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ABSTRACT

Studying the ultra-relativistic heavy-ion collisions with the A Large Ion Collider
Experiment (ALICE) at the Large Hadron Collider(LHC) at European Council
for Nuclear Research (CERN) is like peering into the early universe [1-6]. It is
believed that in the early universe, some microseconds after the Big Bang, a new
state of matter is formed called the quark-gluon plasma (QGP), where quarks
and gluons exist as free particles rather than being confined inside hadrons. This
state of matter is believed to exist before forming the hadrons. ALICE experiment
aims to create and explore the properties of such state, i.e., temperature, energy

density, viscosity, and the behavior of quarks and gluons within the medium.

The quark-gluon plasma (QGP) exists for a few microseconds before form-
ing hadrons. Due to that, direct access to this state is not feasible, but various
observables,i.e., collective flow, jet quenching, strangeness enhancement, etc., can
be used to investigate the QGP. One such probe is through the examination of
heavy flavors, such as charm and bottom quarks. Due to their large mass, heavy
quarks are primarily produced prior to the formation of the QGP through hard
scattering processes with large momentum transfer. [1, 7-10]. While passing, they
experience energy loss and witness the full evolution of the QGP. Thus, studying
heavy-flavour production can provide information about the dynamics of initial
states and the properties of the partons (quarks and gluons) that participate in
the scattering. Additionally, heavy-flavour jet, which is a collimated spray of par-
ticles in a narrow cone containing a heavy-flavour, can provide information about
the fragmentation process of heavy-flavours, which is an essential aspect of under-
standing the production of hadrons containing heavy-flavours. The fragmentation
process is a cascade of partonic splittings and emissions that occurs after a col-
lision and forms the hadrons. Studying heavy-flavour hadrons and heavy-flavour

jets can also improve our understanding of quantum chromodynamics (QCD), a
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theory of strong interaction, as heavy quarks participate in the strong interaction.
In proton-proton (pp) collisions, heavy-flavours can be used to test the predictions
of perturbative quantum chromodynamics (pQCD) calculations (m., >> Agep)
and also serve the baseline for heavy-ion collisions. Here, m.;, ~ 1.3,4.2 GeV is
the mass of charm and beauty quarks, and Agcp ~ 200 MeV is the hard QCD
scale. Studying these heavy-flavours in different collision systems (pp, p—Pb, and
Pb—Pb) gives us a better understanding of the heavy-ion collisions. Comparing
these pp measurements to the p—Pb collisions provide information on modification
in fragmentation function due to the cold nuclear matter effect, whereas compar-
ing with Pb-Pb collisions offer information about the hot nuclear matter effect
(QGP). By comparing various collision systems, valuable insights can be gained

about the density and energy loss mechanisms.

The motivation of this thesis is to study the heavy-flavour azimuthal correla-
tions from small to large systems. The correlation measurement is an alternative
way to study the direct jet (parton shower) properties. Jet-like correlation studies
give direct access to the initial parton dynamics [11-13]. The typical structure
of a two-particle azimuthal correlation distribution of high transverse-momentum
(pr) trigger particles with associated charged particles features a “near-side” (NS)
peak at (Ap) = (0) and an “away-side” (AS) peak at Ay = 7, extending over a
wide pseudorapidity range. The NS peak is mainly induced by particles emerging
from the fragmentation of the same parton that produced the trigger particle.
The AS peak is related to the fragmentation of the other parton produced in the
hard scattering. Here, A is the difference in azimuth angle between the trigger
and associated particles. The peaks lie on top of an approximately flat continuum
extending over the full (Ay) range [11]. In this thesis, azimuthal (Ag) correla-
tion distributions between heavy-flavour hadron decay electrons and associated
charged particles are measured in pp, p—Pb, and Pb—Pb collisions at /sy = 5.02
TeV with ALICE. Electrons are identified using the ALICE subdetectors, i.e., in-
ner tracking system (ITS), time projection chamber (TPC) and electromagnetic
calorimeter (EMCal). Results are reported for electrons with transverse momen-
tum 4 < pr < 16 GeV/c and pseudorapidity |n| < 0.6. The associated charged

particles are selected with transverse momentum 1 < pr < 7 GeV /¢, and relative




pseudorapidity separation with the leading electron |An| < 1. The selection of
acceptance and pr are based on detector limitation and available statistics. The
correlation measurements are performed to study and characterize jet fragmen-
tation and hadronization of heavy quarks. The correlation structures are char-
acterized using a constant and two von Mises functions for each peak to obtain
the baseline and the near- and away-side peak observables, respectively. In the
measured trigger electron and associated particle kinematic regions, pp and p—Pb
collisions systems give consistent results, whereas a modification is seen in Pb—Pb
collisions (work is ongoing). The A distribution and the peak observables in
pp and p—PDb collisions are compared with calculations from various Monte Carlo

event generators,i.e., PYTHIA8 and EPOS3.

The evolution of the near- and away-side peaks of the correlation functions
in pp and p—Pb collisions are found to be similar in all the considered kinematic
ranges. This suggests that the modification of the fragmentation and hadroniza-
tion of heavy quarks due to cold-nuclear-matter effects is not observed within the
current precision of the measurements. The extracted near- and away-side per-
trigger yields and widths in pp and p—Pb collisions are presented as a function
of associated particle pr, which provide access to the momentum distributions of
the particles produced in the fragmentation of the hard parton, and allow for a
differential study of the jet angular profile. The per-trigger yields decrease with

increasing p3*°°¢ and are consistent between pp and p-Pb collisions. While the

near-side width tends to decrease with increasing p5°°°¢, the away-side width does

not show a pronounced trend with p§*°° for both collision systems. The Ay dis-
tributions, per-trigger yields, and widths in pp and p—Pb collisions are compared
with predictions from PYTHIAS (with Monash tune for pp and with Angantyr
for p—Pb collisions), and EPOS3 Monte Carlo event generators. The PYTHIAS
predictions provide the best description of the data for both yields and widths
of the near- and away-side peaks. For the current implementation of the EPOS3

model, the yields are similar to those obtained from data, while the near- and

away-side widths are overestimated and underestimated, respectively.

The relative fractions of electrons from charm- and beauty-hadron decays

have a strong pr dependence. This feature was exploited by studying the corre-
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lation distribution for the kinematic regions, 4 < pS. <7 GeV/c and 7 < p§ < 16

GeV /¢, where the latter p§ range is dominated by beauty-hadron decays.

For both collision systems studied, the per-trigger yields are systematically
larger for the 7 < p§ < 16 GeV/c range compared to the 4 < p < 7 interval due
to the larger energy of the initial heavy quark, which allows for the production
of more particles in the parton shower. This effect dominates over the increased
beauty-origin contribution of the trigger electrons in the 7 < p§ < 16 GeV/c range,
which according to PYTHIAS studies, are characterized by lower correlation peak
yields than those of electrons originating from the charm. The near- and away-side
widths are observed to be similar for both trigger electron pr ranges for pp and

p—Pb collisions.

PYTHIAS studies indicate that this is due to competing effects, where the
larger boost of the initial heavy quark leads to stronger collimation of the peaks
with increasing pf for both charm- and beauty-origin contributions, compensat-
ing the broader peak widths for trigger electrons originating from beauty-hadron

decays, whose contribution increases with p%.

