT.
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Figure 4.14: HM: Raw distribution of
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T = 10-20 GeV/c) for jet R = 0.4
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Figure 4.18: HM: Raw distribution of
ξch (pjet,ch

T = 10-20 GeV/c) for jet R = 0.4

4.8 Correction procedures

The uncorrected distributions are contaminated by several detector effects, such as

limited track reconstruction efficiency, finite track-pT resolution, particle–material

interactions, etc. Therefore, in order to correct the measured distributions, we used

two types of correction procedures. In the first step, we unfold the signals and

the UE contributions using the unfolding technique implemented in the RooUnfold
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package [73]. In the second step, we subtract the UE contributions from the unfolded

distributions. These two steps are briefly discussed in the following subsections.

4.8.1 Unfolding

In the unfolding method, the instrumental/detector effects are removed to obtain

the corrected distributions using the anchored MC simulations. In simulation, the

detector effects are parameterised using a response matrix (Rmt), which maps the

truth-level distributions with the detector-level distributions. Therefore the mea-

sured detector-level distribution (M) can be expressed as M = Rmt× T ; where T is

the truth-level distribution and can be recovered using the following expression:

T = R−1
mt ×M (4.6)

The matrix Rmt may be singular and one can calculate inverse matrix R−1
mt only

if Rmt is not singular. Furthermore, even if Rmt can be inverted, the results ob-

tained with Eq. 4.6 contain oscillations mainly because of finite statistics in the

response matrix. To overcome this problem, a regularized unfolding method based
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on Bayes’ theorem [74] using the RooUnfold software package [73] is used to correct

the measured jet observables.

Since we are dealing with the observables, which depend on the jet pT, there-

fore to account for detector effects, a 4-dimensional (D) response matrix (RM) is

constructed from simulated data and considered as an input to the unfolding proce-

dure, which maps between the truth (gen)- and detector-level jet observables. Before

the construction of the response matrix, the jets at the truth- and detector-level are

matched as described in Sec. 4.1. The elements of the 4D response matrix are pjet, ch
T, det,

Obsdet, p
jet, ch
T, truth and Obstruth, where pjet, ch

T, det and pjet, ch
T, truth are detector- and truth-level

jet pT and Obsdet and Obstruth stand for the observables, Obs ∈ {Nch, z
ch, ξch}.

For zch and ξch, the truth- and detector-level jet constituents are also matched

before constructing the response matrices. Any detector-level (truth-level) jet con-

stituent without an associated matched truth-level (detector-level) jet constituent

is termed fake (miss) and is fed to the response matrix in addition to the matched

jet constituents to account for the efficiency and purity of the constituent matching

procedure.

The 2D projections of the 4D response matrices for 〈Nch〉 (jet R = 0.4) are

shown in Figs. 4.21 and 4.22 for MB and HM events, respectively. For zch and ξch,

the 2D projections of the 4D response matrices are shown for jet pT 10–20 GeV/c

in Figs. 4.23–4.26. It is observed that for a given value of truth-level jet observable,

there is a probability distribution of finding the detector-level jet observable, result-

ing a good correlation between truth- and det-level jet observables, respectively.

4.8.1.1 Performance of Unfolding

In order to validate the unfolding procedure, two types of validation/closure tests

are performed: a) statistical closure test and b) shape closure test, respectively.

In the statistical closure test, two statistically independent simulated datasets

are obtained from the MC event generator. One sample is used to build the re-
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Figure 4.21: Response matrix: 〈Nch〉 for jet
R = 0.4 (MB)
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Figure 4.22: Response matrix: 〈Nch〉 for jet
R = 0.4 (HM)
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= 10-20 GeV/c) for jet R = 0.4 (MB)
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Figure 4.24: Response matrix: zch (pjet,ch
T

= 10-20 GeV/c) for jet R = 0.4 (HM)
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Figure 4.25: Response matrix: ξch (pjet,ch
T =

10-20 GeV/c) for jet R = 0.4 (HM)
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Figure 4.26: Response matrix: ξch (pjet,ch
T =

10-20 GeV/c) for jet R = 0.4 (HM)

sponse matrix while the other sample is used to obtain the truth- and detector-level

distributions of Nch, zch, and ξch. To test the robustness of the unfolding procedure
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against statistical fluctuations in the data, the detector-level distributions are then

unfolded, and compared with the truth-level distribution.

The shape closure test also uses a similar approach as the statistical closure;

however, the response matrix is reweighted with the ratio between the measured

distribution and the one from detector-level MC. Then, the unfolded distribution

is compared with truth-level distributions to check the robustness of the unfolding

against the change in the shape of distributions.
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Figure 4.27: 〈Nch〉 for jet R = 0.4 (MB):
Statistical closure (Iteration 4)
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Figure 4.28: 〈Nch〉 for jet R = 0.4 (MB):
Shape closure (Iteration 4)

A comparison between the true and unfolded distributions of 〈Nch〉 (MB) with

jet R = 0.4 for the default number of iterations in statistical and shape closure tests

are shown in Figs. 4.27 and 4.28, respectively. It is observed that the unfolding

performance is within 2% for both closure tests for all jet observables.

4.8.1.2 Choice of default iterations

The unfolded distributions obtained using the Bayesian unfolding technique primar-

ily depend on two important factors: the regularization parameter and the prior

distribution. In the case of Bayesian unfolding, the regularization parameter is the

number of iterations. The regularization parameter is tuned to reduce the variance
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of the unfolded distribution. The truth-level distributions are provided as the prior

in the unfolding process that gets updated in subsequent iterations.

In order to choose the default iteration number, the statistical uncertainty is

compared with the unfolding uncertainties (prior and regularization) as a function

of number of iterations. The statistical uncertainty increases with the number of

iterations while the unfolding uncertainties decrease. The summed error, i.e., the

quadrature sum of the statistical, prior, and regularization uncertainty is evaluated

for each observable in the following way:

Summed error =
√

(SEIter)2 + (SEPrior)2 + (SEStat)2 (4.7)

(SEIter)
2 =

Nbins∑
i

(
1

2

√(
ObsIt+1

i −ObsIti
)2

+
(
ObsIt−1

i −ObsIti
)2
)2

(4.8)

(SEPrior)
2 =

Nbins∑
i

(
ObsModified

i −ObsDefaulti

)2
(4.9)

(SEStat)
2 =

Nbins∑
i

(
Err ObsDefaulti

)2
(4.10)

where

• ObsIt, ObsIt+1 and ObsIt−1 are the values of the observable for default iteration

(It), It+1 and It-1 respectively

• ObsDefault and ObsModified are the values of the observable for default and

modified priors, respectively

• Err ObsDefault is the statistical error in the observable value

• subscript ‘i’ everywhere represents the i-th bin in the distribution of the ob-

servable.
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The default number of iterations is chosen as the one that minimizes the summed

error. Figure 4.29 shows the estimations of summed error for 〈Nch〉 (R = 0.4) as

a function of the number of iterations in MB (left) and HM (right) events. It is

observed that the value of summed error is minimum for the number of iteration 4

(5) in the case of MB (HM) events. Table 4.2 shows the number of default iterations

for 〈Nch〉, zch and ξch distributions for different jet radius.
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Figure 4.29: The statistical uncertainties and unfolding uncertainties as a function of the
number of iterations for 〈Nch〉 in MB (left) and HM (right) events for jet radius 0.4.

Observable MB MB MB HM HM HM
(R = 0.4) (R = 0.3) (R = 0.2) (R = 0.4) (R = 0.3) (R = 0.2)

〈Nch〉 4 3 3 5 5 5
zch 2 2 2 2 2 2
ξch 2 2 2 2 2 2

Table 4.2: The default number of iterations for 〈Nch〉, zch and ξch distributions for different
jet radius (0.2, 0.3, and 0.4) in MB and HM events, respectively

4.8.2 Underlying event subtraction

In this analysis, the underlying event is estimated using the perpendicular cone

method as discussed in Sec. 4.6.1. The UE distributions of Nch, zch, and ξch are

corrected for the instrumental effects using the unfolding procedure as discussed in
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Sec. 4.8.1. After unfolding, the unfolded UE distributions are subtracted from the

unfolded signal distributions on a statistical basis for each observable bin-by-bin

using this following relation:

ObsUE, subtracted
Unfolded = Obsunfolded −ObsUE

unfolded. (4.11)

However, a simultaneous correction for the UE contribution to the jet transverse

momentum is not applied here [40,46].

Figure 4.30(a) shows the unfolded distributions of 〈Nch〉 and
〈
NUE

ch

〉
as a function

of jet pT for jet R = 0.4 while Fig. 4.30(b) shows the corresponding UE subtracted

distribution for MB events. It is observed that the fully corrected 〈Nch〉 increases

with increasing jet pT. The unfolded MB distributions and corresponding UE of zch

are shown in Fig. 4.30(c) and Fig. 4.30(d) shows the corresponding UE subtracted

distribution, for jet pT = 10–20 GeV/c. Similarly, for jet pT = 60–80 GeV/c, results

are shown in Figs. 4.30(e) and 4.30(f), respectively. It is observed that the UE

contributions are negligible for fragmentation functions except for a few bins close

to low zch values.

4.9 Systematic uncertainty

The systematic uncertainties associated with the present measurements are mainly

arising from the uncertainties in track reconstruction efficiency, the unfolding proce-

dure (variation in the regularization parameter of unfolding, change of prior distribu-

tion, and bin truncation), the choice of MC model in the correction procedure, and

the uncertainty in the estimation of the UE. For each of these sources, a modified

response matrix that incorporates the variation due to the respective uncertainties

is built (as described below) and used to unfold the measured distribution. The

difference between the corrected distributions unfolded with the default and modi-

fied response matrices are quoted as the corresponding systematic uncertainty. The
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Figure 4.30: (a) MB: Unfolded distributions of 〈Nch〉 and corresponding UE for jet R =
0.4; (b) MB: Unfolded and UE subtracted 〈Nch〉 for jet R = 0.4; (c) and (e) MB: Unfolded
distributions of zch and corresponding UE for jet R = 0.4 and jet pT = 10–20 and 60–80
GeV/c, respectively; (d) and (f) MB: Unfolded and UE subtracted distributions of zch for
jet R = 0.4 and jet pT = 10–20 and 60–80 GeV/c, respectively
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total systematic uncertainty is calculated by taking the quadrature sum of all the

individual sources, assuming that all the sources are uncorrelated. The systematic

uncertainties are obtained for each sources for all measured jet observables (
〈
NUE

ch

〉
,

zch, and ξch) and variations in R (0.2, 0.3, and 0.4) and pT (10–20, 20–30, 30–40,

40–60, and 60–80 GeV/c) for both MB and HM event classes. In the following

subsections, we discuss in detail the procedure adopted to determine the systematic

uncertainty for each sources giving example of one observable only (
〈
NUE

ch

〉
, R = 0.4,

both MB and HM).

