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Abstract

Heavy-ion collisions at ultra-relativistic energies produce a deconfined state of partonic

matter, known as quark-gluon plasma (QGP). Small collision systems, previously thought

not to form QGP, show collectivity at the LHC energies, challenging the conventional

notion, albeit no observation of jet production suppression, a prominent signature of QGP

formation. Study of internal jet properties and their multiplicity dependence in small

collision systems, i.e., proton-proton (pp) and proton-lead (p–Pb) collisions, presents a

promising approach, given their sensitivity to both the perturbative and non-perturbative

aspects of quantum chromodynamics.

This thesis reports the measurements of jet properties, including mean number of

charged-particle multiplicity within jets and jet fragmentation function in minimum bias

pp and minimum bias and central p–Pb collisions at the nucleon-nucleon center-of-mass

energy of 5.02 TeV using the ALICE experiment at CERN, for charged-particle leading jets

in the transverse momentum (?T) interval of 20–100 GeV/c. Jets are reconstructed from

charged particles at mid-rapidity using the sequential recombination anti-:T algorithm with

jet resolution parameter ' = 0.4. The corrected distributions (corrected for instrumental

effects and underlying events) are presented in comparison to various theoretical MC

model predictions. Jet ?T-dependent modifications of jet fragmentation are observed

between minimum bias p–Pb and pp collisions and between central and minimum bias

p–Pb collisions, marking the first experimental observation of jet modification in p–Pb

collisions at LHC energies. Surprisingly, MC models without implementation of QGP-

medium effects, are also found to qualitatively reproduce the features of jet modification

observed in data.

This thesis also presents the study of internal jet properties, including jet shape and

fragmentation function in minimum bias and high-multiplicity pp collisions at the center-
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of-mass energy of 13 TeV using PYTHIA 8 Monte Carlo event generator. The study is

performed in presence and absence of multiparton interactions and color reconnection

mechanisms of PYTHIA. Significant jet modification is observed in high-multiplicity

events compared to minimum bias ones for low-?T jets. The main sources contributing to

the observed jet modification are found to be multiparton interactions, color reconnection

and increase in the fraction of gluon-initiated jets in high-multiplicity events.
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“Begin at the beginning," the King said, very gravely, “and go on

till you come to the end: then stop."

— Lewis Carroll, Alice in Wonderland

Chapter 1

Introduction

Throughout history, people have always wanted to understand things they can not see or

know. Their curiosity keeps them exploring new things, even though they are often scared

of what they might find. As time goes on, they learn more, but they also realize how much

they still do not know about how everything started, how the universe was created, and

why things are the way they are now. From a long time ago to now, discoveries in science

have changed the way people live and think. Things that used to seem impossible are

now real achievements, showing how much people keep wanting to learn. But even with

all this progress, there are still big mysteries we do not understand, like where life came

from and why we are here. Ideas come and go, and each new one brings more questions.

With each change in how we see the world, we find new things to wonder about, like how

everything in the universe is connected in ways we can not see or feel. We are not sure

where science will take us next, but through the lens of physics, we hope to learn more

about how everything works, unlocking endless possibilities. With this knowledge, we

can look forward to a better future and appreciate the mysteries around us even more.

This thesis outlines some of the recent developments in high-energy particle and nu-

clear physics. The first part of this introductory chapter provides a theoretical background
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Chapter 1 – Introduction

about our understanding of the universe at its smallest scales. Particular emphasis is

placed on the strong nuclear interaction and the methods employed to investigate it at high

energies. The second part presents an overview of jets, the main actors in this thesis. The

chapter concludes with brief outlines of the work presented in subsequent chapters of the

thesis.

1.1 Theoretical background

1.1.1 The fundamental forces

To date, we are aware of four fundamental forces of nature: gravitational, electromagnetic,

weak, and strong1, classified based on the type of the interaction. Each of these forces

follows certain laws of nature described by particular physical theory and governs the

dynamics of particles. Each fundamental force or interaction is mediated by the exchange

of a particle known as the mediator, which transmits the force between the interacting

particles. The mediators and the interacting particles can be categorized into two different

classes based on their intrinsic spin: bosons and fermions, respectively (see Sec. 1.1.2 for

more details). The mediators for the gravitational and electromagnetic interactions are

gravitons and photons, respectively. The intermediate vector bosons, ,± and / , mediate

the weak interaction, whereas the strong interaction is mediated by gluons.

The gravitational force is in action between all physical objects of different sizes,

ranging from elementary particles to astronomical bodies. The classical theory of gravi-

tational interaction is Newton’s law of gravitation, which Einstein generalized including

the relativistic case with his famous general theory of relativity. The gravitational force

is always attractive. The interaction strength of gravitational interaction is proportional

1The four forces can be reduced to three as the Glashow-Weinberg-Salam (GWS) theory considers the

electromagnetic and weak forces as different manifestations of a single electroweak force.
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to the product of the masses of the interacting objects and is, therefore, very small in

comparison to other forces for sub-atomic particles.

Electromagnetic force comes into play whenever there are objects with electric charge.

Electric charge comes in two polarities, positive and negative, in contrast to gravitational

force where mass can only be positive, and therefore the electromagnetic force can be

either attractive or repulsive2. The physical theory that explains electromagnetic inter-

actions is known as electrodynamics. Maxwell established the classical formulation of

electrodynamics more than a century ago and the theory aligned with Einstein’s special

theory of relativity, which it served as the primary source of inspiration for. Feynman,

Tomonaga, and Schwinger refined the quantum theory of electrodynamics during the

1940s. The magnitude of the electromagnetic force is proportional to the product of

the electric charges of the interacting objects and gets reduced with increasing distance

between the objects. Being the second strongest among all the fundamental forces, only

after the strong force, it is one of the important forces to consider on a sub-atomic scale.

The weak and strong forces are mostly in action in the sub-atomic nuclear scales

(< 1 fermi = 10−15 m) and are, therefore, known as nuclear forces. The weak nuclear

force mostly accounts for the radioactive decays, e.g., nuclear beta decay, decays of pions,

muons, and a lot of strange particles. The theory of weak interactions, often referred to as

flavordynamics, was proposed by Fermi in 1933. Lee and Yang, Feynman and Gell-Mann,

among many others, improved the theoretical description in the 1950s, and Glashow,

Weinberg, and Salam brought it to its current state (GWS theory) in the 1960s.

The strong nuclear force is the strongest fundamental force within the nuclear scale and

is experienced by particles having color charges. Color charge comes in three categories,

termed red (R), green (G), and blue (B)3. Although color charge was not yet a notion,

Yukawa’s groundbreaking work in 1934 laid the groundwork for the physical theory of

2Charges of opposite polarities attract and those of same polarities repulse each other.

3Although they have nothing to do with the mentioned colors in the visible spectrum.
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strong interaction, now known as chromodynamics, which later found its solid ground in

the 1960s and 1970s. Due to the particular nature of its potential, the strong force acts

as an attractive force between particles moving away from each other and as a repulsive

force when the particles are close or coming toward each other.

The strong and weak nuclear forces, along with the electromagnetic force, are described

theoretically by what is commonly known as the Standard Model of particle physics [1–3].

A brief description of the Standard Model is presented in the next section.

1.1.2 The Standard Model of particle physics

Regarded as one of the most successful theories in physics, the Standard Model of particle

physics describes the fundamental constituents of matter and their interactions. It has

correctly predicted the behavior of the particles and their interactions in numerous exper-

iments carried out over several decades. Below is an overview of the key components and

principles of the Standard Model.

The foundation of the Standard Model is the notion that fundamental particles, which

fall into two main classes, bosons, and fermions, make up all the matter in the universe.

Figure 1.1 shows the various families of fundamental particles in the Standard Model.

1. Fermions: Fermions are particles that make up matter. They have half-integral

spins and adhere to the Pauli exclusion principle, according to which no two fermions can

occupy the same quantum state simultaneously. Fermions in the Standard Model can be

further classified into two categories:

• Quarks: Quarks are elementary particles that experience the strong nuclear force

due to their color charges. They are bound together to form hadrons, which can be

further categorized into baryons (combinations of three quarks or anti-quarks) and

mesons (made up of a quark and an anti-quark). The quark family consists of six

varieties or “flavors" of quarks: up, down, charm, strange, top, and bottom, and
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Figure 1.1: Fundamental constituents of the Standard Model of Particle Physics [4].

their corresponding anti-particles.

• Leptons: Leptons are also elementary particles that are not affected by the strong

nuclear force; instead, they can be affected by the electromagnetic and weak nuclear

forces. The electron, muon, tau, corresponding neutrinos, and their respective

anti-particles form the lepton family. Because of their small masses and incredibly

weak interactions with other particles, neutrinos are particularly fascinating particles

whose experimental detection itself is very challenging.

2. Bosons: Particles called bosons act as mediators between the fundamental forces

of nature. They have integral spins and do not obey the Pauli exclusion principle, which

means that multiple bosons can occupy the same quantum state simultaneously, unlike

fermions. Bosons in the Standard Model come in four varieties:
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• Photon: Photons are the mediators or force carriers of the electromagnetic interac-

tions between charged particles.

• Gluon: Gluons are responsible for mediating the strong nuclear force that binds

quarks together within protons, neutrons, and other hadrons.

• ,± and / Bosons: ,± and / bosons are the mediators of the weak nuclear force.

• Higgs Boson: By means of the so-called Higgs mechanism, the Higgs boson, a

unique kind of particle, introduces mass to other particles. Its discovery in 2012

validated a key component of the Standard Model.

As delineated in the preceding section (Sec. 1.1.1), the following three fundamental

forces of nature elucidate the interactions among these particles:

• Electromagnetic force: Described by quantum electrodynamics (QED) [5–7],

which incorporates the principles of quantum mechanics and special relativity

• Weak nuclear force: Described by the electroweak theory [2, 8, 9], which unifies

the electromagnetic and weak forces into a single theory

• Strong nuclear force: Described by quantum chromodynamics (QCD) [10], which

explains the interactions between quarks mediated by gluons

The strong interaction is essentially responsible for the very existence of atomic nuclei.

In general, approximately 95% of the universe’s observable mass can be attributed to the

strong interaction. Its current theoretical description, i.e., quantum chromodynamics,

which is also relevant in the context of the studies presented in this thesis, is discussed in

the next section.
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1.1.3 Quantum Chromodynamics: theory of strong interaction

One of the main pillars of the Standard Model of particle physics is quantum chromo-

dynamics (QCD), which offers a thorough framework for understanding the behavior of

quarks and gluons, the building blocks of matter, within the influence of the strong nu-

clear force. The theory of QCD is governed by the laws of quantum mechanics and the

symmetries of the underlying theory.

QCD is a quantum field theory that follows the non-Abelian gauge symmetry and,

therefore, allows gluons to interact with each other, unlike photons which mediate the

electromagnetic force. Gluons possess a combination of color and anti-color charges.

On the other hand, quarks can interact not only through the exchange of gluons but also

through the exchange of virtual quark-antiquark pairs, leading to a complicated network

of interactions that describes the dynamics of the strong interaction.

Another important consequence of QCD being a quantum field theory that follows

the non-Abelian gauge symmetry is that the coupling constant of strong interaction UB

(also known as the strong coupling constant) is a universal one in the sense that the

quarks must couple to gluons with the same strength. However, the strength of the strong

coupling constant varies depending upon the scales of energy and/or distance at which the

interaction occurs. Due to this running nature of the strong coupling constant, the strong

force has a number of unique and noteworthy characteristics. Asymptotic freedom [11]

is one such characteristic that manifests at high energies or small distances. At these

scales, the QCD coupling constant becomes small, i.e., the strong force that holds quarks

and gluons together decreases, enabling them to behave nearly like free particles. This

characteristic of QCD arises from the anti-shielding of color charges, which is completely

different from that in the case of QED, where electric charges (positive and negative)

effectively shield themselves from each other. Due to the small values of the coupling

constant, perturbation theory can be applied, which helps to make accurate predictions for
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high-energy processes in particle collisions possible.

On the other hand, confinement [12], a phenomenon where quarks and gluons are

bound together within color-neutral composite particles (hadrons) like protons, neutrons,

mesons, and so on, is another important characteristic exhibited only by the strong force at

large distances or low energies. This comes from a strong, non-linear coupling constant that

ensures the entrapment of quarks and gluons inside the hadrons by increasing the binding

energy with increasing distances. The mechanism underpinning confinement dictates the

non-perturbative aspects of QCD, and despite significant theoretical and computational

efforts, it still remains as one of the most important unresolved issues in modern physics.

In the non-perturbative domain, the spontaneous breaking of chiral symmetry [13–15]

is another important characteristic of strong interaction. This results in the production of

hadrons, such as protons and neutrons, which make up the majority of the mass of hadrons.

Effective Field Theories [16–18] and Lattice QCD [19–21] are two theoretical methods

that can be used to describe the non-perturbative regime of strong interactions.

To have a thorough understanding of any type of interaction, it is necessary to under-

stand the behavior of extended many-body systems subjected to that interaction. QCD also

provides the opportunity to study a many-body system consisting of quarks and gluons,

known as Quark-Gluon Plasma (QGP), at extremely high temperatures and/or densities.

The formation and characteristics of QGP that constitute a fascinating realm of study

within the field of high-energy physics, are discussed in detail in the next section.

1.1.4 The Quark-Gluon Plasma

It is believed that the Quark-Gluon Plasma existed in the early cosmos, just a few microsec-

onds after the Big Bang, when energy densities and temperatures were incredibly high.

Modern experiments replicate QGP-like conditions in the laboratory by colliding heavy

ions (e.g., gold, lead nuclei, etc.) at relativistic speeds in particle accelerators such as the
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Large Hadron Collider (LHC) at CERN and the Relativistic Heavy Ion Collider (RHIC)

at BNL. It is a novel state of matter in which two key properties of low-temperature QCD,

color confinement and breaking of chiral symmetry, disappear [22–24]. To understand the

formation of QGP and its unique characteristics, one needs to explore the complex inter-

play of quantum chromodynamics, extreme temperatures, and extreme energy densities;

and the best approach to do so is to understand the evolution of a heavy-ion collision at

ultra-relativistic energies.

1.1.4.1 Formation of QGP in heavy-ion collisions

Colliding heavy ions at ultra-relativistic energies yields enough energy density to produce

the QGP, a deconfined state of QCD matter made up of quarks and gluons in the laboratory.

However, due to the color confinement property of QCD, the produced quarks and gluons

can not be isolated and can only be detected in the form of their bound states, i.e., hadrons,

in the detector. The creation and evolution of the QGP in a heavy-ion collision, ultimately

leading to production of the hadrons, can be factorized in the following succession of

stages, as schematically depicted in Fig. 1.2:

• Initial state: The initial state can be described by the wave functions of the incoming

heavy ions. These wave functions are universal and independent of the scattering

processes involved.

• Interactions with large momentum transfer: Partons coming from the collid-

ing nuclei undergo scatterings with large momentum transfer (large &2
4). These

processes, termed as hard scatterings, lead to the production of high-momentum

quarks and gluons. Due to their shorter wavelengths, these partons interact with

other partons on a microscopic level and lose energy via both bremsstrahlung ra-

diation [26–28] and elastic collisions [29] while traversing through the produced

4&2: squared momentum transfer between partons
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Figure 1.2: Evolution of a heavy-ion collision at LHC energies. Figure is taken from

Ref. [25].

partonic medium. These partons eventually undergo fragmentation processes, lead-

ing to collimated partonic showers, known as jets, and their fragmentation patterns

typically get modified due to the jet-medium interactions, in comparison to the

vacuum-like collisions where no QGP-medium is formed.

• Interactions with small momentum transfer: Interactions between the partons

mostly involve small amount of momentum transfer and generate a pre-equilibrated

parton gas. These partons essentially determine the initial energy density and

entropy deposition in the collision region and such interactions cause a lumpiness

in the initial density profile as shown in Fig. 1.2, resulting from the fluctuations in

the nuclear matter distribution. The pre-equilibrium phase where these small-&2

interactions usually take place, are weakly coupled. These interactions then produce

even softer partons, leading to the formation of a strongly coupled QGP phase.

• Equilibration and expansion of the QGP: The formed partonic medium soon

attains equilibrium state. This equilibrated partonic medium, known as the QGP
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medium, cools down through expansion. The expansion is driven by multiple

interactions among the constituents of QGP as their mean free path in most of the

cases are substantially smaller than the size of the produced QGP medium. The

initial non-uniformity in the energy distribution gives rise to pressure gradients

inside the medium and influences its expansion. Usually the length scales of these

gradients exceed the mean free path and therefore the evolution can be explained as

a liquid as considered in case of hydrodynamics, giving rise to a radial flow and a

common velocity field in the outward direction from the collision center.

• Formation of hadrons: During the evolution, once the QGP cools down to below

the transition temperature, the partons will start to form hadrons. Typically the

hadronization of the partonic shower produced from a hard-scattered parton, i.e., a

jet, occurs in a similar fashion as in the case of vacuum-like collisions. Partons with

lower momenta may combine with other partons with a similar space and momenta

to form hadrons via coalescence.

• Chemical freeze-out of hadrons: In presence of enough energy density, the newly

formed hadrons may undergo inelastic interactions, consequently leading to evolu-

tion of their chemical composition, i.e., new species of hadrons. This continues

until the temperature goes below a certain value, known as the chemical freeze-out

temperature [30–32], whereafter the particle composition gets fixed.

• Kinetic freeze-out of hadronic interactions: Even after the chemical freeze-out

happens, the particles can still have enough momenta to undergo elastic interactions

between themselves and this stops at the kinetic freeze-out temperature. Beyond

this temperature, the momenta of the particles are somewhat fixed since there are

no further interactions.

• Free-streaming of the final-state hadrons to the detector: Finally the particles
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travel and reach the detectors placed in various directions and get detected by giving

signals in the detector readouts.

1.1.4.2 Characteristics of QGP

The most striking feature of the quark-gluon plasma is its unique properties that are

different from those of conventional matter and other phases of high-energy systems.

These characteristics emerge from the fundamental properties of quarks, gluons, and their

interactions under extreme conditions:

1. Deconfinement: The deconfinement of quarks and gluons from their typical bound

states within hadrons is the most prominent feature of the QGP. Within the QGP,

quarks and gluons are not restricted to specific protons, neutrons, or other hadronic

structures; rather, they are free to roam around, despite being within a strongly

interacting environment.

2. Collective behavior: The Quark-Gluon Plasma exhibits collective behavior like a

fluid characterized by hydrodynamic flow. This fluid-like behavior emerges from the

strong interactions among quarks and gluons, leading to the formation of a strongly

coupled, nearly perfect liquid.

3. Temperature and energy density: The QGP exists at extreme temperatures on

the order of several hundred thousand to several million kelvin, far exceeding the

critical temperature for QCD phase transition. Similarly, the energy density of the

QGP is several orders of magnitude higher than that of ordinary nuclear matter.

4. Partonic medium: Within the Quark-Gluon Plasma, quarks and gluons retain their

individual identities, albeit in a highly interacting and thermalized state, and yet

they show collectivity as a partonic medium.
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1.1.5 Experimental signatures of QGP

The two most distinctive signatures of QGP formation in heavy-ion collisions, among

several others, are collective flow [33] and jet quenching [34] (energy loss of high-

momentum partons), which are discussed in detail in this section.

1.1.5.1 Collective flow

Experimental studies show that QGP mostly behaves like a fluid, and its properties can be

understood in the light of relativistic hydrodynamics. One of the important experimental

probes to do so is the collective or hydrodynamic flow. The initial geometry of a heavy-ion

collision is characterized by the impact parameter (distance between the centers of the

two colliding nuclei) of the collision, and in case of non-central collisions, the overlap

region of the nuclei takes an almond-like shape. This initial state spatial anisotropy gives

rise to an azimuthal anisotropy in the momentum space and leads to non-uniform pressure

gradients in the azimuthal plane, which is transverse to the reaction plane (defined by

the beam direction and the direction along which the impact parameter of the collision is

measured), as illustrated in Fig. 1.3. The pressure gradient is large in the direction along

the reaction plane (in-plane) and small in the direction transverse to the reaction plane

(out-of-plane).

Figure 1.3: Anisotropic flow in heavy-ion collisions. Figure is taken from Ref. [35].

Since the non-uniform pressure gradients act on the medium in the azimuthal plane,

utilizing the Fourier Transform of the azimuthal angular distribution of the final-state

13



Chapter 1 – Introduction

particles, their invariant cross-section can be calculated by the expression:
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where i is the azimuthal angle transverse to the reaction plane, ?T =

√
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y is the

transverse momentum, H =
1
2
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�−?z
) is the rapidity5, E=’s are the anisotropic flow

coefficients and Ψr’s are the reaction plane angles. E= quantifies the strength of the =-th

harmonic component in the azimuthal angular distribution. E1 is called the flow coefficient

for the directed flow; similarly, E2 for elliptic flow, E3 for triangular flow and so on. The

survival of the momentum anisotropy leads to non-zero elliptic flow as the produced

medium experiences a larger force in the direction of the higher pressure gradient, as

shown in Fig. 1.3 (right). On the other hand, semi-central collisions, where the non-

uniformity of the pressure gradient is more than other types of collisions, are expected to

have larger elliptic flow.

A measurement of the elliptic flow, E2 for different species of identified charged

particles in several centrality bins of Pb–Pb collisions by ALICE [37] is shown in Fig. 1.4.

For ?T < 2−3 GeV/2, mass-ordering of E2 is observed for the particle species considered,

the lighter particles having larger E2 than others. This indicates the presence of a strong

radial flow that gives an additional isotropic boost to all particles along with the prevailing

effect of the anisotropic expansion of the medium [38–40]. The particles are found to be

grouped according to their number of constituent quarks, supporting the quark coalescence

hypothesis of particle production. Due to the larger radial flow in central collisions than

that in peripheral ones, the crossing between mesons and baryons occurs at higher ?T

in the central collisions compared to the other. As expected, the semi-central collisions

(40–50%) are found to exhibit larger E2 compared to the other types of collisions.

5For a detailed description of the observables used in relativistic kinematics, such as rapidity, please see

Ref. [36].
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Figure 1.4: The ?T-differential E2 of c±, K±, p+p, Λ+Λ, K0
S
, and the q-meson for various

centrality classes of Pb–Pb collisions at
√
BNN = 5.02 TeV [37].

1.1.5.2 Jet quenching

Figure 1.5: Jet quenching in presence of QGP-medium. Figure is taken from Ref. [41].

As mentioned earlier, jets are collimated showers of particles produced from the frag-

mentation and hadronization of hard-scattered partons. Due to their inherent sensitivity

to QCD at different momentum scales &2 of interactions, jets and their properties provide

a unique tool to probe the evolution of QGP through several stages. Typically, the pro-
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duction rates and transverse momentum distributions of initial hard-scattered partons can

be estimated from first principles of perturbative QCD due to the fact that jets are hard

probes (produced from large momentum transfer between initiating partons). However,

in presence of medium, not only the probability of radiation in the form of gluons get

enhanced by medium-induced emissions of gluons compared to the case of vacuum (no

medium is formed), but also the initial parton undergoes one or more elastic collisions

during its journey through the partonic medium. Both phenomena lead to loss of energy

and momentum of the resulting jet as well as modification of the substructure inside the jet.

These effects are collectively known as jet quenching. Figure 1.5 illustrates the process

of partonic energy loss [42–44] in heavy-ion (A+A or AA) collisions compared to pp

collisions.

There are several jet observables that have different degrees of sensitivity to the jet

quenching effects. The most straightforward and simplest way of measuring the jet

quenching effects experimentally is through the jet nuclear modification factor. It is

defined as,

'AA(?T) =
32#AA/3?T3[

〈)AA〉32fnn/3?T3[
(1.2)

where #AA is the yield of jets in AA collisions, fnn is the jet cross-section in nucleon-

nucleon (e.g., pp) collisions, 〈)AA〉 is the average number of binary nucleon-nucleon

collisions per AA collision scaled by the inelastic nucleon-nucleon cross-section. If the

heavy-ion collision had been a simple superposition of the nucleon-nucleon collisions,

the value of the nuclear modification factor 'AA would be at unity. Measurements of jet

'AA in heavy-ion collisions to date have always shown 'AA < 1, indicating suppression of

jet production in presence of the QGP-medium, as expected. A measurement of jet 'AA

by ATLAS [45] in Pb–Pb collisions for different centrality classes are shown in Fig. 1.6.

Significant jet quenching is observed, and a larger effect of jet quenching is present in more

central collisions. This is expected as the more central collision will produce a medium of
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Figure 1.6: The 'AA values as a function of jet ?T for different centrality intervals of

Pb–Pb collisions at
√
BNN = 5.02 TeV [45].

a larger volume, thereby introducing more energy loss. The jet quenching effect decreases

with increasing jet momentum since a highly energetic jet will be more likely to escape

the QGP-medium compared to a jet with lower energy.

Apart from 'AA, jet substructure and fragmentation properties are also essential ob-

servables to probe the jet quenching effects since they are more sensitive to the splitting

process of the initiating parton into shower of partons and also to the hadronization process,

and therefore carry more information about both the perturbative and non-perturbative as-

17



Chapter 1 – Introduction

pects of jet-medium interactions. So, the modification of these jet properties in presence

of medium compared to the vacuum-like case is a crucial observation of jet quenching

effects. The path-length dependence of jet quenching can also be studied through the

measurements of imbalance in dijets (jets produced back-to-back in i, from the initiating

partons undergoing large momentum transfer), known as dijet asymmetry, in heavy-ion

collisions.

1.1.6 Small collision systems

As discussed previously, heavy-ion collisions generate sufficient energy density to produce

a Quark-Gluon Plasma (QGP) medium, whose presence is confirmed by various distinct

signatures. To observe most of these signatures accurately, a clean, vacuum-like environ-

ment is necessary as a reference where QGP formation is not anticipated. Such a reference

allows comparison to understand the effects of QGP-medium creation in heavy-ion colli-

sions. Proton-proton (pp) collisions and proton-lead (p–Pb) collisions serve as essential

references, as they typically are not expected to reach the energy density required for QGP

formation. These collisions are also commonly known as small collision systems. Among

these, pp collisions are the simplest and cleanest, lacking initial state nuclear matter ef-

fects. Besides serving as a crucial reference for QGP formation, pp collisions offer the

advantage of being amenable to precise perturbative Quantum Chromodynamics (QCD)

calculations. This enables accurate predictions of particle behavior, such as inclusive and

heavy-flavor jet production cross sections. In essence, jet measurements in pp collisions

serve as rigorous tests of perturbative QCD within the realm of high-energy physics.

On the other hand, collisions of p–Pb, where Quark-Gluon Plasma (QGP) effects are

also not anticipated, play an additional complementary role. They act as a reference to

account for and distinguish the initial state effects caused by the presence of a nucleus,

known as cold nuclear matter (CNM) effects, from the effects caused by the presence of a

18



Chapter 1 – Introduction

QGP-medium, called hot nuclear matter effects. One of the most apparent and unique CNM

effects is the alteration of parton distribution functions in the initial state of the collision

compared to those in proton-proton (pp) collisions. Furthermore, various CNM effects

are expected in p–Pb collisions due to the presence of the lead (Pb) nucleus, including

multiple scatterings of nucleons, absorption of produced particles by the nucleus, and

partonic energy loss within cold nuclear matter. It is important to note that these effects

are also expected to occur in heavy-ion collisions. Therefore, measurements of p–Pb

collisions are crucial to disentangle the CNM effects from the QGP effects, both of which

have distinct impacts in heavy-ion collisions.