In order to explore aspects of fragmentation that are experimentally challeng-
ing, we used phenomenological models. Specifically, we used the Angantyr model
in PYTHIAS to investigate medium-like properties without relying on hydrody-
namics. Angantyr model combines several nucleon—nucleon collisions to build a
proton—nucleus (p-A) or nucleus—nucleus (A-A) collision. This phenomenolog-
ical study aims to establish the Angantyr model for heavy-ion collisions. Our
focus was on examining identified, strange, and multi-strange particle production
in Pb-Pb collisions at /sy = 2.76 TeV. Our results demonstrate how multi-
parton interactions (MPI) and color reconnection (CR) influence experimentally
measured quantities. As reflected from the name, MPI refers to the multiple in-
teractions between the partons, where, in the color reconnection scheme, strings
connecting the partons rearrange in such a way that the length of the final string
becomes smaller [14]. We also looked into the role of string shoving within the rope
hadronization framework and its effects on particle production. Our study shows

that MPI with CR and string shoving configurations produce testable results,
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as seen in the charged-particle multiplicity (Ne,) and mean transverse momen-
tum ((pr)) distributions. We were able to explain these distributions well using
PYTHIA8 Angantyr with appropriate tuning. We also investigated the collective
nature of the produced particles by examining the ratio of particle yields to pions
and kaons. Our findings suggest that PYTHIA8 Angantyr with MPI4+CR and
hadronization via string shoving can mimic signs of collectivity. We observed a
peak around 3 GeV/c in the ratio of proton over pion, which is consistent with
the radial flow observed in experimental data. We also observed a similar rise
in all the strange baryon over pion ratios. Overall, our study concludes that
PYTHIA+Angantyr provides favorable tunes for studying relevant observables
in heavy-ion collisions. However, we found that the model fails in the low pr
regime compared to measurements from ALICE. We also found that strangeness
enhancement is dominant for heavier strange particles, which is consistent with
color strings overlapping at higher densities in accordance with CR and string

shoving.

As PYTHIA+Angantyr explains many aspects of the experimental data,
therefore, we tried to study the azimuthal angular correlations of electrons from
heavy-flavour hadron decays in pp, p—Pb, and Pb-Pb collisions at ,/syn = 5.02
TeV using PYTHIA+Angantyr. We study the production of heavy-flavour jets
with different parton-level processes, including multi-parton interactions, different
color reconnection, and initial and final state radiation processes. In addition,
we add the hadron-level processes, i.e., Bose-Einstein and rescattering effects, to
quantify the effect due to these processes. The heavy-flavour electron correlations
are calculated in the different trigger and associated pr intervals to characterize
the impact of hard and soft scattering in the various colliding systems. The yields
and the sigmas associated with the near-side (NS) and away-side (AS) correlation
peaks are calculated and studied as a function of associated pr for different trigger
pr ranges. We observed a small jet-quenching in Pb—PDb collisions compared with
pp collisions, probably due to MPI+CR and higher multiplicity compared to a
small system. It is also seen that beyond leading color reconnection modes show
a small increment of peak height in Pb—Pb collisions. This might be because an

additional junction was added to beyond leading color (BLC) tunes, showing the
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effect at high-density strings in Pb—Pb collisions. It is observed that MPI has
no significant effect on fragmentation, as MPI mostly contributes to the baseline
through soft processes. The associated yields are significantly increased by initial
and final state radiation effects, as these radiations contribute to more collinear
particle production. No significant modifications were observed in fragmentation
due to hadron-level processes, i.e., BE effect and rescatter effect. This suggests
that associated yields per trigger particle are mainly generated by parton frag-

mentation.

To investigate the fragmentation of individual heavy quarks and containing
hadrons, we studied the azimuthal angular correlations of heavy-flavour hadrons
(charm and beauty mesons, and charm baryons) in pp collisions at /s = 7 TeV
using PYTHIAS [15]. These measurements across different particle species help to
isolate the possible modification in particle production and fragmentation due to
different mass and quark contents. We study the production of heavy-flavour jets
with different tunes. Similar to the previous studies, the heavy-flavour hadrons
correlations are calculated in the different triggers and associated pr intervals.
The yields and the widths associated with the near-side and away-side correlation
peaks are calculated using double generalized Gaussian function and studied as a
function of associated pr for different trigger pr ranges. The near-side correlation
distributions and observables of the D mesons derived by PYTHIA are consis-
tent with the ALICE measurements, but PYTHIA needs to reform the physics
at the away-side observable as it is slightly overestimated. This may be because

PYTHIA does not incorporate NLO explicitly. Due to limited phase space, low

PAs°¢ particles are produced more than high p§¥°¢ particles; hence for the same
pfrrig , yield is higher at low p§®%°¢. Near-side associated yields to charm baryons are

suppressed in Monash and Shoving tune compared to charm mesons yields. How-
ever, the difference is negligible in Mode 2. Similar results were observed in the
calculation of the charm baryons production cross sections by the ALICE experi-
ment, where the BLC tune mode 2 was in good agreement with the experimental
data. Near-side yields from D mesons are almost 4-5 times larger than B mesons
yield for the same ptTrig . A possible reason for this could be the availability of more

energy for D meson fragmentation due to smaller mass. No significant difference




is observed in PYTHIA between D and B mesons widths in the same trigger as
well as associated pr ranges, i.e., the dead cone effect has no major impact on the
widths of D and B mesons at current precision as they are both heavy particles.
However, it will be interesting to see the dead-cone effect in heavy quarks while

comparing it with light quarks correlation distribution.

In conclusion, this thesis reports on a study of the azimuthal angular cor-
relations of particles produced in pp, p—Pb, and Pb-Pb collisions at the LHC,
with a focus on heavy quarks. The study finds that the modification of the frag-
mentation and hadronization of heavy quarks due to cold-nuclear-matter effects
is not observed within the current precision of the measurements, and a clear
modification is seen in Pb—Pb collision system. The article also explores the use
of phenomenological models, such as Angantyr, to study identified particle pro-
duction in lead-lead collisions, with a focus on the interplay between multi-parton
interactions, color reconnection, and string shoving. The motivation of the phe-
nomenological study by the Angantyr model is to explore an alternative way to
explain the heavy-ion collisions and investigate the fragmentation properties of

heavy-flavour hadrons.
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Chapter 1

Introduction

The primary aim of particle physics is to understand the universe by studying the
basic constituents and their interactions with matter at the sub-atomic scale. As
of now, four fundamental forces exist in the universe, i.e., gravitational, electro-
magnetic, weak, and strong nuclear interactions, out of which three forces (except
gravity) are successfully described by the standard model [43]. This model pro-
poses that matter is composed of quarks and leptons that interact through gauge
bosons (such as photons and gluons). Electromagnetism and weak interactions
are unified by the electroweak interaction theory, where quantum chromodynam-
ics (QCD) describes the strong interactions between quarks and gluons that reside

in a nucleon.

The ALICE (a large ion collider experiment) experiment at CERN, Geneva,
has provided the opportunity to investigate the strongly interacting, deconfined
coloured medium that was supposed to exist microseconds after the Big Bang
called quark-gluon plasma (QGP) [44, 45]. The ultra-relativistic heavy-ion colli-
sions (e.g., Au—Au, Pb—Pb) have enough initial energy densities that are required
to form the QGP medium. To study cold nuclear matter (CNM) effects, i.e., nu-
clear shadowing and hadronic reabsorption, etc., LHC collides protons with lead
(p-Pb) ions at high energies. But surprisingly, studies like particle correlations and
multiplicity-dependent particle production show hints of the medium formation in

small systems like proton-proton (pp) and p—Pb collisions.