4.9.1 Tracking efficiency

The uncertainty on the track reconstruction efficiency is estimated to be 3% based

on variations of track selection criteria and possible imperfections in the description

of the TPC–ITS track matching efficiency in the simulation [75]. In order to esti-

mate the systematic uncertainties in the reported jet observables, a new response

matrix is constructed after removing 3% of detector-level tracks randomly before

jet finding and is used to unfold the measured data. Figures 4.31 (top) and 4.32

(top) show the unfolded and UE subtracted distributions of 〈Nch〉 in MB and HM

events, respectively, for jet R = 0.4 with default (red markers) and changed tracking

efficiency (green markers). The corresponding systematic uncertainties are shown

in the bottom panels. The amount of the systematic uncertainty for 〈Nch〉 due to

tracking efficiency is < 5% for both MB and HM events.

4.9.2 Event generator variation

This section discusses the estimation of systematic uncertainties related to the MC

event generator variation. The default response matrices used to unfold the data

are built utilizing the correspondence information between truth- and detector-level

jets and their constituents derived from PYTHIA 8 event generator, as explained in

Sec. 4.8.1. Nonetheless, the specific jet structure modelled by a given event generator
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Figure 4.31: MB: UE subtracted 〈Nch〉 (jet
R = 0.4) for default and changed track ef-
ficiency
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Figure 4.32: HM: UE subtracted 〈Nch〉 (jet
R = 0.4) for default and changed track ef-
ficiency

could differ from other generators, potentially impacting the unfolded distributions.

Another MC event generator, EPOS LHC [54], is used to create a modified response

matrix to account for the model dependence uncertainty. The relative difference

between the unfolded distributions of data using these two response matrices are

quoted as systematic uncertainty.
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Figure 4.33: MB: UE subtracted 〈Nch〉 (jet R = 0.4) for different MC event generators

Figure 4.33 (top) shows the unfolded and UE subtracted distributions of 〈Nch〉 in
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MB events for jet R = 0.4 for different MC event generators and the bottom panel

shows the corresponding systematic uncertainty. The systematic uncertainties in

all jet observables related to the dependence of the MC event generator for the

high-multiplicity event class are taken directly from those in minimum-bias event

class because there are less statistics available for the general-purpose EPOS LHC

output. The amount of the systematic uncertainty for 〈Nch〉 due to change in MC

event generators is < 5% for jet R = 0.4.

4.9.3 Regularisation parameter variation

In the Bayesian unfolding technique, the regularisation parameter is one of the

main determinants of the unfolded distributions. The regularisation parameter for

Bayesian unfolding is the number of iterations. The number of iterations is optimized

to a value that minimizes the total uncertainty in unfolded data. As a systematic

study, the number of iterations is varied by ± 1 with respect to the default value

and the average difference of the modified unfolded distributions from the default

one is considered as the systematic uncertainty.

The resulting variations and systematic uncertainties for 〈Nch〉 (R = 0.4) in MB

and HM events are shown in Figs. 4.34 and 4.35 respectively. It is observed that the

amount of variation is negligible for this source.

4.9.4 Change of the prior distributions

In the unfolding procedure, prior distributions represent the true distributions ob-

tained from the MC simulation. The choice of the prior distributions may also affect

the unfolded results in the Bayesian unfolding. To estimate the systematic uncer-

tainty due to the change in the shape of the prior distribution, the response matrix

is reweighted with the ratio between the measured distribution and the one from the

detector-level MC. The systematic uncertainty is evaluated by taking the difference

between the two unfolded distributions obtained using the default and reweighted
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Figure 4.34: MB: UE subtracted 〈Nch〉 (jet
R = 0.4) for default and changed iteration
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Figure 4.35: HM: UE subtracted 〈Nch〉 (jet
R = 0.4) for default and changed iteration

response matrices.

20 40 60 80 100

5

10

15

20

25

30〉 
ch

N 〈  = 13 TeVspp 

 = 0.4R jets with Tktrack-based anti-

 < 0.5 
jet

η 

ALICE Data

  c > 0.15 GeV/particle

T
p

UE subtracted

MB: Default

MB: Changed_prior

20 40 60 80 100

)c (GeV/ jet, ch

T
p

0.05−

0

0.05

D
ef

au
lt

C
ha

ng
e

Figure 4.36: MB: UE subtracted 〈Nch〉 (jet
R = 0.4) for default and changed prior
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Figure 4.37: HM: UE subtracted 〈Nch〉 (jet
R = 0.4) for default and changed prior

Figures 4.36 (top) and 4.37 (top) show the corrected distributions of 〈Nch〉 in MB

and HM events, respectively, for jet R = 0.4 with default and changed prior and

the bottom panels show the corresponding systematic uncertainties. The amount of

systematic uncertainty of 〈Nch〉 for this source is < 1% for both MB and HM events.
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4.9.5 Bin trunction

The sensitivity of the unfolded result to combinatorial jets (contamination of jets

purely comprised of soft particles not correlated with a given hard scattering [76])

is reflected in bin migration effects. The corresponding systematic uncertainty is

calculated by varying the lower and upper bounds of detector-level jet pT by +5 and

-20 GeV/c prior to building the modified response matrix. Figures 4.38 and 4.39

show the amount of systematic uncertainty (< 11%) arising from bin truncation in

MB and HM events, respectively for 〈Nch〉 with jet R = 0.4
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Figure 4.38: MB: UE subtracted 〈Nch〉 (jet
R = 0.4) for default and bin-truncated
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Figure 4.39: HM: UE subtracted 〈Nch〉 (jet
R = 0.4) for default and bin-truncated

4.9.6 Underlying event estimation method

In this analysis, the perpendicular cone method is used to estimate the underlying

events, as discussed in Sec. 4.11. To estimate the systematic uncertainty due to

the UE estimation method, the random cone method is applied where two cones

are randomly generated with the same pseudorapidity as the leading jet and with

azimuthal angles with respect to the leading jet axis (∆ϕ) within π/3 < ∆ϕ < 2π/3

and −2π/3 < ∆ϕ < −π/3, instead of using a fixed azimuthal angle of ∆ϕ = π/2 as
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done in the perpendicular cone method.

Similar to the approach adopted in the perpendicular cone method, the UE con-

tributions to the jet observables are estimated using the information of particles

from the two random cones and are provided as input to construct the modified re-

sponse matrices. The difference between the corrected distributions obtained using

the two UE estimation methods is reported as the corresponding systematic uncer-

tainty. Figure 4.40 and 4.41 show the amount of systematic uncertainty arising from

the change in the UE estimation method in MB and HM events, respectively for

〈Nch〉 with jet R = 0.4
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Figure 4.40: MB: Corrected 〈Nch〉 (jet R =
0.4) for default and different UE method
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Figure 4.41: HM: Corrected 〈Nch〉 (jet R =
0.4) for default and different UE method

Table 4.3 summarizes the estimated systematic uncertainties on 〈Nch〉 from the

different sources in MB and HM events. Similarly, the systematic uncertainties on

zch and ξch distributions in MB and HM events are listed in Tables 4.4 and 4.5,

respectively. In most cases, the uncertainties due to track reconstruction efficiency

and model dependence are the dominant sources of systematic uncertainties [77].
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Table 4.3: Summary of systematic uncertainties (in %) on 〈Nch〉 for selected intervals of
jet pT for jet R = 0.2, 0.3, and 0.4 in MB and HM events.

Sources

Systematic uncertainties on 〈Nch〉 for MB (%)

R = 0.2 R = 0.3 R = 0.4

Jet pT in GeV/c Jet pT in GeV/c Jet pT in GeV/c

5–10 45–50 90–110 5–10 45–50 90–110 5–10 45–50 90–110

Track reconst. efficiency 0.9 2.0 2.5 1.3 2.1 2.2 1.8 2.5 2.4

Unfolding parameter negl. 0.1 negl. 0.1 0.1 0.2 0.1 negl. 0.1

Prior change negl. 0.5 negl. 0.1 0.2 0.3 0.1 0.2 0.2

Bin truncation 10.4 0.3 2.2 11.3 0.3 1.2 11.1 0.3 1.1

MC generator 1.0 1.4 10.2 1.0 1.9 3.2 0.8 2.2 4.0

UE 0.1 0.1 negl. 0.3 0.2 0.7 0.7 0.4 0.8

Total 10.5 2.5 10.7 11.4 2.9 4.2 11.3 3.4 4.9

Sources

Systematic uncertainties on 〈Nch〉 for HM (%)

R = 0.2 R = 0.3 R = 0.4

Jet pT in GeV/c Jet pT in GeV/c Jet pT in GeV/c

5–10 45–50 90–110 5–10 45–50 90–110 5–10 45–50 90–110

Track reconst. efficiency 1.1 1.5 2.4 2 2.3 2.6 2.5 2.4 3.4

Unfolding parameter negl. 0.1 0.1 negl. 0.1 0.1 0.1 0.1 0.1

Prior change negl. 0.1 0.3 negl. 0.1 1.4 0.2 0.1 0.4

Bin truncation 3.6 0.3 0.7 8.7 0.2 1.3 4.1 0.3 0.8

MC generator 1.0 1.4 10.2 1.0 1.9 3.2 0.8 2.2 4.0

UE 0.7 0.4 negl. 2.1 0.8 0.3 3.2 1.3 1.0

Total 4.0 2.1 10.5 9.2 3.1 4.5 5.8 3.5 5.4

4.10 Results and discussion

4.10.1 Mean charged-particle multiplicity in the leading jet 〈Nch〉

The mean number of charged particles within leading jets as a function of jet pT

is shown in Fig. 4.42 in pp collisions at
√
s = 13 TeV for MB (top) and HM (bot-

tom) events, respectively. The upper panels show the corrected 〈Nch〉 distributions

for jet R = 0.2 (left), 0.3 (middle), and 0.4 (right) in the pseudorapidity ranges

|ηjet| < (0.9 − R). The data points and the corresponding systematic uncertain-

ties are presented by solid markers and shaded bands, respectively. The statistical

uncertainties are represented by vertical error bars (smaller than the marker size).

Results are compared to predictions from PYTHIA 8 denoted by open markers. The

lower panels show the ratio between PYTHIA 8 predictions and data. A monotonic

increment of 〈Nch〉 is observed with increasing jet pT as well as with jet radius R for
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Table 4.4: Summary of systematic uncertainties (in %) on dN/dzch in zch bins for selected
intervals of jet pT for jet R = 0.2, 0.3, and 0.4 in MB and HM events.