It is worth noting that the theoretical explanation provided earlier is based on the

assumption that there is no Quark-Gluon Plasma (QGP) formation in small collision sys-

tems. However, this notion was challenged during the LHC era, as numerous experimental

measurements began exhibiting distinct features, typically associated with heavy-ion col-

lisions, in small collision systems, particularly at high multiplicity [46–57].

Figure 1.7a shows the first experimental observation of the heavy-ion-like features

in small systems where the double ridge extended in pseudorapidity in the two-particle

correlation distributions was observed in high-multiplicity pp collisions [51], hinting

toward collectivity in such systems. However, the nuclear modification factor, which is an

essential observable to understand the formation of QGP-medium in heavy-ion collisions,

has also been measured for p–Pb collisions in different centrality classes, with minimum

bias pp collisions serving as the vacuum-like reference. Intriguingly, no suppression of

the nuclear modification factor has been observed to date [58, 59]. Figure 1.7b shows

one such measurement of the jet nuclear modification factor. These observations have

prompted several intriguing questions: Could Quark-Gluon Plasma (QGP) be generated

in small collision systems? What mechanisms are at play during the early stages of these

collisions, potentially leading to a high enough energy density for a phase transition of
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(a) 2-D two-particle correlation functions for

7 TeV pp collisions at high multiplicity [51].

The sharp near-side peak from jet correla-

tions is cut off to better illustrate the structure

outside that region.

(b) Nuclear modification factor of charged jets

measured by ALICE [58] in comparison to the

same for full jets measured by ATLAS [59].

nuclear matter? If QGP is not produced in small collision systems, what could be causing

the observed QGP-like signatures?

These fundamental questions have garnered considerable attention and represent a

unique aspect of the LHC physics program. This situation has motivated the research

presented in this thesis, which delves into investigating this scenario within small colli-

sion systems, primarily focusing on internal jet properties. These properties are highly

sensitive to the intricacies of parton showering and hadronization processes, making them

promising avenues for understanding the origin of heavy-ion-like signatures in small col-

lision systems. The following section provides a concise introduction to the basics of jets

and their properties, as well as their importance in the field of high-energy physics.
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Figure 1.8: Observation of 2-jet final states [60] (left) and 3-jet final states [61] (right) in

the TASSO experiment.

1.2 Jets

1.2.1 Jets as experimental evidence for quarks and gluons

As mentioned earlier, jets arise from the fragmentation of high-momentum quarks or

gluons, which subsequently hadronize. Therefore, jets serve as proxies for the initial hard-

scattered partons (quarks and gluons). The first experimental evidence of quarks dates

back to high-energy electron-positron collisions conducted in the TASSO experiment at

DESY [60]. The collimated sprays of particles produced back-to-back in the transverse

plane, as shown in the left panel of Fig. 1.8, provided confirmation of the existence of

quark jets.

On the other hand, the observation of three-jet events, also known as Mercedes-style

events (as depicted in the right panel of Fig 1.8), was another significant discovery at the

TASSO experiment [61] which demonstrated consistency with the theoretical expectation

of gluon bremsstrahlung radiation at a large angle from one of the partons, thereby

confirming the existence of gluons, which contribute to the formation of the third jet.
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1.2.2 Jet production: theoretical understanding

After experiencing significant momentum transfer, hard-scattered partons emit collimated

showers of additional partons, as each newly produced parton from the initial ones may

radiate, leading to a cascading effect. Since jets serve as hard probes originating from

high-&2 processes, perturbative Quantum Chromodynamics (pQCD) theory can be ap-

plied. This allows for the estimation of the total scattering cross section by assuming

QCD factorization [62], which enables the separate treatment of perturbative and non-

perturbative contributions.

For the scattering between two protons resulting in the production of hadrons, the total

cross section can be mathematically expressed as [63]:

f??→ℎ03A>=B
= 58 (G1, &

2)⊗ 5 9 (G2, &
2)⊗f8 9→:; (G1, G2, &

2)⊗�: (I, &2)⊗� ; (I, &2) (1.3)

Here, 58 (G, &2) represents the parton distribution functions (PDF) for the colliding protons,

indicating the probability of a parton 8 carrying the momentum fraction G at a scattering

energy scale &2. The term f8 9→:; (G1, G2, &
2) denotes the cross section for the scattering

between a partonic system with partons 8 and 9 , resulting in a partonic system with partons

: and ;. This scattering cross section can be calculated using perturbation theory provided

the corresponding strong interaction coupling constant, UB (&2), is sufficiently small.

�: (I, &2) is the fragmentation function containing information about the fragmentation

and hadronization processes undergone by parton : to result in final-state hadrons with

momentum fraction I. The fragmentation of a parton with a given energy scale &2 is

typically assumed to be independent of the process from which the parton is produced.

The PDF and fragmentation function are non-perturbative features that are encapsu-

lated into universal objects and are measured experimentally across a wide kinematic

range of G and &2. The Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations
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can then be employed to evaluate the evolution of the PDFs with &2. The remaining

components of the equation are perturbatively calculable. Hence, using QCD factoriza-

tion, it is possible to estimate the jet production rate quite successfully, particularly in the

high-transverse-momentum regime.

1.2.3 Jet definition: reconstruction of jets

In principle, employing a jet finding algorithm allows for the clustering of all daughter

particles originating from a specific parton, thereby providing access to the parent parton’s

full energy and momentum. However, defining a jet can be ambiguous, even at the partonic

level. For instance, if a quark emits a gluon at small angles relative to the quark, it is

typically considered part of the same jet; however, if emitted at large angles, it may be

regarded as a separate third jet. To address this ambiguity, the Snowmass Accord [64]

was established, setting principles for jet reconstruction that ensure consistency between

theoretical and experimental definitions of jets for comparability.

A jet-initiating parton can split into two partons with approximately equal energy mov-

ing in the same direction. However, calculating this process in QCD theory is challenging

and often leads to divergences. Therefore, it is crucial for jet finding algorithms to be

robust against collinear and infrared issues [65]. Collinear and infrared safety ensures

that the algorithm can reconstruct the same jets with the same transverse momentum (?T),

regardless of the fragmentation process or the presence of numerous soft particles.

Jet finding algorithms [65] can be broadly classified into two categories: cone al-

gorithms and sequential recombination algorithms. Cone algorithms, commonly used

in early experimentation, require constituent tracks to fall within a predetermined cone

radius, resulting in strictly circular-shaped jets. Some of the early cone algorithms, like

the Iterative Cone algorithms with Progressive Removal (IC-PR) or with the Split Merge

procedure (IC-SM), are susceptible to collinear and infrared issues. The Seedless Infrared
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Safe Cone (SISCone) algorithm emerged as an infrared-safe jet reconstruction algorithm,

offering better time complexity than other cone algorithms. Additionally, cone algorithms

exhibited resilience to effects from the underlying event (UE), making them popular among

experimentalists at that time.

On the other hand, sequential recombination algorithms cluster particles using two

distance metrics. The first metric, calculated for each particle pair 8 and 9 , is based on

momentum space information and is defined as:

38, 9 = min(?21
T,8, ?

21
T, 9 )

Δ'2
8, 9

'2
(1.4)

where ?T represents transverse momentum, ' is a user-defined parameter known as the

jet resolution parameter (also sometimes called the jet radius), and Δ'8, 9 is the distance

between particles 8 and 9 in the phase space determined by pseudorapidity ([) and azimuthal

angle (i). The parameter 1 is a generalized parameter and determines the particular type

of sequential recombination algorithm. The second metric calculates the distance of each

particle from the beam:

38,B = ?21
T,8 (1.5)

Once these distance metrics are calculated for all the particles, the algorithm finds the

smallest value among all of them. If the smallest one is a 38, 9 , the corresponding particle

pair (8 and 9) is combined into a single jet candidate by summing their four momenta. The

summation of the four momenta is carried out using one of the reasonable recombination

schemes, such as �-scheme, ?T-scheme, etc. The individual particles 8 and 9 are also

removed from the list of particles. If the smallest one is a 38,B, then the particle 8 is

considered as the final jet candidate. This process is repeated until all the particles are

included as part of the jet candidates and the distance between the jet axes Δ'8, 9 becomes

larger than '.
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The parameter 1 influences the shape of reconstructed jets and the order in which

particles are clustered. For 1 = 1, the algorithm starts by clustering soft particles first,

resulting in jets with non-circular shapes, which are useful for determining background or

underlying events. This is commonly known as the :T algorithm.

For 1 = 0, the algorithm becomes ?T-independent and clusters particles based solely

on spatial closeness in the [-i phase space, yielding jets with angular ordering resembling

the expected pattern from the DGLAP equation theory. This algorithm is known as the

Cambridge/Aachen (CA) algorithm. The jets reconstructed using this algorithm are also

irregular in shape.

For 1 = −1, the algorithm, known as the anti-:T algorithm [66], starts by clustering

harder particles first, resulting in circular cone-like jets with consistent areas. The recon-

structed jets are resilient against soft and non-perturbative effects, making it preferable for

collision systems with large backgrounds.

1.2.4 Jet observables and their importance

Various jet observables are defined and measured with specific physics objectives in mind.

As previously discussed, jets in a vacuum-like environment serve as valuable tools for

rigorously testing perturbative Quantum Chromodynamics (pQCD) calculations. This is

because they are produced from scatterings with large momentum transfer, resulting in a

small strong coupling constant. The ability to utilize pQCD calculations is advantageous,

as it allows for highly accurate theoretical predictions of jet production cross sections.

Furthermore, it aids in fine-tuning Monte Carlo event generators by comparing theoretical

model calculations with experimental data which put constraints on these generators.

Additionally, internal jet properties, such as jet shape, jet fragmentation, and jet

substructure observables, offer detailed insights into the evolution of the initiating parton

through fragmentation and hadronization processes. These properties encompass both
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perturbative and non-perturbative aspects of Quantum Chromodynamics (QCD), making

their study crucial for improving our understanding of strong interactions. In addition

to hadron-hadron collision systems (e.g., proton-proton (pp) collisions), studying jets in

hadron-nucleus collision systems (e.g., proton-lead (p–Pb) collisions) allows to test the

impact of cold nuclear matter effects on them. In summary, investigating these observables

in vacuum-like systems aids in unraveling the intricate interplay between QCD interactions

at various energy scales.

On the other hand, in the presence of a medium, jets lose energy and undergo mod-

ifications in their internal structure, including changes in the number and momentum

distributions of jet constituents. Medium-induced radiative loss and redistribution of

momenta of jet constituents during interactions with the medium lead to the broadening

and softening of the jets. Consequently, a multitude of jet observables, ranging from jet

momentum spectra to various internal jet properties, exhibit significant suppression and

modification compared to those observed in vacuum-like systems. Thus, jets emerge as

crucial probes for investigating the formation of Quark-Gluon Plasma (QGP) in heavy-ion

collisions.

Given that internal jet properties are sensitive to both perturbative and non-perturbative

aspects of QCD, including medium effects, they are considered promising candidates for

elucidating the anomalous behavior observed in small collision systems at LHC energies,

as discussed in Section 1.1.6.

1.3 About the thesis work

This thesis aims to delve into and analyze the peculiar behavior observed in small collision

systems, namely proton-proton (pp) and proton-lead (p–Pb) collisions, especially at high

multiplicity. This exploration is conducted through the measurements of jets and their
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internal properties, utilizing both experimental data and a Monte Carlo event generator

based on perturbative Quantum Chromodynamics (pQCD).

This thesis focuses on measuring internal jet properties for charged-particle jets in pp

and p–Pb collisions at the nucleon-nucleon center-of-mass energy
√
BNN = 5.02 TeV,

using data from the ALICE experiment at CERN. Specifically, two internal jet properties,

namely the average number of charged-particle jet constituents (〈#ch〉) and the jet frag-

mentation function (Ich), are measured as a function of jet transverse momentum (?T). The

measurements are performed for leading jets with transverse momenta ranging from 20 to

100 GeV/2, for jet resolution parameter ' = 0.4. The resulting distributions of these jet

observables are corrected for instrumental effects and contributions from the underlying

event before being compared with theoretical predictions from various Monte Carlo event

generators. Additionally, the corrected distributions are compared between minimum bias

pp and p–Pb collisions, and between minimum bias and central p–Pb collisions, shedding

light on potential jet modifications in small collision systems.

This thesis also delves into the study of the multiplicity dependence of internal jet

properties in pp collisions at a center-of-mass energy of 13 TeV, utilizing the PYTHIA

8 Monte Carlo event generator. This investigation examines the possible modifications

of jet shape (d(A)) and jet fragmentation function (Ich) in high-multiplicity pp collisions

compared to minimum bias ones. It also explores the underlying physics mechanisms,

such as multiparton interactions (MPI) and color reconnection (CR), implemented in

PYTHIA 8, to elucidate the observed jet modifications in absence of QGP-medium effects

as PYTHIA 8 does not incorporate QGP-medium formation. These mechanisms have

shown promise in explaining certain heavy-ion-like features observed in experimental

data.
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1.4 Organization of the thesis

The thesis is structured as follows:

• This chapter introduces the field of high-energy physics and discusses the signifi-

cance of jets, laying out the motivation behind the research presented in this thesis.

• Chapter 2 offers a brief overview of the collider facility, the Large Hadron Collider

(LHC) located at CERN and the ALICE experimental setup used in this thesis work.

• Chapter 3 delves into the analysis strategy employed for measuring internal jet

properties in both proton-proton (pp) and proton-lead (p–Pb) collisions at a center-

of-mass energy of 5.02 TeV. Additionally, this chapter presents and discusses the

fully corrected results obtained from the analysis.

• Chapter 4 focuses on the study of jet modification in high-multiplicity pp collisions

in comparison to the minimum bias ones, at a center-of-mass energy of 13 TeV,

using the PYTHIA 8 Monte Carlo event generator.

• The thesis concludes with Chapter 5, which summarizes the work presented in this

thesis and offers insights into potential future research directions.
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“One accurate measurement is worth a thousand expert opinions"

— Grace Murray Hopper

Chapter 2

The Experimental facility

This chapter discusses the experimental facility utilized for the measurement presented

in this thesis. A brief overview of the Large Hadron Collider (LHC), the accelerator

facility where the experiment has been performed, is given in Sec. 2.1. A description of

A Large Ion Collider Experiment (ALICE), focusing more on the sub-detectors used for

the analysis together with the data processing framework, is presented in Sec. 2.2.

2.1 The Large Hadron Collider (LHC)

The world’s largest and highest-energy hadron and ion collider, the Large Hadron Collider

(LHC) [1–4], is situated beneath the Swiss-French border at a depth of 50 to 175 meters

in a 27-kilometer circular subterranean tunnel. The world’s most powerful accelerator,

built on the synchrotron principle and running at an ultra-high vacuum of around 10−10 to

10−11 mbar, is part of the Large Hadron Collider at CERN. The schematic of the CERN

accelerator complex is shown in Fig. 2.1. It consists of two beam pipe rings encapsulated

in superconducting magnets and a number of additional accelerating facilities. Beams

of hadrons and/or ions are accelerated to a speed close to the speed of light in vacuum

inside the accelerator rings. The acceleration process is carried out step-by-step, starting
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with obtaining the beam particles (proton beam from hydrogen or heavy-ion beams from

heavy atoms). The beam particles are then accelerated to energies of 750 keV using radio

frequency quadrupole (QRF). Subsequently, the beams gain energy to around 50 MeV

before being introduced into the Proton Synchrotron Booster (PSB), which is the first

circular accelerator stage. Before being injected into the LHC ring, the particles are first

sent into the Proton Synchrotron, which accelerates them to 25 GeV, and then into the

Super Proton Synchrotron (SPS), which boosts the energy to 450 GeV prior to injection

into the LHC ring.

Figure 2.1: Schematic of the CERN accelerator complex [5]

Radio frequency (RF) alternating current is used to accelerate the beam particles, and

the resulting oscillatory electric field helps to keep the particles in bunches that traverse

the rings before collisions are made to happen. Particle acceleration inside the rings is

regulated by superconducting electromagnets cooled to 1.9 K using liquid helium. The

LHC ring itself consists of eight arcs separated by eight insertions. Each of these arcs is

composed of 154 dipole magnets. Each of the dipole magnets, measuring 14.3 m in length
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and 35 metric tonnes in weight, produces around 8.3 T magnetic field and helps to bend

the beam particles inside the rings. The beam focusing is maintained using quadrupole

magnets.

The accelerated beams of hadrons and/or heavy ions are made to collide with each other

(coming from opposite directions through separate rings) at four crossing points, where the

four major experiments of CERN: ALICE (A Large Ion Collider Experiment) [6], ATLAS

(A Toroidal LHC Apparatus) [7], LHCb (Large Hadron Collider-beauty) [8] and CMS

(Compact Muon Solenoid) [9] are built. These large-scale experiments are optimized to

meet their unique physics objectives. ATLAS and CMS are multi-purpose detectors and

are specifically engineered to investigate the pp collisions in order to search for extremely

rare processes both within and beyond the Standard Model of particle physics. The primary

goal of LHCb is to study the physics of beauty (bottom) quarks in order to determine the

limits of the parameters of CP violation. ALICE, with its excellent tracking abilities, is

the only large-scale detector in LHC that is dedicated to studying the physics of heavy-ion

collisions in order to understand the properties of quark-gluon plasma, although ATLAS

and CMS experiments are also active in heavy-ion programs and provide measurements

complimentary to the ALICE results.

2.2 A Large Ion Collider Experiment (ALICE)

2.2.1 Overview

One of the four major experiments at the Large Hadron Collider, A Large Ion Collider

Experiment (ALICE), is situated in the commune of Saint-Genis-Pouilly, France, at Point

2 (IP2) of the LHC accelerator tunnel. Installed 56 meters below the surface, this multi-

component particle detector weighs about 104 tonnes. The ALICE detector measures 26

meters in length, 16 meters in width, and 16 meters in height overall. It is the only major
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Figure 2.2: 3D schematic of ALICE detector setup during LHC Run 2 [10].

experimental facility at the LHC that is primarily and exclusively designed to explore

the nuclear matter produced in ultra-relativistic heavy-ion collisions at extremely high

temperatures and densities. In order to achieve its physics goals by studying the wide

variety of observables of interest, the ALICE detector system needs to be able to precisely

measure particle momentum over a wide range (0.15 GeV/2 < ?T < 100 GeV/2), identify

particles down to low momentum range, and perform well in the chaotic environment of

high multiplicity (up to 8000 particles per unit rapidity). Fig. 2.2 schematically illustrates

the 18 sub-detectors of ALICE, the majority of which are positioned encompassing the

mid-rapidity region (a region of high energy density and low baryon density). This offers

ALICE not only the opportunity to study the highest energy domain more thoroughly but

also to perform QCD studies that are complementary to those carried out at lower energies.

With its point of origin at the nominal interaction point (IP, where (G, H, I) ≡ 0), the

right-handed orthogonal Cartesian system is followed by the ALICE coordinate system,

as shown in Fig. 2.3. The I-axis of the ALICE coordinate system is defined as parallel to

the beam, whereas the G and H-axes point in the direction of the accelerator ring’s center

and straight upward, respectively. The standard conversion from cartesian coordinate (G,
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Figure 2.3: Schematic of the ALICE coordinate system: axes, angles and detector

sides [11].

H) to cylindrical one (A, i) is used.

The entire ALICE detector system can be broadly categorized into two main parts:

central barrel detectors and forward (and backward) detectors. The central barrel detectors

covering the pseudorapidity range −0.9 < [ < 0.9 (with good momentum resolution and

high tracking efficiency) are housed inside a large solenoidal magnet (inherited from the

L3 experiment at LEP) that generates a magnetic field � = 0.5 T. A brief description of

these detectors is given in Table 2.1.

Among the forward detectors, a forward muon spectrometer spanning the pseudora-

pidity coverage −4.0 < [ < −2.4 operates under an additional magnetic field strength

of 0.67 T that helps the bending of muons at forward rapidities. Additionally, a few

detectors are placed at different forward rapidities, mainly used for triggering purposes.

For a complete description of all the sub-detectors in ALICE, please see Ref. [6]. The

detectors used for the measurement presented in this thesis are discussed in more detail in

the following section.
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Table 2.1: Brief description of central barrel detectors in ALICE.

Detector Description Acceptance Radial Main

distance (cm) Purpose

Inner Tracking silicon |[ | < 0.9, 3.9-43 tracking, vertex

System (ITS) detector i = 360o determination, triggering

Time Projection gaseous |[ | < 0.9, 85-250 tracking, momentum

Chamber (TPC) detector i = 360o measurement, PID

Transition Radiation transition radiation |[ | < 0.84, 290-368 4− identification

Detector (TRD) detector i = 360o

Time-Of-Flight Multigap Resistive |[ | < 0.9, 378 time of flight,

(TOF) Plate Chamber strip i = 360o PID

High-Momentum Particle Ring Imaging |[ | < 0.6, 500 PID at

Identification Detector (HMPID) Cherenkov detector i = 1.2o − 58.8o high momentum

Electromagnetic sampling |[ | < 0.7, 460** measurements of electrons,

Calorimeter (EMCal) calorimeter i = 80o − 187o photons and neutral mesons,

triggering

Di-Jet sampling |[ | < 0.7, 460** dijet measurements

Calorimeter (DCal) calorimeter i = 253o − 320o**

Photon sampling |[ | < 0.12, 460** measurements of electrons,

Spectrometer (PHOS) calorimeter i = 220o − 320o** photons and neutral mesons

ALICE Cosmic plastic |[ | < 1.3, 850 trigger on high-energy

Ray Detector (ACORDE) scintillator i = −60o − 60o** cosmic rays

2.2.2 Inner Tracking System (ITS)

The Inner Tracking System [12] is one of the most important central barrel detectors in

ALICE and is installed closest to the beam pipe. It is a multi-purpose detector which is

used to

• determine the position of the primary vertex to a very high precision (the primary

vertex is the position where the collision has occurred)

• reconstruct secondary vertices (a secondary vertex is the position of heavy-particle

decay)

• improve the measurements of momentum and angular resolution of charged particles

in coordination with other central barrel detectors
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• reconstruct tracks that pass through the dead areas of the Time Projection Chamber

(TPC)

• select events and estimate centrality

Figure 2.4: Cross-sectional view of the ITS detector in ALICE [6].

The schematic layout of the ITS layers is displayed in Fig. 2.4. It consists of 6 coaxial

cylindrical layers of silicon detectors, ranging from 3.9 to 43 cm radii and spanning the

pseudorapidity range of |[ | < 0.9 with full azimuth coverage. The two innermost layers

of the ITS, placed near the nominal interaction point (IP) at radii 3.9 cm and 7.6 cm from

the I axis, comprise the Silicon Pixel Detectors (SPD) due to its very high resolution for

resolving high particle density (up to 50 particles per square cm) with very high speed (chip

clock frequency of 10 MHz). Consequently, these parts of the ITS play a quintessential role

in determining the position of the primary vertex and measuring the impact parameter of

secondary tracks produced from decays. The pixels in the SPDs are reverse-biased silicon

detector diodes arranged in a sensor matrix on each of the 240 modules, and they work by

measuring ionization charges or holes. The application of reverse bias voltage creates an

electric field across the pixel, causing drift of the ionization charges and creating current

pulses. The value of the current pulse crossing a particular threshold value is counted as

a hit in the detector. The two layers of the SPD contain around 9.8 million pixel cells to
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ensure large acceptance and high granularity (the spatial precision of the SPD reaches 12

`m in Ai and 100 `m in I) [12].

The next two layers of the ITS, situated at radii 15.0 cm and 23.9 cm, utilize the Silicon

Drift Detectors (SDD). Each unit sensor of the SDDs has a sensitive area that comprises

drift regions. These drift regions are divided into two by a central cathode strip with a

high voltage. The cathode strips are placed on both surfaces of each drift region. They

are made to generate a drift field of around 8 `m ns−1. The SDDs are used for particle

identification by measuring the energy deposition d� /dG in the non-relativistic domain

utilizing the Bethe-Bloch formula [13]. They have an average spatial precision of 35 `m

in Ai and 25 `m in I [6].

The two outermost layers of the ITS, located at radii 38.0 cm and 43.0 cm, do not

require the level of resolution like other ITS layers and, therefore, are equipped with the

Silicon Strip Detector (SSD). Nevertheless, these layers play an essential role in matching

tracks between the ITS and the TPC. Double-sided silicon micro-strip detectors are used

to make the modules of the SSDs. Like SDDs, the SSDs also contribute to particle

identification by measuring d� /dG in the non-relativistic region. They exhibit a spatial

precision reaching up to 20 `m in Ai and 830 `m in I [6].

2.2.3 Time Projection Chamber (TPC)

The Time Projection Chamber is the main tracking detector of the ALICE central barrel.

The schematic layout of the TPC is displayed in Fig. 2.5. Together with other central barrel

detectors, it is capable of measuring charged-particle momentum over a broad range with

good momentum resolution, identification of particles, and determination of the position

of the primary vertex. It also has an excellent position resolution of about 1 mm both in

Ai and I [14]. The TPC can measure tracks within the accepted phase space of |[ | < 0.9

and full azimuth. It is made of a large cylindrical field cage divided into two parts by a
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vertical central electrode, while each end plate consists of 18 trapezoidal readout sectors

of multi-wire proportional chambers. The TPC in ALICE is the largest TPC in the world.

It has an active volume of around 90 m3, spanning over 510 cm in length and covering a

radial distance of 85-250 cm from the beam line, as shown in Fig. 2.5. It is filled with

a gaseous mixture of argon (Ar) and carbon dioxide (CO2). Upon incidence of charged

particles/radiation, ionization of gas occurs and the produced ionization charges drift to

the end plates due to high electric potential between the electrodes. Their drift time and

the known electric potential provide the longitudinal positions (C projecting into I) of the

tracks of the charges, while the transverse positions (G, H) can be determined from the

position of charge collection at the end plates. Utilizing these two information, a 3D

picture can be reconstructed. Moreover, correlating the amount of collected charge with

the amount of energy deposition provides an effective measurement of d� /dG, which, in

turn, helps in particle identification.

Figure 2.5: Schematic view of the ALICE TPC [15].

There are 159 rows in total between the inner and outer multi-wire proportional

chambers (MWPCs) at the end plates, which are read out using cathode pads. It implies
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that up to 159 hits can be obtained from a single track that passes through the detector.

There are three different sizes of pads: 4 x 7.5 mm2, 6 x 10 mm2, and 6 x 15 mm2. The

pad size increases with increasing radial distance as the track density drops. In all, more

than 500,000 readout pads are there in TPC.

Since the TPC works in the principle of drifts of particles, it is one of the slowest

detectors and is responsible for the low luminosity1 provided to ALICE. Additionally,

space-charge fluctuations, which are brought on by other charges in the TPC that induce

non-uniformity in the electric field, can have a significant impact on the diffusion coef-

ficient, limiting the TPC’s resolution. In order to avoid these problems, Gas Electron

Multipliers (GEMs) have taken the place of MWPCs, together with an enhanced readout

system [16] for LHC Run 3, in which data is continuously recorded at higher event rates

than before, in contrast to the previous event triggering technique. More information is

available in Ref. [17].