Due to the short lifetime of the QGP, a direct study is impossible; therefore,
many indirect approaches are used to investigate the properties of this medium.
One such approach is via heavy quarks (charm and beauty), as they are pro-

duced at the initial stage of collision, mostly by hard scattering processes. These
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processes involve large momentum transfer, which allows us to use perturbative
quantum chromodynamics (pQCD) methods to calculate the production cross-
section of these processes [1, 7-10]. The cross sections of various open heavy-flavor
hadrons and their decay leptons have been measured in pp collisions at both mid-
and forward-rapidity at the LHC [2-6, 41, 46-61]. They are consistent with pQCD
calculations [62-64] within theoretical uncertainties. However, these calculations,
along with various Monte Carlo event generators using a fragmentation model
tuned on eTe™ collisions, are unable to describe the recent measurements of charm-
baryon production in pp collisions at midrapidity [65-76]. These measurements
can be better described by models that incorporate hadronization mechanisms
such as quark coalescence [77], additional colour reconnections among parton frag-
ments [78], or by including enhanced feed-down from higher-mass charm-baryon
states within a statistical hadronization approach [79], where the higher-mass ex-
cited charm-baryon states are predicted by the Relativistic Quark Model [80] but
not yet measured. To better understand the fragmentation (parton showering)
and hadronization of heavy quarks, more differential measurements are required.
In this direction, two types of measurements are generally used in high-energy
physics, i.e., jet studies and jet-like azimuthal correlations. The jet-like two-
particle azimuthal correlations provide some information about the fragmentation
function over the jet measurement, such as the description of particle production
processes(leading order )(LO) and next-to-leading order (NLO), description of cor-
relation peaks shape and size, etc. At LO, quark and anti-quark pairs are produced
back to back in azimuth, which generates two correlation peaks, while at NLO,
correlation peaks are different from LO processes. Quarks and anti-quarks pair at
gluon splitting (NLO process) are produced with small opening angles, hence con-
tributing to the broadening of the peaks, while processes like flavour excitation
mostly contribute to flat azimuthal correlation. The correlation measurements
provide insight into heavy-flavor jet properties at low transverse momentum (pr).
By varying the pr interval of the trigger and associated particles, the correlation
measurements allow the details of jet fragmentation to be studied, such as the jet
angular profile and the momentum distribution of the particles produced in the

fragmentation of the hard parton. These measurements in pp collisions, originat-
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ing from heavy-flavours provide the test to pQCD calculations, and it serves as a
baseline to study the nuclear effects in p—Pb and Pb—Pb collisions. Comparing az-
imuthal correlation measurements to p—Pb and Pb—Pb collision systems provides
information on possible modification due to cold and hot nuclear matter effects,

respectively.

This thesis focuses on fragmentation study by correlation measurements in
different collision systems. This chapter briefly introduces the Standard Model
of particle physics in section 1.1 and the theory of QCD in section 1.2. Sec-
tion 1.3 shows the overview of the QGP medium and its signatures and formation
in ultra-relativistic heavy-ion collisions. Recent experimental measurements of
possible medium formation in pp collisions are briefly discussed. Finally, sec-

tion 1.7 presents the motivation of this thesis.

1.1 The Standard Model

Decades ago, atoms were considered to be the smallest element of matter that
could not be split. After discovering the constituents of atoms, i.e., electrons, and
nucleons, the scientific community is still trying to figure out the fundamental
constituents of matter. Numerous particles were postulated and later found in
experiments over time. Many theories and models are introduced for a better
understanding of these particles and the interactions between them. In this chain,
the Standard Model (SM) gives a complete picture of fundamental particles. The
SM describes the behavior of the fundamental particles and forces of nature. It
includes the electroweak and quantum chromodynamics theories, which describe
the weak and strong nuclear forces, respectively. The Standard Model also includes
the Higgs mechanism, which explains the origin of mass. However, it does not
describe dark matter, dark energy, neutrino masses, matter-antimatter asymmetry,
and the unification of all forces, which indicates the existence of physics beyond

the standard model.

The SM contains the following elementary particles,

e Fermions: There are two types of fermions: quarks and leptons. Quarks
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come in six “flavors” with three different colour charges (red, green, and
blue); up (u), down (d), strange (s) charm (c), top (¢), and bottom (b).
Leptons are elementary particles that do not experience the strong nuclear
force. They include electrons (e), muons (u), and tau (7) particles and their
corresponding massless and chargeless neutrinos (v, v, v;). All the particles

also have their anti-particles.

e Bosons: These are the particles that mediate the fundamental forces. They
include the photon, which mediates the electromagnetic force; the W* and
Z° bosons, which mediate the weak nuclear force; and the gluon (g), which

mediates the strong nuclear force.

e Higgs boson (HY): This is a particle that confirmed the existence of the
Higgs field, a fundamental field of the universe that is responsible for giving

particles mass. It was discovered at CERN’s LHC in 2012 [81].

All the particles except bosons have anti-particles with the same mass but opposite
charges. Further, leptons and quarks are grouped into three generations according
to their mass. The classification of particles in the standard model can be seen in

Figure 1.1.

No evidence of internal structure was found for above mentioned standard
model particle; hence, they are considered elementary particles. The combination
of quarks together makes hadrons, which interact by the strong nuclear force. The
pair of quark and anti-quark make mesons (e.x., pions (7), kaons (K)) while three
quarks together form baryons, for e.x., nucleons (proton and neutron). Baryons
are fermions having spin 1/2 of integer whereas mesons have integer spin, thus

mesons do not follow the Pauli exclusion principle.

This thesis focuses on the dynamics of strongly interacting particles, which
govern by the theory of quantum chromodynamics; therefore, QCD will be dis-

cussed briefly in the next section.
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Figure 1.1: Diagram of the Standard Model of particle physics, illustrating the
fundamental particles and their interactions through the exchange of force-carrying
particles [16].

1.2 QCD: the theory of strong interaction

QCD stands for Quantum Chromodynamics. It is the theory of strong interactions.
QCD describes the interactions between quarks and gluons (with colour quantum
numbers), which are the building blocks of protons and neutrons, the particles
that make up the nuclei of atoms. The strong force is responsible for holding the
nucleons together in the nucleus, and it is much stronger than the electromagnetic
force, which holds atoms together. However, the strong force only acts at very
short distances, so it has very little effect on the behavior of atoms as a whole.
Unlike QED, the gauge boson of QCD (gluon) are considered to be self-interacting,
meaning that they interact with each other as well as with quarks. This is known as
a non-abelian gauge theory, and the gluon interactions are described by the SU(3)
gauge group [82, 82]. The SU(3) group has eight different types of gluons, which
are divided into three colour charges: red, green, and blue. The colour charge of
a quark determines how it interacts with the gluons as gluons are bi-coloured and

interact via colour exchange between the uni-coloured quarks.

The QCD has two main peculiarities, viz., colour confinement and asymp-
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totic freedom by with gluons and quarks confined together as described below—

e colour Confinement: This refers to the phenomenon where quarks and glu-
ons are confined inside hadrons and are not observed as free particles. The
confinement of quarks is a consequence of the non-abelian nature of the
strong force, which means that the force depends on the colour charge of
the quarks, and the exchange of multiple gluons between quarks leads to an
anti-screening effect that makes the force between them stronger at short
distances. The confinement of quarks is one of the main challenges in theo-
retical physics, and several models have been proposed to explain it, such as
the confinement through the dual Meissner effect [83] and the confinement

through the formation of a string-like flux tube between quarks [84].

e Asymptotic Freedom: It describes the behavior of the strong force between
quarks at short distances. Asymptotic freedom states that the strength of
the strong force between quarks decreases as the distance between them
decreases so that at very short distances, the force is almost zero. This
is in contrast to the behavior of other forces, such as the electromagnetic
force, which becomes stronger as the distance between particles decreases.
It is also a consequence of the non-abelian nature of QCD. It explains why
quarks and gluons can exist as a deconfined state in high-energy heavy ion
collisions but are confined inside hadrons. It was discovered by David Gross,
Frank Wilczek, and David Politzer in 1973, they were awarded the Nobel
Prize in Physics in 2004 [85].