Jet pT
Sources

Systematic uncertainties on dN/dzch for MB (%)

R = 0.2 R = 0.3 R = 0.4

(GeV/c) zch bin zch bin zch bin

0 – 0.1 0.3 – 0.4 0.9 – 1 0 – 0.1 0.3 – 0.4 0.9 – 1 0 – 0.1 0.3 – 0.4 0.9 – 1

10–20

Track reconst. efficiency 4.4 1.2 4.7 4.6 0.4 6.6 4.5 0.3 8.4

Unfolding parameter 0.8 0.1 0.1 0.7 0.1 0.2 0.8 0.3 0.1

Prior change 3.8 0.6 4.7 2.3 2.1 3.1 2.1 2.1 2.3

Bin truncation 5.4 5.8 16.4 8.9 7.9 22.2 12.2 10.3 27.9

MC generator 5.1 1.1 11.4 2.2 0.9 9.4 0.6 0.6 8.0

UE 4.5 0.1 negl. 3.7 0.2 negl. 2.9 0.2 0.1

Total 10.5 6.1 21.1 11.2 8.2 25.2 13.5 10.5 30.3

60–80

Track reconst. efficiency 3.2 0.8 12.6 3.2 1.5 14.4 3.5 1.7 16.3

Unfolding parameter 0.3 1.1 1.8 0.4 1.7 3.4 0.4 0.6 0.6

Prior change 1.4 0.9 6.5 1.8 2.1 17.5 0.4 1.3 3.4

Bin truncation 0.9 0.5 0.5 0.6 0.4 negl. 0.2 0.5 0.4

MC generator 0.4 15.4 35.9 10.8 23.6 29.4 16.4 17.5 60.3

UE 1.7 negl. negl. 2.9 0.1 negl. 3.3 0.1 negl.

Total 4.0 15.5 38.6 11.8 23.8 37.3 17.1 17.6 62.6

Jet pT
Sources

Systematic uncertainties on dN/dzch for HM (%)

R = 0.2 R = 0.3 R = 0.4

(GeV/c) zch bin zch bin zch bin

0 – 0.1 0.3 – 0.4 0.9 – 1 0 – 0.1 0.3 – 0.4 0.9 – 1 0 – 0.1 0.3 – 0.4 0.9 – 1

10–20

Track reconst. efficiency 5.8 0.9 7.3 6.1 0.9 8.8 4.4 1.3 15.7

Unfolding parameter 0.1 negl. 0.4 0.2 0.1 0.2 0.8 0.2 0.1

Prior change 0.8 0.9 4.6 negl. 1.1 2.6 1.8 2.0 0.8

Bin truncation 10.9 7.4 19.0 15.1 10.3 25.7 19.5 14.0 28.7

MC generator 5.1 1.1 11.4 2.2 0.9 9.4 0.6 0.6 8.0

UE 0.6 0.1 4.2 0.1 0.1 0.6 0.5 0.1 1.6

Total 13.4 7.6 24.1 16.4 10.4 28.9 20.1 14.2 33.7

60–80

Track reconst. efficiency 3.5 1.3 4.6 3.9 0.8 3.2 4.2 1.3 16.0

Unfolding parameter 0.3 0.1 4.4 0.2 0.4 1.3 0.2 0.3 2.5

Prior change 2.3 0.5 5.4 2.3 0.8 8.8 2.5 0.5 14.0

Bin truncation 1.5 1.2 0.7 1.3 0.8 0.1 0.9 0.6 0.2

MC generator 0.4 15.4 35.9 10.8 23.6 29.4 16.4 17.5 60.3

UE 0.9 negl. negl. 1.5 0.1 negl. 1.7 0.1 negl.

Total 4.6 15.5 36.9 11.9 23.6 30.9 17.2 17.6 64.0

both MB and HM events. The slope of increment at low jet pT is larger than that

at high jet pT indicating that as pT increases, more momentum is carried by single

constituents. The measured trend is very well captured by PYTHIA 8 within the

systematic uncertainties.

The top panels of Fig. 4.43 show the ratios of 〈Nch〉 between HM and MB events

as a function of jet pT in comparison to predictions from PYTHIA 8. The data
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Table 4.5: Summary of systematic uncertainties (in %) on dN/dξch in ξch bins for selected
intervals of jet pT for jet R = 0.2, 0.3, and 0.4 in MB and HM events.

Jet pT
Sources

Systematic uncertainties on dN/dξch for MB (%)

R = 0.2 R = 0.3 R = 0.4

(GeV/c) ξch bin ξch bin ξch bin

0 – 0.4 2.8 – 3.2 4.8 – 5.2 0 – 0.4 2.8 – 3.2 4.8 – 5.2 0 – 0.4 2.8 – 3.2 4.8 – 5.2

10–20

Track reconst. efficiency 3.1 4.3 5.7 4.4 4.4 20.6 6.0 4.3 18.0

Unfolding parameter 0.3 0.6 21.5 0.2 0.6 15.0 0.1 0.8 16.6

Prior change 1.0 3.2 1.5 0.9 2.2 9.8 negl. 0.6 6.9

Bin truncation 12.7 5.4 1.6 17.2 8.9 13.7 21.7 12.0 28.8

MC generator 5.3 4.7 28.2 7.2 1.7 13.6 9.2 0.7 9.0

UE negl. 1.5 5.6 0.1 1.4 3.8 0.1 0.8 2.8

Total 14.1 9.1 36.4 19.2 10.4 33.7 24.3 12.8 39.6

60–80

Track reconst. efficiency 7.4 2.9 6.9 8.8 2.8 6.2 9.1 2.7 6.1

Unfolding parameter 0.4 0.3 1.9 2.3 0.3 0.4 0.4 0.6 1.4

Prior change 1.9 0.1 13.3 5.2 3.6 15.5 6.5 5.6 12.6

Bin truncation 0.2 0.3 4.4 negl. 0.1 2.8 0.1 0.1 1.3

MC generator 20.4 1.8 28.3 18.0 6.8 3.2 15.5 13.4 6.0

UE negl. 0.5 0.7 negl. 0.7 1.1 negl. 0.8 1.6

Total 21.8 3.5 32.4 20.8 8.2 17.3 19.1 14.8 15.4

Jet pT
Sources

Systematic uncertainties on dN/dξch for HM (%)

R = 0.2 R = 0.3 R = 0.4

(GeV/c) ξch bin ξch bin ξch bin

0 – 0.4 2.8 – 3.2 4.8 – 5.2 0 – 0.4 2.8 – 3.2 4.8 – 5.2 0 – 0.4 2.8 – 3.2 4.8 – 5.2

10–20

Track reconst. efficiency 4.2 8.7 16.3 5.0 5.2 5.8 5.0 3.8 19.9

Unfolding parameter 0.6 0.2 22.2 1.1 0.1 1.5 1.1 0.7 11.3

Prior change 0.5 0.6 7.4 1.1 0.2 4.7 2.3 2.3 3.4

Bin truncation 15.1 10.2 25.2 22.1 14.7 33.6 28.0 18.7 36.6

MC generator 5.3 4.7 28.2 7.2 1.7 13.6 9.2 0.7 9.0

UE negl. 2.0 5.0 0.1 1.8 3.5 0.1 1.1 0.1

Total 16.6 14.4 47.6 23.8 15.8 37.2 30.0 19.3 44.2

60–80

Track reconst. efficiency 5.9 2.9 5.4 7.3 3.3 6.4 8.0 3.1 6.3

Unfolding parameter 0.8 0.2 2.1 0.6 0.1 2.2 0.6 negl. 2.1

Prior change 0.9 2.4 negl. 1.3 2.3 0.2 2.5 2.5 0.1

Bin truncation 0.3 1.2 3.3 0.2 1.0 2.7 0.2 0.7 1.8

MC generator 20.4 1.8 28.3 18.0 6.8 3.2 15.5 13.4 6.0

UE negl. 0.1 0.3 negl. negl. 0.4 negl. 0.1 negl.

Total 21.3 4.3 29.1 19.5 8.0 8.0 17.6 14.0 9.1

points are shown by solid markers and the PYTHIA 8 predictions are represented

by open markers for jet R = 0.2 (left), 0.3 (middle), and 0.4 (right). The ratios

between PYTHIA 8 predictions and data are shown in the bottom panels. A mild

increase in the mean number of jet constituents is observed in HM compared to

that in the MB event class. The magnitude of the increment is found to decrease

gradually with increasing jet pT. A maximum increment of ∼ 10% (8%, 6%) for jet
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R = 0.2 (0.3, 0.4) is observed towards low jet pT while there is no increment at high

jet pT for all R. PYTHIA 8 qualitatively reproduces the data; however, it fails to

reproduce the jet-pT dependence quantitatively.

This observation indicates a softening of jet constituents in HM events compared

to MB for low-pT jets, which aligns with the CMS measurement of a complementary

observable, namely the mean pT of jet constituents, in pp collisions at
√
s = 7

TeV [78].
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Figure 4.42: 〈Nch〉 as a function of leading jet pT for MB (top) and HM (bottom) events
for jet radii R = 0.2 (left), 0.3 (middle), and 0.4 (right). The distributions are compared
with PYTHIA 8 predictions.
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Figure 4.43: Top panel: The ratio of 〈Nch〉 between HM and MB events for jet radii R
= 0.2 (left), 0.3 (middle), and 0.4 (right) compared to PYTHIA 8 predictions. Bottom
panel: Ratio between PYTHIA 8 predictions and the measured values.

4.10.2 Jet fragmentation

4.10.2.1 zch

The jet fragmentation function zch for jet radii 0.2 (left), 0.3 (middle), and 0.4

(right) within the jet-pT intervals 10–20 GeV/c, 20–30 GeV/c, 30–40 GeV/c, 40–

60 GeV/c, and 60–80 GeV/c for both MB (top) and HM (bottom) events are shown

in Fig. 4.44. The solid markers represent the corrected results in the different jet-

pT intervals and the shaded bands are the corresponding systematic uncertainties.

The statistical uncertainties are represented by vertical error bars (mostly smaller

than the marker size). The distributions in different jet-pT intervals are consistent

within systematic uncertainties for wider jets (R = 0.4) in HM (MB) events, in the

range 0.1 < zch < 1 (0.1 < zch < 0.9), indicating jet-pT independent fragmentation

function. However, for narrower jets (R = 0.2 and 0.3), the fragmentation functions

depend on jet pT in both MB and HM events.

In Fig. 4.45, the measured fragmentation functions are compared to predictions

obtained from PYTHIA 8 and EPOS LHC event generators for MB events (top) and

with PYTHIA 8 predictions for HM events (bottom).

For MB events, in the lowest and highest jet-pT intervals (10–20 and 60–80
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Figure 4.44: zch distributions in leading jets for different jet transverse momenta in MB
(top) and HM (bottom) events for jet R = 0.2 (left), 0.3 (middle), and 0.4 (right).

GeV/c), PYTHIA 8 describes the data within systematic uncertainties; however, it

underestimates the data in the intermediate jet-pT intervals (20–30, 30–40, and 40–

60 GeV/c) and intermediate zch values (0.5 < zch < 0.7). EPOS LHC, on the other

hand, reproduces the data better compared to PYTHIA 8 for the jet-pT intervals

10–20, 20–30, 30–40, and 40–60 GeV/c. For HM events, the ratios between the

PYTHIA 8 predictions and data in the measured jet-pT intervals for all the jet R

show similar trends as observed in MB results.