2.2.4 VZERO (V0) scintillator detectors

The ALICE V0 detectors, comprising two small-angle arrays of scintillator counters called

V0A and V0C, are located asymmetrically on either side of the nominal interaction point

(IP) along the beam line [18, 19]. The V0A and V0C detectors are placed at +340 cm

and -90 cm away from the nominal IP, respectively, as displayed in Fig. 2.6, and span the

pseudorapidity coverages of 2.8 < [ < 5.1 (V0A) and −3.7 < [ < −1.7 (V0C). Each of

the detector arrays consists of 32 plastic scintillators arranged in 4 concentric rings, each

of the rings being sliced azimuthally into 8 sections.

The V0 detectors are multi-functional, as they

• provide minimum-bias (MB) triggers (and some centrality triggers for Pb–Pb colli-

sions) for the central barrel detectors

1Luminosity measures how tightly packed the particles are in the beams
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Figure 2.6: Position of the two V0 detectors within the general layout of the ALICE

detector setup [18, 19].

• estimate collision centrality and event plane based on multiplicity of charged parti-

cles

• discriminate the beam-gas interactions by measuring the relative time-of-flight of

the particles between the two detectors

• help to measure beam luminosity and azimuthal distributions of charged particles

2.2.5 Data processing in ALICE

The raw data collected from detectors must be processed and prepared for physics analysis.

The processing of the massive volume of recorded data is coordinated by the Worldwide

LHC Computing Grid (WLCG) [20–22], which is spread across numerous computing cen-

ters throughout the world. An offline framework named AliROOT [23, 24] was explicitly

developed for the reconstruction of data and simulations performed in ALICE. It is based

on the analysis framework ROOT [25], which is widely used in high-energy physics for

the processing and analysis of enormous amounts of data. Additionally, ALICE provides
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its users access to the CERN Analysis Facility (CAF), a system that makes it possible to

conduct various analyses using parallel computing clusters.

The LHC records data at extremely high luminosities, and there will always be limi-

tations on the amount of data that can be stored. Therefore, a triggering system is used

to select data that must be of good quality and relevant physics interests. In ALICE, a

Central Trigger Processor (CTP) is responsible for making the triggering selections online.

In order to select good events while minimizing contamination from undesirable processes

(e.g., beam-gas interactions), a Minimum Bias (MB) trigger that requires signal informa-

tion from VZERO and/or ITS detectors is generally used. Furthermore, depending on

the physics interests, many other triggers are also utilized to choose events with only rare

processes. The triggered events are then made to pass through further selection criteria

for them to be used in analysis.

In any high-energy physics experiments, it is essential and customary to perform sim-

ulations for various purposes, e.g., correcting raw data for instrumental effects, providing

theoretical predictions to the corrected results for physics interpretation, etc. Two types

of simulations are commonly carried out in order to correct the raw experimental data ob-

tained from the detectors. Initially, events are generated wherein event generators employ

Monte Carlo techniques to replicate collisions as closely as feasible to the actual events.

The event generators use several sets of parameter tunings based on existing experimental

data in addition to the current theoretical understanding of the relevant collision dynam-

ics, however their implementations vary in each event generator. In the second type of

simulation, the primary goal is to reproduce as closely as possible the raw distributions of

particles measured from experimental data, by transporting the particles generated by the

event generators through a precise realization of the detectors’ geometry and behavior in

simulation. The measured raw data is corrected for any instrumental effects with the help

of these two types of simulations so that the final results can be compared to results from
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other experiments as well as to theoretical predictions.

Figure 2.7: Event reconstruction flow [26].

Prior to analysis of raw data, it is crucial to ensure that the possible misalignments

of whole or part of the used detectors are taken care of and the proper calibrations are

performed as well. The necessary information is stored in the Offline Conditions Data

Base (OCDB) as alignment and calibration objects separately that are utilized during the

reconstruction of raw data.

The systematic procedure of track finding in the ALICE central barrel is schematically

shown in Fig. 2.7 [26]. It begins with clusterization of data from each detector separately

to form clusters. These clusters are typically groups of adjacent cells and are defined by

their characteristic positions, signal amplitudes, signal times, and associated errors. The

following stage involves exploiting clusters in the first two ITS layers (SPD) to identify

the preliminary interaction vertex as the single space point where the maximum number

of SPD tracklets2 converge. Track finding and fitting are then carried out in TPC and

ITS in three iterations using an inward-outward-inward scheme with the Kalman filter

method [27]. The first iteration starts with locating tracks in the outer radius of TPC.

Two TPC clusters and the preliminary vertex point are initially used to build track seeds;

then, three clusters are used to build track seeds without using the vertex point. At each

2tracklets are lines defined by two clusters, one from each of the SPD layers
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step, the track seeds are propagated inward and updated with the nearest TPC cluster if

they meet a proximity cut. At this stage, a preliminary particle identification is carried

out using the d� /dG information. Once these so-called “TPC-tracks” are reconstructed,

they are transmitted to the outermost ITS layer and are used as new seeds for track finding

within the ITS. The seeds are then prolonged to the initial preliminary vertex point with

the distance of closest approach. Utilizing the clusters reconstructed in the preceding

iteration, these tracks from the preliminary vertex are transmitted backward to the TPC’s

outer radius in the second iteration. The specific energy loss is taken into account when

updating particle identification, and the tracks are then transmitted toward additional outer

central barrel detectors for cluster matching. The last iteration involves refitting the tracks

with the previously discovered clusters and propagating all tracks inwards once more,

starting from the outer radius of the TPC. These are called “global tracks” and are used

to find the final interaction vertex with a higher precision than the preliminary interaction

vertex finding. A search for photon conversions and secondary vertices from particle

decays is carried out after the tracks and interaction vertex have been identified during the

event reconstruction process, and that concludes the central barrel tracking procedure.

After passing through the reconstruction process, the raw data is stored in the form of

Event Summary Data (ESD) files. These files contain detailed information on reconstruc-

tion, including the primary and secondary vertices, PID information of the reconstructed

tracks, and the trigger information obtained from different sub-detectors. Consequently,

ESD files consume massive storage and are inconvenient for performing local analyses.

Hence, a user-friendly format is adopted that is relatively smaller in size and contains only

the necessary and relevant information to carry out particular analyses. These are known

as Analysis Object Data (AOD). The analysis reported in this thesis is performed using

AOD files.
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“An experiment is a question which science poses to Nature, and a

measurement is the recording of Nature’s answer."

— Max Planck

Chapter 3

Measurements of charged-particle jet

properties in pp and p–Pb collisions

with ALICE

This chapter presents the measurements of charged-particle jet properties in proton-proton

(pp) and proton-lead (p–Pb) collisions at
√
BNN = 5.02 TeV using ALICE. Jet is a complex

object, and its experimental measurements are very challenging. The ALICE detector

setup has a unique potential to reconstruct charged-particle precisely down to as low

transverse momentum as 150 MeV/2 within |[ | < 0.9 over full azimuth. Using the

information from TPC [1] and ITS [2], charged-particle tracks are reconstructed and used

for the reconstruction of charged-particle jets with 20 < ?T < 100 GeV/2 and within |[ | <

0.5. The properties of reconstructed leading jets are studied for pp and p–Pb collisions. The

correction for instrumental effects is performed using a well-known unfolding technique.

The measured jet observables are also corrected for the underlying event (UE) contribution,

and the systematic uncertainties from various sources are estimated. The final results are

compared to theoretical Monte Carlo (MC) models. The details of the analysis, including

53



Chapter 3 – Measurements of charged-particle jet properties in pp and p–Pb collisions

with ALICE

event selection, track selection, jet reconstruction, definition of jet observables, correction

for instrumental effects and UE, estimation of systematic uncertainties, and discussion

of final results compared to theoretical models, are presented in detail in the following

sections.

3.1 Analysis strategy

3.1.1 Selection of data sets

This analysis uses the data recorded by the ALICE detector (see Sec. 2.2 of chapter 2)

during LHC Run 2. The p–Pb data was collected at the nucleon-nucleon center-of-mass

energy
√
BNN = 5.02 TeV in 2016, while the pp data was collected in 2017 at the same

center-of-mass energy (
√
B = 5.02 TeV). The data-taking configurations are periodically

reset by software throughout the raw data collection from the collisions. A new “run” is

initiated at that point, denoted by a “run number”, which increases at the beginning of

each “run”. The massive volume of data collected over time is categorized into what are

known as “production cycles” or “data taking periods” (or “data periods”, in short). The

data sets, including the data periods and run numbers utilized in this analysis, are detailed

below:

pp data sets

The data sets of pp collisions consist of the AOD (see Sec. 2.2.5 of chapter 2) files obtained

for two kinds of trigger clusters, FAST and CENT_woSDD, during the first reconstruction

pass (pass 1) of two data periods, LHC17p and LHC17q. The reconstruction of these

trigger clusters was carried out using the central barrel tracking (“CENT” clusters) but

excluding the SDD information from the tracking. The resulting data sets from the two

trigger clusters are combined to boost the statistics for this analysis, as is typically done
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for jet analyses that require large statistics. This analysis makes use of the following list

of runs from the two data periods, which the ALICE Data Preparation Group (DPG) has

recognized as good runs with globally good tracking performance.

• LHC17p (41 runs): 282343, 282342, 282341, 282340, 282314, 282313, 282312,

282309, 282307, 282306, 282305, 282304, 282303, 282302, 282247, 282230,

282229, 282227, 282224, 282206, 282189, 282147, 282146, 282127, 282126,

282125, 282123, 282122, 282120, 282119, 282118, 282099, 282098, 282078,

282051, 282050, 282031, 282025, 282021, 282016, 282008

• LHC17q (3 runs): 282367, 282366, 282365

p–Pb data sets

The p–Pb data sets used in this analysis are taken from two data periods, LHC16q and

LHC16t. These data sets, like the pp data sets, also comprise AOD files reconstructed

for the FAST and CENT_woSDD trigger clusters during reconstruction pass 1 of the

considered data periods. The good runs defined by the ALICE DPG and used for this

analysis are enlisted below:

• LHC16q (32 runs): 265525, 265521, 265501, 265500, 265499, 265435, 265427,

265426, 265425, 265424, 265422, 265421, 265420, 265419, 265388, 265387,

265385, 265384, 265383, 265381, 265378, 265377, 265344, 265343, 265342,

265339, 265338, 265336, 265335, 265334, 265332, 265309

• LHC16t (4 runs): 267166, 267165, 267164, 267163

3.1.2 Monte Carlo event samples

As alluded in Sec. 2.2.5 of chapter 2, simulations play pivotal roles in several stages of the

data analysis procedure. This analysis also uses various simulations, in the form of Monte
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Carlo event generators and detector simulation. For the analysis of pp data, a centrally

available MC production of PYTHIA 8 [3] with Monash 2013 [4] tune is utilized while for

its p–Pb counterpart, two central MC productions, namely DPMJET [5] and EPOS LHC [6]

are considered. These central simulations also incorporate the full detector simulation of

the ALICE detector setup, which is carried out using the GEANT3 software package [7].

It simulates the transportation of particles generated by the MC event generators through

the entire detector setup, their interactions with materials, and their eventual detection by

the sub-detectors. Since these simulated MC samples are anchored run-by-run to their

data counterparts (i.e., simulated with the exactly same experimental conditions as they

were during the time of data taking), the considered runs of the MC samples used for this

analysis are the same as those in data. The central simulations used in this analysis are

summarized in Table 3.1. In addition to the central simulations, a standalone simulation

using PYTHIA 8 Angantyr model [8] is also used for comparing the final experimental

results with MC predictions for pp and p–Pb collisions.

Table 3.1: Details of anchored MC productions used in this analysis

Collision MC Production Anchored Trigger type, Analysed No. of

system generator to Reconstruction runs events after

data period pass & AOD event selection

criteria

p–Pb

DPMJET (GP)*
LHC18f3_cent_woSDD_2

LHC16q, CENT_woSDD,
Same as data

541 M
LHC16t pass1, AOD202

LHC18f3_fast_2
LHC16q, FAST,

Same as data
LHC16t pass1, AOD202

EPOS-LHC (GP)

LHC17f2a_cent_woSDD_fix
LHC16q, CENT_woSDD,

Same as data

59 M
LHC16t pass1, AOD228

LHC17f2a_fast_fix
LHC16q, FAST,

Same as data
LHC16t pass1, AOD228

pp PYTHIA8 Monash2013 (JJ)** LHC18b8_fast
LHC17p, FAST,

Same as data –
LHC17q pass1, AOD

* GP: General purpose production
** JJ: Jet-jet production: In order to create a MC data sample with adequate statistics at higher values of jet ?T, where the rapidly falling differential jet

cross section makes events extremely rare, the production is generated in 20 ?T,hard bins (?T,hard refers to the invariant ?T of the simulated 2 → 2

interactions).
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3.1.3 Event selection

In this analysis, minimum bias events for pp and p–Pb collisions and 0–20% central

events for p–Pb collisions are used. The minimum bias events are selected based on the

online MBAnd trigger used in ALICE that requires coincidence of signals in both of the

forward scintillator trigger detectors, VZERO (see Sec. 2.2.4 of chapter 2), covering the

pseudorapidity ([) range of 2.8 < [ < 5.1 (V0A) and −3.7 < [ < −1.7 (V0C). Apart

from the trigger condition, the selected events are required to satisfy the following criteria:

• There needs to be at least one successfully reconstructed primary vertex in the event

• To ensure high tracking efficiency, the reconstructed primary vertex is required to

be within |Ivtx | < 10 cm from the nominal interaction point (Ivtx = 0) along the

beam direction

• the selected events must satisfy the track quality selection criteria, which guarantees

that tracks utilized in the analysis are from a single vertex, thereby rejecting events

with more than one reconstructed primary vertex candidates

In addition, the beam-induced background events due to the interaction of beams with

the materials are rejected with the help of two neutron Zero-Degree Calorimeters (ZDCs)

placed at forward rapidities. To minimize the effect of beam-gas interaction occurring

between one of the beams and the residual gas present inside the vacuum beam pipe, events

are rejected based on the timing information of V0 detectors and the correlation between

the hits and tracklets in the SPD detectors. Events with multiple reconstructed primary

vertices are rejected to remove the in-bunch pileup events where multiple collisions occur

during the bunch crossing that triggered the data acquisition. The out-of-bunch pileup

events where one or more collisions occur during different bunch crossings are also

eliminated using V0 and SPD cuts. After applying all these event selection criteria, a
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total of 616 million and 226 million of MB events are used for analysis of p–Pb and pp

collisions, respectively.

Figure 3.1: Centrality determination for p–Pb collisions using the distribution of V0A

signal amplitude in ALICE [9].

The 0–20% central event class for p–Pb collisions contains 20% of the total events with

the highest multiplicity. In this analysis, this event class is determined from the minimum

bias sample, based on the signal amplitude of the V0A detector1. Fig. 3.1 shows how

different centrality classes of p–Pb collisions can be determined in ALICE [9]. The 0-20%

central event class for p–Pb collisions used for this analysis contains around 122 million

events.

3.1.4 Track selection

Reconstructed charged tracks are the heart of any charged-particle jet analysis in ALICE;

this analysis is no exception. From the selected events, tracks of primary charged-particle

1The V0A detector is chosen as a centrality estimator for p–Pb collisions in ALICE since it faces the

incoming Pb-ion beam while its counterpart, V0C detector faces the proton beam. Therefore, using V0A

signal amplitude for centrality estimation gives better performance since it is hit by more particles compared

to V0C.

58



Chapter 3 – Measurements of charged-particle jet properties in pp and p–Pb collisions

with ALICE

candidates2 are utilized for the reconstruction of charged-particle jets. Using information

from two central barrel detectors, the Inner Tracking System (ITS) [2] and the Time

Projection Chamber (TPC) [1], a hybrid track selection technique is applied in this analysis

to reconstruct tracks, that ensures uniform azimuthal acceptance while retaining good

momentum resolution. The hybrid tracks comprise the following two classes of tracks:

• Global tracks (see Sec. 2.2.5 of chapter 2): These tracks must have their longitu-

dinal and transverse distances of closest approach to be within 2.4 cm and 3.2 cm

respectively, and include at least one hit in an SPD layer (the innermost part of the

ITS detector)

• Complimentary tracks: These tracks must satisfy the same requirements as good

global tracks, except requiring hit in the SPD; to improve the momentum determi-

nation of these tracks, the primary interaction vertex is used as a constraint during

track fitting

The momentum resolution of charged tracks is estimated to be ≈ 0.8% at 1 GeV/2 and

4% at 50 GeV/2 [11]. In this analysis, charged tracks with ?T > 0.15 GeV/2 produced at

mid-rapidity (|[track | < 0.9) are considered for jet reconstruction.

3.1.5 Jet reconstruction

The selected tracks are used to reconstruct charged-particle jets by applying the collinear-

and infrared-safe sequential recombination jet finding algorithm, namely “anti-:T algo-

rithm” [12] implemented in the FastJet package [13]. For this analysis, jets are recon-

structed with jet resolution parameter ' = 0.4, which is one of the standard values widely

used in charged-particle jet analyses. The reconstructed jets are constrained within the

2A primary charged particle in ALICE is defined as a charged particle with a mean proper lifetime g

larger than 1 cm/2, which is either produced directly in the interaction, or from decays of particles with g

smaller than 1 cm/2, restricted to decay chains leading to the interaction between the colliding partners [10].
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pseudorapidity coverage of |[jet | < 0.5(= |[track | − '), to make sure that they are fully

contained within the fiducial volume of the TPC. In order to suppress the contribution

from pure background jet clusters, it is ensured that each of the selected jets has occupied

an area greater than 0.6c'2, which comes out to be around 0.5 for jet ' = 0.4.

Only the highest ?T jet in an event, known as the “leading jet”, is considered for

this analysis. In comparison to inclusive jets (all the jets in an event), leading jets are

theoretically well-defined objects as one can define and utilise jet functions that follows

the non-linear DGLAP-type evolution equations to descibe the formation and evolution of

leading jets [14]. Moreover, unlike the inclusive jets, these leading jet functions provide

normalized probability densities in order for the leading jets to possess a longitudinal

momentum fraction with respect to the jet-initiating parton, an aspect that can be exploited

to evaluate the average energy loss using perturbative approach. From the viewpoint

of experimental measurement, leading jets, being the most energetic one in an event

are less prone to experimental effects in contrast to the inclusive jets and are therefore

cleaner objects to work with while comparing with predictions from QCD hard-scattering

models [15]. In this analysis, all the reconstructed leading jets in the transverse momentum

interval of 5 < ?
jet, ch

T
< 120 GeV/2 are considered.

3.1.6 Jet observables

Once the reconstructed jets are obtained, the next step is to compute the jet observables

of interest. Two important jet observables, namely the mean charged-particle multiplicity

within jet (〈#ch〉) and jet fragmentation function (Ich), that are measured in this analysis,

are defined and discussed in this section. The mean charged-particle multiplicity in leading
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jets is calculated over the total number of events for each jet ?T bin by using the expression:

〈#ch〉(?jet, ch

T
) = 1

#jets

#jets
∑

8=1

# 8
ch(?

jet, ch

T
) (3.1)

where # 8
ch

is the number of charged-jet constituents (charged-particle tracks constitut-

ing the jet) in 8-th leading jet and #jets is the number of charged-jets in that jet ?T bin.

Figure 3.2: Jet fragmentation.

The jet fragmentation function represents the frac-

tion of the jet transverse momentum carried by the con-

stituent charged particles and is sensitive to the details

of the parton showering process. It is computed as:

Ich
=

?track
T

?
jet, ch

T

(3.2)

for each charged-particle track constituting the jet and its ?T is de-

noted by ?track
T

.

These observables contain useful information about the splitting of the initiating hard-

scattered parton into its constituents and, therefore, serve as potential tools to further

understand the evolution of QCD jets both in vacuum and in medium. On a similar note,

measuring these observables in small collision systems becomes particularly important

while investigating the notion of QGP-medium formation and possible jet quenching

effects in such systems.

3.1.7 Instrumental effects

The raw distributions measured by the detectors (shown in Appendix A) are affected by

several instrumental effects, such as detector efficiency, finite track ?T resolution, particle-

material interactions, etc. The detector efficiency may result from one or a few of the
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following reasons: particles may not deposit enough energy, they may traverse through

the dead area of the detector, loss of tracks may occur during the track reconstruction

procedure, etc. The finite track ?T resolution may result in momentum smearing of the

reconstructed tracks. Due to these effects on the reconstructed tracks, the reconstructed jets

and their properties are also affected, and to extract the actual physics, proper corrections

are required.

3.1.7.1 Correction for instrumental effects

There are several methods available that can be employed to perform the necessary cor-

rections for the instrumental effects. In all the applicable methods, MC event generators

and detector simulation are utilized to obtain the information of particles both before and

after transporting the generated particles through the detector simulation (as described

in Sec. 3.1.2), commonly referred to as “true” or “particle-level” and “measured” or

“detector-level” information, respectively. Among all the methods, the bin-by-bin correc-

tion method is the simplest one. In this method, the raw data to be corrected is multiplied

with the correction factor for each bin, where the correction factor is defined as the ratio

between the true- and measured-level distributions of the considered observable. In this

analysis, the “unfolding” method is chosen because the corrected results in the unfolding

method, in contrast to the bin-by-bin correction method, are less biased by the particular

choice of the Monte Carlo event generator used, and the bin-to-bin migration effects due

to momentum smearing are also accounted for. Moreover, the unfolding method is more

robust against statistical fluctuations.

In the unfolding method, a detector response that contains the information of correlation

between the true and measured levels is constructed and utilized. The measured (") and
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true ()) distributions can be correlated through the response ' by:

" = ') (3.3)

which can lead to:

) = '−1" (3.4)

One can express the response ' in terms of a matrix whose element 'mt denotes

the conditional probability that the true value C of the considered observable has the

corresponding measured value <. Therefore, one can obtain the true distribution utilizing

the measured distribution and the response matrix using Eq. 3.4.

It is, however, only rarely possible to use this inverse approach as it would require

the matrix ' to be invertible, which is not always the case in practice. To circumvent

this issue, a non-analytical, numerical approach is usually taken for correction purposes.

There are several numerical techniques available, and in this analysis, the iterative Bayesian

unfolding technique is employed. It uses the Bayes’ theorem:

%(�|�) = %(�|�)%(�)
%(�) (3.5)

where %(�) and %(�) are the probabilities of occurring event � and � respectively.

%(�|�) is the probability of � if � is true. On a similar note, if one considers � and �

as the true and measured distributions, respectively, then %(� |�) and %(�|�) become the

detector response and the inverse of the response matrix, respectively. This leads to:

'tm =
'mt%t

∑

t
′ 'mt

′%t
′

(3.6)

where %t
′ is a priori guess of the true distribution, also termed as “prior” distribution. In

this analysis, the true distribution obtained from the MC event generator is used as the
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prior distribution. Once 'tm is estimated, the solution of the unfolding procedure, i.e., the

unfolded distribution (*), can be obtained as:

* =

∑

<

'tm"m (3.7)

In this analysis, the jet observables 〈#ch〉 and Ich are presented as a function of jet

?T, so a 2-dimensional Bayesian unfolding is performed. For each of the jet observables

($1B: 〈#ch〉 or Ich), a 4D response matrix is constructed from MC simulations and its

components are: (?
jet, det

T
, $1Bjet, det, ?

jet, part

T
, $1Bjet, part). The iterative Bayesian method

of unfolding implemented in RooUnfold package [16] is applied in this analysis.
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Figure 3.3: Jet performance plots for minimum bias pp collisions.

It is also necessary to assess the quality and performance of jet reconstruction in

terms of several metrics before unfolding is performed. To evaluate the jet performance,
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the detector-level jets have to be matched to the corresponding particle-level jets, which

is carried out following the procedure discussed in Sec. 3.1.7.2. The metrics of jet

performance are used to estimate how well we measure the jets after it goes through the

detector and therefore represent the detector effects. The first metric, known as Jet Energy

Scale (JES), is defined as,
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Figure 3.4: Jet performance plots for minimum bias p–Pb collisions.

Jet Energy Scale (JES) =
〈

?
jet, det

T
− ?

jet, part

T

?
jet, part

T

〉

(3.8)

Its width represents the Jet Energy Resolution (JER), which is a measure of the remaining

fluctuations, and can be defined as:

Jet Energy Resolution (JER) = f

(

?
jet, det

T
− ?

jet, part

T

?
jet, part

T

)

(3.9)
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Figure 3.5: Jet performance plots for 0-20% central p–Pb collisions.

The performance plots for minimum bias pp collisions and minimum bias and 0-20%

central p–Pb collisions are shown in Figs. 3.3–3.5. The distributions of JES (top right)

show peaks close to zero, accompanied by asymmetric tails toward negative values, re-

sulting from track reconstruction inefficiency. The values of JER show ∼20–30% residual

fluctuations for all collision systems.

3.1.7.2 Jet and track matching

A suitable and reasonable matching of jets and tracks between the particle- and detector-

levels is required in order to build the response matrices. The framework of the applied

matching procedure is schematically shown in Fig. 3.6.
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Figure 3.6: Jet and track matching algorithm.

The detector-level jets are matched to the geometrically closest particle-level jets. The

conditions for accepting a matched pair of particle- and detector-level jets are that the

maximum distance allowed between the matched jets is 0.6*' where ' is the jet radius

and it must be a unique match. Only the leading detector-level jet and the corresponding

matched particle-level jet in an event are considered to construct the response matrices.

In order to construct response matrix for fragmentation function (Ich), further matching

is required between the detector- and particle-level tracks inside the matched pair of jets.

It is performed using MC labels, which are unique numbers assigned to the tracks obtained

from simulation. Thus, a matched pair of particle- and detector-level tracks must have

the same MC label. In addition, fake tracks (the detector-level tracks which are not

associated with any particle-level track) and missed tracks (the particle-level tracks which

are not associated with any detector-level track) are also accounted for as ingredients of

the unfolding by including them in the response matrix through two functions, namely

‘Fake’ and ‘Miss’ functions, respectively, in the RooUnfoldResponse class implemented
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in the RooUnfold package. These fake and missed tracks carry the information of purity

and efficiency, respectively.
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Figure 3.7: Projections of response matrices for #ch (left) and #UE
ch

(right) in minimum

bias p–Pb collisions.

Figures 3.7 show the projections of response matrices for #ch (left) and #UE
ch

(right) in

minimum bias p–Pb collisions. The full set of responses is shown in Appendix B.

3.1.7.3 Choice of regularization parameter

To ensure that the unfolded distributions do not possess unreasonable fluctuations, each

unfolding method employs regularization process with tunable parameters, known as

regularization parameters, to the unfolded distributions. In the Bayesian unfolding, the

regularization parameter is the number of iterations. If a very small number of iterations

is considered, the results will not converge, leading to unreasonable corrections in the

unfolded distributions. Similarly, a very large number of iterations will inflict large

statistical uncertainties.