The potential between two coloured charges is defined as,

Voep &~ —% + K, (1.1)

Where ag is the coupling constant for strong interaction (running coupling
constant), k is the tension constant of colour string (~ 1 GeV fm™!) [86], and

r is the distance between two coloured charges. This potential is not a simple
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Coulombic potential as in QED but rather a more complex function that includes
both short-range and long-range components. The short-range component is due
to the exchange of multiple gluons, while the long-range component is due to the
exchange of a single gluon. This can be understood by the anti-screening effect of
gluons. In QCD couplings, two one-loop diagrams in which one virtual gluon and
another virtual quark loop are considered. The anti-screening effect is due to the
exchange of multiple gluons between quarks, which increases the strength of the

force as the distance between the quarks decreases.

The running coupling constant as a function of momentum transfer (Q?) is

defined as follows,

127
(33 — 2ns) In (£52-)

QCD

as(Q%) = (1.2)

Here, the number of quark flavors accessible at @? is denoted by ny, and
the QCD scale is denoted by Agep (Agep ~ 200 MeV). When the energy scale is
below Agcp, non-perturbative QCD effects become significant. The magnitude of

the running coupling constant is interpreted as a scale that separates the pQCD

(at small a,(Q)?) and non-pQCD (at large o (Q)?).

At non-pQCD regime (< Agep =~ 200 MeV), quantum chromodynamics can
be studied by the theory of lattice QCD (LQCD). The basic idea behind LQCD is
to divide space-time into a grid of discrete points, or lattice sites, and to represent
the quarks and gluons as variables defined on these lattice sites. The interactions
between quarks and gluons are then described by a set of mathematical equations
known as the QCD Lagrangian, which are solved numerically using computer

simulations [87, 88].

As shown in Figure 1.2, for @) 2 Agep, the coupling constant is small
(as < 1), and perturbative QCD can be used to study strong interactions. This
domain is known as the hard QCD regime, as it is associated with large momentum
transfer. On the other hand, at energy scales ) < Agep, the coupling constant

becomes large (as > 1), and the dominance of the strong force becomes apparent.
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Figure 1.2: Left: List of individual ag(M%) measurements and their comparison
to the world average from Ref. [17] in 2000; Right: current status of the running
of ag, as summarised in Ref. [18]

This domain is known as the soft QCD regime, as it is associated with low mo-
mentum transfer. Due to the high value of the QCD coupling constant in the soft
QCD regime, quarks are confined within hadrons, known as colour confinement.
Thus, QCD is characterized by two properties, asymptotic freedom, and colour

confinement.

1.3 QCD phase diagram and QGP

The QCD phase diagram is a theoretical representation of the phase structure
of QCD as a function of temperature (T) and baryon chemical potential (up) as
shown in Figure 1.3. In thermodynamics, the baryon chemical potential is defined
as the derivative of the thermodynamic potential with respect to the number of
baryons (change in energy with respect to the number of baryons). The baryon
chemical potential is a measure of the density of net baryons, such as protons and
neutrons, in the system. Based on the temperature and density of the system,

three main regions of the QCD phase diagram are:

1. The hadronic phase: The hadronic phase is characterized by the dom-

inance of hadrons in nuclear matter and occupies the region of the QCD
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Figure 1.3: A schematic phase diagram of QCD matter in the (7, u)-plane. The
solid black line represents the chemical freeze-out, while the dashed orange line
illustrates the chiral/deconfinement transition. Both end at the critical point,
which is connected to the y = 0 axis by a cross-over around 7' =~ 170 MeV. The
ground state of nuclear matter is at 7" = 0 MeV and p = po. For high chemical
potential and low temperature, there exists a phase of colour superconductivity.
The dashed black lines indicate the estimated properties of the medium created
by various experiments [19]

phase diagram with low temperature and density. In this phase, the cou-

pling between partons is strong enough to bind them together.

The QGP phase: At high temperatures and/or densities, the hadrons
overlap beyond a limit where quarks no longer see the nucleonic density and
the strong nuclear force becomes weaker, the protons and neutrons within
nuclei “melt” into their constituent quarks and gluons. This is known as
the quark-gluon plasma phase. The phase transition at high baryon chemi-
cal potential (up or 1) and low temperature is first order, whereas, at high
temperature and low yu, the transition is continuous (2"¢ order phase transi-
tion), this region is called “cross-over” region starts after the critical point.

Figure 1.4, shows the Lattice QCD predictions of energy density (€) and
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pressure of the QCD medium as a function of temperature. In this figure,
a sudden rise of ¢/T* in the temperature around 150 MeV, followed by a
steady saturation towards a high temperature below the Stefan-Boltzmann
limit. This suggests that in this temperature range, thermodynamical char-
acteristics change quickly. This may be understood by a phase transition to
a rise in the partonic number of degrees of freedom from hadronic degrees of
freedom. It is supposed that this unconfined state of matter existed in the
early universe. The study of QCD at non-zero baryon chemical potential is
challenging due to the so-called “sign problem” in lattice QCD simulations.
Lattice QCD is a numerical approach to study QCD on a discrete space-
time lattice. In lattice QCD simulations, the partition function of QCD is
expressed as a path integral over all possible configurations of the quark and
gluon fields. However, at non-zero baryon chemical potential, the fermion
determinant in the partition function becomes complex, leading to a “sign
problem”. This makes it difficult to use standard Monte Carlo methods to
sample configurations of the quark and gluon fields, which are necessary to
calculate thermodynamic quantities. Experimentally, this distinct state of
matter may be produced by heavy ion collisions (HIC) in ultra-relativistic
space. Once created, QGP immediately expands out due to large pressure
gradients. The coloured quarks subsequently bond back to hadrons due to
colour confinement when it cools down and expands in volume. The QGP

phase’s lifespan is calculated to be 10722 s.

. The colour superconducting phase At high densities but low tempera-

tures, the quarks within nucleons are expected to form Cooper pairs, behav-
ing like a superconductor [89]. colour superconductivity is thought to occur
in the cores of neutron stars and in the early universe and is an active area

of research in the field of high-energy physics.

The exact boundary between these regions is not known and is an active area

of research. It is believed that the transition between the hadronic phase and

the QGP phase is a smooth crossover [90], while the transition between the QGP

phase and the colour superconducting phase is a first-order phase transition. The
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Figure 1.4: Lattice QCD predictions of energy density (marker points) and pres-
sure (lines) of the QCD medium as a function of temperature and normalized by
the critical temperature (T ). esc/T* is the Stefan-Boltzmann limit. Different
colours are for different lattice constants [20, 21]

more details of this QGP medium we will show in the section 1.4.1

The phases of QCD can be investigated through the study of heavy-ion colli-
sions in particle accelerators, such as the large hadron collider [91] and relativistic
heavy ion collider (at high temperature) [45], and the facility for antiproton and ion

research [92] and nuclotron-based ion collider facility (at high baryon density) [93].