Figure 4.46 depicts the ratios of zch distributions between HM and MB events for

three jet-pT intervals, 10–20 GeV/c (top), 30–40 GeV/c (middle), and 60–80 GeV/c

(bottom) and for jet R = 0.2 (left), 0.3 (middle), and 0.4 (right). Comparisons

with the PYTHIA 8 predictions (denoted by open markers) are also shown. The
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Figure 4.45: Top: Ratios of PYTHIA 8 and EPOS LHC predictions to data for zch dis-
tributions in different pjet, ch

T intervals in MB events for jet R = 0.2 (left), 0.3 (middle),
and 0.4 (right). Bottom: Ratios of PYTHIA 8 predictions to data for zch distributions in

different pjet, ch
T intervals in HM events for jet R = 0.2 (left), 0.3 (middle), and 0.4 (right).

distribution of zch in HM events is noticeably different from that in MB events for

low-pT jets (10–20 GeV/c), as shown in the ratio plots in the top panels of Fig. 4.46.

The fragmentation probability of particles at low (high) zch is found to be enhanced

(suppressed) in HM events compared to that in MB events. This effect becomes

more pronounced with increasing jet radius at a given jet pT. The trend becomes

less pronounced at higher jet pT as it can be seen in the middle and bottom panels

of Fig. 4.46. PYTHIA 8 qualitatively reproduces the data except at high zch (> 0.7)

for jet pT = 60–80 GeV/c and jet R = 0.4, where the statistical and systematic
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Figure 4.46: The ratio between HM and MB distributions of zch for pjet, ch
T intervals 10–20

GeV/c (top), 30–40 GeV/c (middle), and 60–80 GeV/c (bottom) for jet R = 0.2 (left),
0.3 (middle), and 0.4 (right).

uncertainties are large.

A recent ALICE measurement of semi-inclusive azimuthal distributions of charged-

particle jets recoiling from a high-pT hadron trigger also shows significant azimuthal
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broadening in HM events compared to those in MB events and PYTHIA 8 follows a

similar broadening [63]. A detailed investigation revealed that the HM event selec-

tion based on the V0 detector at forward rapidity introduces a bias towards multi-jet

topologies, thereby affecting the azimuthal distribution. However, the measurement

of intra-jet properties may evade the complication of multi-jet bias since it focuses

on modifications within the leading jet, which, to first order is independent of other

jets in the event. By measuring intra-jet properties rather than jet correlations,

the results shown in Fig. 4.46, therefore, provide complementary constraints on jet

modification in small systems. A further investigation using less biased HM events

(selected based on the total charged-particle multiplicity) in PYTHIA 8 shows a

similar modification of the jet fragmentation function zch, hinting towards possible

sources other than QGP formation, that may contribute to the observed modifica-

tion.

From a theoretical perspective, several efforts [79–81] have been made to under-

stand the jet modification in high-multiplicity events compared to minimum-bias

ones in pp collisions. In Ref. [81], a modification of jet properties in HM compared

to MB events is predicted in pp collisions due to phenomena such as multiparton

interactions (MPI) with color reconnection (CR) in PYTHIA 8 as well as enhance-

ment in the number of gluon-initiated jets in high-multiplicity events compared to

that in minimum-bias collisions.

Using similar conditions for selecting MB and HM events and other kinematic

selections as applied to data, the observed behavior in the ratio of zch distribu-

tions between HM and MB events in PYTHIA 8 is further investigated for 10 <

pjet, ch
T < 20 GeV/c and jet radius 0.4. Two event samples with configurations

‘MPI: ON, CR: ON’ (default setting in PYTHIA 8) and ‘MPI: OFF, CR: OFF’

(where both MPI and CR are switched off) are generated using PYTHIA 8 for

minimum-bias and high-multiplicity pp collisions at
√
s = 13 TeV. Figure 4.47 (left)

shows the comparison of zch distributions for inclusive (quark- and gluon-initiated)
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leading charged-particle jets in the interval 10 < pjet, ch
T < 20 GeV/c between HM

(blue circles) and MB (red boxes) events for the above-mentioned configurations.

The ratio of zch distributions between HM and MB events (bottom panel) shows a

significant modification of jet fragmentation in the presence of MPI with CR and

the magnitude of the modification gets reduced when MPI and CR are switched

off, indicating the dependence of jet modification on MPI and CR. The origin of

the residual amount of modification in the absence of both MPI and CR is further

investigated using gluon-initiated jets to check the dependence of jet modification

on the nature of the initiating parton. A geometrical matching procedure based on

the closest-distance approach (as applied in Ref. [81]) is followed to match hard-

scattered partons with the leading jets. The fraction of gluon-initiated jets is found

to be larger in HM events (∼83%) than in MB events (∼77%). Figure 4.47 (right)

shows the comparison of zch distributions for gluon-initiated leading charged-particle

jets between HM (blue circles) and MB (red boxes) events for ‘MPI: OFF, CR: OFF’

configuration, showing a further, even though small, reduction of the modification

with increasing multiplicity as compared to the case of inclusive jets.

These observations indicate that MPI with CR and enhanced gluonic contribu-

tion are playing major roles in the change of jet fragmentation in high-multiplicity

events compared to minimum-bias events.

4.10.2.2 ξch

The jet fragmentation function ξch for jet R = 0.2 (left), 0.3 (middle), and 0.4 (right)

within the jet-pT intervals 10–20, 20–30, 30–40, 40–60, and 60–80 GeV/c for both

MB (top) and HM (bottom) events are shown in Fig. 4.48 .

The solid markers represent the corrected results in different jet-pT intervals and

the shaded bands are the corresponding systematic uncertainties. The statistical

uncertainties are represented by vertical error bars (mostly smaller than the marker

size).
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Figure 4.47: Top panel: Distributions of zch for the jet-pT interval 10–20 GeV/c for inclu-
sive (quark- and gluon-initiated) jets with ‘MPI: ON, CR: ON’ and ‘MPI: OFF, CR: OFF’
configurations (left), and for gluon-initiated jets with ‘MPI: OFF, CR: OFF’ configuration
(right) using PYTHIA 8. Bottom panel: Ratio of zch distributions between HM and MB
events.

Jet-pT independent ξch distributions are observed for ξch < 2 and jet R = 0.4 in

both MB and HM events, while the ξch distributions are found to depend on jet pT

for jet R = 0.2 and 0.3. These observations are complementary to those observed

in zch distributions.

In addition, a pronounced peak structure, commonly known as a “hump-backed

plateau” is observed, resulting from the suppression of low-pT particle production

predicted by QCD coherence [35, 66–70]. With increasing jet pT and rising jet R,

the area of the ξch distributions increases, complementing the results obtained from

〈Nch〉, indicating an increase of charged-particle multiplicity in jets with increasing

jet pT. These results show similar trends as the previous ALICE measurement in

pp collisions at
√
s = 7 TeV [40].

The comparisons of ξch distributions with PYTHIA 8 predictions are shown in
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Figure 4.48: ξch distributions in leading jets for different jet transverse momenta in MB
(top) and HM (bottom) events for jet R = 0.2 (left), 0.3 (middle), and 0.4 (right).

Fig. 4.49. It can be seen that PYTHIA 8 qualitatively reproduces the data for both

MB and HM events, similarly to what is found for the zch distributions. Figure 4.50

shows the ratio of ξch distributions between HM and MB events for three jet-pT

ranges, 10–20 GeV/c (top), 30–40 GeV/c (middle), and 60–80 GeV/c (bottom) and

for three jet R = 0.2 (left), 0.3 (middle), and 0.4 (right). A clear suppression of ξch

distribution at low-ξch values is observed in HM events compared to MB events in the

lowest (10–20 GeV/c) jet-pT interval for R = 0.4. The amount of this suppression

gets reduced with decreasing jet R at a fixed jet pT and decreases with increasing

jet pT at a given jet radius. These observations are complementary to the results as

a function of zch reported above and the trends are well reproduced by PYTHIA 8.
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Figure 4.49: Ratios of PYTHIA 8 predictions to data for ξch distributions in different
pjet, ch

T intervals in MB (top) and HM (bottom) events for jet R = 0.2 (left), 0.3 (middle),
and 0.4 (right).

4.11 Conclusions

This work reports the measurement of multiplicity-dependent charged-particle intra-

jet properties of leading jets in pp collisions at
√
s = 13 TeV using the ALICE de-

tector at the LHC. One can conclude from here that the jet modification is observed

in small systems with increasing multiplicity, shifting the question towards how one

can attribute the observed modification to different causes, e.g., multiparton in-

teractions, jet bias from HM event selection or jet quenching in mini-QGP. Since

PYTHIA 8 captures most of the features of the data, the measured modifications

cannot be directly interpreted as due to the formation of a QGP in high-multiplicity
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Figure 4.50: The ratio between HM and MB distributions of ξch for pjet, ch
T intervals 10–20

GeV/c (top), 30–40 GeV/c (middle), and 60–80 GeV/c (bottom) for jet R = 0.2 (left),
0.3 (middle), and 0.4 (right).

pp collisions. The measurements of intra-jet properties reported in this work pro-

vides new constraints to mechanisms underlying jet modification in small systems.
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Chapter 5

Effect of magnetic field on jet

transport coefficient

In this chapter, the estimation of jet transport coefficient, q̂, for quark- and gluon-

initiated jets using a simple quasi-particle model in absence and presence of magnetic

field has been presented. In this quasi-particle model, the temperature and magnetic

field-dependent degeneracy factor of partons is tuned by fitting the entropy density

of lattice quantum chromodynamics data. The results are compared with the ear-

lier estimations based on the anti-de Sitter/conformal field theory correspondence

showing a qualitatively similar trend. It is observed that in the presence of magnetic

field, the value of q̂ is quantitatively different for quark- and gluon-initiated jets [1].

5.1 Introduction

As discussed in Chapter 4, jet quenching is one of the penetrating signatures of QGP

produced in heavy-ion collisions. The jet transport coefficient, q̂, is a crucial quantity

that characterizes the suppression of high-energy partons (quarks and gluons) as they

traverse the hot and dense medium created in heavy-ion collisions. In the framework

of theoretical models, q̂ is defined by the mean square of the momentum transfer
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between the propagating hard jet and the soft medium per unit path length. The jet

produced by the hard scattered quark (gluon) is termed as quark (gluon) initiated

jet, hereafter denoted as quark-jet (gluon-jet). These jets have different sensitivity

to the medium due to differences in their color degrees of freedom. The amount of

transverse momentum broadening of the jet can be related to density of the gluon

distribution in the medium [2,3]. This allows a temperature-dependent proportional

relation between q̂ and gluon density.

The phenomena of jet quenching has been very well explored by various theo-

retical models [4–14], viz. GLV-CUJET [15–17], MARTINI [9], MCGILL-AMY [8],

HT-M [18, 19], HT-BW [6, 20, 21], JEWEL [22–25] etc. The value of q̂ is estimated

in some of these models by explaining the experimentally measured quantity RAA.