In order to choose the optimal number of iterations, the statistical uncertainty is

compared with the unfolding uncertainties (prior and regularization) of the unfolded dis-

tributions as a function of the number of iterations. The prior uncertainty is the uncertainty

introduced in the unfolded distribution due to the change of shape of the prior distribution
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that is used in the unfolding process as a priori guess of the unfolding solution, and it can

be evaluated by modifying the shape of the prior distribution before unfolding is carried

out. The regularization uncertainty is the uncertainty in the unfolded distribution coming

from the choice of a particular value of the regularization parameter, i.e., the number of

iterations in case of Bayesian unfolding, and it can be estimated by performing unfolding

with the number of iterations varying around the chosen optimal value. In unfolding

procedure, the statistical uncertainty usually increases with the number of iterations while

the unfolding uncertainties decrease. The summed error, i.e., the quadrature sum of the

statistical uncertainty, prior uncertainty, and regularization uncertainty, is evaluated for

each observable in the following way:

(D<<43 4AA>A =
√

((��C4A)2 + ((�%A8>A)2 + ((�(C0C)2 (3.10)

Here (��C4A , (�%A8>A and (�(C0C are calculated as

((��C4A)2
=

#18=B
∑

8

(

1

2

√

(

$1B�C+1
8

−$1B�C
8

)2 +
(

$1B�C−1
8

−$1B�C
8

)2

)2

(3.11)

((�%A8>A)2
=

#18=B
∑

8

(

$1B
">38 5 843

8
−$1B

�4 5 0D;C

8

)2
(3.12)

((�(C0C)2
=

#18=B
∑

8

(

�AA_$1B
�4 5 0D;C

8

)2
(3.13)

where

• $1B�C , $1B�C+1 and $1B�C−1 are the values of the observable for the optimal or

default number of iterations (It), It+1 and It-1 respectively

• $1B�4 5 0D;C and$1B">38 5 843 are the values of the observable for default and modified

priors, respectively
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• �AA_$1B�4 5 0D;C is the statistical error in the observable value

• subscript ‘8’ everywhere represents the 8-th bin in the distribution of the observable
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Figure 3.8: The statistical uncertainties and unfolding uncertainties as a function of the

number of iterations for 〈#ch〉 (left) and Ich (right) in minimum bias pp collisions.
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Figure 3.9: The statistical uncertainties and unfolding uncertainties as a function of the

number of iterations for 〈#ch〉 (left) and Ich (right) in minimum bias p–Pb collisions.

The default number of iterations is chosen as the one that minimizes the total un-

certainty. The prior uncertainty is calculated by changing the prior by the procedure

described in Sec. 3.1.9. For pp collisions, the default numbers of iterations are 3 for both

the observables based on the minimum total uncertainty as shown in Figs. 3.8. For both
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Figure 3.10: The statistical uncertainties and unfolding uncertainties as a function of the

number of iterations for 〈#ch〉 (left) and Ich (right) in 0–20% central p–Pb collisions.

minimum bias and high multiplicity p–Pb collisions, the default numbers of iterations for

〈#ch〉 and fragmentation function are chosen as 3 and 2, respectively, as can be seen in

Figs. 3.9 – 3.10.

3.1.7.4 MC Closure tests

Figure 3.11: Procedure of MC closure tests.

In order to check the sensitivity and robustness of the unfolding procedure against
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statistical fluctuations and change of shape of the prior distributions, MC closure tests are

performed. Two types of MC closure tests, statistical closure and shape closure tests, are

carried out in this analysis. The procedures for the two types of MC closure tests followed

in this analysis are schematically shown in Fig. 3.11.

In the statistical closure test, two disjoint (statistically independent) sets of simulated

events are considered where the response matrix is constructed from one set, and the true

and measured distributions are obtained from the other set. After unfolding the measured

distribution using the response matrix, the unfolded distribution is compared with the

true distribution. The results of the statistical closure tests for the 〈#ch〉 distributions as

a function of leading jet ?T and Ich distributions for leading jet ?T = 20–30 GeV/2 in

minimum bias pp and minimum bias and central p–Pb collisions are shown in Figs 3.12–

3.17. In these figures, the top panels show the true and unfolded distributions (unfolded

with the chosen optimal or default number of iterations in each case), and the bottom

panels show the ratio between the unfolded and true distributions. The complete set of

results is shown in Appendix C.1. In the shape closure test, a similar approach as the

statistical closure test is adopted; however, the response matrix is reweighted with the ratio

between the data and the detector-level distributions before unfolding is performed. The

results of the shape closure tests for the 〈#ch〉 distributions as a function of leading jet

?T and Ich distributions for leading jet ?T = 20–30 GeV/2 are shown in Figs 3.18–3.23

for minimum bias pp and minimum bias and central p–Pb collisions. The complete set of

results is shown in Appendix C.2. In this analysis, both tests show good closure within

statistical uncertainties and provide confidence in the unfolded results.

3.1.8 Underlying event

Reconstructed jets are contaminated by contributions from sources other than the hard-

scattered partons from which the jet constituents are produced. These contaminations
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Figure 3.12: 〈#ch〉 distributions in mini-

mum bias pp collisions: statistical closure

(iteration 3).
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mum bias p–Pb collisions: statistical clo-

sure (iteration 3).
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central p–Pb collisions: statistical closure

(iteration 3).
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mum bias p–Pb collisions: shape closure

(iteration 3).
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eration 3).
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jet ?T = 20–30 GeV/2 in minimum bias pp

collisions: shape closure (iteration 3).
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Figure 3.22: Ich distributions for leading jet

?T = 20–30 GeV/2 in minimum bias p–Pb

collisions: shape closure (iteration 2).
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Figure 3.23: Ich distributions for leading jet

?T = 20–30 GeV/2 in 0–20% central p–Pb

collisions: shape closure (iteration 2).
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are known as underlying event (UE) contributions and mostly consist of particles from

the beam-beam remnants, initial and final state radiations, and contributions from MPIs,

etc [17]. The empirical models used to describe the non-perturbative aspects in the

evolution of a high-energy scattering event do not allow to clearly distinguish particles

originating from hard processes and the underlying event [18]. Several methods are avail-

Figure 3.24: UE estimation in per-

pendicular cone method.

able that can be applied to estimate the UE contri-

butions. In this analysis, the following methods are

implemented.

Perpendicular cone (PC) method

In this method, the UE is estimated from circular

regions transverse to the measured jet cones in each

event. The size of these circular regions is kept to be

the same as the radius of the jet ' = 0.4 at the same

pseudorapidity as the leading jet but offset at an azimuthal angle Δi = ±c/2 relative to the

jet axis. This method is usually used in small collision systems where the UE contribution

is less compared to that in heavy-ion collisions.

Random cone (RC) method

In this method, two cones are randomly generated with the same [ as the leading jet, but

in the expanded transverse region (one cone within c/3 < Δi < 2c/3 and another within

−2c/3 < Δi < −c/3, Δi being the difference between the considered jet and the random

cone in azimuthal angle i) with respect to the jet axis, unlike at a fixed value of azimuthal

angle (Δi = ±c/2) as in perpendicular cone method. The UE contributions to the jet

observables are estimated from these random cones.
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In this analysis, the perpendicular cone method is used as the default one, whereas the

random cone method is used to estimate the systematic uncertainty in UE. In addition, the

UE contributions estimated from these two methods are compared with another one, the

improved median method (discussed below), where the estimation and subtraction of UE

are carried out jet-by-jet, unlike the other two methods.

Improved median method

This method is an improved version of the median method [19] widely used for background

subtraction in heavy-ion collisions, and the improvement includes adaptation of the method

to sparser environments such as small collision systems where most of the phase space is

empty (devoid of final-state particles), in contrast to the heavy-ion scenario.

In the improved median method, charged-particle jets reconstructed using :T algorithm

are considered for the estimation of underlying event contribution in the observable 〈#ch〉.

The two highest ?T jets are excluded, and the density of the number of charged particles

(dN) coming from underlying events is calculated using the following Eq.:

dN = Median{d8N}.� (3.14)

where

d8N =
?8

T

�8
(3.15)

?8
T

and �8 being the ?T and area of the i-th :T jet and� is a factor which takes into account

the empty regions in the phase space in p–Pb events where the number density is much
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smaller compared to Pb–Pb events. � factor is defined in an event as:

� =

sum of areas of :T jets having physical tracks

(including the two highest ?T jets and excluding ghost−only jets)
sum of areas of all :T jets

(including the two highest ?T jets and ghost−only jets)
(3.16)

Ghost-only jets indicate those jets which contain ghost particles (?T ≃ 10−100 GeV/2)

only and do not contain any physical track. This method is not applied to estimate the UE

contribution to the Ich observable since the presence of :T clusters biases the shape of the

UE distribution for this observable, which is true for other differential jet properties as

well.
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Figure 3.25: Top: UE contributions in 〈#ch〉 distribution as a function of leading jet ?T

with UE estimated using perpendicular cone method, random cone method and improved

median method. Bottom: Ratio between UE estimated using other methods with UE

estimated using perpendicular cone method.

Fig. 3.25 shows the comparison between UE contributions in 〈#ch〉, estimated using

three different methods (perpendicular cone method, random cone method and improved
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Figure 3.26: Top panels: UE contributions in Ich distributions for leading jet ?T = 20–30

GeV/2 (left) and 40–60 GeV/2 (right). Bottom panels: Ratio between UE estimations of

random cone method and perpendicular cone method.

median method) in minimum bias p–Pb collisions. These results are corrected for the

instrumental effects using the unfolding procedure discussed in Sec. 3.1.7.1. The UE

contributions obtained using different methods are mostly consistent with each other, and

the fluctuations are very small or negligible compared to the total systematic uncertainties

discussed later in Sec. 3.1.9. Fig. 3.26 shows the comparisons between UE contributions in

Ich distributions for leading jet ?T = 20–30 GeV/2 (left) and 40–60 GeV/2 (right), estimated

using the perpendicular cone and random cone method, where the UE estimations are

negligible compared to the signal values.

3.1.8.1 Correction for underlying event

In this analysis, the underlying event is estimated using the perpendicular cone method

discussed in Sec. 3.1.8. The subtraction of UE is performed on a statistical basis for

each observable bin-by-bin, using the following steps for both minimum bias pp and p-Pb

collisions as well as central p-Pb collisions:
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Figure 3.27: Correction procedure to subtract UE contributions for 〈#ch〉 and Ich (40 <

?ch
T,jet

< 60 GeV/c): Unfolded distributions without UE subtraction (left), UE contribution

(middle) and after UE subtraction (right) [20, 21].

1. Correct the signal distributions (contaminated with UE) for instrumental effects

using unfolding

2. Correct the UE distributions for instrumental effects using unfolding

3. Corrected UE contributions are subtracted from the corrected signal distributions

(contaminated with UE) for each observable

The UE subtractions for all the measured jet observables are carried out on a statis-

tical basis; however, no corrections are done for jet ?T separately. The UE subtraction

procedure [20, 21] followed in this analysis is illustrated in Fig. 3.27.

3.1.9 Estimation of systematic uncertainties

The unfolded distributions are obtained from the uncorrected raw distributions in several

steps. The correction for instrumental effects, estimation and subtraction of UE are
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some of the important steps. The associated uncertainties in these steps may result in

uncertainties, collectively called systematic uncertainties, in the final unfolded and UE

subtracted results. Several sources of systematic uncertainties are associated with the

unfolded and UE subtracted distributions of the measured jet observables. The obtained

final results in this measurement have five main sources of systematic uncertainty. Each of

the systematic uncertainties coming from individual sources is quantified by varying the

relevant parameter with respect to the default analysis in a reasonable way and constructing

a new, modified response matrix to unfold the raw data. For each of the sources, once

the unfolded distributions are obtained by performing unfolding with the default and

modified response matrices separately, the systematic uncertainty is estimated by using

the expression:

Systematic uncertainty =
Modified − Default

Default
(3.17)

where ‘Modified’ and ‘Default’ refer to the unfolded distributions obtained by using the

the modified and default response matrices, respectively. The major sources of systematic

uncertainties for the measured jet observables and procedures of their estimations are

discussed below in detail:

• Track reconstruction inefficiency: Track reconstruction inefficiency induces loss

of tracks at the detector level with respect to the particle level. It is determined by

comparing the spectra of track ?T at the detector and particle levels as the detector-

level tracks are reconstructed after transporting the particle-level tracks through the

detector simulation. However, this procedure is not totally free from imperfections,

leading to uncertainty in the estimated track reconstruction inefficiency. By applying

variations in the track selection criteria and considering the possible imperfections

in the track matching efficiency for the TPC-ITS tracks, the uncertainties in the

track reconstruction efficiencies have been estimated to be 3% for pp collisions

82



Chapter 3 – Measurements of charged-particle jet properties in pp and p–Pb collisions

with ALICE

Table 3.2: Summary of systematic uncertainties (in %) on 〈#ch〉 for selected intervals of

jet ?T in minimum bias pp, minimum bias p–Pb and central p–Pb collisions.

Sources

Systematic uncertainties on 〈#ch 〉 (%)

Minimum bias pp Minimum bias p–Pb Central p–Pb

Jet ?T in GeV/2 Jet ?T in GeV/2 Jet ?T in GeV/2

20–25 50–60 80–100 20–25 50–60 80–100 20–30 40–60 80–100

Track reconst. inefficiency 0.10 0.28 0.01 1.38 1.07 1.08 1.31 1.64 2.62

Regularization parameter 0.01 0.09 0.59 0.25 0.09 0.27 0.28 0.05 0.14

Bin truncation 0.45 0.30 2.19 0.12 0.38 1.54 0.03 0.24 1.19

Prior change 0.08 1.00 1.49 0.77 0.20 6.78 1.03 0.07 8.85

UE method 0.30 0.10 0.59 1.11 0.52 2.20 0.80 0.88 0.13

Total 0.56 1.09 2.77 1.95 1.27 7.37 1.87 1.88 9.31

and to be dependent on track ?T for p–Pb collisions. To evaluate the effect of

these uncertainties on the measured distributions, tracks are randomly discarded

from the detector level by 3% for pp collisions and based on track ?T for p–Pb

collisions before applying the jet finding algorithm and a new, modified response

matrix is constructed to unfold the data. The difference between the new unfolded

results (unfolded with the new response matrix) and the default one (unfolded with

the default response matrix) is quoted as the systematic uncertainty due to track

reconstruction inefficiency.

• Change in prior: As mentioned earlier, one of the most important factors behind the

success of the unfolding procedure is the choice of the prior distribution. Depending

on the shape of the chosen prior distribution, the unfolding process might take a

small or a large number of iterations to achieve a stable solution. To estimate the

systematic uncertainty due to change in the shape of the considered prior distribution,

the default response matrix is weighted with reweighting factors. The reweighting

factors are determined by taking ratio between the raw data and detector-level MC
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Table 3.3: Summary of systematic uncertainties (in %) on d#/dIch in Ich bins for selected

intervals of jet ?T in minimum bias pp, minimum bias p–Pb and central p–Pb collisions.

Jet ?T

Sources

Systematic uncertainties on d# /dIch (%)

Minimum bias pp Minimum bias p–Pb Central p–Pb

(GeV/2) Ich bin Ich bin Ich bin

0 – 0.1 0.4 – 0.5 0.9 – 1 0 – 0.1 0.4 – 0.5 0.9 – 1 0 – 0.1 0.4 – 0.6 0.8 – 1

20–30

Track reconst. inefficiency 0.47 0.18 0.14 2.12 1.36 7.51 2.29 2.02 7.03

Regularization parameter 0.18 0.02 0.18 1.35 0.34 2.09 1.84 0.68 0.85

Bin truncation 2.37 4.11 4.20 0.95 6.10 6.70 0.41 7.14 7.75

Prior change 2.47 0.08 1.95 12.34 6.16 0.90 14.18 4.73 3.15

UE method 0.46 0.08 0.00 3.02 0.12 0.01 5.51 0.14 0.00

Total 3.49 4.11 4.64 12.98 8.79 10.32 15.50 8.82 10.96

30–40

Track reconst. inefficiency 0.50 0.14 1.87 2.12 1.85 6.52 2.37 2.39 8.69

Regularization parameter 0.08 0.35 1.97 1.07 0.10 0.96 1.60 1.10 0.47

Bin truncation 1.38 1.91 1.94 0.56 2.14 2.28 1.36 2.34 2.62

Prior change 0.73 0.61 4.09 10.99 9.49 0.44 12.84 9.98 4.11

UE method 1.16 0.20 0.00 2.89 0.01 0.00 3.82 0.00 0.00

Total 2.01 2.05 5.28 11.62 9.91 6.99 13.77 10.58 9.98

40–60

Track reconst. inefficiency 0.24 0.62 0.41 1.88 1.63 3.93 2.17 1.38 10.77

Regularization parameter 0.16 0.55 4.22 0.92 1.33 5.63 1.31 0.89 1.36

Bin truncation 0.89 1.11 0.80 0.84 1.00 1.01 1.69 0.71 0.88

Prior change 0.95 4.04 10.74 11.99 13.85 5.59 13.58 13.32 2.05

UE method 0.21 0.15 0.00 2.46 0.00 0.00 2.78 0.00 0.00

Total 1.35 4.27 11.57 12.44 14.05 8.91 14.19 13.44 11.08

distributions. These factors contain information about the point-to-point variation

between the raw data and the detector-level MC distributions as a function of both

the jet ?T and the jet observable, that is, #ch or Ich, and therefore accounts for the

84



Chapter 3 – Measurements of charged-particle jet properties in pp and p–Pb collisions

with ALICE

difference in the shape of the distributions between data and the considered MC

simulation. The ratio is then used to reweight the corresponding response matrix as

a function of both the jet ?T and the jet observable in particle-level MC. This makes

the reweighted response more data-like and mostly evades the dependence on the

particular choice of the MC simulation. The corresponding systematic uncertainty

is determined as the difference between the unfolded results obtained using the

reweighted and the default response matrices.

• Choice of regularization parameter (no. of iterations) in Bayesian unfolding:

Like the prior distribution, the regularization parameter also plays a significant role

in reducing the fluctuations in the unfolded distributions and ensures the stability

of the unfolded results. To determine the uncertainty induced by the choice of the

default value of the regularization parameter (here, the number of iterations in case

of Bayesian unfolding), the number of iterations is varied by ±1 from the default

value. The amount of systematic uncertainty coming from this variation is small,

as quoted in Tables 3.2 and 3.3.

• Underlying event estimation method: Uncertainty in the estimated underlying

event contribution may affect the distributions of the measured jet observables. To

assess its effect, UE contributions are estimated using the perpendicular cone method

(the default method) and random cone method (systematic variation), and the UE

subtracted distributions are obtained for the two methods separately, following the

procedure discussed in Sec. 3.1.8.1. The corresponding systematic uncertainty is

then calculated using Eq. 3.17.

• Bin truncation: During the unfolding, a particular interval of jet ?T (5 < ?
jet ch

T
<

120 GeV/2) is considered in both particle- and detector-levels while building the

response matrix. It may happen that a particle-level jet may have its corresponding
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detector-level jet outside the considered jet ?T interval, resulting in loss of jets,

especially close to the boundary of the selected kinematic regime. In order to assess

such effects on the unfolded distributions, the lower and upper limits of the detector-

level jet ?T are varied by +5 GeV/2 and -20 GeV/2, respectively, from the default

range of 5–120 GeV/2. It is found that the effect is not significant for the entire jet ?T

intervals except being non-negligible at low jet ?T region for both the observables.

The total systematic uncertainty is evaluated by taking the quadrature sum of the

individual uncertainties. Tables 3.2 and 3.3 summarize the systematic uncertainties from

individual sources in a few selected bins of the measured observables for both pp and

p–Pb collisions. As is evident from the tables, in most of the cases, the uncertainty due

to track reconstruction inefficiency and change of prior are the dominant sources, among

others. To estimate the systematic uncertainty for the ratio of observables between pp and

p–Pb collisions, each of the ratios is treated as an individual quantity, and the systematic

uncertainties from individual sources are estimated accordingly. The breakdown of the

total systematic uncertainty into its individual components is shown in Appendix D.

3.2 Results and discussion

After all the corrections are performed and the uncertainties are estimated, the fully

corrected results are presented and discussed in comparison with various Monte Carlo

model predictions for pp and p–Pb collisions at 5.02 TeV center-of-mass energy in the

following sections.

3.2.1 Mean charged-particle multiplicity within jet (〈#ch〉)

The fully corrected (unfolded and UE subtracted) distributions of the average number

of charged particles (〈#ch〉) within leading jets as a function of jet ?T are shown in

86



Chapter 3 – Measurements of charged-particle jet properties in pp and p–Pb collisions

with ALICE

20 30 40 50 60 70 80 90 100

6

8

10

12

14

〉 
c
h

N 〈

 = 5.02 TeVNNsALICE 

 jetsTkCh. particle leading anti-

 = 0.4R < 0.5, 
jet

η

 < 0.9
track

η, c > 0.15 GeV/track

T
p

UE subtracted

20 30 40 50 60 70 80 90 100
0.8

0.9

1

1.1

M
o
d
e
l 
/ 
D

a
ta 20 30 40 50 60 70 80 90 100

6

8

10

12

14

UE subtracted

pp MB

Pb MB−p

20%−Pb 0−p

20 30 40 50 60 70 80 90 100

20 30 40 50 60 70 80 90 100

6

8

10

12

14

UE subtracted

PYTHIA 8 Monash 2013

DPMJET

PYTHIA 8 Angantyr

20 30 40 50 60 70 80 90 100

)c (GeV/
jet, ch

T
p

1

1.1

Figure 3.28: 〈#ch〉 distributions as a function of leading jet ?T in minimum bias pp

(left), minimum bias p–Pb (middle), and 0–20% central p–Pb (right) collisions. The solid

markers, shaded bands and open markers represent the corrected data, corresponding

systematic uncertainties and the predictions from different MC models. Bottom panels

show the ratios between the MC predictions and data.

Figure 3.28 for charged-particle leading jets reconstructed with ' = 0.4 at mid-rapidity in

minimum bias pp (left), minimum bias p–Pb (middle), and 0–20% central p–Pb collisions,

respectively. The solid markers denote the corrected data, and the colored bands represent

the corresponding systematic uncertainties. The predictions from different MC models

are represented by the open markers. The ratios between MC predictions and data are

shown in the bottom panels.

It is found that for all collision systems, 〈#ch〉 increases monotonically with leading

jet ?T; however, the rate of increase gradually decreases toward high jet ?T. These obser-

vations imply that high-momentum jets fragment into harder jet constituents. PYTHIA 8

Monash 2013 overestimates the pp data by at most 10%. In the case of p–Pb collisions,

PYTHIA 8 Angantyr model could explain the data better than DPMJET model for both

minimum bias and central events. At low jet ?T, DPMJET model underestimates the data.

The 〈#ch〉 distributions for leading jets are compared between different collision sys-

tems for both the corrected data and MC models, as illustrated in Figs. 3.29. The ratios
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Figure 3.29: The ratios of 〈#ch〉 distributions of leading jets (a) between minimum bias

p–Pb and pp collisions and (b) between central and minimum bias p–Pb collisions. Bottom

panels show the ratios between the MC predictions and data.

of 〈#ch〉 distributions between minimum bias p–Pb and pp collisions in the corrected data

and PYTHIA 8 Angantyr model are shown in the top panel of Fig. 3.29a. The bottom

panel shows the quantitative comparison between the data and PYTHIA 8 Angantyr model

prediction. A mild increase (10%) in 〈#ch〉 is observed in data, especially at low jet ?T,

hinting toward possible jet modification. Interestingly, PYTHIA 8 Angantyr model also

follows similar behaviour; however, it slightly underestimates the data. The results for Ich

distributions also show features of jet modification in similar kinematic regions, as will

be discussed in detail in the next section.

The ratios of 〈#ch〉 distributions between central and minimum bias p–Pb collisions

in data and the corresponding MC comparisons (DPMJET and PYTHIA 8 Angantyr) are

presented in Fig. 3.29b. No significant change is observed in data. The only exception is the

lowest jet-?T bin = 20–30 GeV/2 where the change is below 5%. Both PYTHIA 8 Angantyr

and DPMJET models are able to reproduce the data within systematic uncertainties.
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3.2.2 Jet fragmentation function (Ich)
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Figure 3.30: Scaling of Ich distributions independent of jet ?T in minimum bias pp (left),

minimum bias p–Pb (middle), and 0–20% central p–Pb (right) collisions.

The fully corrected (unfolded and UE subtracted) Ich distributions of leading jets for

different jet ?T intervals (20–30 GeV/2, 30–40 GeV/2 and 40–60 GeV/2) are illustrated in

Fig. 3.30 for charged-particle leading jets reconstructed with ' = 0.4 at mid-rapidity in

minimum bias pp (left), minimum bias p–Pb (middle), and 0–20% central p–Pb collisions

(right) at 5.02 TeV center-of-mass energy. The solid markers denote the corrected data,

and the colored bands represent the corresponding systematic uncertainties. The Ich dis-

tributions for different jet ?T ranges are quite consistent with each other within systematic

uncertainties in all three collision systems, except at very low and high Ich values for

minimum bias pp collisions and at high Ich values for minimum bias p–Pb collisions. This

behavior indicates that the jet fragmentation pattern does not vary considerably with jet

?T.

The comparisons of the measured Ich distributions with different MC model predic-

tions are shown in Fig. 3.31. For pp collisions, PYTHIA 8 Monash 2013 reproduces

the data at low Ich (< 0.4) values within systematic uncertainties but underestimates the

data at intermediate and high Ich values for the considered jet ?T ranges. In the case of
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Figure 3.31: The ratios of Ich distributions between MC model predictions and data in

different jet ?T intervals in minimum bias pp (left), minimum bias p–Pb (middle), and

0–20% central p–Pb (right) collisions.
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Figure 3.32: The ratios of Ich distributions of leading jets between minimum bias p–Pb

and pp collisions in different jet ?T intervals. Bottom panels show the ratios between the

MC predictions and data.

p–Pb collisions, three MC models, DPMJET, EPOS LHC, and PYTHIA 8 Angantyr, are

considered. Interestingly, all three models are found to explain the jet fragmentation distri-

butions except the last bin for the reported jet ?T ranges within systematic uncertainties in
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minimum bias p–Pb collisions. For central p–Pb collisions, all the models could reproduce

the data within ∼20%. It is also important to note that, in central p–Pb collisions, EPOS

LHC shows an opposite trend compared to other models for jet ?T = 20–30 GeV/2.

0 0.2 0.4 0.6 0.8 1

0.4

0.6

0.8

1

1.2

1.4

1.6

P
b

 M
B

−
2

0
%

 /
 p

−
P

b
 0

−
p

 = 5.02 TeVNNsALICE 

 < 0.9
track

η, c > 0.15 GeV/track

T
p

c < 30 GeV/
 jet, ch

 T
p20 < 

UE subtracted

0 0.2 0.4 0.6 0.8 1

0.8

1

1.2

1.4

M
o
d
e
l 
/ 
D

a
ta 0 0.2 0.4 0.6 0.8 1

0.4

0.6

0.8

1

1.2

1.4

1.6
 jetsTkCh. particle leading anti-

 = 0.4R < 0.5, 
jet

η

c < 40 GeV/
 jet, ch

 T
p30 < 

UE subtracted

0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1

0.4

0.6

0.8

1

1.2

1.4

1.6

UE subtracted

c < 60 GeV/
 jet, ch

 T
p40 < 

DPMJET

PYTHIA 8 Angantyr

0 0.2 0.4 0.6 0.8 1

jet, ch

T
p/track

T
p = chz

1

Figure 3.33: The ratios of Ich distributions of leading jets between central and minimum

bias p–Pb collisions in different jet ?T intervals. Bottom panels show the ratios between

the MC predictions and data.