1.4 Ultra-relativistic heavy-ion collisions

Ultra-relativistic heavy-ion collisions refer to the collision of two heavy atomic
nuclei, such as gold (Au) or lead (Pb), at extremely high energies and velocities
that approach the speed of light. These collisions are typically carried out using

large particle accelerators. to generate extremely high-energy densities and tem-
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peratures that can reach up to several trillion degrees. The goal of these collisions
is to recreate the conditions that existed a fraction of a second after the Big Bang
in order to study the properties of matter at extremely high temperatures and

densities [94].

Heavy-ion collisions have been studied since the early 1960s, starting with
low-energy experiments at the Bevatron accelerator. In the 1970s and 1980s, ex-
periments using heavy ions such as sulfur and lead at the Alternating Gradient
Synchrotron (AGS) and Super Proton Synchrotron (SPS) demonstrated the possi-
bility of creating a new state of matter, the quark-gluon plasma. The Relativistic
Heavy Ion Collider (RHIC) was constructed in the 1990s, where experiments with
gold ions confirmed the existence of the quark-gluon plasma and provided new
insights. In 2010, the LHC began conducting heavy-ion collisions with lead ions
at even higher energies and is currently providing new information about the

quark-gluon plasma and the strong force [95].

In recent years, several other heavy-ion facilities have been proposed or are
under construction around the world to study the high baryon density region, such
as the Facility for Antiproton and Ion Research (FAIR) in Germany, the Nuclotron-
based Ion Collider fAcility (NICA) in Russia. These facilities will continue to
expand our understanding of the properties of matter at extreme temperatures

and densities.

In these collisions, the degree of overlap between the two ions and, therefore,
the degree of energy deposited in the collision is determined by impact parameter
(b) in units of distance, typically femtometers (fm). It is a measure of the distance

between the centers of the two colliding ions at the point of closest approach.

1.4.1 QGP formation

The formation of the QGP in relativistic heavy-ion collisions is a complex process
that is still not fully understood. It is believed that it occurs through a combi-
nation of several mechanisms and stages, such as deconfinement, chiral symmetry
restoration, thermalization, and strong interactions between quarks and gluons in

the initial stage of the collision. These mechanisms work together to create a hot,
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dense system of particles that collectively form the QGP [45, 91].

Currently, the color glass condensate (CGC) theory is considered as one of
the potential explanations for the formation of the quark-gluon plasma (QGP) [96].
This hypothesis is based on the observation that the gluon density increases rapidly
as the Bjorken scale, represented by xr, decreases. The Bjorken scale is the
fraction of a hadron’s transverse momentum carried by a parton. In CGC theory,
as the xp decreases, the gluon density increases, eventually reaching a point at
which the gluons saturate at a specific energy scale (Q). This saturation results
in the formation of extremely dense gluonic fields, which are compressed in the
lab frame due to the Lorentz contraction. The compression leads to poor coupling
among the low x7 gluons, resulting in a loosely coupled and extremely high energy
density of gluons in the hadron. The ultra-relativistic velocities of the colliding
ions also cause time dilation during the lifespan of the gluons, resulting in a slower
evolution of the gluonic fields than the time scales involved in the collision. When
these two gluon densities pass one another during the collision, significant electric
and magnetic forces are generated. The medium created by these fields is referred
to as glasma. The quark-gluon plasma is created when this glasma equilibrates
and decays into gluons. In summary, the CGC theory posits that the formation
of the quark-gluon plasma in relativistic heavy-ion collisions is a result of the
saturation of gluon densities, leading to the formation of dense gluonic fields and

the subsequent equilibration and decay of the glasma.

1.4.2 Dynamics of Ultra-Relativistic Collisions: A Study

of Space-Time Evolution

The space-time evolution of ultra-relativistic collisions can be described using the
theory of special relativity and the principles of quantum field theory. These
collisions occur when two particles, each with very high energy and momentum,
collide with one another. The resulting interactions can produce new particles and
phenomena that are not observed in lower energy collisions [97]. The evolution
of ultra-relativistic collisions can be seen in Fig. 1.5. A brief explanation of each

evolution step is described below.
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Figure 1.5: Space-time evolution of relativistic heavy-ion and hadronic colli-
sions [19].

e The pre-equilibrium phase: This phase of ultra-relativistic collisions
refers to the evolution time 7 < 1fm/c. During this phase, the colliding
particles interact, producing subatomic particles and phenomena such as
initial state radiation (ISR), colour fields, and jets. ISR occurs when the in-
coming particles emit radiation before they collide, reducing their energy and
momentum. colour fields associated with the strong nuclear force are formed
between the colliding particles and can produce a variety of subatomic parti-
cles. In this stage, particles are mainly generated by the hard QCD process,
which later creates Jets (collimated streams of particles). Also, in this stage,
colliding particles interact with one another and create a high-energy and
dense region known as the “fireball.” The temperature and density of the

fireball can reach trillions of degrees and densities comparable to that of an
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atomic nucleus.

Formation and evolution of QGP: The initial pre-equilibrium state of
the collision can evolve to the final stage through interactions among the
partons, which can be both elastic and inelastic. These interactions become
increasingly important in central collisions, where the energy density is high
enough to push the produced partons to interact with one another. As these
interactions occur, the system approaches thermal equilibrium, with a ther-
malization time of roughly one femtosecond. This state is known as the
QGP, a high-temperature state of matter in which quarks and gluons are
liberated from the confinement of protons and neutrons. The behavior of
the QGP can be described using the principles of relativistic hydrodynamics,
which is the study of the flow and behavior of fluids. Hydrodynamic the-
ories are able to account for the behavior of the locally thermalized QGP,
indicating that the medium generated in heavy-ion collisions behaves as a
strongly correlated liquid rather than a weakly interacting gas [98]. This is
the result of the high-pressure gradients within the QGP, which arise from
inhomogeneities in the densities of the medium. As the system expands and
cools, it eventually reaches a phase transition, beyond which the coloured
partons begin to form colourless hadronic states, known as hadronization.
At this point, a hadronic description of the system is required. This phase is
also known as the mixed phase, where both hadrons and partons are present

in the system.

Chemical freeze-out: This occurs when the density of the hot matter
drops below a critical value, and particle interactions become rare. At this
point, the chemical composition of the matter becomes fixed, and the number
of particles of each type (protons, neutrons, mesons, and baryons) is deter-
mined. The temperature at which chemical freeze-out occurs is typically
around 150-170 MeV, which corresponds to a few times the temperature of

the center of the Sun [99].

Kinetic freeze-out: At this stage, the particle interactions become less

frequent, and the momentum of each particle becomes fixed. [99] This phe-
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nomenon is known as kinetic freeze-out. During this process, the particle in-
teractions become so rare that the particles can be considered to move freely,
with no further interactions among them. Finally, these particles reach the
detector. Kinetic freeze-out typically occurs at a temperature around 100-
120 MeV. The momentum distribution of the particles at kinetic freeze-out
can provide valuable information about the properties of the quark-gluon

plasma, such as its temperature, pressure, and viscosity.

1.5 Experimental observables

As discussed, a direct study of the QGP in heavy ion collisions is not possible
due to its very short lifetime of less than 10 fm/c. Therefore, indirect probes
are required to investigate the properties of this medium. The investigation of
the characteristics of the QCD medium is carried out by gauging multiple final
state observables, including particle yields, multiplicity, and transverse momentum
distribution. In this segment, we present the azimuthal anisotropy and nuclear
modification factor of heavy-flavour decay electrons that are employed to charac-
terize the QGP. Ultimately, we explore the relative contribution of beauty quarks
to heavy-flavour decay electrons, together with its theoretical forecasts, and ex-
amine the alterations in the fragmentation of heavy quarks in the QGP, which

form the focal point of this thesis.