To encapsulate the parton energy loss, different approaches are used by these mod-

els. GLV-CUJET relies on multiple scattering in the medium for energy loss and is

controlled by the strong coupling constant, the Debye screening mass and the den-

sity of scattering centers. HT-BW, HT-M use high-twist (HT) approach where the

energy loss is only affected by q̂. Within the hard-thermal-loop (HTL) resummed

thermal field theory-based MARTINI and MCGILL-AMY models, the only control-

ling parameter for energy loss is the strong coupling constant. Based on RAA for

neutral pion spectra reported by PHENIX experiment [26,27], the extracted values

of the jet transport coefficient at the initial time of QGP formation, q̂0, are 0.9 +0.05
−0.04

GeV2/fm [6] for 0–10% central and 1.2 ± 0.3 GeV2/fm [4] for 0–5% central Au–

Au collisions at
√
sNN = 0.2 TeV for τ0 = 0.6 fm/c. Similarly based on combined

ALICE [28] and CMS [29] data on charged hadron spectra in 0–5% central Pb–Pb

collisions at
√
sNN = 2.76 TeV, the extracted value of q̂0 at τ0 = 0.6 fm/c is 2.2 ±

0.5 GeV2/fm [4]. However, recently using the combined results of both RAA and IAA

for Au–Au collisions at
√
sNN = 0.2 TeV [26, 27, 30, 31], Pb–Pb collisions at

√
sNN

= 2.76 TeV [28, 29, 32–35] and 5.02 TeV [36, 37], including 0–50% central events, it

has been shown that q̂/T 3 decreases with temperature from 5 ± 1 near the critical
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temperature TC to 1.1 ± 0.3 at 3TC [38].

In non-central nucleus-nucleus collisions, a substantial magnetic field (B) is ex-

pected to be formed due to moving charges (spectators) at relativistic energy. It

is anticipated that the strength of the magnetic field created immediately following

the collision will be as high as 10m2
π at the LHC [39] and as high as m2

π (∼ 1018

G) at RHIC. Therefore, It is very important to study the effect of this huge mag-

netic field on various QGP properties such as jet transport coefficient, q̂. The effect

of magnetic field on q̂ is studied in this work. To estimate q̂ in the absence of a

magnetic field, a quasi-particle type description [40] is used, which is based on the

thermodynamics of lattice quantum chromodynamics (LQCD) [41, 42]. The mag-

netic field dependent q̂ is calculated based on the LQCD magneto-thermodynamical

quantities [43, 44]. The parallel and perpendicular components of q̂ for quark and

gluon jets are estimated using the correspondence between shear viscosity η and q̂

in presence of magnetic field [45].

5.2 Quasi-particle model

Over the past few years, there has been a hot debate on the nature of QGP around

the critical temperature, TC, due to the non-ideal behaviour of QGP reported in

lattice simulations of QCD and the circular flow observed in relativistic heavy ion

collisions [46]. Quasi-particle model is first introduced by Peshier et al. [47] to ex-

plain the non-ideal equation of state (EoS) observed in lattice gauge theory [48].

This model assumes that the quark-gluon fluid may be described in terms of quasi-

particles [46]. Various types of quasi-particle model is proposed in order to under-

stand the perturbative and non-perturbative calculations of QCD [46, 49–51]. In

Ref. [40], a simplified parametric quasi-particle model is introduced by mapping the

LQCD thermodynamics without magnetic field, where a temperature dependent de-

generacy factor of QGP system is prescribed to map the temperature dependent
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QCD interaction. Later in Ref. [52], a quasi-particle model at finite magnetic field

picture is proposed, where a temperature and magnetic field dependent degeneracy

factor is described by matching the LQCD thermodynamics in presence of magnetic

field [44], which are used to estimate the anisotropic components of transport co-

efficients of QGP. In this work, the first estimation of jet transport coefficient is

presented with the quasi-particle model described in Ref. [52].

This section describes the procedure adopted to map LQCD thermodynamical

data [44] in presence of magnetic field following the steps outlined in [40]. In terms

of the Fermi-Dirac (FD) distribution function of quarks and the Bose-Einstein (BE)

distribution function of gluons, the energy density (ε) and pressure (P ) of the QGP

system can be expressed as

εQGP =
gg

(2π)3

∫ ∞
0

ωg
eβωg − 1

d3~k +
gQ

(2π)3

∫ ∞
0

ωQ
eβωQ + 1

d3~k (5.1)

and

PQGP =
gg

3(2π)3

∫ ∞
0

(~k2

ωg

) 1

eβωg − 1
d3~k +

gQ
3(2π)3

∫ ∞
0

( ~k2

ωQ

) 1

eβωQ + 1
d3~k (5.2)

where ωQ, ωg are energies and

gQ = (spin)× (particle/antiparticle)× (color)× (flavor)

= 2× 2× 3× 3 = 36,

gg = (spin)× (color) = 2× 8 = 16, (5.3)

are degeneracy factors of quarks and gluons respectively. At zero net quark density

or chemical potential, the entropy density (s) can be expressed in terms of P and
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ε [52] as

sQGP =
PQGP + εQGP

T
. (5.4)

For a massless QGP system,

PQGP =
[
gg + gQ

(7

8

)]π2

90
T 4 ≈ 5.2 T 4 ,

εQGP =
[
gg + gQ

(7

8

)]3π2

90
T 4 ≈ 15.6 T 4 ,

sQGP =
[
gg + gQ

(7

8

)]4π2

90
T 3 ≈ 20.8 T 3 . (5.5)

The massless expressions can be calculated as follows. We have showed the deriva-

tion for one thermodynamic quantity the energy density (ε). In terms of the Fermi-

Dirac (FD) distribution function of quarks and the Bose-Einstein (BE) distribution

function of gluons, the energy density (ε) of the QGP system can be expressed as:

εQGP =
gg

(2π)3

∫ ∞
0

ωg
eβωg − 1

d3~k +
gQ

(2π)3

∫ ∞
0

ωQ
eβωQ + 1

d3~k. (5.6)

Here ωg and ωQ are energies and can be expressed as, ωg,Q =
√
~k2 +m2

g,Q and

β = 1/T . Here mg and mQ are masses of quarks and gluons, however for massless

QGP, mg,Q = 0. Therefore for massless QGP, ωg,Q = ~kg,Q. If one converts the
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volume integral to line integral,
∫∞

0
d3~k → 4π

∫∞
0
~k2d~k. Eq. 5.6 can be expressed as,

εQGP =
gg

(2π)3

∫ ∞
0

~kg

eβ ~kg − 1
4π ~kg

2
d~kg +

gQ
(2π)3

∫ ∞
0

~kQ

eβ ~kQ + 1
4π ~kQ

2
d ~kQ

=
gg

2π2

∫ ∞
0

~k3
g

e ~kg/T − 1
d~kg +

gQ
2π2

∫ ∞
0

~k3
Q

e ~kQ/T + 1
d ~kQ [β = 1/T ]

=
ggT

4

2π2

∫ ∞
0

x3

ex − 1
dx+

gQT
4

2π2

∫ ∞
0

y3

ey + 1
dy [~kg/T = x, ~kQ/T = y]

=
ggT

4

2π2

∫ ∞
0

x3

ex(1− e−x)
dx+

gQT
4

2π2

∫ ∞
0

y3

ey(1 + e−y)
dy

=
ggT

4

2π2

∫ ∞
0

x3e−x(1− e−x)−1dx+
gQT

4

2π2

∫ ∞
0

y3e−y(1 + e−y)−1dy

=
ggT

4

2π2

∫ ∞
0

x3e−x

[
∞∑
n=0

e−nx

]
dx+

gQT
4

2π2

∫ ∞
0

y3e−y

[
∞∑
n=0

(−1)ne−ny

]
dy

=
ggT

4

2π2

∞∑
n=0

∫ ∞
0

x3e−(1+n)xdx+
gQT

4

2π2

∞∑
n=0

(−1)n
∫ ∞

0

y3e−(1+n)ydy (5.7)

If one consider, (1+n)x = a and (1+n)y = b then, Eq. 5.7 can be represented as,

εQGP =
ggT

4

2π2

∞∑
n=0

1

(n+ 1)4

∫ ∞
0

a3e−ada

+
gQT

4

2π2

∞∑
n=0

(−1)n
1

(n+ 1)4

∫ ∞
0

b3e−bdb. (5.8)

Simplification of
∫∞

0
t3e−tdt = Γ(4) = 6 and expanding binomially one can get,∑∞

n=0
1

(n+1)4 = ξ(4) = π4

90
and

∑∞
n=0(−1)n 1

(n+1)4 = 7
8
ξ(4) = 7

8
π4

90
,

εQGP =
ggT

4

2π2

6π4

90
+
gQT

4

2π2

7

8

6π4

90

=
[
gg + gQ

(7

8

)]3π2

90
T 4 ≈ 15.6 T 4. (5.9)

Pressure (P) of the QGP system follows a similar prescription as the energy density

(ε).

Now, if one sees the LQCD data of P (T ), ε(T ), s(T ) at eB = 0 from Ref. [44],
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then one can notice that the data points always remain lower than their massless

limits, i.e. P/T 4 < 5.2, ε/T 4 < 15.6, s/T 4 < 20.8. A rich QCD interaction in the

non-perturbative domain is responsible for this suppression, and it is LQCD calcu-

lation that provides useful insights in this domain, where pQCD does not work well.

One can map this temperature-dependent suppression of P (T ), ε(T ), s(T ) [40] by

imposing a temperature-dependent fraction g(T ), multiplied with the total degen-

eracy factor of QGP. So, this picture assumes that while going from high to low

temperature, the degeneracy factor of the massless QGP system is gradually re-

duced. Instead of considering massless QGP, one can consider the physical mass of

quark in Eqs. (5.6), (5.2) and (5.4) and then fit their P , ε and s with LQCD data by

tuning g(T ). However, the massless QGP expression is adopted in this work due to

its visibility for simple analytic structure. One should also note that the numerical

difference between massless QGP and QGP with physical mass is quite small.

Now, the presence of finite magnetic fields causes pressure anisotropy. However,

pressure parallel to magnetic field will follow the simple thermodynamic relation.

s =
ε+ P‖
T

(5.10)

remains the same [44]. Therefore, the earlier expressions can still be used for finite B

picture by introducing a T , B-dependent parameter g(T,B). The parametric form of

g(T,B) can be obtained by mapping LQCD data of P (T,B), ε(T,B), s(T,B) [43,44]:

g(T,B) = a0 −
a1

ea2(T−0.17) + a3

. (5.11)

In this work, the LQCD data of the entropy density s(T,B) are mapped using

Eq. (5.11) to obtain the fitting parameters a0,1,2,3 of the parametric form of g(T,B)

because one of the aims is also to estimate s/η later, which is connected with the

dimensionless ratio q̂/T 3. Figure 5.1 shows the LQCD data points and their fitted

curves of normalized entropy density at eB = 0, 0.1 and 0.2 GeV2 using Eq. (5.11)
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Figure 5.1: Top left, top right and bottom left: LQCD data points (with error bars) [44]
and fitted curves using Eq. (5.11) (solid line) of normalized entropy density, normalized
by its SB limit (sSB) vs T at eB = 0 (blue line), eB = 0.1 GeV2 (green line) and eB = 0.2
GeV2 (cyan line). Bottom right: Corresponding T -dependent fraction g(T ) [Eq. (5.11)] at
different eB (to be multiplied with total degeneracy factor).

and T -dependent fraction g(T ) at different eB, respectively. The values correspond-

ing to the tuning parameters (a0,1,2,3) are summarized in Table 5.1.