To look for the nuclear effect on jet fragmentation functions, Ich distributions are

compared between minimum bias p–Pb and pp collisions for leading jet ?T = 20–30

GeV/2 (left), 30–40 GeV/2 (middle) and 40–60 GeV/2 (right) as shown in Figs. 3.32. It

is interesting to observe that the jet fragmentation pattern is quite different in minimum

bias p–Pb collisions compared to that in minimum bias pp collisions. The ratios indicate

a small enhancement of low Ich-particles, followed by a significant amount of suppression

of high Ich-particles inside jets. It is also important to note that the magnitude of this

jet modification is the largest for the lowest jet ?T interval of 20–30 GeV/2 and gets

significantly reduced with increasing jet ?T. Given the uncertainties, no significant

modification is observed at jet ?T = 40–60 GeV/2, which is in line with the findings of the

ATLAS measurement of jet fragmentation in pp and p–Pb collisions [22] reported for a

similar kinematic regime.
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This is the first observation of jet modification in p–Pb collisions compared to pp

collisions at LHC energies, unlike previous measurements [22, 23] (although carried out

in higher jet momentum regions). Interestingly, the features of jet modification observed

in data are qualitatively captured by PYTHIA 8 Angantyr model, where no jet quenching

effect is implemented.

A similar observation comes from comparing Ich distributions between central and

minimum bias p–Pb collisions, as shown in Figs. 3.33 for the three reported jet ?T ranges.

The jet ?T-dependent modification of jet fragmentation pattern is also observed between

central and minimum bias p–Pb collisions, the highest modification being observed at the

lowest jet ?T interval. It is also interesting to see that both PYTHIA 8 Angantyr and

DPMJET models could qualitatively show similar behavior without any implementation

of QGP-effects.

A further investigation of these interesting results with PYTHIA 8 Angantyr model

(as discussed in Appendix E) hints toward the possibility that multiparton interaction and

color reconnection mechanisms might play a role in the observed jet modification. It would

be interesting to perform detailed studies, including several other models and theoretical

calculations, to understand the observed jet modification in p–Pb collisions better.

Modifications of jet fragmentation, particularly for low-?T jets (20–30 GeV/2) observed

both in minimum bias and central p–Pb collisions compared to minimum bias pp and

minimum bias p–Pb collisions, respectively, as reported in this analysis, are important

observations. Although from these experimental measurements, one can not explicitly

tell whether the formation of QGP droplets or some other physics phenomena are the

origin(s) of these effects or these are mere artifacts of biases in the measurements, these

observations are still exciting considering the fact that they are counter-intuitive against

our conventional expectation.
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“Simulation is no longer that of a territory, a referential being or

substance. It is a generation by models of a real without origin or

reality: a hyperreal."

— Jean Baudrillard

Chapter 4

Investigating multiplicity dependence of

jet properties in pp collisions using

PYTHIA simulation

This chapter discusses the study of jet properties in pp collisions at
√
B = 13 TeV for

minimum bias and high-multiplicity events using the PYTHIA 8 [1] Monte Carlo (MC)

event generator with Monash 2013 tune [2]. The study is carried out in presence and

absence of two important physics mechanisms, multiparton interactions (MPI) and color

reconnection (CR) in PYTHIA. Sec. 4.1 introduces and discusses the motivation behind

this study. The details of the study, including event generation, particle selection, jet

reconstruction, definition of jet observables, estimation of underlying events, and matching

between partons and jets, are laid down in Sec. 4.2. The obtained results are discussed in

Sec. 4.3.

96



Chapter 4 – Investigating multiplicity dependence of jet properties in pp collisions using

PYTHIA simulation

4.1 Introduction

The observations of several heavy-ion-like signatures in pp and p–Pb collisions (small

collision systems), particularly at high multiplicity at LHC energies [3–14], influenced

the high-energy physics community to investigate and understand the possible source(s)

behind the unconventional observations – whether they are due to formation of QGP

and/or other source(s) mimicking the heavy-ion-like features in small collision systems.

It is also important to note that the emergence of collectivity (observed in the soft sector

of QCD) while no jet quenching in the form of suppression of jet production [15, 16]

is observed (hard sector of QCD) in small collision systems, made the situation more

puzzling as well as exciting. Interestingly, the recent measurement of jet fragmentation

in high-multiplicity pp collisions at
√
B = 13 TeV by ALICE [17] has shown significant

jet modification compared to that in minimum bias events at low jet ?T. PYTHIA 8

is found to explain the feature observed in data despite the fact that PYTHIA 8 does not

incorporate any QGP-medium effects. In Ref. [18], the multiparton interactions (MPI) and

color reconnection (CR) mechanisms of PYTHIA 8 are shown to modify jet shape (d(A))

distributions in high-multiplicity pp collisions; however, the exact interplay between these

mechanisms causing the jet modification has not been studied. Moreover, the modifications

of different jet observables are also expected to have different degrees of sensitivity on

the nature of the parent parton. It is, therefore, of utmost importance to understand in

detail and quantify various contributions from the individual sources leading to the jet

modification in PYTHIA 8 in absence of the medium.

In this work [19], the jet shape observable d(A) and jet fragmentation function

(Ich) are studied in minimum bias and high-multiplicity event classes using PYTHIA 8

Monash 2013 MC event generator. The study is performed in presence and absence of the

two important mechanisms in PYTHIA 8, CR and MPI (which are found to explain some of

the experimentally observed flow-like features in high-multiplicity pp collisions [20–23]).
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In order to understand the sensitivity of d(A) and Ich on the nature of parton, the gluon-

initiated jets and their contributions to the total inclusive jets are estimated, and associated

effects on these observables are studied. The effect of multiparton interactions is also

studied exclusively by using event samples with different numbers of MPIs. The details

of the study are presented in the following sections.

4.2 Details of the study

Figure 4.1: Flow chart of

the study.

The current study is performed following the steps in the flow

chart shown in Fig. 4.1. Each of the steps is discussed in de-

tail in the following sections.

4.2.1 Event generation

In this study, events are generated using PYTHIA 8 Monte

Carlo (MC) event generator with Monash 2013 tune in pres-

ence and absence of two important physics mechanisms, mul-

tiparton interactions (MPI) and color reconnection (CR). The

details about this event generator, along with MPI and CR

mechanisms, are discussed below.

4.2.1.1 PYTHIA 8

Often used to generate events in high-energy collisions be-

tween elementary particles, the PYTHIA program provides a coherent collection of physics

models that describes the evolution from a few-body hard-scattering process to a complex

multiparticle final state. Some of the physics has been rigorously inferred from theory,

while other parts are based on phenomenological models whose parameters are deter-
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mined from experimental data. Currently, the majority of users of this programme are

LHC experimentalists, while many other phenomenological or experimental researchers

use the application as well. The main tasks assigned to the program are to design search

strategies, evaluate experimental data, investigate detector performance, and look into the

experimental implications of theoretical models.

PYTHIA 8 is a multiparton interaction-based pQCD-inspired Monte Carlo event gen-

erator widely used for hadronic collisions. It performs transverse-momentum-ordered

(?T-ordered) parton showering, which interleaves the entire perturbative evolution (ini-

tial state radiation (ISR), final state radiation (FSR) and MPI), and the angular ordering

is imposed by an additional veto [24, 25]. It also includes color reconnection mecha-

nism [26, 27]. Hadronization in PYTHIA 8 proceeds via string breaking as described

by the Lund string model [28]. The Monash 2013 tune is based on a large set of LHC

distributions, starting from a careful comparison and tuning to LEP data. The PDF used

is the NNPDF2.3 [29] QCD+QED LO with UB ("/ ) = 0.130.

4.2.1.2 Multiparton interactions (MPI)

A hadron-hadron collision can result in multiple parton-parton interactions (MPI), which

is a natural outcome of the composite structure of the colliding hadrons (Fig. 4.2 shows

the schematic diagram). It is possible for many hard scattering processes to occur in

a single hadron-hadron collision, but at suppressed rates compared to soft MPI, even

though MPIs are particularly relevant to characterize the ubiquitous soft underlying event.

Pythia’s MPI modeling is based on a fundamental formalism that encompasses both hard

and soft QCD MPI processes inside a single, cohesive framework [30]. Together with

several new features exclusive to Pythia 8, the current implementation includes the further

improvements made since Pythia 6.3 [31].

The observation that C-channel propagators and UB factors appearing in perturbative
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Figure 4.2: Single hard scattering (left) and multiple hard scatterings, i.e., MPI (right),

occurring in a single proton-proton collision [19].

QCD 2 → 2 scattering diverge at low momentum transfers serves as the foundation for

parton-based MPI models:

df2→2 ∝ 64
B

16c2

dC

C2
∼ U2

B (?2
⊥)

d?2
⊥

?4
⊥
, (4.1)

This behavior is further aggravated by the abundance of low-G partons that are accessible at

large hadronic center-of-mass energy. Within MPI models, every hadron-hadron collision

comprises many parton-parton collisions, each of which usually involves momentum

transfers of order ?⊥min.

4.2.1.3 Color reconnection (CR)

(a)
(b) (c)

Figure 4.3: Illustration of the color reconnection mechanism in PYTHIA 8 (image directly

extracted from Ref. [32]). (a) The outgoing gluons are color-connected to the projectile

and target beam remnants. (b) A second hard scattering with two new strings connected

to the beam remnants. (c) Color-reconnected partons minimizing the total string length.
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The implementation of the color reconnection mechanism in PYTHIA 8 is schemati-

cally illustrated in Fig. 4.3. The connection between the outgoing partons and the beam

remnants through color strings in case of a single hard scattering is shown in Fig. 4.3a.

A second hard scattering (Fig. 4.3b) can be naively expected to give rise to two new

strings connected to the beam remnants. This would result in a proportional increase in

multiplicity; however, to successfully fit the data (see Ref. [32] and references therein),

it is instead assumed that the partons are color-reconnected so that the total string length

gets minimized (Fig. 4.3c).

MPIs occurring in a hadronic collision lead to the creation of an environment having

several high-momentum partons along with the soft ones in a small region (the overlap area

of the colliding hadrons), leading to high-multiplicity events (see Fig. 4.2). The evolution

of the scattered outgoing partons to final-state collimated hadrons (jets) via fragmentation

and hadronization in such an environment is expected to be different compared to the

situation with no MPI (only one hard scattering per hadronic collision), which could affect

the differential jet shape properties. The fragmentation of independent hard scatterings

(MPIs) becomes correlated due to the color reconnection mechanism [21] described earlier

and is, therefore, expected to further modify the differential jet shapes and properties.

4.2.1.4 Configurations

This study is carried out for minimum bias and high-multiplicity events, which are gener-

ated for pp collisions at
√
B = 13 TeV using PYTHIA 8 Monash 2013 for each of the three

following configurations:

• MPI: OFF, CR: OFF – In this configuration, both multiparton interaction and color

reconnection mechanisms of PYTHIA 8 are absent in the process of event generation

• MPI: ON, CR: OFF – The multiparton interactions are present; however, the color

reconnection mechanism is absent in the simulation process in this configuration
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• MPI: ON, CR: ON – Events are generated in presence of both MPI and CR mecha-

nisms of PYTHIA 8

The configuration ‘MPI: OFF, CR: ON’ is not that important for this study as the effect of

color reconnection on the number of produced particles is expected to be small in absence

of MPI. Fig. 4.4 shows the pseudorapidity and multiplicity distributions in ‘default’ (i.e.,

‘MPI: ON, CR: ON’), ‘MPI Off’ (i.e., ‘MPI: OFF, CR: ON’), ‘CR Off’ (i.e., ‘MPI: ON,

CR: OFF’) and ‘CR & MPI Off’ (i.e., ‘MPI: OFF, CR: OFF’) conditions at mid-rapidity

(|[ | < 0.9). The main implications of the observations are:
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Figure 4.4: Comparative plots of pseudorapidity and multiplicity distributions at mid-

rapidity between different configurations of PYTHIA 8.

• Both the configurations ‘MPI: OFF, CR: ON’ and ‘MPI: OFF, CR: OFF’ do not

differentiate in terms of particle production, which implies that if MPI is OFF, then

CR does not have any significant effect

• The configuration ‘MPI: ON, CR: OFF’ shows enhancement in multiplicity, i.e., CR

seems to reduce or constrain particle production
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4.2.1.5 Selection of events

About 1000 million minimum bias (MB) inelastic events are generated for each of the three

configurations and the high-multiplicity (HM) events are determined as the highest multi-

plicity events from the minimum bias event samples. The high-multiplicity event class is

selected as the one that contains 5% of the total events with the highest multiplicities, based

on the number of charged particles produced in the pseudorapidity regions 2.8 < [ < 5.1

and −3.7 < [ < −1.7. The above selection corresponds to the number of charged par-

ticles to be greater than 24, 127, and 83 for ‘MPI: OFF, CR: OFF’, ‘MPI: ON, CR: OFF’

and ‘MPI: ON, CR: ON’ configurations, respectively. The choice of pseudorapidity range

is guided by the experimentally available coverage range of forward detectors [33] used

for multiplicity selection and is also suitable for studies of charged particles and/or jets

at mid-rapidity so that the possible autocorrelation between the production of charged

particles at forward and mid-rapidity can be minimized.

4.2.2 Particle selection

The study is performed on charged-particle jets, which are reconstructed from the generated

charged particles. The charged particles selected for this study are subjected to the

kinematic cuts: |[ch
particle

| < 0.9 and ?ch
T, particle

> 0.15 GeV/2. The restriction on [ has

given access to the particles only in the mid-rapidity region, whereas the condition for

the particles to have ?T as low as 0.15 GeV/2 has the significance of allowing us to test

perturbative and non-perturbative aspects of jet production. The particle selection criteria

are chosen to match experimental conditions [34, 35].
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4.2.3 Jet reconstruction

Once the suitable particles are selected, jets are reconstructed from those particles us-

ing an infrared- and collinear-safe sequential recombination anti-:T algorithm [36] from

the FastJet package [37] with jet resolution parameter ' (=
√

(Δ[)2 + (Δi)2) = 0.4.

Jets are accepted for the study if |[ch
jet
| < 0.5 (0.9 - ') and jet transverse momentum

?ch
T, jet

> 10 GeV/2. The final results are presented for the intervals 10 < ?ch
T, jet

< 20 GeV/2

and 40 < ?ch
T, jet

< 60 GeV/2.

4.2.4 Jet observables

After the jets are reconstructed from the selected charged particles, one needs to calcu-

late the jet observables, which are defined and discussed in this section. In this work,

the differential transverse momentum distribution of charged-particle jets ( 1
#events

32#
3?T3[

;

where #events is the number of events and # is the number of jets), differential jet

shape (d(A)) and jet fragmentation function (Ich) for charged-particle jets are studied.

Figure 4.5: Jet shape d(A).

The differential jet shape is related to the radial distribu-

tion of jet transverse momentum density inside the jet cone

about the jet axis and is defined as:

d(A) = 1

ΔA

1

#jets

#jets
∑

8=1

?8T(A − ΔA/2, A + ΔA/2)/?ch
T, jet (4.2)

where A is the distance from the jet axis and ?8
T
(A −ΔA/2, A +

ΔA/2) denotes summed ?T of all particles of 8-th jet, inside

the annular ring between A − ΔA/2 and A + ΔA/2.

The jet fragmentation function represents the fraction of the jet transverse momentum

carried by the constituent charged particles and is sensitive to the details of the parton
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showering process. It is defined as:

Ich
=

?ch
T, particle

?ch
T, jet

(4.3)

The study of d(A) and Ich are very important since these observables are sensitive to

both the fragmentation process and the nature of the initial hard-scattered partons (quark

or gluon) [38–42]. In presence of medium, jet constituents lose their energy via inelastic

and elastic scatterings due to jet-medium interaction, and their mean opening angle also

becomes larger. This results in the steepening of Ich and flattening of d(A) distributions,

leading to softening and broadening of jets in medium compared to those in vacuum. The

observables d(A) and Ich are, therefore, sensitive observables showing jet modification in

heavy-ion collisions. In case of high-multiplicity pp and p–Pb collisions, these observables

might be potentially capable of verifying the conjecture of medium formation in small

collision systems [41, 42].

4.2.5 Estimation of underlying event (UE) contribution

Reconstructed jets are contaminated by the underlying event (UE), which can be defined

as the charged particles produced from physics processes other than the fragmentation of

hard-scattered partons. The UE mostly consists of particles from the beam-beam remnants,

initial and final state radiations, and contributions from MPIs [43]. The empirical models

used to describe the non-perturbative aspects in the evolution of a high-energy scattering

event do not allow to clearly distinguish particles originating from hard processes and

the underlying event [44]. In this study, the UE contributions to the considered jet

observables are estimated using the perpendicular cone (PC) method (introduced and

discussed in Sec. 3.1.8). For the estimation of UE contribution to the d(A) distribution,

annular rings of the same size as those inside the jet cones are considered inside each of
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the perpendicular circular regions. The UE contributions to the d(A) and Ich distributions

are respectively calculated using the following expressions:

dUE(A) = 1

ΔA

1

#PC

#PC
∑

8=1

?8T(A − ΔA/2, A + ΔA/2)/?ch
T, jet (4.4)

where #PC is the number of perpendicular cones, A is the distance from the axis of the

perpendicular cone and ?8
T
(A −ΔA/2, A +ΔA/2) denotes summed ?T of all particles inside

the annular ring between A − ΔA/2 and A + ΔA/2 and

Ich,UE
=

?
ch, PC

T, particle

?T, jet

(4.5)

where ?
ch, PC

T, particle
is the ?T of particle in the perpendicular cone. The subtraction of UE is

performed on a statistical basis to obtain the corrected distributions.

In order to perform a systematic check, another method, namely the random cone

(RC) method (described in Sec. 3.1.8), is also applied to estimate the underlying event

contribution in the studied jet observables. As shown in Fig. 4.6, no significant difference

in the UE contribution to d(A) distribution is observed compared to the PC method. A

similar observation is also found for the Ich distribution.

4.2.6 Parton and jet matching

As mentioned in Sec. 4.1, the modifications of jet properties are also investigated for

gluon-initiated jets in this study to understand the dependence of jet modification on the

nature of the initiating parton. To select gluon-initiated jets, one needs to properly match

the hard-scattered partons in an event to the reconstructed charged-particle jets using some

effective algorithm. In this study, a matching algorithm based on the “distance of closest

approach” is taken into consideration. In this algorithm, the two outgoing hard-scattered
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Figure 4.6: Comparison of UE contributions in d(A) for inclusive jets in the interval

10 < ?ch
T, jet

< 20 GeV/2 estimated using random cone (RC) and perpendicular cone (PC)

method.

partons are first identified, and their flavors (quark or gluon) are determined using the

information from the PYTHIA event output. In the same event, unique pairs between

these initial hard-scattered partons and reconstructed jets are then determined in such

a way that the geometrically closest jet is matched to the parent parton. To minimize

incorrect matching, the matched jet and parton are subjected to the condition: Δi < c/2,

where Δi is the difference in i between the parton and the jet to be matched. The jets

having ?T less than 20% of the matched parton ?T, are rejected to avoid fake jets. This

cutoff of 20% for rejecting fake jets is also varied up to 50%, and no significant change in

the final results is observed. The reconstructed jets matched to parent gluons are referred

to as gluon-initiated jets in this study.
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4.3 Results and discussion

Once the jet observables are calculated from both the reconstructed inclusive jets and

gluon-initiated jets, the obtained distributions are presented for MB and HM event classes

and discussed in detail in the following sections.

4.3.1 Comparison with experimental data

Before moving forward with the discussion of obtained results from PYTHIA 8, a com-

parison of the ALICE data [45,46] to PYTHIA 8 predictions is presented in Fig. 4.7 which

shows the ratio of jet fragmentation distributions for charged-particle leading jets in the

interval 10 < ?ch
T, jet

< 20 GeV/2 between high-multiplicity and minimum bias events in pp

collisions at
√
B = 13 TeV. The red solid boxes and blue open triangles represent ALICE

data and PYTHIA 8 Monash 2013 predictions, respectively. The systematic uncertainty

in data is represented by orange bands. For this comparison, the track and jet selection

criteria used in PYTHIA 8 are selected to match those in the data, although the selection

of events is marginally different. In case of the ALICE data presented in Refs. [45, 46],

HM events are selected using the detector level information (based on the two scintillator

detectors V0A and V0C in ALICE) both for data and PYTHIA 8 simulation, whereas

the HM event class in this study is determined based on the information of final-state

particles found in the same pseudorapidity coverage as V0A and V0C (as also described

in Sec. 4.2.1.5). To match the HM event selection criteria as done in Refs. [45, 46], the

HM event class selected for this comparison also contains 0.1% of the total events with

the highest multiplicities. It is interesting to find that PYTHIA 8, without considering any

QGP-medium effects, captures the feature of modification of jet fragmentation observed

in experimental data fairly well, indicating that the underlying physics mechanism(s) are

indeed implemented in this event generator. This essentially provides the importance
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Figure 4.7: Ratio of jet fragmentation distributions for charged-particle leading jets in the

interval 10 < ?ch
T, jet

< 20 GeV/2 between high-multiplicity and minimum bias events in

pp collisions at
√
B = 13 TeV, measured by ALICE [45,46] and compared with PYTHIA 8

Monash 2013 predictions.

of the initiatives to investigate the role of two important physics mechanisms, multipar-

ton interaction and color reconnection, incorporated in PYTHIA 8, in the observed jet

modification in high-multiplicity pp collisions.

4.3.2 Jet shape and jet fragmentation

The jet shape (d(A)) is plotted as a function of distance A from the jet axis for inclusive

charged-particle jets in the interval 10 < ?ch
T, jet

< 20 GeV/2 for HM and MB event classes

in the configurations ‘MPI: ON, CR: ON’ (solid markers) and ‘MPI: OFF, CR: OFF’

(open markers), as shown in the top panel of Fig. 4.8a while the bottom panel shows

the comparisons between the two event classes. The same for jet fragmentation (Ich)

distributions are shown in Fig. 4.8b. For better visibility, the solid markers are scaled by

a factor of 10. It is observed that both jet shape and jet fragmentation distributions are

significantly modified in HM event class compared to that in MB event class in presence

109



Chapter 4 – Investigating multiplicity dependence of jet properties in pp collisions using

PYTHIA simulation

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

1−10

1

10

210

3
10

410

(r
)

ρ

PYTHIA 8 Monash 2013
 = 13 TeVspp 

 < 0.9
ch

particle
η, c > 0.15 GeV/ch

T, particle
p

 = 0.4R jets, TkCharged-particle anti-

 < 0.5
ch

jet
η

c < 20 GeV/ch

T, jet
p < cInclusive jets, 10 GeV/

PYTHIA 8 Monash 2013
 = 13 TeVspp 

 < 0.9
ch

particle
η, c > 0.15 GeV/ch

T, particle
p

 = 0.4R jets, TkCharged-particle anti-

 < 0.5
ch

jet
η

c < 20 GeV/ch

T, jet
p < cInclusive jets, 10 GeV/

1HM (MPI: ON, CR: ON) x 10 1MB (MPI: ON, CR: ON) x 10

HM (MPI: OFF, CR: OFF) MB (MPI: OFF, CR: OFF) 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Distance r from jet axis

0.6

0.7

0.8

0.9

1

1.1

1.2

H
M

 /
 M

B

MPI: ON, CR: ON

MPI: OFF, CR: OFF

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2−10

1−10

1

10

210

3
10

410

5
10

c
h

z
d

N
d

 
je

ts
N

1

PYTHIA 8 Monash 2013
 = 13 TeVspp 

 < 0.9
ch

particle
η, c > 0.15 GeV/ch

T, particle
p

 = 0.4R jets, TkCharged-particle anti-

 < 0.5
ch

jet
η

c < 20 GeV/ch

T, jet
p < cInclusive jets, 10 GeV/

PYTHIA 8 Monash 2013
 = 13 TeVspp 

 < 0.9
ch

particle
η, c > 0.15 GeV/ch

T, particle
p

 = 0.4R jets, TkCharged-particle anti-

 < 0.5
ch

jet
η

c < 20 GeV/ch

T, jet
p < cInclusive jets, 10 GeV/

1HM (MPI: ON, CR: ON) x 10
1MB (MPI: ON, CR: ON) x 10

HM (MPI: OFF, CR: OFF) 
MB (MPI: OFF, CR: OFF) 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ch

T, jet
p/ch

T, particle
p = chz

0.4

0.6

0.8

1

1.2

1.4

H
M

 /
 M

B

MPI: ON, CR: ON

MPI: OFF, CR: OFF

(b)

Figure 4.8: Top panels: Distributions of (a) d(A) and (b) Ich for inclusive charged-

particle jets in pp collisions at
√
B = 13 TeV using PYTHIA 8 Monash 2013 in the interval

10 < ?ch
T, jet

< 20 GeV/2 for ‘MPI: ON, CR: ON’ and ‘MPI: OFF, CR: OFF’ configurations.

Blue circles and red boxes correspond to HM and MB event classes respectively. Bottom

panels: Ratios of (a) d(A) and (b) Ich distributions between HM and MB event classes.

of MPI and CR effects (when both mechanisms are switched ON). The ratio plots show

that, in comparison to MB events, the core of the jet in HM events is depleted of transverse

momentum by about 22%, which is redistributed away from the jet axis. This results in an

enhancement in d(A) at larger A (> 0.15)1. A similar observation is depicted by the ratio

plots of Ich distributions in the bottom panel of Fig. 4.8b. At high Ich (→ 1), the particle

production is significantly suppressed in HM events in comparison to MB events, whereas

at low Ich, enhanced particle production is observed. If one looks at the distributions of

the number of MPIs (#MPI) in both MB and HM event classes with ‘MPI: ON, CR: ON’

configuration, as depicted in Fig. 4.9, one can see that the average number of multiparton

interactions in HM event class is found to be much larger (14.5) compared to that (3.5) in

1Results are shown only up to A = 0.36 as the last bin (A = 0.36 - 0.4) is significantly affected by underlying

event contribution and statistical fluctuations.
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MB event class. The mean values of #MPI are evaluated using the expression:

〈#MPI〉 =
1

#events

#events
∑

8=1

# 8
MPI (4.6)

where #events is the total number of events in the selected event class and # 8
MPI

is the

number of MPIs in the 8-th event, obtained directly from the output of PYTHIA 8.
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Figure 4.9: Distributions of the number of MPIs for HM and MB event classes in ‘MPI: ON,

CR: ON’ configuration.