1.5.1 Heavy-flavour production

Heavy-flavour hadrons, which are made up of ¢ or b valence quarks and a light
quark, are of particular interest. These quarks have a large mass, which causes
them to be mainly produced in the early stages of the collision, before the forma-
tion of the QGP, unlike the light quarks, which can be produced from a thermal
medium. By studying heavy-flavour hadrons, important information on the prop-

erties of the QGP can be obtained [100].

According to pQCD, the production cross-section for heavy quarks is com-

puted through the factorization theorem, expressed as:
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daﬁaéic - Ea,b,Xfa/A(xaa QQ) ® fb/B(xba Qz) ® dO’B?fCX<$a, Ly, QQ) & Dc—>C(zv QQ) (13)

This equation uses several terms to describe the various probabilities and
functions involved. For example, fu/a(z,, Q%) and fy/5(zp, Q) are parton distri-
bution functions that describe the probability of finding a parton “a” or “b” inside
particles “A” or “B” given a fraction of momentum (x) and a factorization scale
(Q%). The term do™d | (z,, 1y, Q%) represents the partonic hard scattering cross-

section, and D._,c(z,Q?) is the fragmentation function of the produced parton

“C”, which can be studied using jet and correlation measurements.

The motivation for studying heavy-flavour production lies in the fact that
heavy quarks, particularly charm and beauty quarks, are excellent probes of the
QGP. When traversing the QGP, heavy quarks experience elastic and inelastic
interactions with the partons in the plasma. Thus, they undergo the full evolution
of the QGP. Heavy quarks also lose less energy than light quarks due to the absence
of gluon radiation at forward angles, below # < M/E, where M is the quark mass
and E is its energy. This phenomenon, predicted by QCD, is called the dead-cone
effect [101]. This is a universal effect as it does not depend on the nature of the

gauge interaction nor the spin of the particle.

Heavy-flavour hadrons can be studied in two different ways, either by fully
reconstructing the D and B hadrons through their hadronic decay channels or by
studying the leptons from the semi-leptonic decays of heavy-flavour hadrons. Re-
construction through their hadronic decay channels requires a very good tracking
system and large statistics. In contrast, semi-leptonic decay offers the advantage
of a relatively large branching ratio, of the order of 10% for both charm and
beauty hadrons. Additionally, electrons can be identified directly using calorime-
ters and hence can be used as trigger particles. The disadvantage of studying
heavy-flavour via leptons is that the hadron momentum cannot be reconstructed

due to the missing neutrino.
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1.5.2 Azimuthal anisotropy

The azimuthal distribution of emitted particles in the plane perpendicular to the
beam direction is a sensitive experimental observable that provides insights into
the dynamics of the early stages of heavy-ion collisions. In non-central collisions,
the initial matter distribution is anisotropic due to the almond-shaped geometrical
overlap region. If the matter is strongly interacting, this spatial asymmetry is
converted into an anisotropic momentum distribution through multiple collisions
between partons. The anisotropy of the produced particles is decomposed into the

Fourier coeflicients.

AN -
T x1+2 Z vy, cos[n(e — U,)], (1.4)

n=1

Here ¢ is the azimuthal angle, and W, is the azimuthal angle of the initial
state symmetry plane for the n*® harmonic. The first coefficient of Fourier series
decomposing is called direct flow (v1), whereas the second coefficient is called the

elliptic flow (vq) [102].

Hydrodynamical models predict and explain most of the measurements of the
elliptic flow of light hadrons at low transverse momentum (pr < 2—3 GeV/c). The
elliptic flow measurements provide evidence that the created matter equilibrates in
an early stage of the collision and evolves according to the laws of hydrodynamics,

behaving nearly like a perfect fluid [45, 103].

The measurements of elliptic flow for heavy quarks provide additional in-
sight into the transport properties of the medium. Since heavy quarks are pro-
duced in the initial stages of the collision, they experience the full evolution of the
system, providing information about the medium’s properties and its interaction
with heavy quarks. The measurement of heavy quark elliptic flow can also help
constrain the transport coefficients, such as the heavy quark diffusion coefficient,

which is sensitive to the medium’s transport properties.

Fig. 1.6 depicts the vy of D mesons, which is found to be of similar magni-

tude to that of charged particles, which is dominated by light-flavour hadrons [22].
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Figure 1.6: The average v, of D°, DT, and D*T as a function of pr is compared
to the vy of charged particles measured using the event plane (EP) method. The
symbols representing the D mesons are placed horizontally at the mean pr of the
three species [22].

The average vy of D mesons in the 2 < pr < 6 GeV/c range is measured to
be 0.204 + 0.030(stat) & 0.020(syst) 0", indicating a positive deviation from
zero with a significance of 5.70. This suggests that the interactions between the
charm quarks and the medium constituents transfer information on the azimuthal
anisotropy of the system, indicating that low momentum charm quarks are in-
volved in the collective motion of the system. A positive vy is also observed for
pr > 6 GeV/c [22], which is likely due to the path-length dependence of the par-

tonic energy loss, although the large uncertainties prevent a definitive conclusion.

1.5.3 Nuclear modification factor

The nuclear modification factor (Ra4) is a key observable in the study of high-
energy nuclear collisions, particularly in the search for the QGP [104]. It is defined
as the ratio of the yield of particles produced in heavy-ion collisions to the yield
of particles produced in proton-proton collisions, scaled by the number of binary
nucleon-nucleon collisions ({N..;)) to account for the different sizes and densities

of the colliding systems,
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AN /dpy
Neou)dNPP [dpy’

Raal(pr) = < (1.5)

Here, dN44/dpr and dNPP/dpy represent the transverse momentum dis-
tribution of particles in heavy-ion and proton-proton collisions, respectively.
Raa(pr) measures the degree to which the particle production is suppressed in
heavy-ion collisions compared to proton-proton collisions. If the QGP is formed
in heavy-ion collisions, the partons produced in the initial stages of the collision
will interact strongly with the surrounding medium, leading to parton energy loss
and suppression of high-pr particle production. As a result, Raa(pr) is expected

to be less than unity at high prp.

The measurement of Rs4(pr) provides important information about the
properties and evolution of the QGP. The suppression of high-p7 particles observed
in Ra4(pr) measurements suggests that the QGP behaves as a strongly interacting
and dense medium, with a large energy density that can modify the properties of
the produced particles. Moreover, the measurement of R44(pr) as a function of
the collision centrality provides information about the parton energy loss as a

function of the QGP density and temperature.

In recent years, Ra4(pr) measurements have been extended to different par-
ticle species, including hadrons containing heavy quarks. The measurement of
Raa(pr) for heavy quarks provides a powerful tool to study the interaction of
heavy quarks with the QGP, which is sensitive to the heavy quark mass and the
QGP transport properties. Furthermore, the measurement of R44(pr) for hadrons
containing heavy quarks, such as D mesons and B mesons, can provide information

about the modification of the heavy quark fragmentation in the QGP.

e Quarkonia suppression
One of the most important probes of the QGP is the suppression of quarkonia
states, such as charmonia (c¢) and bottomonia (bb). The suppression of these
states is attributed to the dissociation of the bound state due to the screening

effect of the QGP [105].