Table 5.1: Different values of a0,1,2,3 given in Eq. (5.11) for different magnetic field
strengths

eB(GeV2) a0 a1 a2 a3
0.0 -0.26 -1.49 -21.58 1.49
0.1 -0.16 -1.20 -22.61 1.33
0.2 -0.47 -2.82 -16.51 2.26
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5.3 Estimation of jet transport coefficient q̂

5.3.1 In the absence of magnetic field

The temperature-dependent jet transport coefficient q̂(T ) in a medium of hadron

resonance gas can be calculated as follows (Ref. [6]):

q̂(T ) =
q̂N
ρN

ρh(T ) , (5.12)

where q̂N ≈ 0.02 GeV2/fm [53, 54] is the jet transport coefficient at the center of

the cold nuclear matter in a large nucleus, ρN = 0.17 fm−3 is nuclear saturation

density [55] and ρh is hadronic matter density. In Ref. [6], ρh(T ) is obtained using

hadron resonance gas (HRG) model within the hadronic temperature range. The

thermodynamics in the HRG model is consistent with LQCD data in the hadronic

temperature range. In this work, a quasi-particle model with temperature-dependent

degeneracy factor, obtained by parameterizing LQCD data as discussed in Sec. 5.2,

is used to estimate thermodynamical quantities for both hadronic and quark tem-

perature domains beyond the quark-hadron phase transition. The jet transport

coefficient is proportional to the effective density of scatterers in the medium, which

is dominated by gluons [2,6,56]. Therefore, the density of hadronic matter ρh(T ) can

be replaced by the density of gluons in the medium ρG(T ) for the entire temperature

range.

Similar to Eqs. (5.6) and (5.2), the gluon density ρG can be expressed as:

ρG =
gg

(2π)3

∫ ∞
0

1

eβωg − 1
d3~k. (5.13)
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Massless gluons provide analytic expression [52]:

ρG =
[
gg
ζ(3)

π2

]
T 3

= 1.94 T 3 , (5.14)

which can be considered as high temperature (T → ∞)1 limiting values, where

pQCD2 works well. Therefore, grossly one can consider it as gluon density in pQCD

domain and its corresponding high temperature limiting expression of q̂ will be

q̂∞ =
q̂N
ρN
× 1.94 T 3 = 3.03× 1.94 T 3 (5.15)

whose normalized value q̂∞/T
3 saturates at 5.87.

In the non-perturbative QCD domain, one can make a rough estimation of the

gluon density by multiplying 1.94 T 3 with the T - and B-dependent degeneracy factor

g(T,B). Following Eq. (5.12) and taking q̂N as the reference point, the jet transport

coefficient q̂(T,B) for the entire temperature range can be written as:

q̂(T,B) =
q̂N
ρN
× g(T,B)× gg

ζ(3)

π2
T 3

= 3.03×
[
a0 −

a1

ea2(T−0.17) + a3

]
× 1.94 T 3 (5.16)

The above expression is built from the cold nuclear matter reference point, and it

extends from the hadronic to the quark temperature domain. As an alternative way,

one can make the initial value of jet quenching q̂0 as a reference point and extend

it from high (quark) to low (hadronic) temperature range. In this case, assuming

an equivalence between q̂0 and q̂ one can normalize Eq. (5.16) by multiplying with

q̂0/q̂∞:

1Infinity means large temperature (say T ≥ 0.3 GeV).
2Here for simplicity, we assume that massless non-interacting limit or SB limit of gluon density is

approximately equal to its pQCD results.
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q̂(T,B) =
q̂N
ρN
× g(T,B)× gg

ζ(3)

π2
T 3
( q̂0

q̂∞

)
= g(T,B)× q̂0

=
[
a0 −

a1

ea2(T−0.17) + a3

]
× 0.9 GeV2/fm. (5.17)

Therefore, either by using Eq. (5.16) or Eq. (5.17), one can estimate q̂(T,B) in

the quasi-particle model. The parameters (a0, a1, a2 and a3) of the temperature

and magnetic field-dependent degeneracy factor g(T,B) in the model are obtained

by fitting the LQCD data, as discussed in Sec. 5.2. For the estimation of q̂(T ) in

absence of magnetic field, the model uses LQCD data at eB = 0 to obtain its fit

parameters. At a finite magnetic field, the parameters of g(T,B) are obtained by

fitting the LQCD magneto-thermodynamical data at eB = 0.2 GeV2. This extension

to finite magnetic field domain has different impacts in the estimation of q̂(T,B)

for quark and gluon jets. In the case of gluon jets, only the medium is influenced

by the magnetic field, whereas quark jets being electrically charged also experience

the effect of magnetic field along with the medium. Similar to other transport

coefficients such as shear viscosity, electrical conductivity of QGP, q̂(T,B) can have

a multi-component structure (e.g. q̂‖, q̂⊥, etc.) for quark jets which are discussed

in the next subsection.

5.3.2 In the presence of magnetic field

According to Refs. [45, 56–59], the jet transport coefficient is connected with the

shear viscosity coefficient, η. Here, q̂(T,B) is calculated from the knowledge of

η(T,B) profile. The advantage of this approach lies in the fact that the T , B-

dependent phase space part of η(T,B) is well studied in Refs. [52,60–72]. So, based

on that knowledge, the T , B-dependent phase space part has been invoked into

q̂(T,B).
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Let us take a quick revisit of shear viscosity expressions at finite temperature

and magnetic field. First, one can consider the case of zero magnetic field and then

move to the non-zero magnetic field picture. According to the macroscopic fluid

definition, shear viscosity η is the proportionality constant between viscous stress

tensor πij and velocity gradient tensor Cij [72], i.e.

πij = η Cij , (5.18)

which is the relativistic and tensor form of the so-called Newton’s law of viscos-

ity. In the microscopic kinetic theory approach, the viscous stress tensor can

be connected with the deviation (from the equilibrium distribution function f0)

δf = CknklCklβf0(1∓ f0) as

πij = g

∫
d3~k

(2π)3

kikj

ω
δf

= g

∫
d3~k

(2π)3

kikj

ω
CknklCklβf0(1− af0) , (5.19)

where f0 = 1/[eβω + a] denotes the Fermi-Dirac (FD) and Bose-Einstein (BE) dis-

tribution functions for a = ±1, respectively and ω =
√
~k2 +m2 is the energy of

medium constituent with mass m and degeneracy factor g. Connecting the macro-

scopic Eq. (5.18) and microscopic Eq. (5.19), one can get the shear viscosity tensor:

ηijkl = g

∫
d3~k

(2π)3

kikjknkl

ω2
τcβf0(1− af0) , (5.20)

whose isotropic expression will be

η =
g

15

∫
d3~k

(2π)3

~k4

ω2
τcβf0(1− af0) . (5.21)

The unknown constant C in Eq. (5.19) was obtained in terms of relaxation time τc
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with the help of relaxation time approximation (RTA) based relativistic Boltzmann

equation (RBE) [72].

In presence of magnetic field, five independent traceless tensors are proposed in

Refs. [60–62] instead of a single traceless velocity gradient tensor Cij. Two intercon-

nected sets of five shear viscosity components η̃0,1,2,3,4 [65,68,72] and η0,1,2,3,4 [70,72]

are obtained. The two main components based on the direction of the applied

magnetic field are as follows:

η‖
η

=
η̃2

η
=

(η0 + η2)

η
=

1

1 + (τc/τB)2

η⊥
η

=
η̃1

η
=
η0

η
=

1

1 + 4(τc/τB)2
, (5.22)

where another time scale τB = Ejet/eqB (Ejet is the jet energy) enters into the

picture along with relaxation time τc. Here, eq denotes the electric charge of quarks.

It is important to note that the definition of τB is only valid for quarks and not gluons

due to their chargeless nature. A simplified general expression of shear viscosity for

the massless case is as follows,

η =
4g τc
5π2

ζ(4) T 4 for BE

=
(7

8

)4g τc
5π2

ζ(4) T 4 for FD . (5.23)

Now, for massless 3-flavor QGP at B = 0, one can get

η =
[
16 +

7

8
36
]4 τc

5π2
ζ(4) T 4 ,

s =
[
16 +

7

8
36
]4 τc
π2

ζ(4) T 3 ,

⇒ η

s
=
τcT

5
. (5.24)
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For B 6= 0, one gets

η‖
s

=
1[

16 + 7
8
36
][16 +

7

8
12
∑
u,d,s

1

1 + (τc/τB)2

]τcT
5

η⊥
s

=
1[

16 + 7
8
36
][16 +

7

8
12
∑
u,d,s

1

1 + 4(τc/τB)2

]τcT
5

. (5.25)

Now, by roughly connecting q̂ ∝ s/η at B = 0 and q̂‖,⊥ ∝ s/η‖,⊥ at B 6= 0 one may

write:

q̂‖(B)

q̂(B = 0)
=
s/η‖
s/η

=
47.5[

16 + 7
8
12
∑
u,d,s

1
1+(τc/τB)2

]
q̂⊥(B)

q̂(B = 0)
=
s/η⊥
s/η

=
47.5[

16 + 7
8
12
∑
u,d,s

1
1+4(τc/τB)2

] . (5.26)

Now realizing q̂(B = 0) in terms of a simple quasi-particle form either q̂(B = 0) =

g(T )× 5.87 T 3 from Eq. (5.16) or q̂(B = 0) = g(T )× q̂0 from Eq. (5.17), q̂‖,⊥(T,B)

can be expressed as:

q̂‖(T,B) =
47.5[

16 + 7
8
12
∑
u,d,s

1
1+(τc/τB)2

] × [g(T )× 5.87 T 3
]

or

q̂‖(T,B) =
47.5[

16 + 7
8
12
∑
u,d,s

1
1+(τc/τB)2

] × [g(T )q̂0

]
(5.27)

171



q̂⊥(T,B) =
47.5[

16 + 7
8
12
∑
u,d,s

1
1+4(τc/τB)2

] × [g(T )× 5.87 T 3
]

or

q̂⊥(T,B) =
47.5[

16 + 7
8
12
∑
u,d,s

1
1+4(τc/τB)2

] × [g(T )q̂0

]
(5.28)

For more rich B-dependent structure, g(T ) is replaced by g(T,B). Here, the jet

transport coefficient for quark jets has parallel and perpendicular components (q̂q‖,⊥)

which is not expected for gluon jet transport coefficient (q̂g). Therefore, the final

expressions of gluon and quark jets at finite B can be written as:

q̂g(T,B) = g(T,B)× 5.87 T 3

or

q̂g(T,B) = g(T,B)q̂0 (5.29)

q̂q‖(T,B) =
47.5[

16 + 7
8
12
∑
u,d,s

1
1+(τc/τB)2

] × [g(T,B)× 5.87 T 3
]

or

q̂q‖(T,B) =
47.5[

16 + 7
8
12
∑
u,d,s

1
1+(τc/τB)2

] × [g(T,B)q̂0

]
(5.30)
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q̂q⊥(T,B) =
47.5[

16 + 7
8
12
∑
u,d,s

1
1+4(τc/τB)2

] × [g(T,B)× 5.87 T 3
]

or

q̂q⊥(T,B) =
47.5[

16 + 7
8
12
∑
u,d,s

1
1+4(τc/τB)2

] × [g(T,B)q̂0

]
(5.31)

5.4 Results and discussions

5.4.1 q̂ in absence of magnetic field

First, the quasi-particle based numerical estimation of q̂ in absence of magnetic field

is calibrated with its standard values available in existing references and then its

modification in presence of magnetic field is studied. The temperature dependence

of q̂/T 3 is estimated using the quasi-particle model in absence of magnetic field as

shown in Fig. 5.2 and compared with earlier estimations of Refs. [57, 73–80]. In

Fig. 5.2 (left), the red dashed line shows the q̂ estimation using Eq. (5.16) starting

from low (hadronic) to high (QGP) temperature taking q̂ at the center of cold nuclear

matter (q̂N ≈ 0.02 GeV2/fm) as reference point.