Interestingly, the observed redistribution of transverse momentum from the jet core to

outer radii and the suppression of high Ich particles are found to reduce significantly in

absence of the MPI and CR effects (when both mechanisms are switched OFF), as shown by

the open markers in Figs. 4.8a and 4.8b. These observations indicate that the mechanisms

of MPI along with CR are responsible for the jet modification observed in PYTHIA.

However, the observed residual depletion at the jet core followed by a small enhancement

at larger A for d(A), and suppression at high Ich for jet fragmentation distribution in

absence of MPI and CR effects, hint toward other additional contributor(s) to the observed
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jet modification. The origin of the residual jet modification in absence of MPI and CR is

investigated and discussed in the next section.

4.3.3 Origin of residual jet modification in absence of MPI and CR

It is expected that gluon-initiated jets fragment into more constituents due to their large

color factor [47, 48]. This makes them softer and broader compared to quark-initiated

jets, which should be reflected in their internal properties, such as jet shape and jet

fragmentation function distributions. Therefore, any difference in the gluonic contribution

in the HM event class compared to MB is expected to modify the distributions of d(A) and

Ich. To estimate the gluonic contribution to jets, matching between the initiating hard-

scatted parton and the reconstructed jet is carried out following the algorithm described

in Sec. 4.2.6, and the gluonic contribution to the inclusive jet sample is estimated as the

fraction of gluon-initiated jets out of the total inclusive matched jets. It is found that a

higher contribution of gluon-initiated jets is present in the inclusive jet sample in HM

events compared to that in MB events, and as one goes towards lower jet ?T, the gluonic

contribution increases. For example, at jet ?T = 10–20 GeV/2, the gluonic contribution

in HM event class is found to be 86% compared to 75% in MB event class while in case

of jets with ?T = 40–60 GeV/2, the gluonic contribution in HM and MB event classes are

81% and 73%, respectively.

Now, the effect of this difference in the gluonic contribution can only be assessed by

looking at the ratios of d(A) and Ich distributions between HM and MB event classes for

gluon-initiated jets only when both MPI and CR effects are switched OFF which are shown

in Fig. 4.10. It is found that the residual effects, as observed in the case of inclusive jets,

have got reduced further in the case of gluon-initiated jets. This observation implies that

one of the major sources of the residual jet modification is the difference in the gluonic

contribution between HM and MB event classes.
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Figure 4.10: Top panels: Distributions of (a) d(A) and (b) Ich for gluon-initiated jets

in pp collisions at
√
B = 13 TeV using PYTHIA 8 Monash 2013 in the interval 10 <

?ch
T, jet

< 20 GeV/2 for ‘MPI: OFF, CR: OFF’ configuration. Blue circles and red boxes

correspond to HM and MB event classes respectively. Bottom panels: Ratios of (a) d(A)
and (b) Ich distributions between HM and MB event classes.

Since the effect of MPI and CR is dominant at low ?T [1] and the difference in gluonic

contribution between HM and MB event classes is smaller at high jet ?T, the observed jet

modification is expected to get reduced at high jet ?T. It is found to be true as is evident

from Figs. 4.11a and 4.11b where comparison of the jet d(A) and Ich distributions for

inclusive jets in the interval 40 < ?ch
T, jet

< 60 GeV/2 between HM and MB event classes

are presented.

A further systematic study is performed to understand the quantitative effects of MPI

and CR on jet modification in terms of the jet shape observable d(A), which is discussed

in the next section.

4.3.4 Effect of MPI and CR on observed jet modification

The effect of multiparton interactions in the modification of d(A) can be estimated ex-

clusively by comparing the d(A) distributions obtained from event samples with different
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Figure 4.11: Top panels: (a) Inclusive charged-particle jet shape (d(A)) distributions and

(b) jet fragmentation (Ich) distributions in pp collisions at
√
B = 13 TeV using PYTHIA 8

Monash 2013 in the interval 40 < ?ch
T, jet

< 60 GeV/2 for ‘MPI: ON, CR: ON’ and

‘MPI: OFF, CR: OFF’ configurations. Blue circles and red boxes correspond to HM and

MB event classes respectively. Bottom panels: Ratios of (a) d(A) and (b) Ich distributions

between HM and MB event classes.

numbers of MPIs. To do this, the minimum bias event sample is divided into four different

classes: I, II, III, and IV, which contain events with the number of MPIs > 4, 8, 12, and 20,

respectively. For this study, the default configuration (‘MPI: ON, CR: ON’) of PYTHIA 8

is used and inclusive jets in the interval 10 < ?ch
T, jet

< 20 GeV/2 are considered to estimate

the jet shape d(A). The average numbers of multiparton interactions (〈#MPI〉) for different

event classes are calculated using Eq. 4.6, and are shown in Table 4.1. The ratios of

d(A) distributions obtained for different event classes with respect to that in minimum bias

events are shown in Fig. 4.12. It is observed, as expected, that the amount of modification

at the core of the jet increases for the event classes with larger number of MPIs. For exam-

ple, the modification at the jet core is the highest, reaching up to 40% for the event class

IV where 〈#MPI〉 = 22. This observation exclusively supports a direct relation between

the amount of modification of d(A) and the number of MPIs in PYTHIA 8.

In order to assess the effect of color reconnection on the modification in jet d(A), the
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Table 4.1: Values of 〈#MPI〉

Event class 〈#MPI〉
MB 3.5

I 9.1

II 12.4

III 15.3

IV 22
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Figure 4.12: Ratios of d(A) distributions of different event classes (I: red solid box, II:

black open circle, III: red open box, IV: blue open triangle) with respect to that in MB

event class.

d(A) distributions for ‘MPI: ON, CR: ON’ and ‘MPI: ON, CR: OFF’ configurations are

compared with the d(A) distribution for ‘MPI: OFF, CR: OFF’ configuration in minimum

bias event class for inclusive jets in the interval 10 < ?ch
T, jet

< 20 GeV/2, as shown in

Fig. 4.13. About 26% modification of jet core is observed in presence of MPI only, while

the modification reaches up to 33% once both MPI and CR effects are present.
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Figure 4.13: Top panel: Inclusive charged-particle jet shape (d(A)) distributions in pp col-

lisions at
√
B = 13 TeV using PYTHIA 8 Monash 2013 in the interval 10< ?ch

T, jet
< 20 GeV/2

in MB event class. Open red boxes, open black triangles and solid blue circles correspond

to ‘MPI: OFF, CR: OFF’ (C1), ‘MPI: ON, CR: OFF’ (C2) and ‘MPI: ON, CR: ON’ (C3)

configurations respectively. Bottom panel: Ratios of d(A) distributions for the last two

configurations (C2 and C3) with respect to the first configuration (C1).

4.3.5 Effect of change in gluonic contribution on observed jet modifi-

cation

The effect of difference in gluonic contribution on jet modification can be studied by

considering jet samples with different gluonic contributions. To do this, gluon-initiated

jets are randomly removed by 10%, 20%, and 30% from the inclusive matched jet sample

(sample-I, where the gluonic contribution is 81.2%) of minimum bias events. The resulting

inclusive jet samples contain 79.6% (sample-II), 77.6% (sample-III), and 75.1% (sample-

IV) gluonic contributions, respectively. Now, the ratios of d(A) distributions obtained

from these samples to that from the minimum bias one, as shown in Fig. 4.14, illustrate the

sensitivity of jet modification to the difference in gluonic contribution. The modification

of jet d(A) is found to increase with increasing differences in the fraction of gluon-initiated
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Figure 4.14: Ratio of d(A) distributions obtained from sample-II, sample-III and sample-

IV to that in sample-I (MB) in ‘MPI: ON, CR: ON’ configuration.

jets, as expected. It is found that a difference of 6% in the gluonic contribution (from 81.2%

to 75.1%) results in about 7% modification of the jet core (d(A) |A→0). This observation

further supports our finding (as discussed in Sec. 4.3.3) that the amount of jet modification

depends on the difference in gluonic contribution.

4.3.6 Jet ?T spectra: effect of MPI and CR

To understand the effect of MPI and CR on the inclusive jet ?T spectra, a comparison of jet

?T spectra between the three considered configurations: ‘MPI: ON, CR: ON’, ‘MPI: ON,

CR: OFF’, and ‘MPI: OFF, CR: OFF’, are shown in Fig. 4.15 for the MB event class.

The jet ?T spectra are shown in the top panel, and the ratios of the spectra in ‘MPI: ON,

CR: ON’ and ‘MPI: ON, CR: OFF’ configurations with that in ‘MPI: OFF, CR: OFF’

configuration are depicted in the bottom panel. The comparisons show that when MPI

and CR effects are considered, the rate of jet production increases, especially at low jet

?T. The jet production rate at jet ?T = 10–15 GeV/2 is observed to increase by about 60%
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Figure 4.15: Top panel: Inclusive charged-particle jet ?T spectra in pp collisions at√
B = 13 TeV using PYTHIA 8 Monash 2013 for MB event class. Open red boxes, open

black triangles and solid blue circles correspond to ‘MPI: OFF, CR: OFF’ (C1), ‘MPI: ON,

CR: OFF’ (C2) and ‘MPI: ON, CR: ON’ (C3) configurations respectively. Bottom panel:

Ratios of ?T spectra for the last two configurations (C2 and C3) with respect to the first

configuration (C1).

when only MPI is switched ON, while it increases further to around 86% if both MPI and

CR are turned ON. As jet ?T increases, the observed increase in the jet production rate

is found to decrease for both configurations, indicating multiple jet production caused by

multiparton interactions at low jet ?T [1], as expected.
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“Summary writing is the art of capturing the essence of a story in

a few brushstrokes."

— Edgar Alan Poe

Chapter 5

Summary and outlook

This thesis presents measurements of internal jet properties, including the mean charged-

particle multiplicity (〈#ch〉) and the jet fragmentation function (Ich
= ?track

T
/?jet, ch

T
), for

charged-particle leading jets in pp and p–Pb collisions at
√
BNN = 5.02 TeV using ex-

perimental data from the ALICE experiment at CERN. These measurements report the

first experimental observation of jet modification in p–Pb collisions at LHC energies,

marking a pivotal milestone in the ongoing research of anomalous heavy-ion-like signa-

tures observed in small collision systems. A multiplicity-dependent study of internal jet

properties, namely jet shape d(A) and jet fragmentation function (Ich) for charged-particle

inclusive jets in pp collisions at
√
B = 13 TeV using the PYTHIA 8 Monte Carlo event

generator is also presented in this thesis. The study shows significant modification of jet

shape and fragmentation in PYTHIA, where no QGP-medium effects are implemented.

A more detailed study is performed further to identify the possible underlying physics

mechanisms responsible for this modification in the absence of QGP-medium.

This thesis also presents an overview of the theoretical background, including the

Standard Model of particle physics, the theory of strong interaction, i.e., quantum chro-

modynamics, quark-gluon plasma and its signatures in view of heavy-ion collisions, small
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collision systems and their importance, and a comprehensive description of jets, which are

essential to understand the research works presented, along with the physics motivation to

perform the measurements in small collision systems. An overview of the experimental

facility used for the measurements is also presented in this thesis. A detailed summary of

the two research works presented in this thesis is discussed below.

Measurement of charged-particle leading jet properties in pp and p–Pb collisions

with ALICE

In this work, charged-particle leading jet properties, namely the mean charged-particle

multiplicity (〈#ch〉) and the jet fragmentation function (Ich
= ?track

T
/?jet, ch

T
) are measured

as a function of jet ?T in minimum bias pp collisions and both minimum bias and 0–20%

central p–Pb collisions at
√
BNN = 5.02 TeV using ALICE data. The measurements

are performed for charged-particle leading jets in the interval of 20 < ?
jet, ch

T
< 100

GeV/2. Jets are reconstructed using the anti-:T algorithm with jet resolution parameter

' = 0.4. To correct the raw distributions for instrumental effects, a two-dimensional

unfolding technique based on the Bayes’ theorem implemented in the RooUnfold software

package is employed. A jet and track matching framework is developed to construct the

four-dimensional response matrices used in the unfolding procedure. The contributions

from the underlying events (UE) to the measured jet observables are quantified using the

perpendicular cone method and subtracted on a statistical basis after correcting those for

instrumental effects. In addition, improved median method and improved random cone

method are also employed for the estimation of UE as a systematic check. Systematic

uncertainties from various sources are estimated for the reported distributions of jet ob-

servables. Systematic uncertainties due to track reconstruction inefficiency and change of

prior are found to be the dominant sources, among others.

It has been observed that in all collision systems, the average number of charged
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particles within a jet (〈#ch〉) increases monotonically with the leading jet transverse

momentum (?T), albeit the rate of increase gradually decreases as the jet ?T becomes larger.

These observations imply that high-momentum jets fragment into harder jet constituents.

PYTHIA 8 model with Monash 2013 tune tends to overestimate the pp data by up to 10%.

In case of p–Pb collisions, PYTHIA 8 Angantyr model shows better agreement with data

compared to DPMJET model for both minimum bias and central events. However, at low

jet ?T, DPMJET model appears to underestimate data.

A comparison of 〈#ch〉 distributions between minimum bias p–Pb and pp collisions in

data reveals a slight increase (10%) in minimum bias p–Pb collisions, particularly at low

jet ?T, suggesting potential jet modification. Interestingly, PYTHIA 8 Angantyr model

exhibits similar behavior, albeit slightly underestimating the data. The comparison of

〈#ch〉 distributions between minimum bias and central p–Pb collisions in data indicates

no significant change except at the lowest jet ?T bin (20–30 GeV/2), where the change is

below 5%. Both PYTHIA 8 Angantyr and DPMJET models reproduce the data fairly well

within systematic uncertainties.

The distributions of Ich for different jet ?T ranges exhibit consistency with each other

within systematic uncertainties in all three collision systems, except at very low and high

Ich values for minimum bias pp collisions and at high Ich values for minimum bias p–Pb

collisions. The overall behavior suggests that the jet fragmentation pattern does not vary

considerably with jet ?T.

The measured Ich distributions are compared with various Monte Carlo (MC) model

predictions. In case of pp collisions, PYTHIA 8 model with Monash 2013 tune adequately

reproduces the data at low Ich values (< 0.4) within systematic uncertainties but tends to

underestimate the data at intermediate and high Ich values for the considered jet ?T ranges.

For minimum bias p–Pb collisions, all three MC models, DPMJET, EPOS LHC, and

PYTHIA 8 Angantyr, are found to reasonably explain the jet fragmentation distributions,
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except for the last bin within systematic uncertainties. In case of central p–Pb collisions,

all the models reproduce the data within approximately 20%, with EPOS LHC showing a

slightly different trend compared to other models for the ?T range of 20–30 GeV/2.

To investigate the nuclear effect on jet fragmentation functions, Ich distributions are

compared between minimum bias proton-lead (p–Pb) and proton-proton (pp) collisions

for leading jet ?T intervals of 20–30 GeV/2, 30–40 GeV/2, and 40–60 GeV/2. Notably, the

jet fragmentation pattern significantly differs in minimum bias p–Pb collisions compared

to minimum bias pp collisions. Ratios indicate a slight enhancement of low Ich particles,

followed by substantial suppression of high Ich particles within jets. This jet modification

is most pronounced for the lowest jet ?T interval of 20–30 GeV/2 and diminishes notably

with increasing jet ?T. Interestingly, no significant modification is observed at jet ?T

= 40–60 GeV/2, consistent with findings from other experiments in similar kinematic

regime. Nevertheless, these results mark the first observation of jet modification in p–Pb

collisions relative to pp collisions at LHC energies. Surprisingly, the characteristics of

jet modification observed in data align qualitatively with predictions from the PYTHIA 8

Angantyr model, which does not incorporate jet quenching effects.

A similar trend emerges when comparing Ich distributions between central and min-

imum bias p–Pb collisions for the three reported jet ?T ranges. The jet ?T-dependent

modification of jet fragmentation pattern is also evident between central and minimum

bias p–Pb collisions, with the most significant modification observed at the lowest jet

?T interval. Notably, both PYTHIA 8 Angantyr and DPMJET models, without imple-

mentation of any QGP-medium effects, qualitatively capture similar behavior. Further

investigation using PYTHIA 8 Angangyr model shows that multiparton interaction (MPI)

and color reconnection (CR) mechanisms might play a role in the jet modification shown

by PYTHIA.

Exciting observations are found in this investigation about modifications of jet frag-
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mentation, especially for low ?T jets (20 – 30 GeV/2) observed in both minimum bias and

central p–Pb collisions compared to minimum bias pp and minimum bias p–Pb collisions,

respectively. Even though it is difficult to explicitly determine from these experimental

measurements whether these effects are the result of QGP droplet formation, some other

physics phenomena, or bias-related artifacts in the measurements, these observations are

still intriguing because they show features counter-intuitive to our conventional expecta-

tion.

Multiplicity-dependent study of internal jet properties in pp collisions using PYTHIA

simulation

In this work, the multiplicity dependence of internal jet properties, such as jet shape d(A)

and jet fragmentation function (Ich) is studied in pp collisions at
√
B = 13 TeV, using the

PYTHIA 8 Monte Carlo event generator. The study is performed with charged-particle jets

in the interval of 10 < ?
jet, ch

T
< 60 GeV/2 for minimum bias (MB) and high-multiplicity

(HM) event classes of pp collisions. Jets are reconstructed from charged particles at

mid-rapidity using the anti-:T jet finding algorithm with jet resolution parameter ' = 0.4.

Contributions from UE are estimated using the perpendicular cone method and subtracted

on a statistical basis. The distributions of d(A) and Ich are obtained with ‘MPI: OFF,

CR: OFF’, ‘MPI: ON, CR: OFF’ and ‘MPI: ON, CR: ON’ configurations of PYTHIA 8

MC event generator. The HM event class is defined as the event class containing the top

5% of the total events with the highest multiplicities, based on the total number of charged

particles produced in the pseudorapidity ranges 2.8 < [ < 5.1 and −3.7 < [ < −1.7.

Significant modifications of jet shape d(A) and jet fragmentation Ich distributions are

observed in HM event class compared to MB event class for 10 < ?ch
T, jet

< 20 GeV/2. The

jet core (d(A) |A→0) is modified by about 22% followed by a small enhancement at larger

A (> 0.15) whereas the production of high Ich particles is suppressed by about 40% at
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Ich → 1 in HM event class compared to that in MB. The amounts of modification in d(A)

and Ich distributions for inclusive charged-particle jets in HM events compared to MB

events are found to get reduced noticeably in absence of MPI and CR mechanisms. It is

also found that distributions of these jet observables for gluon-initiated jets show no or very

little modification compared to the inclusive jets, leading to the conclusion that enhanced

number of MPIs and the change in the number of gluon-initiated jets in high-multiplicity

events compared to minimum bias ones, along with the color reconnection mechanism

are the main sources causing modifications of d(A) and Ich distributions. For high-?T jets

(40 < ?ch
T, jet

< 60 GeV/2), the observed jet modification is significantly reduced. A direct

connection of 〈#MPI〉 and gluonic contribution with the amount of modification in d(A)

is also found – the larger the number of MPIs and/or gluonic contribution, the larger the

amount of modification of d(A).

The findings of this work emphasize the necessity of a better understanding of the

origin of particle production in high-multiplicity events in pp collisions. The modification

of d(A) and Ich in HM events and their strong correlations with the underlying physics

mechanisms such as MPI and CR as well as with the change in the gluonic contribution

compared to that in MB events demand a very careful study and interpretation of such

observables by the experimental community. Although disentangling gluon-initiated jets

experimentally will be challenging, however, studying the multiplicity dependence of d(A)

and Ich for pure gluonic jets would be worth pursuing.

As a continuation of the presented work, the following studies might be considered as

a future work plan by the interested groups:

• The measurements of internal jet properties have been performed for the charged-

particle leading jets, which are mostly gluon-dominated at LHC energies. It will

be interesting to study the internal jet properties for photon-tagged jets (quark-

dominated) and heavy-quark-tagged jets, which will help us understand the depen-
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dence of jet modification on the nature of the parton (quark or gluon). Similar

measurements in heavy-ion collisions will be useful to understand the effect of

jet-medium interactions and mass- and flavor-dependent energy loss in presence of

QGP-medium.

• Investigation of the observed jet modification in p–Pb collisions using PYTHIA 8

Angantyr model showed that multiparton interaction and color reconnection mech-

anisms are partially responsible for the feature shown by PYTHIA. A detailed study

to explore other possible reason(s) including various applicable models as well as

theoretical efforts on this front might be worthwhile to understand the underlying

physics.

• The multiplicity-dependent study of internal jet properties in pp collisions has been

performed using PYTHIA 8 Monte Carlo event generator, where the multiparton

interaction and color reconnection mechanisms have been shown to have effects on

the observed jet modification. It will be interesting to perform a similar study with

other event generators, which may explain the modification in a different way, e.g.,

EPOS 4 incorporates hydrodynamic evolution, unlike PYTHIA.
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Figure A.1: Raw distributions of 〈#ch〉 as a function of leading jet ?T in minimum bias

pp collisions.

A.1 Minimum bias pp

Figure A.1 shows the uncorrected signal distributions contaminated with UE (red solid

circles) and corresponding UE distributions (blue open boxes) of 〈#ch〉 as a function of

leading jet ?T in minimum bias pp collisions. Figures A.2, A.3 and A.4 show the un-

corrected signal distributions contaminated with UE (red solid circles) and corresponding

UE distributions (blue open boxes) of Ich for leading jet ?T = 20–30 GeV/2, 30–40 GeV/2

and 40–60 GeV/2 in minimum bias pp collisions.

A.2 Minimum bias p–Pb

Figure A.5 shows the uncorrected signal distributions contaminated with UE (red solid

circles) and corresponding UE distributions (blue open boxes) of 〈#ch〉 as a function of

leading jet ?T in minimum bias p–Pb collisions. Figures A.6, A.7 and A.8 show the un-

corrected signal distributions contaminated with UE (red solid circles) and corresponding

UE distributions (blue open boxes) of Ich for leading jet ?T = 20–30 GeV/2, 30–40 GeV/2
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Figure A.2: Raw Ich distributions for lead-

ing jet ?T = 20–30 GeV/2 in minimum bias

pp collisions.
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Figure A.3: Raw Ich distributions for lead-

ing jet ?T = 30–40 GeV/2 in minimum bias

pp collisions.
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Figure A.4: Raw Ich distributions for lead-

ing jet ?T = 40–60 GeV/2 in minimum bias

pp collisions.
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Figure A.5: Raw distributions of 〈#ch〉 as a function of leading jet ?T in minimum bias

p–Pb collisions.

and 40–60 GeV/2 in minimum bias p–Pb collisions.

A.3 0–20% central p–Pb

Figure A.9 shows the uncorrected signal distributions contaminated with UE (red solid

circles) and corresponding UE distributions (blue open boxes) of 〈#ch〉 as a function of

leading jet ?T in 0–20% central p–Pb collisions. The UE contribution is larger in central

p–Pb collisions compared to that in minimum bias ones as expected. Figures A.10, A.11

and A.12 show the uncorrected signal distributions contaminated with UE (red solid

circles) and corresponding UE distributions (blue open boxes) of Ich for leading jet ?T =

20–30 GeV/2, 30–40 GeV/2 and 40–60 GeV/2 in 0–20% central p–Pb collisions.
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Figure A.6: Raw Ich distributions for lead-

ing jet ?T = 20–30 GeV/2 in minimum bias

p–Pb collisions.
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Figure A.7: Raw Ich distributions for lead-

ing jet ?T = 30–40 GeV/2 in minimum bias

p–Pb collisions.
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Figure A.8: Raw Ich distributions for lead-

ing jet ?T = 40–60 GeV/2 in minimum bias

p–Pb collisions.
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Figure A.9: Raw distributions of 〈#ch〉 as a function of leading jet ?T in 0–20% central

p–Pb collisions.
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Figure A.10: Raw Ich distributions for lead-

ing jet ?T = 20–30 GeV/2 in 0–20% central

p–Pb collisions.
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Figure A.11: Raw Ich distributions for lead-

ing jet ?T = 30–40 GeV/2 in 0–20% central

p–Pb collisions.
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Figure A.12: Raw Ich distributions for lead-

ing jet ?T = 40–60 GeV/2 in 0–20% central

p–Pb collisions.
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collisions at 5.02 TeV

Figures B.1, B.2 and B.3 show the projections of response matrices for #ch (left) and

#UE
ch

(right) in minimum bias and 0-20% central p–Pb and minimum bias pp collisions

respectively. Figures B.4-B.11 show the projections of response matrices for jet fragmen-

taion function (left) and its UE (right) for different intervals of leading detector-level jet

?T in minimum bias and 0-20% central p–Pb and minimum bias pp collisions.
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Figure B.1: Projections of response matrices for #ch (left) and #UE
ch

(right) in minimum

bias p–Pb collisions.
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Figure B.2: Projections of response matrices for #ch (left) and #UE
ch

(right) in 0-20%

central p–Pb collisions.

140



Chapter B – Projections of 4-D response matrices for the jet observables in pp and p–Pb

collisions at 5.02 TeV

1

10

210

310

410

510

610

710

810

0 5 10 15 20 25 30 35
det
chN

0

5

10

15

20

25

30

35

p
a
rt

c
h

N

1

10

210

310

410

510

610

710

810

0 5 10 15 20 25 30 35
UE,det

chN

0

5

10

15

20

25

30

35

U
E

,p
a
rt

c
h

N

Figure B.3: Projections of response matrices for #ch (left) and #UE
ch

(right) in minimum

bias pp collisions.
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Figure B.4: Projections of response matrices for fragmentation function (left) and its UE

(right) for leading detector-level jet ?T = 20–30 GeV/2 in minimum bias p–Pb collisions.
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Figure B.5: Projections of response matrices for fragmentation function (left) and its UE

(right) for leading detector-level jet ?T = 20–30 GeV/2 in 0-20% central p–Pb collisions.
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Figure B.6: Projections of response matrices for fragmentation function (left) and its UE

(right) for leading detector-level jet ?T = 20–30 GeV/2 in minimum bias pp collisions.
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Figure B.7: Projections of response matrices for fragmentation function (left) and its UE

(right) for leading detector-level jet ?T = 30–40 GeV/2 in minimum bias p–Pb collisions.

1

10

210

3
10

410

5
10

6
10

c = 30 - 40 GeV/jet, ch

T, det
p

0 0.2 0.4 0.6 0.8 1
ch,detz

0

0.2

0.4

0.6

0.8

1

c
h
,p

a
rt

z

c = 30 - 40 GeV/jet, ch

T, det
p

1

10

210

3
10

410

5
10

6
10

c = 30 - 40 GeV/jet, ch

T, det
p

0 0.2 0.4 0.6 0.8 1
ch,UE,detz

0

0.2

0.4

0.6

0.8

1

c
h
,U

E
,p

a
rt

z

c = 30 - 40 GeV/jet, ch

T, det
p

Figure B.8: Projections of response matrices for fragmentation function (left) and its UE

(right) for leading detector-level jet ?T = 30–40 GeV/2 in 0-20% central p–Pb collisions.
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Figure B.9: Projections of response matrices for fragmentation function (left) and its UE

(right) for leading detector-level jet ?T = 30–40 GeV/2 in minimum bias pp collisions.
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Figure B.10: Projections of response matrices for fragmentation function (left) and its UE

(right) for leading detector-level jet ?T = 40–60 GeV/2 in minimum bias p–Pb collisions.
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Figure B.11: Projections of response matrices for fragmentation function (left) and its UE

(right) for leading detector-level jet ?T = 40–60 GeV/2 in 0-20% central p–Pb collisions.
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Figure B.12: Projections of response matrices for fragmentation function (left) and its UE

(right) for leading detector-level jet ?T = 40–60 GeV/2 in minimum bias pp collisions.
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Appendix C

Results of MC closure tests for the jet

observables in pp and p–Pb collisions at

5.02 TeV
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Chapter C – Results of MC closure tests for the jet observables in pp and p–Pb collisions

at 5.02 TeV

C.1 Results of statistical closure tests

The full set of plots showing the statistical closure tests for the default number of iterations

is presented here. Figures C.1, C.2 and C.3 show the performance of statistical closure test

for 〈#ch〉 in minimum bias and central p–Pb collisions and minimum bias pp collisions,

respectively. The same for their UE contributions are shown in Figs. C.4, C.5 and C.6.