Charmonium Suppression
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Charmonia states are formed by a c¢ pair bound by the strong nuclear force.
The ground state of charmonium is the J/v particle, which is composed of
a charm quark and a charm anti-quark. In the QGP medium, the charm
quarks interact with the gluons and light quarks, leading to the screening
of the potential between the charm quark and anti-quark [106]. This re-
sults in the dissociation of the J/1 state, which is the dominant source of

charmonium suppression in heavy-ion collisions [107].

In addition to the screening effect, other mechanisms contribute to charmo-
nium suppression, such as the regeneration of c¢ pairs from the QGP and
the cold nuclear matter effect. These effects make it challenging to extract
the precise contribution of the QGP screening to the charmonium suppres-
sion. However, it has been observed that the suppression of the J/v state
increases with the centrality of the collision, indicating that the QGP plays

a dominant role in charmonium suppression in central collisions.

Bottomonium Suppression

Bottomonium states, such as the Y particle, are composed of a bb pair.
The suppression of bottomonium states in heavy-ion collisions is less pro-
nounced than that of charmonium states due to the larger binding energy
of the bottomonium states. The Y (15) state, which is the ground state of
bottomonium, is expected to be suppressed by the QGP screening effect.
However, the suppression of higher bottomonium states, such as the YT (25)

and Y(39), is expected to be less sensitive to the QGP screening effect.

Experimental studies have confirmed the suppression of bottomonium states
in heavy-ion collisions. The suppression of the T(1.5) state has been observed
to increase with the centrality of the collision, similar to the suppression of
the J/1 state [106]. However, the precise contribution of the QGP screening
effect to bottomonium suppression remains to be determined due to the

various mechanisms that contribute to the suppression.

Strangeness enhancement The concept of strangeness enhancement has
been put forward as a potential marker for the occurrence of QGP formation.

The notion was initially proposed in [108]. Tt has been determined that ss
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pairs are predominantly produced in QGP via the gluonic (gg — ss) channel.
At the RHIC and LHC energies, QGP is characterized by a high density of

gluons, creating the necessary conditions for ss pair production.

The strange quark’s mass is approximately 95 MeV, which is comparable
to the critical temperature (T ~ 170 MeV) for the QCD phase transition,
implying that the strange quark reaches thermal equilibrium before the QGP
undergoes a phase transition [109]. The process of Pauli blocking of light
quarks (u, d) also plays a role in enhancing the production of strange quark
pairs. All quarks are fermions and adhere to the Pauli Exclusion Principle.
As more up and down quarks are generated in the collision, they fill up the

lower Fermi energy levels, making sS pair production more favorable.

Thus, the QGP is expected to be made up of gluons, u, d, and s quarks, with
an increase in strange hadron production compared to other light hadrons
in collisions where a QGP medium is anticipated to form. Experimental ob-
servations from the ALICE experiment in Pb-Pb collisions at /syy = 2.76
TeV have confirmed the phenomenon of strangeness enhancement [25], pro-
viding compelling evidence for the existence of QGP in heavy-ion collisions

at ultra-relativistic energies.

1.5.4 Jet quenching

In high-energy nuclear collisions, jets are formed when energetic partons (quarks or
gluons) are produced in the early stages of the collision and subsequently fragment
into collimated sprays of hadrons in a narrow cone. These collimated particles are
called the jet. When these jets pass through the hot and dense medium, they
lose energy due to interactions with the medium. This phenomenon is called jet

quenching.

The jet quenching phenomenon is a consequence of the strong interactions
between the high-energy particles in the jet and QGP medium. These interactions
can cause the particles in the jet to lose energy. This energy loss results in the
reduction of the number of particles and the modification in the fragmentation

pattern of the jet.
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Jet quenching is an essential phenomenon in the study of QGP because it
provides information about the properties of this hot and dense medium, such as
its viscosity and transport properties. As shown in Fig. 1.7, the energy loss of a jet
generated in the central collision would be greater than that of a jet produced at
the peripheral collision due to the strength of the QGP medium [23]. In the next

section, we will discuss these jet properties using jet-like two particle correlation.

B 2F DHENIX Preliminary '
1.8 . 60-80%
16 * 40-60%
= 20-40%
1.4 * 0-20%
1.2k
]E_. ____________________ l ... __B . LLLl...|
: SR _ I
0.8 I B g | -
0.6 * N ‘l T . -
0.4 ‘ !
0.21-Run=5 Cu + Cus,, =200 GeV
““I" Gaussian filter,6 =0.3 |
|

® 5 10 15 20 25 30 35
pff“"" (GeV/c)

Figure 1.7: Jet nuclear modification factors measured in Cu-Cu collisions at

A/SNN = 200 GeV [23]

1.5.5 Modification of jet-like two particle correlation

yield

The study of jet properties provides insight into the properties of the dense matter
produced in these collisions, including the QGP. One of the key observables for
the study of jet properties is the two-particle correlation function, which measures
the probability of finding a particle at a certain angle and momentum relative
to the trigger particle. In this thesis, we will discuss the modification of jet-like
two-particle correlation yields in heavy-ion collisions compared to proton-proton

collisions.
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The two-particle correlation function is defined as:

1 d2N airs

where An and A¢ are the differences in pseudorapidity and azimuthal an-
gle, respectively, between the two particles in the pair. d*Npgirs/dAndAg¢ is the
distribution of particle pairs as a function of An and A¢, and N is the number
of triggered particles. In heavy-ion collisions, the two-particle correlation function
is sensitive to the underlying jet structure, as the produced partons may interact

with the surrounding medium and lose energy before fragmenting into hadrons.

The modification of jet-like two-particle correlation yields is quantified by

the 144, similar to the nuclear modification factor, R4, defined as:

Yaa
Tag = =2, (1.7)
Yop

144 measures the deviation of the two-particle correlation function in heavy-
ion collisions from that in proton-proton collisions and provides information about
the modifications of jet-like correlations due to the presence of the QGP. In par-
ticular, 144 can reveal the energy loss of partons as they traverse the QGP, as well

as the modification of jet fragmentation due to the medium.

The typical structure of a two-particle azimuthal correlation function con-
tains two peaks and a baseline as shown in Fig 1.8. The correlation function is

characterized by the following components:

e Baseline The baseline contribution to the correlation function represents
the uncorrelated pairs of particles, which arise from various sources, such as

the underlying event and detector effects.

e Near-side peak The near-side peak in the correlation function is typically
located at small azimuthal angles (Ap ~ 0) and is associated with the

triggered particle.

e Away-side peak The away-side peak in the correlation function is typi-

cally located at large azimuthal angles (Ay = 7) and is associated with the
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Figure 1.8: A typical structure of the two particle azimuthal-correlation distribu-
tion containing the near- and away-side peaks with baseline.

recoiled jet. This type of peak arises in a back-to-back configuration.
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Figure 1.9: TAA for near-side (left panel) and away side (right panel) for central
(0—5% PbPb/pp) and peripheral (60 —90% PbPb/pp) collisions measured by the
ALICE detector [24].

The results are presented in Fig. 1.9, which shows the yield ratio, Ix, for
central (0-5%) and peripheral (60-90%) Pb-Pb collisions at /sxy = 2.76 TeV.
In central collisions, there is an away-side suppression (Iaax =~ 0.6), which indi-
cates in-medium energy loss. Additionally, the near-side I55 displays an enhance-
ment of around 20-30% above unity, which has not been significantly observed

in RHIC experiments at similar momenta. This near-side enhancement suggests
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that the near-side parton is also subject to medium effects, possibly due to vari-
ous factors such as a change in the fragmentation function, a possible change of
the quark/gluon jet ratio in the final state due to their different coupling to the
medium, or a bias on the parton pr spectrum after energy loss due to the trig-
ger particle spectrum [24]. The sensitivity of Iax and Raa to different properties
of the medium makes their combination particularly effective in constraining jet

quenching models.