It represents a crossover type transition in q̂(T ) due to the continuous profile of

g(T ), which carries the information of LQCD thermodynamics. The solid blue line

in the left panel of Fig. 5.2 shows data taken from Ref. [6]. It represents a first-order

type transition in q̂ owing to the fact that it is constrained by the hadron density ρh

of the HRG model in hadronic temperature, whereas for quark temperature range,

beyond the transition temperature, the jet transport coefficient at the initial time

of QGP formation, q̂0 (≈ 0.9 GeV2/fm) is used. One can find that the estimation of

q̂/T 3 in quasi-particle model (red dashed line) is comparable to the HRG estimation

(solid blue line) in the hadronic temperature range.

The green dash-dotted and solid lines in Fig. 5.2 (left) show results based on

pQCD + HTL approximation [73] for quark jets of initial energy 2 and 10 GeV,
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Figure 5.2: Temperature dependence of q̂/T 3 based on q̂N and q̂0 in absence of magnetic
field are depicted by the red dashed line in left and right panels respectively. The green
(left) and magenta (right) lines represent pQCD + HTL approximations and semi-QGP
+ magnetic monopoles estimations respectively for quark jet of initial energy Ei = 2 GeV
(dash-dotted) and 10 GeV (solid) in absence of magnetic field [57]. The blue curve (left) is
taken from Chen et al., Ref. [6] to compare with q̂N based results. The cyan curve (right)
shows DQPM results from Ref. [81]. Black dash-dotted and solid lines represent q̂ of an
isotropic N = 4 SYM plasma at zero magnetic field for λ = 4π and 8π respectively.

respectively. Interestingly, the results based on the pQCD + HTL approximation

are quite comparable to those obtained from the quasi-particle model based on

Eq. (5.16). Therefore, one may relate the estimation based on q̂N in the quasi-

particle model to a weakly coupled QGP system, as traditionally described by

pQCD calculations. In Fig. 5.2 (right), the red dashed line shows q̂ estimation

using Eq. (5.17) starting from high (QGP) to low (hadronic) temperature taking q̂

at the initial time of QGP formation (q̂0 ≈ 0.9 GeV2/fm) as the reference point.

Interestingly, q̂/T 3 from Eq. (5.17) shows a mild peak structure near the transi-

tion temperature. Analyzing T dependence of Eq. (5.16) and Eq. (5.17), one can

recognize q̂ ∝ g(T ) × T 3 and q̂ ∝ g(T ), respectively. Therefore, their normalizing

function will be q̂/T 3 ∝ g(T ) and q̂/T 3 ∝ g(T )/T 3, respectively. The peak structure

is obtained for the latter case due to the combined effects of increasing g(T ) and

decreasing 1/T 3.

The magenta dash-dotted and solid lines in Fig. 5.2 (right) show semi-QGP

+ magnetic monopoles results [57] for quark jets of initial energy 2 and 10 GeV,

respectively. The cyan solid line presents the estimation of q̂/T 3 for quark jets with

174



momentum 10 GeV/c at zero chemical potential using a dynamical quasiparticle

model (DQPM) [81]. The black lines in Fig. 5.2 (right) depict the jet transport

coefficient in absence of magnetic field for an isotropic N = 4 SYM plasma of the

form [82]:

q̂0 =
π

3
2 Γ(3

4
)

Γ(5
4
)

√
λT 3 (5.32)

where
√
λ =

√
g2
YM Nc with gYM denoting the coupling strength of the strongly

coupled plasma with color degeneracy factor Nc. The dash-dotted and solid black

lines correspond to λ = 4π and 8π respectively. It is observed that the semi-QGP

+ magnetic monopoles-based results show qualitatively similar behaviour to that

obtained from quasi-particle model based on Eq. (5.17). Both have a peak structure

near transition temperatures of their respective models and the DQPM calculation

lies between these two predictions. One may, therefore, relate q̂0-based estimation

in the quasi-particle model with a strongly coupled QGP system.

It is quite interesting to observe a two-directional aspect of QCD matter by

calibrating with existing experimental knowledge of q̂ for cold nuclear matter (q̂N ≈

0.02 GeV2/fm) and for hot QGP (q̂0 ≈ 0.9 GeV2/fm). When one approaches from

the hadronic phase to the QGP phase with q̂N as a reference point, the results

obtained are close to those of a weakly coupled QGP system. On the other hand,

when one approaches from QGP to hadronic phase with q̂0 as reference point, the

results favour a strongly coupled QGP system.

After calibrating the numerical estimations of the two possible simple (quasi-

particle model-based) expressions with existing values of weakly and strongly cou-

pled QGP systems, the next aim is to see their changes due to finite magnetic field,

which is discussed in the next subsection. The main focal point of present work is

the relative changes in q̂ due to magnetic field, therefore the absolute values of q̂(B

= 0) may be considered as a reference point only.
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5.4.2 q̂ in presence of finite magnetic field

The temperature dependence of q̂/T 3 in presence of magnetic field taking q̂N as ref-

erence point as described by Eq. (5.16) and taking q̂0 as reference point as described

by Eq. (5.17) are shown in left and right panels of Fig. 5.3, respectively.
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Figure 5.3: Temperature (T in GeV) dependence of q̂q‖,⊥/T
3 (blue long dashed and dash-

dotted lines) at eB = 0.2 GeV2, τc = 1 fm are depicted for quark jet of initial energy Ejet =
2 GeV using Eqs. (5.26) & (5.16) (left) and Eqs. (5.26) & (5.17) (right). The red solid line
shows T dependence of q̂g/T 3 for gluon jet at eB = 0.2 GeV2 obtained using Eq. (5.16)
(left) and Eq. (5.17) (right). Red dashed lines of both figures represent q̂/T 3 at eB =
0 estimated using Eq. (5.16) (left) and Eq. (5.17) (right). Black solid line corresponds
to an isotropic N = 4 SYM plasma at zero magnetic field for λ = 6π [Eq. (5.32)]. The
ratios between q̂q‖,⊥ and q̂g in presence of magnetic field are shown by blue long dashed
and dash-dotted lines in the bottom panels.

The solid red lines in top panels of Fig. 5.3 show q̂/T 3 for gluon jets (q̂g) at

finite magnetic field, eB = 0.2 GeV2, estimated from Eq. (5.29). The parallel and

perpendicular components of q̂/T 3 at eB = 0.2 GeV2 for quark jets of initial energy

2 GeV are shown by long dashed and dash-dotted blue lines, respectively. These

results are obtained from the parallel (q̂q‖) and perpendicular (q̂q⊥) expressions, given

in Eqs. (5.30) and (5.31), respectively. The solid black lines depict the jet transport

coefficient for an isotropic N = 4 SYM plasma at λ = 6π. The dashed red lines

representing q̂/T 3 in absence of magnetic field are also shown in top panels of Fig. 5.3
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for reference.

Qualitatively, the temperature dependence of q̂/T 3 in the presence of magnetic

field is found to behave similarly to that in the absence of magnetic field. At lower

temperatures, significant enhancement of q̂/T 3 is observed in presence of magnetic

field and the enhancement reduces with the increasing temperature for both gluon

and quark jets. If one analyzes the detailed anatomy of q̂/T 3 of quark jet, given in

Eqs. (5.30)-(5.31), then one can identify two sources of B-dependent components.

One is the B-dependent degeneracy factor, for which jet transport coefficient gets

enhanced, and the other is the phase space part made of τB, for which q̂ is fur-

ther enhanced. However, the later component is missing for gluon jets due to their

chargeless nature. The bottom panels of Fig. 5.3 show ratios of parallel and perpen-

dicular components of q̂q for quark jets to q̂g for gluon jets in presence of magnetic

field. It is interesting to observe that, in comparison to gluon jets, the parallel and

perpendicular components of quark jets experience an increase in q̂ values of around

4% and 13%, respectively due to presence of magnetic field. So, one can indirectly

observe two interesting aspects of QGP at finite magnetic field via a jet probe.

The former part of quark jet contains magneto-thermodynamics of QCD matter via

g(T,B) and its later part is connected with the thermodynamical phase shrinking

due to cyclotron motion of quark jet. Therefore, the present investigation hints at

a possibility of difference between jet quenching phenomena for quarks and gluons

in the presence of magnetic field.

The picture can be understood as follows. Two components are involved in the

jet quenching mechanism. One is the probe, either quark-initiated or gluon-initiated

jets (hereafter referred as quark jet and gluon jet, respectively), which will eventu-

ally produce a collimated shower of particles. Another is the medium, which is

assumed to be gluon-dominated. Now, any thermodynamical quantity like gluon

density will be modified in the presence of a magnetic field. This modification is

connected with the rich quark-condensate or constituent quark mass profile as a func-
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tion of T and B. Recent LQCD calculations [43, 44] predicted an inverse magnetic

catalysis profile near the transition temperature, for which the transition temper-

ature decreases with increasing magnetic field. This LQCD-based T , B-dependent

quark condensate profile will build magneto-thermodynamical phase space of differ-

ent thermodynamical quantities like entropy density, pressure, etc. We have tuned

that profile via T , B-dependent degeneracy factor g(T,B). Calculating the corre-

sponding gluon-dominated medium density at finite B using this g(T,B), we have

incorporated B-dependent information of medium into jet transport coefficient q̂ as

it is proportionally connected to the density of the medium.