Similarly, the performance of statistical closure tests for Ich and the corresponding UE

contributions are shown in Figs. C.7– C.24. Except for the low statistics regions in the UE

distributions at high jet ?T and high Ich, the performance of this closure test is satisfactory

within statistical uncertainties. There is significant scale difference between the signal and

UE (signal is much larger), so these fluctuations in UE distributions will be well within

total systematic uncertainties.
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Figure C.1: 〈#ch〉 distributions in mini-

mum bias p–Pb collisions: statistical clo-

sure (iteration 3).
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Figure C.2: 〈#ch〉 distributions in 0–20%

central p–Pb collisions: statistical closure

(iteration 3).
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Figure C.3: 〈#ch〉 distributions in mini-

mum bias pp collisions: statistical closure

(iteration 3).
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Figure C.4: UE contribution to 〈#ch〉 dis-

tribution in minimum bias p–Pb collisions:

statistical closure (iteration 3).
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Figure C.5: UE contribution to 〈#ch〉 dis-

tribution in 0–20% central p–Pb collisions:

statistical closure (iteration 3).
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Figure C.6: UE contribution to 〈#ch〉 dis-

tribution in minimum bias pp collisions:

statistical closure (iteration 3).
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Figure C.7: Ich distributions for leading

jet ?T = 20–30 GeV/2. in minimum bias

p–Pb collisions: statistical closure (itera-

tion 2).
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Figure C.8: Ich distributions for leading

jet ?T = 20–30 GeV/2. in 0–20% central

p–Pb collisions: statistical closure (itera-

tion 2).
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Figure C.9: Ich distributions for leading

jet ?T = 20–30 GeV/2. in minimum bias

pp collisions: statistical closure (iteration

3).
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Figure C.10: UE contribution to Ich distri-

butions for leading jet ?T = 20–30 GeV/2. in

minimum bias p–Pb collisions: statistical

closure (iteration 2).
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Figure C.11: UE contribution to Ich distri-

butions for leading jet ?T = 20–30 GeV/2. in

0–20% central p–Pb collisions: statistical

closure (iteration 2).
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Figure C.12: UE contribution to Ich distri-

butions for leading jet ?T = 20–30 GeV/2. in

minimum bias pp collisions: statistical clo-

sure (iteration 3).
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Figure C.13: Ich distributions for leading

jet ?T = 30–40 GeV/2. in minimum bias

p–Pb collisions: statistical closure (itera-

tion 2).
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Figure C.14: Ich distributions for leading

jet ?T = 30–40 GeV/2. in 0–20% central

p–Pb collisions: statistical closure (itera-

tion 2).
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Figure C.15: Ich distributions for leading

jet ?T = 30–40 GeV/2. in minimum bias

pp collisions: statistical closure (iteration

3).
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Figure C.16: UE contribution to Ich distri-

butions for leading jet ?T = 30–40 GeV/2. in

minimum bias p–Pb collisions: statistical

closure (iteration 2).
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Figure C.17: UE contribution to Ich distri-

butions for leading jet ?T = 30–40 GeV/2. in

0–20% central p–Pb collisions: statistical

closure (iteration 2).
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Figure C.18: UE contribution to Ich distri-

butions for leading jet ?T = 30–40 GeV/2. in

minimum bias pp collisions: statistical clo-

sure (iteration 3).
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Figure C.19: Ich distributions for leading

jet ?T = 40–60 GeV/2. in minimum bias

p–Pb collisions: statistical closure (itera-

tion 2).

0 0.2 0.4 0.6 0.8 1

3−10

2−10

1−10

1

10

210

310

410c
h

z
d

N
d

 
je

ts
N

1

ALICE Simulation

 = 5.02 TeV
NN

sp-Pb 

 = 0.4R jets with TkCh. particle anti-

c = 40 - 60 GeV/
jet,ch

T
p

Statistical Closure

True

Unfolded (Iter: 2)

0 0.2 0.4 0.6 0.8 1
jet,ch

T
p/

particle

T
p = chz

0.6

0.8

1

1.2

1.4

U
n

fo
ld

e
d

/T
ru

e

Figure C.20: Ich distributions for leading

jet ?T = 40–60 GeV/2. in 0–20% central

p–Pb collisions: statistical closure (itera-

tion 2).
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Figure C.21: Ich distributions for leading

jet ?T = 40–60 GeV/2. in minimum bias

pp collisions: statistical closure (iteration

3).
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Figure C.22: UE contribution to Ich distri-

butions for leading jet ?T = 40–60 GeV/2. in

minimum bias p–Pb collisions: statistical

closure (iteration 2).
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Figure C.23: UE contribution to Ich distri-

butions for leading jet ?T = 40–60 GeV/2. in

0–20% central p–Pb collisions: statistical

closure (iteration 2).
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Figure C.24: UE contribution to Ich distri-

butions for leading jet ?T = 40–60 GeV/2. in

minimum bias pp collisions: statistical clo-

sure (iteration 3).
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C.2 Results of shape closure tests

The full set of plots showing the shape closure tests for the default number of iterations is

presented here. Figures C.25, C.26 and C.27 show the performance of shape closure test

for 〈#ch〉 in minimum bias and central p–Pb collisions and minimum bias pp collisions,

respectively. The same for their UE contributions are shown in figs. C.28, C.29 and C.30.

Similarly, the performance of shape closure tests for Ich and the corresponding UE con-

tributions are shown in figs. C.31– C.48. Good and reasonable closure is observed within

uncertainties except at high jet ?T and high Ich in the UE distributions where the statistical

fluctuations dominate. Nonetheless, a prior uncertainty is included in the total systematic

uncertainty which will incorporate all these effects.
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Figure C.25: 〈#ch〉 distributions in mini-

mum bias p–Pb collisions: shape closure

(iteration 3).
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Figure C.26: 〈#ch〉 distributions in 0–20%

central p–Pb collisions: shape closure (it-

eration 3).
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Figure C.27: 〈#ch〉 distributions in mini-

mum bias pp collisions: shape closure (it-

eration 3).
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Figure C.28: 〈#ch〉 distributions in mini-

mum bias p–Pb collisions: shape closure

(iteration 3).
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Figure C.29: 〈#ch〉 distributions in 0–20%

central p–Pb collisions: shape closure (it-

eration 3).
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Figure C.30: 〈#ch〉 distributions in mini-

mum bias pp collisions: shape closure (it-

eration 3).
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Figure C.31: Ich distributions for leading

jet ?T = 20–30 GeV/2. in minimum bias

p–Pb collisions: shape closure (iteration

2).
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Figure C.32: Ich distributions for leading

jet ?T = 20–30 GeV/2. in 0–20% central

p–Pb collisions: shape closure (iteration

2).
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Figure C.33: Ich distributions for leading

jet ?T = 20–30 GeV/2. in minimum bias

pp collisions: shape closure (iteration 3).
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Figure C.34: UE contribution to Ich distri-

butions for leading jet ?T = 20–30 GeV/2. in

minimum bias p–Pb collisions: shape clo-

sure (iteration 2).
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Figure C.35: UE contribution to Ich distri-

butions for leading jet ?T = 20–30 GeV/2. in

0–20% central p–Pb collisions: shape clo-

sure (iteration 2).
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Figure C.36: UE contribution to Ich distri-

butions for leading jet ?T = 20–30 GeV/2. in

minimum bias pp collisions: shape closure

(iteration 3).
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Figure C.37: Ich distributions for leading

jet ?T = 30–40 GeV/2. in minimum bias

p–Pb collisions: shape closure (iteration

2).
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Figure C.38: Ich distributions for leading

jet ?T = 30–40 GeV/2. in 0–20% central

p–Pb collisions: shape closure (iteration

2).
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Figure C.39: Ich distributions for leading

jet ?T = 30–40 GeV/2. in minimum bias

pp collisions: shape closure (iteration 3).
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Figure C.40: UE contribution to Ich distri-

butions for leading jet ?T = 30–40 GeV/2. in

minimum bias p–Pb collisions: shape clo-

sure (iteration 2).
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Figure C.41: UE contribution to Ich distri-

butions for leading jet ?T = 30–40 GeV/2. in

0–20% central p–Pb collisions: shape clo-

sure (iteration 2).
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Figure C.42: UE contribution to Ich distri-

butions for leading jet ?T = 30–40 GeV/2. in

minimum bias pp collisions: shape closure

(iteration 3).
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Figure C.43: Ich distributions for leading

jet ?T = 40–60 GeV/2. in minimum bias

p–Pb collisions: shape closure (iteration

2).
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Figure C.44: Ich distributions for leading

jet ?T = 40–60 GeV/2. in 0–20% central

p–Pb collisions: shape closure (iteration

2).
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Figure C.45: Ich distributions for leading

jet ?T = 40–60 GeV/2. in minimum bias

pp collisions: shape closure (iteration 3).
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Figure C.46: UE contribution to Ich distri-

butions for leading jet ?T = 40–60 GeV/2. in

minimum bias p–Pb collisions: shape clo-
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Figure C.47: UE contribution to Ich distri-

butions for leading jet ?T = 40–60 GeV/2. in

0–20% central p–Pb collisions: shape clo-

sure (iteration 2).
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Figure D.1: Breakdown of total systematic

uncertainty in 〈#ch〉 distribution into sys-

tematic uncertainties from different sources

in minimum bias pp collisions.
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Figure D.2: Breakdown of total systematic

uncertainty in Ich distributions for leading

jet ?T = 20–30 GeV/2 into systematic uncer-

tainties from different sources in minimum

bias pp collisions.

D.1 Minimum bias pp

Total systematic uncertainty and its components are shown in Fig. D.1 for 〈#ch〉 and

Figs. D.2-D.4 for fragmentation function. The major contributors are mostly the uncer-

tainties coming from track reconstruction inefficiency and change of prior except for Ich

distributions at jet ?T =20 – 30 GeV/2 where bin truncation uncertainty dominates at

intermediate and high Ich.

D.2 Minimum bias p–Pb

Total systematic uncertainty and its components are shown in Fig. D.5 for 〈#ch〉 and

Figs. D.6-D.8 for fragmentation function. The major contributors are mostly the uncer-

tainties coming from tracking inefficiency and change of prior. For the Ich distributions

at the lowest jet ?T range = 20 – 30 GeV/2, the uncertainty due to bin truncation is the

dominant one at intermediate and high Ich values, which is expected since the truncated

bin at the lower side (10 GeV/2) is very close to this kinematic range.
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jet ?T = 30–40 GeV/2 into systematic uncer-
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Figure D.4: Breakdown of total systematic

uncertainty in Ich distributions for leading

jet ?T = 40–60 GeV/2 into systematic uncer-

tainties from different sources in minimum

bias pp collisions.
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Figure D.5: Breakdown of total systematic

uncertainty in 〈#ch〉 distribution into sys-

tematic uncertainties from different sources

in minimum bias p–Pb collisions.
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Figure D.6: Breakdown of total systematic

uncertainty in Ich distributions for leading

jet ?T = 20–30 GeV/2 into systematic uncer-
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Figure D.7: Breakdown of total systematic

uncertainty in Ich distributions for leading

jet ?T = 30–40 GeV/2 into systematic uncer-

tainties from different sources in minimum
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Figure D.8: Breakdown of total systematic

uncertainty in Ich distributions for leading

jet ?T = 40–60 GeV/2 into systematic uncer-

tainties from different sources in minimum

bias p–Pb collisions.

D.3 0–20% central p–Pb

Total systematic uncertainty and its components are shown in Fig. D.9 for 〈#ch〉 and

Figs. D.10-D.12 for fragmentation function. Like the minimum bias p–Pb case, here the

major contributors mostly are the uncertainties due to tracking inefficiency and change of

prior except for Ich distributions at jet ?T =20 – 30 GeV/2 where bin truncation uncertainty

dominates at intermediate and high Ich.
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Figure D.9: Breakdown of total systematic

uncertainty in 〈#ch〉 distribution into sys-

tematic uncertainties from different sources

in 0–20% central p–Pb collisions.
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Figure D.10: Breakdown of total system-

atic uncertainty in Ich distributions for lead-

ing jet ?T = 20-30 GeV/2 into systematic

uncertainties from different sources in 0–

20% central p–Pb collisions.
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Figure D.11: Breakdown of total system-

atic uncertainty in Ich distributions for lead-

ing jet ?T = 30-40 GeV/2 into systematic

uncertainties from different sources in 0–

20% central p–Pb collisions.

0 0.2 0.4 0.6 0.8 1
chz

0

0.1

0.2

0.3

0.4

0.5

F
ra

c
ti
o

n
a

l 
S

y
s
. 

U
n

c
.

0

0.1

0.2

0.3

0.4

0.5

FF40to60 (0 - 20% V0A)

Total Iteration

Track efficiency Prior Changed

UE Bin truncation

Figure D.12: Breakdown of total system-

atic uncertainty in Ich distributions for lead-

ing jet ?T = 40-60 GeV/2 into systematic

uncertainties from different sources in 0–

20% central p–Pb collisions.
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Chapter E – Investigation of jet modification in p–Pb collisions using PYTHIA 8

Angantyr model

The measurements of jet fragmentation (Ich) distributions presented in Chapter 3 have

shown jet modification in minimum bias (MB) and central p–Pb collisions compared to

minimum bias pp and minimum bias p–Pb collisions, respectively. The magnitude of

the jet modification is also found to be maximum for the lowest ?T-jets reported (20–30

GeV/2). Interestingly, PYTHIA 8 Angantyr model exhibits similar behavior of jet-?T-

dependent modification of jet fragmentation as observed in data, although the model does

not incorporate any QGP-medium effect. Therefore, an investigation of this behavior using

PYTHIA 8 Angantyr model might help us to understand the possible source(s) leading to

jet modification in this model and might also provide us some insights about the similar

behavior observed in data if it is not due to the formation of QGP-medium.

Following the prescription of the study presented in Chapter 4, the distributions of jet

fragmentation function (Ich) are measured for charged-particle leading jets in minimum

bias pp collisions and minimum bias and central p–Pb collisions at
√
BNN = 5.02 TeV,

using PYTHIA 8 Angantyr model for two configurations: ‘MPI: ON, CR: ON’, and

‘MPI: OFF, CR: OFF’. The obtained distributions for jet ?T = 20–30 GeV/2 are compared

between minimum bias p–Pb and pp collisions, as shown in Fig. E.1a and between central

and minimum bias p–Pb collisions, as shown in Fig. E.1b. The top panels show the Ich

distributions, whereas the ratios of the distributions between different collision systems

are shown in the bottom panels. The Ich distributions for the configuration ‘MPI: ON,

CR: ON’ are scaled by a factor of 10 for better visibility.

The main observations are as follows:

1. Significant modifications of jet fragmentation function (Ich) distributions are ob-

served between minimum bias p–Pb and pp collisions and between central and

minimum bias p–Pb collisions in presence of MPI and CR effects

2. In both cases, the magnitudes of modification get reduced when the MPI and CR

mechanisms are switched OFF
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Figure E.1: Top panels: Charged-particle leading jet fragmentation (Ich) distributions in (a)

minimum bias pp and p–Pb collisions and (b) minimum bias and central p–Pb collisions at√
BNN = 5.02 TeV using PYTHIA 8 Angantyr model in the interval 20< ?ch

T, jet
< 30 GeV/2

for ‘MPI: ON, CR: ON’ and ‘MPI: OFF, CR: OFF’ configurations. Bottom panels: Ratios

of Ich distributions (a) between minimum bias p–Pb and pp collisions and (b) between

central and minimum bias p–Pb collisions.

3. Even in absence of MPI and CR effects, there are residual modifications that are not

small

It is worth mentioning that the average number of MPIs (〈#MPI〉) in minimum bias

pp, minimum bias p–Pb, and central p–Pb collisions are found to be 3.3, 7.4, and 10.3,

respectively. The observations indicate that multiparton interactions (MPI) and color re-

connection (CR) mechanisms are responsible for the observed jet modification in p–Pb

collisions, however, only partially. Some other physics mechanisms in PYTHIA 8 Angan-

tyr model might be playing a role here and would be worth exploring for future studies.

It is important to note that further investigation of this residual effect with gluon-initiated

jets, as performed in Chapter 4 for pp collisions, is not straightforward for p–Pb collisions

using the PYTHIA 8 Angantyr model because this model considers several sub-collisions

and finally combine them, which makes the matching of the leading jet to its parent parton

(gluon or quark), to a certain degree, ambiguous.
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Abstract: Recent  studies  on  high-multiplicity  events  in  small  collision  systems  (proton-proton  and  proton-lead)
have drawn considerable research interest  toward the possibility of the formation of partonic medium in such sys-
tems. One of the important consequences of the formation of dense partonic medium is the quenching of high-mo-
mentum final-state particles, resulting in several experimental observations such as suppression in nuclear modifica-
tion factor  , modification of jet shape observable   and jet fragmentation ( ) distributions, etc. In this work,
we study   and   for inclusive charged-particle jets in proton-proton (pp) collisions at   = 13 TeV using the
PYTHIA 8 Monash 2013 Monte Carlo simulation. We show that the color reconnection (CR) and multiparton inter-
action (MPI) mechanisms in PYTHIA 8 can lead to an increased rate of jet production. We also find that the mech-
anisms of MPI and CR and change in the gluonic contribution in high-multiplicity events result in significant modi-
fication of   and   compared to those in minimum bias events for 10   20 GeV/c. We notice a direct
connection  of   and  gluonic  contribution  with  the  amount  of  modification  in  :  the  larger  the  number  of
MPIs and/or gluonic contribution, the larger the amount of modification of  .
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I.  INTRODUCTION

>> λQCD Q2

Experimental observations at RHIC and LHC have re-
vealed  that  a  system  of  deconfined  quarks  and  gluons,
known  as  Quark-Gluon  Plasma  (QGP),  is  formed  in
heavy-ion  (AA) collisions  at  relativistic  speeds  [1−7].  A
conclusive statement  about  the  formation  of  QGP   re-
quires a comparison of measurements in heavy-ion colli-
sions with those from proton-proton (pp) and proton-nuc-
leus (pA)  collisions  at  similar  energies,  where   conven-
tionally no such system is expected to be present. Among
others,  jet  quenching  and  collective  effects  are  the  two
most striking observations whose presence in AA and ab-
sence in pp and pA collisions provide strong evidence of
QGP formation [8]. In high-energy elementary, hadronic,
and  nucleus-nucleus  collisions,  the  processes  with  large
(at  a  scale  )  momentum transfer  (large  )  res-
ult  in  two back-to-back high-momentum partons (quarks

and  gluons).  These  high-momentum  partons  lose  their
virtuality by producing a collimated cascade of partons in
the direction of the parent parton. Eventually, all partons
manifest themselves  into  collimated  showers  of   experi-
mentally detectable hadrons, known as jets, via soft had-
ronization processes.  The  jet  production  and  its   proper-
ties  are  well  described  by  the  theory  of  perturbative
Quantum  Chromodynamics  (pQCD)  in  pp  collisions
[9−11].

Although  theoretical  calculations  [12−15] have   hin-
ted  towards  the  possibility  of  collective  effects  in  small
collision systems long ago, with the onset of LHC, sever-
al  experimental  observations  and  model  calculations
could actually find signatures indicating the existence of
these  effects  in  pp  and  pA  collisions,  especially  at  high
multiplicities [16−28]. Interestingly, no jet quenching has
been  reported  in  such  events  [29,  30].  It  has,  therefore,
drawn an  immense  interest  in  the  study  and  understand-
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ing  of  the  dynamics  of  small  collision  systems  on  both
theoretical and experimental  fronts.  Recently,  several  ef-
forts  have  been  made  to  understand  the  sources  for  the
production of high-multiplicity events and their effects on
the  final-state  particles  [31−64].  It  is  suggested  in  Refs.
[52−54,  65]  that  the  existence  of  color-glass-condensate
in the  initial  state  can  give  rise  to  large  particle  produc-
tion.  The  phenomena  such  as  color  reconnections  (CR)
between the  outgoing  partons  and  multiparton   interac-
tions (MPI) are also found to explain the production of a
large number of  final-state  particles  in  pp collisions [27,
39, 41, 42]. Ample signatures such as radial flow-like ef-
fects on spectra, ridge-like structure, mass ordering of el-
liptic flow ( ), strangeness enhancement, etc., which are
traditionally  explained  through  the  presence  of  hot  and
dense  QGP medium in  AA collisions,  are  also  observed
experimentally  in  high-multiplicity  pp  and  pA collisions
at  LHC  energies.  Surprisingly,  the  inclusive  jet  nuclear
modification  factor  ( )  is  found  to  be  unity,  thereby
challenging the notion of medium formation in these sys-
tems. In AA collisions, among others, differential jet ob-
servables  such  as  jet  shape  ( )  and  jet  fragmentation
function  ( )  are  studied  to  understand  the  jet-medium
interaction in  detail  [66−72].  Jets  are  found to  get  softer
and  broader  in  the  presence  of  a  medium  due  to  elastic
and  inelastic  collisions.  Let  us  now  concentrate  on  the
present  status  of  pp  studies.  Interestingly,  recent  ALICE
measurement  [73]  of  jet  fragmentation  function  ( )  in
pp collisions at   = 13 TeV shows significant modifica-
tion  at  high  multiplicity  compared  to  minimum  bias
events.  This  is  also  reproduced  by  PYTHIA  8  Monash
2013,  where  no  QGP  medium effect  is  implemented.  In
Ref.  [74],  MPI  and  CR  mechanisms  of  PYTHIA  8  are
shown  to  modify  jet  shape  ( )  distributions  in  high-
multiplicity  pp  collisions;  however,  the  exact  interplay
between  these  mechanisms  causing  the  jet  modification
has  not  been  studied  yet.  Moreover,  the  modification  of
different jet  observables may also have different degrees
of  sensitivity  on  the  nature  of  the  parent  parton.  It  is,
therefore,  of  utmost  importance  to  understand  in  detail
and  quantify  various  contributions  from  the  individual
sources  leading  to  the  jet  modification  in  PYTHIA  8  in
the absence of the medium.

ρ(r)

zch

ρ(r) zch

In  this  work,  we  study  the  jet  shape  observable 
and jet fragmentation function ( ) in minimum bias and
high-multiplicity event classes using the PYTHIA 8 Mon-
ash 2013 MC event generator. The study is performed in
the  presence  and  absence  of  two  important  mechanisms
in PYTHIA 8, CR, and MPI (which are found to explain
some of the experimentally observed flow-like features in
high-multiplicity  pp  collisions  [27,  39,  41,  42]). To   un-
derstand the sensitivity of   and   on the nature of the
parton,  the  gluon-initiated  jets  and  their  contributions  to
the total  inclusive  jets  are  estimated,  and  associated   ef-
fects on these observables are studied. The effect of mul-

ρ(r) zch

tiparton  interactions  is  also  studied  exclusively  by  using
event samples with different numbers of MPIs. This study
will help us identify and understand the impacts of MPI,
CR,  and  gluonic  contribution  on    and    distribu-
tions.

The paper is  organized as follows. The details  of the
analysis and PYTHIA 8 simulation are discussed in Sec.
II. Section III describes the observable used in this study,
and the underlying event estimation technique is detailed
in Sec.  IV.  The  obtained  results  in  this  work  are   dis-
cussed in Sec. V. Finally, we conclude with a summary in
Sec. VI. 

II.  PYTHIA SIMULATION AND ANALYSIS
DETAILS

pT

αs(MZ) = 0.130

This  study  is  performed  on  events  generated  using
PYTHIA 8 (version 8.219) Monash 2013 [75].  PYTHIA
8  is  a  multiparton  interaction-based  pQCD-inspired
Monte  Carlo  event  generator  widely  used  for  hadronic
collisions.  It  performs  transverse-momentum-ordered
( -ordered) parton showering, which interleaves the en-
tire perturbative evolution (initial state radiation (ISR), fi-
nal state  radiation  (FSR),  and  MPI),  and  the  angular  or-
dering  is  imposed  by  an  additional  veto  [76, 77].  It  also
includes color reconnection mechanism [78, 79]. Hadron-
ization in PYTHIA 8 proceeds via string breaking as de-
scribed by the Lund string model [80]. The Monash 2013
tune is based on a large set of LHC distributions, starting
from a  careful  comparison  and  tuning  to  LEP  data.  The
PDF  used  is  the  NNPDF2.3  [81]  QCD+QED  LO  with

.
MPI is a natural consequence of the composite struc-

ture  of  the  colliding  hadrons,  leading  to  several  parton-
parton interactions occurring in one hadron-hadron colli-
sion (the schematic is shown in Fig. 1) and is implemen-
ted in PYTHIA 8 through a single unified framework [82]
that incorporates both soft and hard QCD MPI processes
[83].

The implementation  of  the  color  reconnection  mech-
anism in PYTHIA 8 is schematically illustrated in Fig. 2.
The  connection  between  the  outgoing  partons  and  the
beam  remnants  through  color  strings  in  the  case  of  a
single  hard  scattering  is  shown  in  Fig.  2  (a).  A  second
hard  scattering  (Fig.  2  (b))  can  be  naively  expected  to
give rise to two new strings connected to the beam rem-
nants. This would result in a proportional increase in mul-
tiplicity;  however,  to  successfully  fit  the  data  (see  Ref.
[83] and references therein), it is instead assumed that the
partons  are  color  reconnected  so  that  the  total  string
length gets minimized (Fig. 2 (c)).

MPIs occurring in a hadronic collision lead to the cre-
ation  of  an  environment  having  several  high-momentum
partons  along  with  the  soft  ones  in  a  small  region  (the
overlap  area  of  the  colliding  hadrons),  leading  to  high-
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multiplicity events. The evolution of the scattered outgo-
ing  partons  to  final-state  collimated  hadrons  (jets)  via
fragmentation and hadronization in such an environment
is expected to be different compared to the situation with
no MPI (only one hard scattering per hadronic collision),
which  could  affect  the  differential  jet  shape  properties.
The  fragmentation  of  independent  hard  scatterings
(MPIs) becomes correlated due to the color reconnection
mechanism [39] described earlier and is, therefore, expec-
ted to further modify the differential jet shape properties.

√
s

For  this  study,  about  1000  million  minimum  bias
(MB)  inelastic  events  are  generated  for  pp  collisions  at

 = 13 TeV using PYTHIA 8 Monash 2013 for each of
the three following configurations:
 

●  MPI:  OFF,  CR:  OFF –  In  this  configuration,  both
multiparton interaction  and  color  reconnection   mechan-
isms of PYTHIA 8 are absent in the process of event gen-
eration
 

● MPI: ON, CR: OFF – The multiparton interactions
are  present;  however,  the  color  reconnection  mechanism
is absent in the simulation process in this configuration
 

●  MPI:  ON,  CR:  ON  –  Events  are  generated  in  the
presence of both MPI and CR mechanisms of PYTHIA 8
 
The configuration 'MPI: OFF, CR: ON' is not that import-
ant  for  this  study  as  the  effect  of  color  reconnection  on

2.8 <

η < −3.7 < η < −

|ηch
particle|

pch
T,particle

pT

the number of produced particles is small in the absence
of MPI. High-multiplicity (HM) event class is selected as
the  one  that  contains  5%  of  the  total  events  with  the
highest  multiplicities,  based  on  the  number  of  charged
particles  produced  in  the  pseudorapidity  regions 

 5.1 and  1.7. The above selection corres-
ponds  to  the  number  of  charged  particles  to  be  greater
than 24, 127, and 83 for 'MPI: OFF, CR: OFF', 'MPI: ON,
CR: OFF',  and  'MPI:  ON,  CR:  ON'  configurations,   re-
spectively.  The choice of pseudorapidity range is  guided
by the  experimentally  available  coverage  range  of   for-
ward  detectors  [84]  used  for  multiplicity  selection.  The
current study is performed using the particles produced at
mid-rapidity  to  avoid  autocorrelation.  The  generated
particles are subjected to the kinematic cuts:   < 0.9
and   > 0.15 GeV/c. The restriction on η has given
access  to  the  particles  only  in  the  mid-rapidity  region,
whereas the condition for the particles to have   as low
as 0.15 GeV/c has the significance of allowing us to test
perturbative  and  non-perturbative aspects  of  jet   produc-
tion.  The  particle  selection  criteria  are  chosen  to  match
experimental conditions [10, 85].

kT
√

(∆η)2+ (∆ϕ)2

|ηch
jet|

pch
T, jet

Jets are reconstructed with charged particles using an
infrared-  and  collinear-safe  sequential  recombination
anti-  algorithm [86] from the FastJet package [87] with
jet  resolution  parameter R  (= )  =  0.4.  Jets
are  accepted  for  the  study if   <  0.5  (0.9  - R)  and jet
transverse momentum   > 10 GeV/c.

To  select  gluon-initiated  jets,  one  needs  to  properly

 

Fig. 1.    (color online) Single hard scattering (left) and multiple hard scatterings, i.e., MPI (right), occurring in a single proton-proton
collision.

 

Fig. 2.      Illustration of the color reconnection mechanism in PYTHIA 8 (image directly extracted from Ref.  [83]).  (a) The outgoing
gluons are color-connected to the projectile and target beam remnants. (b) A second hard scattering with two new strings connected to
the beam remnants. (c) Color reconnected partons minimizing the total string length.
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pT

pT

match the hard-scattered partons in an event to the recon-
structed  charged-particle jets  using  some  effective   al-
gorithm.  We  have  taken  into  consideration  an  algorithm
based on  the  "distance  of  closest  approach".  In  this   al-
gorithm, first, we identify the two outgoing hard scattered
partons and  their  flavors  (quark  or  gluon)  using  the   in-
formation  from  the  PYTHIA  event  output.  In  the  same
event, we then determine unique pairs between these ini-
tial hard-scattered partons and reconstructed jets in such a
way  that  the  geometrically  closest  jet  is  matched  to  the
parent  parton.  The  jets  having    less  than  20%  of  the
matched  parton    are  rejected  to  avoid  fake  jets.  This
cutoff  of  20% for  rejecting fake jets  is  also varied up to
50% and no significant  change in the final  results  is  ob-
served.  The  reconstructed  jets  matched  to  parent  gluons
are considered gluon-initiated jets. 

III.  OBSERVABLES

1

Nevents

d2N

dpTdη

Nevents

ρ(r)

zch

In this work, we study the differential transverse mo-
mentum  distribution  of  charged-particle  jets  ( ;
where    is  the number of events,  and N  is the num-
ber of jets), differential jet shape ( ), and jet fragment-
ation function ( ) for charged-particle jets.

The differential jet shape is related to the radial distri-
bution of  jet  transverse momentum density inside the jet
cone about the jet axis and is defined as: 

ρ(r) =
1

∆r

1

Njets

Njets
∑

i=1

pi
T(r−∆r/2,r+∆r/2)/pch

T, jet (1)

pi
T(r−∆r/2,r+∆r/2) pT

r−∆r/2 r+∆r/2

where  r  is  the  distance  from  the  jet  axis,  and
  denotes  the  summed    of  all

particles  of  i-th  jet  inside  the  annular  ring  between
 and  .

The jet fragmentation function represents the fraction
of the  jet  transverse  momentum  carried  by  the   constitu-
ent charged particles and is sensitive to the details of the
parton showering process. It is defined as: 

zch
=

pch
T,particle

pch
T, jet

(2)

ρ(r) zch

zch ρ(r)

ρ(r)

The study of   and   is very important since these
observables are  sensitive  to  both  the  fragmentation   pro-
cess  and  the  nature  of  the  initial  hard-scattered  partons
(quark or gluon) [88−92]. In the presence of the medium,
jet  constituents  lose their  energy via inelastic  and elastic
scatterings due to jet-medium interaction, and their mean
opening  angle  also  becomes  larger.  This  results  in  the
steepening of   and flattening of   distributions, lead-
ing  to  the  broadening  and  softening  of  jets  in  medium
compared  to  those  in  vacuum.  The  observables    and

zch   are  sensitive  to  the  degree  of  jet  modification  in
heavy-ion  collisions.  In  the  case  of  high-multiplicity  pp
and  p–Pb collisions,  these  observables  might  be   poten-
tially  capable  of  verifying  the  conjecture  of  medium
formation in small collision systems [91, 92]. 

IV.  UNDERLYING EVENT

∆ϕ = ±π/2
ρ(r)

ρ(r) zch

Reconstructed jets  are  contaminated  by  the   underly-
ing  event  (UE)  which  can  be  defined  as  the  charged
particles  except  those  coming  from the  fragmentation  of
hard-scattered  partons.  The  UE  mostly  consists  of
particles  from the  beam-beam remnants,  initial  and  final
state  radiations,  and  contributions  from  MPIs  [93].  The
empirical models used for the description of the non-per-
turbative  aspects  in  the  evolution  of  a  high-energy  scat-
tering  event  do  not  allow  to  clearly  distinguish  particles
originating from hard processes and the underlying event
[94]. The  UE  is  estimated  from  circular  regions   trans-
verse to the measured jet cones, known as the perpendic-
ular  cone  (PC)  method,  in  each  event.  The  size  of  these
circular regions is defined by the radius of the jet R = 0.4
at the same pseudorapidity  as  the considered jet  but  off-
set at an azimuthal angle   relative to the jet ax-
is. For the estimation of UE contribution to the   distri-
bution, annular rings of the same size as those inside the
jet cones are considered inside each of the perpendicular
circular regions. The UE contributions to the   and 
distributions are respectively calculated using the follow-
ing expressions: 

ρUE(r) =
1

∆r

1

NPC

NPC
∑

i=1

pi
T(r−∆r/2,r+∆r/2)/pch

T, jet, (3)

NPC

pi
T(r−∆r/2,r+∆r/2) pT

r−∆r/2 r+∆r/2

where   is the number of perpendicular cones, r is the
distance  from  the  axis  of  the  perpendicular  cone,  and

 denotes  summed   of  all  particles
inside the annular ring between   and   and 

zch,UE
=

p
ch,PC
T,particle

pT, jet

, (4)

p
ch,PC
T,particle pTwhere   is the   of a particle in the perpendicular

cone. The subtraction of UE is performed on a statistical
basis to obtain the corrected distributions.

π/3 < ∆ϕ < 2π/3

−2π/3 < ∆ϕ < −π/3 ∆ϕ

To perform a systematic  check,  a  random cone (RC)
method  is  also  applied  to  estimate  the  underlying  event
contribution in  the  studied  jet  observables.  In  this  meth-
od, two cones are randomly generated with the same η as
the considered jet,  but in the expanded transverse region
(one  cone  within    and  another  within

,   being the difference between the
considered jet and the random cone in azimuthal angle φ)
with respect to the jet axis, unlike at a fixed value of azi-

Prottoy Das, Abhi Modak, Debjani Banerjee et al. Chin. Phys. C 48, 013105 (2024)

013105-4



∆ϕ = ±π/2muthal angle ( ) as in PC method. No signific-
ant difference is observed in the UE contribution as com-
pared to the PC method. 

V.  RESULTS AND DISCUSSION
 

A.    Comparison with experimental data

pT 10 <

pch
T, jet < √

s

First, we compare the ALICE data [73] to PYTHIA 8
predictions  in Fig.  3,  which  shows  the  ratio  of  charged-
particle jet fragmentation distributions for leading jets (jet
with  the  highest    in  an  event)  in  the  interval 

  20  GeV/c  between  high-multiplicity and  minim-
um bias  event  classes  in  pp  collisions  at    =  13  TeV.
Similar track  and  jet  selection  criteria  as  in  data  are   ap-
plied  in  PYTHIA  8  for  this  comparison.  However,  the
event  selection  is  slightly  different.  In  Ref.  [73],  HM
events  are  selected  using  the  detector  level  information
(based on the two scintillator detectors V0A and V0C in
ALICE) both for data and PYTHIA 8 simulation; where-
as,  in  this  study,  we  use  the  information  of  final-state
particles in  the  same  pseudorapidity  coverage  as   de-
scribed  in  Sec.  II.  In  this  case,  the  selected  HM  event
class comprises 0.1% of the total events with the highest
multiplicities to match the selection criteria of Ref.  [73].
Nonetheless, it  is  found  that,  even  without   implementa-
tion of any medium effects, PYTHIA 8 reproduces the jet
modification observed  in  data  fairly  well.  This   observa-
tion is  very  interesting  and  indicates  that  PYTHIA 8   in-
deed  incorporates  underlying  physics  mechanism(s)

pT

ρ(r)

zch

which can  capture  the  features  of  jet  modification   ob-
served in experimental data. It is, therefore, very import-
ant to understand these underlying physics mechanism(s)
in PYTHIA 8.  We investigate the effect  of  MPI and CR
on the transverse momentum ( ) spectra of the charged-
particle jets, jet shape ( ), and jet fragmentation func-
tion ( ) in MB and HM event classes.
 

pTB.    Jet  spectra
pT

pT

pT

pT

pT

We  compare  the    spectra  of  charged-particle  jets
between  'MPI:  ON,  CR:  ON',  'MPI:  ON,  CR:  OFF',  and
'MPI: OFF, CR: OFF' configurations in Fig. 4 for the MB
event  class.  The  top  panel  shows  the    spectra  of
charged-particle jets, and the bottom panel shows the ra-
tios of spectra in 'MPI: ON, CR: ON' and 'MPI: ON, CR:
OFF'  configurations  with  that  in  'MPI:  OFF,  CR:  OFF'
configuration.  It  is  interesting to  observe that  the  rate  of
jet  production  increases  when  MPI  effects  are  switched
ON. Compared  to  the  'MPI:  OFF,  CR:  OFF'   configura-
tion,  the  rate  of  jet  production  increases  by  about  60%
when  only  MPI  is  switched  ON  while  it  increases  to
about 86% when CR is switched ON in addition to MPI
at low jet   (10 − 15 GeV/c).  The observed increase in
the rate of jet production decreases with increasing jet 
for both configurations.  This is  an indication of multiple
jet  production  due  to  multiparton  interactions,  which  is
expected to be more prominent at low jet   [82].
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Fig. 3.    (color online) Ratio of charged-particle jet fragment-
ation distributions for leading jets in the interval 10 
20 GeV/c between high-multiplicity and minimum bias event
classes in pp collisions at   = 13 TeV. The red solid boxes
and blue open triangles represent ALICE data and PYTHIA 8
Monash 2013 predictions, respectively. The systematic uncer-
tainty in data is represented by orange bands.
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s

pT

Fig.  4.      (color online) Top  panel:  Inclusive  charged-particle
jet   spectra in pp collisions at   = 13 TeV using PYTHIA
8  Monash  2013  for  MB  event  class.  Open  red  boxes,  open
black  triangles,  and  solid  blue  circles  correspond  to  'MPI:
OFF,  CR:  OFF'  (C1),  'MPI:  ON,  CR:  OFF'  (C2)  and  'MPI:
ON, CR: ON' (C3) configurations respectively. Bottom panel:
Ratios  of    spectra  for  the  last  two  configurations  (C2  and
C3) with respect to the first configuration (C1).
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C.    Jet shape and jet fragmentation

ρ(r)

zch
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T, jet <

Figs. 5 (a) and 5 (b) show, respectively, the jet shape
( ) plotted as a function of distance r from the jet axis
and  jet  fragmentation  ( )  for  inclusive  charged-particle
jets in the interval 10   20 GeV/c for HM and MB
event classes in the top panels and their corresponding ra-
tios  in  the  bottom  panels.  The  solid  and  open  markers
represent 'MPI: ON, CR: ON' and 'MPI: OFF, CR: OFF'
configurations,  respectively.  Solid markers  are  scaled by
a  factor  of  10  for  better  readability.  Significant  amounts
of modifications in jet  shape and jet  fragmentation func-
tion are observed in the HM event class compared to that
in the MB event class.

ρ(r)

ρ(r)

> 0.15

zch

zch

zch→

NMPI

The modification in jet shape is more prominent when
CR  and  MPI  effects  are  switched  ON.  As  evident  from
the ratio plots of   as shown in Fig. 5 (a) (bottom pan-
el),  the  core  of  the  jet  in  HM event  class  is  depleted  by
about 22%, and the energy is redistributed away from the
jet  axis,  resulting  in  an  enhancement  in    at  larger  r
( ). Results are shown only up to r = 0.36 as the last
bin (r = 0.36−0.4) is significantly affected by underlying
event  contribution  and  statistical  fluctuations.  The  ratio
plots  of   distributions,  as  shown in Fig.  5 (b)  (bottom
panel) illustrate  a  similar  observation  where  the  produc-
tion  of  high    particles  is  substantially  suppressed  (by
about 40% at   1) in the HM event class compared to
that in MB. We look at the distributions of the number of
MPIs  ( )  in  both  MB  and  HM  event  classes  with
'MPI:  ON,  CR:  ON'  configuration  and  evaluated  their
mean values using the expression: 

⟨NMPI⟩ =
1

Nevents

Nevents
∑

i=1

N i
MPI, (5)

Nevents

N i
MPI

NMPI

where   is the total number of events in the selected
event  class,  and    is  the  number  of  MPIs  in  the  i-th
event,  obtained  directly  from  PYTHIA  8.  Fig.  6  shows
the   distributions for the two event classes.  It  is   im-
portant to note that the average number of multiparton in-
teractions in the HM event class is found to be much lar-
ger (14.5) compared to that (3.5) in the MB event class.

zch

ρ(r) zch

It is very interesting to notice that the effect of redis-
tribution of energy from the jet core to outer radii and the
suppression of high   particles are significantly reduced
when the CR and MPI effects in PYTHIA 8 are switched
OFF.  A  small  depletion  of  the  core  and  enhancement  at
larger r  for   and suppression at  high    for jet   frag-
mentation distribution are, however, still present. The ori-
gin  of  this  residual  effect  of  jet  modification  in  'MPI:
OFF, CR: OFF' configuration can be understood in terms
of the difference in the contribution of gluon-initiated jets
in  HM event  class  compared to  that  in  MB as  discussed
below.

< pch
T, jet < < pch

T, jet <

Gluon-initiated  jets  are  expected  to  fragment  into
more constituents  and  become  softer  and  broader   com-
pared to quark-initiated jets due to their large color factor
[95,  96].  By  applying  the  matching  procedure  described
in  Sec.  II,  we  identify  the  charged-particle  jets  initiated
from  the  initial  hard-scattered  partons  (quark  or  gluon)
and  estimate  the  gluonic  contribution  as  the  fraction  of
gluon-initiated jets out of the inclusive matched jets. We
find that the inclusive matched jets in the HM event class
contain  higher  contributions  from  gluon-initiated  jets
compared to those in the MB event class.  For the jets in
the  interval  10    20  GeV/c  (40    60
GeV/c), the contribution from gluon-initiated jets is 86%
(81%)  in  HM while  75%  (73%)  in  the  MB  event  class.
This  difference  in  the  gluonic  contribution  in  the  HM
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Fig. 5.    (color online) Top panels: Distributions of (a)   and (b)   for inclusive charged-particle jets in pp collisions at   = 13
TeV using PYTHIA 8 Monash 2013 in the interval 10   20 GeV/c for 'MPI: ON, CR: ON' and 'MPI: OFF, CR: OFF' configura-
tions. Blue circles and red boxes correspond to HM and MB event classes, respectively. Bottom panels: Ratios of (a)   and (b) 
distributions between HM and MB event classes.
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event  class  compared  to  MB  is,  therefore,  expected  to
modify  the  distributions  of    and  .  To  remove  this
dependence on the difference in gluonic contribution, we
look  at  the  ratios  of    and    distributions  between
HM and MB event classes for gluon-initiated jets only in
the 'MPI: OFF, CR: OFF' configuration, as shown in Fig.
7. We find that the residual effects observed in case of in-
clusive jets  further  get  reduced  and  the  ratio  tends   to-
wards unity.

pT

ρ(r)

zch < pch
T, jet <

The effect of MPI and CR is dominant at low   [82],
therefore the observed jet modification is expected to get
reduced at  higher jet  transverse momentum region. Figs.
8 (a) and 8 (b) show respectively the distributions of 
and   in the interval 40   60 GeV/c for HM and

pT

MB event classes in the top panels and their ratios in the
bottom panels. It is found that the amount of jet modifica-
tion is significantly reduced at higher jet  .

ρ(r) zch

We conclude from the above observations (Figs. 5, 7
and  8) that  the  main  sources  responsible  for   modifica-
tions  of    and    in  PYTHIA  8  in  HM  event  class
compared to  that  in  MB event  class  are  the  mechanisms
of MPI and CR and change in the contribution of gluon-
initiated jets in HM event class.

ρ(r)

To further understand the effect of MPI on jet modi-
fication more accurately in a quantitative manner, we per-
form a systematic study using only the jet shape observ-
able   with event samples having different numbers of
MPIs,  as  discussed  in  the  next  subsection.  The  effect  of
CR on jet modification is also quantified. 

D.    Effect of MPI and CR on observed jet modification

ρ(r)

>

< pch
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⟨NMPI⟩

ρ(r)

⟨NMPI⟩ ⟨NMPI⟩

ρ(r)

To investigate  the  role  of  multiparton  interactions  in
the  modification  of  ,  we  divide  the  event  samples
based on the number of MPIs into four different classes,
I,  II,  III,  and  IV,  containing  events  with  the  number  of
MPIs   4, 8, 12, and 20, respectively. This study is per-
formed  using  PYTHIA  8  with  default  configuration
('MPI: ON, CR: ON') and for inclusive jets in the interval
10   20 GeV/c.  We estimate the average number
of  multiparton  interactions  ( )  for  different  event
classes  using  Eq.  (5)  and  correlate  it  to  the  amount  of
modification  observed in  . Table  1 shows the  values
of   for different event classes. The value of 
increases from 9.1 to 22 while going from event class I to
IV. Fig. 9 shows the ratios of   distributions of differ-
ent  event  classes  with  respect  to  that  in  the  MB  event

 

Fig.  6.      (color online) Distributions  of  no.  of  MPIs  for  HM
and MB event classes in 'MPI: ON, CR: ON' configuration.
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Fig. 7.    (color online) Top panels: Distributions of (a)   and (b)   for gluon-initiated jets in pp collisions at   = 13 TeV using
PYTHIA 8 Monash 2013 in the interval 10   20 GeV/c for 'MPI: OFF, CR: OFF' configuration. Blue circles and red boxes cor-
respond to HM and MB event  classes respectively.  Bottom panels:  Ratios of  (a)   and (b)   distributions between HM and MB
event classes.
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class. The amount of modification observed in   at the
jet core increases for event classes with larger  . For
event class IV, where   = 22, the modification at the
jet core is the highest, reaching up to 40%. This observa-
tion exclusively supports the existence of a direct connec-
tion between the amount of  modification of   and the
number of MPIs in PYTHIA 8.

ρ(r)

< pch
T, jet <

To  quantify  the  effect  of  CR,  we  compare  the 
distributions for 'MPI: ON, CR: ON' and 'MPI: ON, CR:
OFF' configurations with 'MPI: OFF, CR: OFF' configur-
ation in one event class (MB) for inclusive jets in the in-
terval  10   20 GeV/c as  shown in Fig.  10. Com-
pared to 'MPI: OFF, CR: OFF' configuration, about 26%
(7%) of modification of jet core, r = 0−0.02 (outer region,
r  =  0.24−0.28)  is  observed  when  only  MPI  is  switched
ON while the modification increases to 33% (16%) when
CR is switched ON in addition to MPI. 

E.    Effect of change in gluonic contribution on ob-
served jet modification

ρ(r)

To  understand  exclusively  the  effect  of  change  in
gluonic  contribution  on  jet  modification,  we  study 

< pch
T, jet <distribution  in  the  interval  10   20  GeV/c  for  jet

samples  containing  different  fractions  of  gluon-initiated
jets. We perform this study using PYTHIA 8 with default
configuration ('MPI: ON, CR: ON'). We first consider in-
clusive matched jets from MB events as sample-I (where
the gluonic contribution is 81.2%); then, we randomly re-
move  10%,  20%,  and  30%  of  gluon-initiated  jets  from
sample-I  to  obtain  sample-II,  sample-III,  and  sample-IV
respectively  which  correspond  to  79.6%,  77.6%  and
75.1% gluonic contributions in inclusive matched jets. To
illustrate the sensitivity of jet modification to the change
in the fraction of gluon-initiated jets, we study the ratio of
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Fig. 8.    (color online) Top panels: (a) Inclusive charged-particle jet shape ( ) distributions and (b) jet fragmentation ( ) distribu-
tions in pp collisions at   = 13 TeV using PYTHIA 8 Monash 2013 in the interval 40   60 GeV/c for 'MPI: ON, CR: ON' and
'MPI: OFF, CR: OFF' configurations. Blue circles and red boxes correspond to HM and MB event classes, respectively. Bottom panels:
Ratios of (a)   and (b)   distributions between HM and MB event classes.

 

⟨NMPI⟩.Table 1.    Values of 

Event class ⟨NMPI⟩

MB 3.5

I 9.1

II 12.4

III 15.3

IV 22

 

ρ(r)Fig. 9.      (color online) The ratios of   distributions of dif-
ferent event classes (I: red solid box, II: black open circle, III:
red  open  box,  IV:  blue  open  triangle)  with  respect  to  that  in
MB event class.
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 distributions obtained from sample-II, III,  and IV to
that from sample-I as shown in Fig. 11. As expected, the
modification  in    increases  with  increasing  change  in
gluonic  contribution.  It  is  found  that  a  change  of  6% in
the gluonic contribution from 81.2% (sample-I) to 75.1%
(sample-IV)  leads  to  about  7%  modification  of  the  jet
core  ( ).  This  observation  further  supports  our
finding (as discussed in Sec. V.C) that the amount of jet
modification,  indeed,  is  dependent  on  the  change  in
gluonic contribution. 

VI.  SUMMARY
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In summary, we studied the differential jet transverse
momentum, differential jet shape   and jet fragmenta-
tion   distributions for inclusive charged-particle jets in
high-multiplicity and minimum bias pp collisions at   =
13  TeV using  PYTHIA 8  Monash  2013 MC simulation.
Jets  were  reconstructed  from  charged  particles  at  mid-
rapidity  using  the  anti-   jet  finding  algorithm  with  jet
resolution  parameter  R  =  0.4.  Contributions  from  UE
were estimated using the perpendicular cone method and
subtracted on a statistical basis.  The distributions of 
and   were obtained with 'MPI:  OFF, CR: OFF',  'MPI:
ON,  CR:  OFF',  and  'MPI:  ON,  CR:  ON'  configurations.
HM  event  class  was  defined  as  the  top  5%  of  the  total
events with the highest multiplicities, based on the num-
ber  of  charged  particles  produced  in  the  pseudorapidity
range 2.8   5.1 and  1.7.

ρ(r) zch

< pch
T, jet < ρ(r)|r→0

> 0.15 zch

zch→

ρ(r) zch pT

< pch
T, jet <

⟨NMPI⟩
ρ(r)

ρ(r)

We observed a significant amount of modification of
jet  shape    and  jet  fragmentation    distributions  in
the  HM event  class  compared to  the  MB event  class  for
10   20 GeV/c. The jet core ( ) is modified
by about  22%,  followed  by  a  small  enhancement  at   lar-
ger  r  ( ),  whereas  the  production  of  high 
particles  is  suppressed  by  about  40%  at    1  in  the
HM event  class  compared  to  that  in  MB.  The  enhanced
number of MPIs and the change in the number of gluon-
initiated jets in the HM event class, along with the color
reconnection  mechanism,  are  the  main  sources  causing
modifications  of    and    distributions.  For  high-
jets  (40    60  GeV/c), the  observed  jet  modifica-
tion is significantly reduced. We also found a direct con-
nection  of    and  gluonic  contribution  with  the
amount of modification in   – the larger the number of
MPIs  and/or  gluonic  contribution,  the  larger  the  amount
of modification of  .

ρ(r) zch

ρ(r) zch

The findings of this work emphasize the necessity of
a better understanding of the origin of particle production
in high-multiplicity events in pp collisions. The modifica-
tion of   and   in HM events and their strong correla-
tions  with  the  underlying  physics  mechanisms  such  as
MPI  and  CR  as  well  as  with  the  change  in  the  gluonic
contribution  compared  to  that  in  MB  events  demand  a
very careful study and interpretation of such observables
by  the  experimental  community.  Although  disentangling
gluon-initiated  jets  experimentally  will  be  challenging,
studying  the  multiplicity  dependence  of    and    for
pure gluonic jets would be worth pursuing. 
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Fig. 10.    (color online) Top panel: Inclusive charged-particle
jet shape ( )  distributions in pp collisions at   = 13 TeV
using PYTHIA 8 Monash 2013 in the interval 10   20
GeV/c  in MB  event  class.  Open  red  boxes,  open  black   tri-
angles,  and  solid  blue  circles  correspond  to  'MPI:  OFF,  CR:
OFF' (C1), 'MPI: ON, CR: OFF' (C2) and 'MPI: ON, CR: ON'
(C3) configurations respectively. Bottom panel: Ratios of 
distributions for the last two configurations (C2 and C3) with
respect to the first configuration (C1).

 

ρ(r)Fig.  11.      (color  online)  The  ratios  of    distributions  ob-
tained  from  sample-II,  sample-III,  and  sample-IV  to  that  in
sample-I (MB) in the 'MPI: ON, CR: ON' configuration.
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