Next, let us discuss the B-dependent information of the probe (quark and gluon

jet). For gluon jets, no modification is possible, but for quark jets, modification

comes from the Lorentz force. A mild bending of quark jet propagation is expected

due to its cyclotron motion, quantified through τB. This B-dependent information

has been indirectly incorporated in the present work through the B-dependent phase

space factor of shear viscosity to entropy density ratio.

This impact of magnetic field on q̂ might be challenging to observe experimen-

tally, however, one can perform a comparative study by measuring nuclear suppres-

sion factor RAA separately for quark and gluon jets in central (where eB is expected

to be zero) and non-central (where eB is expected to be non-zero) heavy-ion colli-

sions. The quarks being charged will be affected more than gluons in presence of

magnetic field. Therefore, if the experiment can be designed for these two separate

measurements, the difference between two measurements can be attributed to the

B dependence of jet transport coefficient. Recently, measurements of directed flow

(v1) for hadrons by STAR [83] and ALICE [84] collaborations are linked with the

impact of electromagnetic field on the medium, inspired from theoretical predic-

tion [85]. In this direction, future measurements are also planned by ATLAS and

CMS collaborations [86].
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5.5 Comparision with other models

The jet transport coefficient q̂ for the strongly coupled QCD plasma in presence of a

magnetic field has also been computed directly using the non-perturbative toolbox

of the anti-de Sitter/conformal field theory (AdS/CFT) correspondence [87–93].

2eB/T
2 4 6 8 10 12 14

 (
B

 =
 0

)
q

)2
 (

B
 =

 0
.2

 G
eV

q

0

0.5

1

1.5

2

2.5

3

3.5

4

 for quark jet (Quasi-particle) q

   for quark jet (Quasi-particle)q

   for gluon jet (Quasi-particle)q

 (AdS/CFT)q

   (AdS/CFT)q

Figure 5.4: Comparison of the results for the ratio of q̂(B) to q̂(B = 0) obtained from
the quasi-particle like approach against AdS/CFT correspondence [93] for eB = 0.2 GeV2

and τc = 1 fm

It has been shown that compared to the pQCD estimation, the magnitude of

q̂(B = 0) calculated via the AdS/CFT correspondence is closer to that extracted

from RHIC data [94, 95]. If the magnetic field is along the z-direction, the parton

that forms the jet while traversing through the medium can suffer a momentum

broadening either along or transverse to the magnetic field direction, giving rise to

three different components of jet transport coefficient: q̂‖(⊥), q̂⊥(‖) and q̂⊥(⊥), where

q̂‖ ≡ q̂‖(⊥) and q̂⊥ ≡ q̂⊥(‖) + q̂⊥(⊥). In this notation, the first and second symbols

denote the direction of the moving parton and the direction in which the momentum

broadening of the jet occurs with respect to the magnetic field direction, respectively.

Figure 5.4 shows an interesting comparison for the ratio q̂(B)/q̂(B = 0) obtained

from quasi-particle model using Eq. (5.27) against the AdS/CFT correspondence

results for values of eB/T 2 up to 14. Both find q̂⊥ > q̂‖ and support enhancing trend
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of jet transport coefficient in presence of magnetic field; however, a quantitative

difference is observed between them. One of the possible reasons might be that

the current estimation of q̂ from quasi-particle model has not adopted the quantum

aspect of the magnetic field, where the phase space will be proportional to eB due

to Landau quantization. In that case, one might get a proportional eB dependence

as one grossly notice for the AdS/CFT correspondence results.

5.6 Conclusions

In this work, the estimation of jet transport coefficient is presented using a sim-

ple quasi-particle model where a temperature-dependent degeneracy factor g(T ) of

partons is considered. The parameters of g(T ) are obtained by fitting the entropy

density obtained from lattice quantum chromodynamics. A magnetic field depen-

dent jet transport coefficient is calculated for quark and gluon jets. It is observed

that q̂ for gluon jets and both the parallel and perpendicular components for quark

jets show a significant enhancement at low temperatures, which gradually decreases

towards high temperatures. A similar enhancement of jet transport coefficients at

finite magnetic field is also observed in the AdS/CFT correspondence calculations.

These results provide additional information towards our current understanding and

phenomenology of jet quenching in presence of the magnetic field.
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Chapter 6

Summary and outlook

In this thesis, the first measurement of multiplicity-dependent jet substructure ob-

servables is reported in pp collisions at
√
s = 13 TeV with the ALICE experiment

at the LHC, which represents an important contribution to the literature on the

modification of jets in small collision systems. This work helps to refine our expec-

tations for the modification of jet substructure due to various sources, such as small

droplets of QGP or other final state effects. In addition, this thesis also reports

the estimation of jet energy loss, quantified as q̂ in the presence of QGP using a

simplified quasi-particle model. In this work, we report the effect of magnetic field

produced in non-central heavy-ion collisions on q̂ for quark- and gluon-initiated jets.

The summary of these two studies is briefly discussed below:

Measurement of intra-jet properties in minimum-bias and high-multiplicity

events in pp collisions at
√
s = 13 TeV

In this work, we present the multiplicity dependence of intra-jet properties of leading

charged-particle jets, the mean charged-particle multiplicity (〈Nch〉) and fragmen-

tation function (zch = pparticle
T /pjet,ch

T and ξch = ln(1/zch)) in pp collisions at
√
s

= 13 TeV. These observables are measured for leading jets in both minimum-bias

and high-multiplicity pp events. Jets are reconstructed using the anti-kT jet finding
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algorithm with R = 0.2, 0.3, and 0.4. Instrumental effects are corrected using a

2-dimensional Bayesian unfolding technique implemented in the RooUnfold pack-

age. The underlying event contribution is estimated using the perpendicular-cone

method and subtracted on a statistical basis after unfolding. In this analysis, the

main contributors to the total systematic uncertainty are the uncertainty in the

tracking efficiency and the MC event generator dependence.

A monotonic increase in 〈Nch〉 is observed in both MB and HM events as a

function of jet pT as well as with increasing jet radius R . 〈Nch〉 is found to be

slightly larger in high-multiplicity events in comparison with minimum-bias ones;

PYTHIA 8 also exhibits a similar pattern. A jet-pT independent jet fragmentation

is observed in both MB and HM events within certain ranges of zch and ξch values

only for wider jets (R = 0.4). EPOS LHC reproduces the zch distributions better

than PYTHIA 8 in MB events. The observed “hump-backed plateau” structure

in ξch distributions originates from the suppression of low-pT particle production

predicted by QCD coherence. The ξch distributions for both MB and HM events are

qualitatively reproduced by PYTHIA 8.

The fragmentation functions in HM events are noticeably different from those

in MB events. The probability of jet fragmentation into particles with low zch gets

enhanced, followed by a suppression of high-zch particles in HM events compared to

that in MB. The observed jet modification is more prominent for low-pT jets (10–20

GeV/c) with larger jet radius (R = 0.4) and is reduced with increasing jet pT at

a given radius. These trends are qualitatively reproduced by PYTHIA 8. Similar

conclusions are obtained when studying the fragmentation function in MB and HM

events using the ξch variable.

Recently, a selection bias towards multi-jet topology has been argued to affect

the observed azimuthal broadening in the sample of high-multiplicity events de-

fined from the V0M signal amplitudes. The modifications of intra-jet properties

for leading jets are independent of the presence of other jets in an event and are
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therefore less prone to such biases. An investigation using PYTHIA 8 with a less

biased HM event selection also shows a similar amount of modification. A detailed

study using PYTHIA 8 shows that the major sources of the modification in jet frag-

mentation are multiparton interactions with color reconnection and the enhanced

number of gluon-initiated jets in HM events. As a result, the jet modification ob-

served in small systems with increasing multiplicity shifts the question towards how

one can attribute the observed modification to different causes, e.g., multiparton

interactions, jet bias from HM event selection or jet quenching in mini-QGP. Since

PYTHIA 8 captures most of the features of the data, the measured modifications

cannot be directly interpreted as due to the formation of a QGP in high-multiplicity

pp collisions. This work provides new constraints to mechanisms underlying jet

modification in small systems.

The study of the effect of magnetic field on jet transport coefficient

In this work, we present the estimation of jet transport coefficient, q̂ using a sim-

ple quasi-particle model where a temperature-dependent degeneracy factor g(T )

of partons is considered. The parameters of g(T ) are obtained by fitting the en-

tropy density obtained from lattice quantum chromodynamics. Although we are

unable to properly fit other thermodynamical quantities, such as energy density and

pressure, with the same set of parameters of g(T ), this model still provides a sim-

ple and easy-dealing tool, which is consistent with QCD thermodynamics within a

given range of temperature for the estimation of jet transport coefficient. Using the

parametric degeneracy factor, we have estimated the temperature-dependent gluon

density to obtain q̂(T ) from hadronic to the QGP phase by restricting low- and

high-temperature values of q̂ by their experimental values. During the restriction

by low-temperature cold nuclear matter data, temperature-dependent q̂(T ) from

hadronic to QGP phase becomes quite close to the HTL or perturbative QCD re-

sults, which indicate transportation of jet in weakly interacting gas. On the other
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hand, q̂(T ) estimation from QGP to hadronic phase is qualitatively similar to the

earlier estimate based on semi-QGP + magnetic monopoles, which corresponds to

a strongly interacting liquid picture.

The effect of finite magnetic field is introduced in the model by replacing the

temperature-dependent degeneracy factor g(T ) with temperature and magnetic field-

dependent degeneracy factor g(T,B) whose parameters are obtained by fitting the

magneto-thermodynamical data of lattice quantum chromodynamics. The jet trans-

port coefficient q̂(T,B) is calculated for both quark and gluon jets. For quark jets,

it splits into parallel and perpendicular components carrying magnetic field depen-

dence from two sources: the field-dependent degeneracy factor and the phase space

part guided from the shear viscosity to entropy density ratio. The value of q̂ is found

to be enhanced due to the collective role of these two sources for quark jets and, in

the case of gluon jets, only the field-dependent degeneracy factor comes into play.

The q̂ for gluon jets and both the parallel and perpendicular components for quark

jets show a significant enhancement at low temperatures, which gradually decreases

towards high temperature. A similar enhancement of jet transport coefficients at the

finite magnetic field is also observed in the AdS/CFT correspondence calculations.

Quasi-particle model results can provide additional information towards our current

understanding and phenomenology of jet quenching in presence of the magnetic field.

One possible extension of the results presented in this thesis would be to study

the jet substructure observables in Pb-Pb collisions with ALICE. This would provide

us with an understanding of jet substructure modification in the presence of QGP. A

comparative study of the amount of jet modification in Pb-Pb and high-multiplicity

pp collisions would enhance our understanding of the possibility of QGP droplets

in small collision systems. In this thesis, we corrected our results based on the MC

event generators PYTHIA 8. It would be exciting if one could do the same study

mentioned in Chapter 4 and correct the raw results with some data-driven technique
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and find the origin of the jet modification. The current estimation of q̂ from the

quasi-particle model, reported in Chapter 5 has not adopted the quantum aspect of

the magnetic field, where the phase space will be proportional to eB due to Landau

quantization. In the future, one can also extend this work.
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