1.6 QGP-like signatures in small systems

One of the hallmarks of the formation of QGP is the generation of a significant
number of particles. Heavy-ion collisions, such as Pb—Pb collisions, produce sev-
eral thousand final state charged particles, thereby increasing the likelihood of
creating highly dense matter. In the central rapidity region, it has been observed
indirectly that pp collisions at LHC energies produce an average of (5-10) par-
ticles, with some events producing 100 or more particles, which are known as
high-multiplicity events. Recent arguments suggest that QGP-droplets could po-
tentially form during such events if they occur. In this discussion, we will briefly
consider some observations related to the possible formation of QGP-droplets in

high-multiplicity pp collisions.

e Strangeness enhancement
Fig. 1.10 displays the yield ratio of the strange and multi-strange parti-
cle with non-strange particle (pions), integrated over transverse momentum
(pr), as a function of charged particle multiplicities. The data reveals a sig-
nificant increase in the production of strange particles in high-multiplicity

collisions.

¢ Ridge-like structure in multi-particle correlations
The ridge-like structures observed in high-multiplicity proton-proton colli-
sions at /s = 13 TeV are depicted in Fig. 1.11. In heavy-ion collisions, the
development of such structures, which exhibit a long-range in pseudorapidity

with large An and a near-side peak in azimuthal angle with small Ay, can
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be attributed to the collective expansion of the strongly interacting matter.
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Figure 1.10: The correlation between the charged particle pseudorapidity den-
sity and the ratio of multi(strange) particles to pions varies across proton-proton,
proton-lead, and lead-lead collisions at LHC energies. [25].

e Large radial flow velocity
Fig. 1.12 displays the determination of the kinetic freeze-out temperature
(Tin) and radial flow velocity ((5r)) obtained from the Blast-wave fit of the
low-pr spectra of identified particles [110]. The analysis reveals a radial flow
velocity of 0.49 4 0.02 in proton-proton collisions at /s = 7 TeV. This in-
dicates a significant degree of collectivity in high-multiplicity proton-proton
collisions, akin to what is observed in heavy-ion collisions. These intrigu-

ing observations at LHC energies raise the possibility of the formation of a
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Figure 1.11: The correlation function for pairs of charged particles with each
particle having a transverse momentum between 1 and 3 GeV/¢, displaying a
ridge-like structure in high-multiplicity proton-proton collisions at 13 TeV [26].

medium in high-multiplicity proton-proton collisions. Additionally, the pres-
ence of a hadronic phase in proton-proton collisions has been experimentally
confirmed, as discussed in references [111, 112], which calls for further in-
vestigations. These findings challenge our understanding of small systems,

which were once thought to be devoid of any thermalized medium.
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Figure 1.12: The kinetic freeze-out temperature and radial flow velocity were
measured for pp, p-Pb, and Pb-Pb collisions at LHC energies [26].
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1.7 Motivation of the thesis

The ALICE experiment at the large hadron collider allows us to study ultra-
relativistic heavy-ion collisions. The goal is to explore the properties of the QGP.
The ALICE experiment specializes in studying the QGP and other properties of
matter produced in heavy-ion collisions, including the temperature, energy density,
and viscosity, as well as the behavior of quarks and gluons within the medium.
This helps us to determine the properties of the QGP and study it at different

energy scales.

One motivation of this thesis is to study the properties of heavy flavor jets
using two particle azimuthal correlation, specifically, the production and fragmen-
tation process of heavy flavors like charm and bottom quarks. Heavy flavors are
produced in initial hard scattering processes and are sensitive to the dynamics of
the underlying process. By studying heavy flavor production, we can learn about
the properties of the partons participating in the scattering and the dynamics
of the initial state. The ALICE Collaboration measured the azimuthal correla-
tion distributions of prompt D mesons with charged particles in pp collisions at
Vs =5.02, 7, and 13 TeV for D mesons with transverse momentum (pX) up to
36 GeV/c and transverse momentum of associated charged particle (p3¥°°) up
to 3 GeV/c [11-13]. The measurements were compared with Monte Carlo (MC)
simulations using different event generators, such as PYTHIA [15, 113, 114}, HER-
WIG [115, 116], EPOS [117, 118], and POWHEG coupled with PYTHIAS. By
measuring the correlation distribution between heavy-flavor decay electrons and
charged particles, a much larger sample of correlation pairs was obtained, allow-
ing for a significant extension of the p§¥°° range and providing a complete pic-
ture of heavy quark fragmentation [11, 12]. Electrons from beauty-hadron decays
dominate the heavy-flavor hadron decay electron spectrum at high p [119], and
probing large enough trigger electron transverse momenta enables the study of the
correlation function of particles originating from beauty-hadron decays, which can
provide information on the different correlation structures for charm and beauty

quarks. This additional information can be used to constrain MC simulations

further.
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In addition, we endeavored to examine the properties of fragmentation in
regions where the experimental study is currently unfeasible. In this direction,
azimuthal correlations between heavy flavour with charged particles are measured
in pp, p—Pb, and Pb—Pb collisions. We expanded the range of kinematics for
electrons resulting from the decay of heavy flavor hadrons which is currently not
possible in experimental data due to statistics. We predicted the modification of
the fragmentation function in heavy-ion collisions using the PYTHIA8 Angantyr
model. Our investigation aimed to understand how parton and hadron-level pro-
cesses can impact fragmentation properties, and we compared the correlation of
charm mesons with charm baryons and beauty mesons. This thesis reports the
results for various kinematic regions of heavy flavour hadrons, their decay electron,
and associated charged particles. The measurements are used to study and char-
acterize jet fragmentation and hadronization of heavy quarks. The results from
different collision systems are compared to study the effects of cold-nuclear matter
and hot-nuclear matter, and comparison between different particle species helps
us to investigate the individual particle fragmentation properties. Additionally,
this thesis also tried to establish the PYTHIA8 Angantyr model for heavy ion
collisions, though it does not include the quark-gluon plasma medium. This thesis
also delves into the production of identified, strange, and multi-strange particles
in Pb—Pb collisions. Through this, we sought to investigate how multi-parton
interactions, colour reconnection, and string shoving affects the experimentally
measured quantities and to gain insights into the collective nature of the pro-
duced particles. We also attempt to study the pr spectra and integrated yields of

identified, strange, and multi-strange particles.

1.8 Thesis layout

The thesis is organized in the following manner:

In chapter 1, we have introduced high-energy physics by discussing the early
stage of the Universe, the Standard Model, and QCD. A description of the QCD
phase diagram and quark-gluon plasma has also been provided. Finally, we talked

about the motivation of the thesis.
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In chapter 2, a brief description of the LHC has been provided. ALICE
experiment and its detectors are explained in detail. The motivation of some

particle event generators is also mentioned.

Chapter 3 presents a detailed study of the azimuthal correlation between
heavy-flavour hadron decay electrons with charged particles. The methodology,
electron identification, and construction of the correlation function are discussed

in detail.

In chapter 4, detailed calculations and assignment of systematic uncertainties

are discussed.

Chapter 5 explains the results that we obtained using ALICE data analysis
on the azimuthal correlation of heavy-flavour hadron decay electron with charged

particles.

Chapter 6 presents the phenomenological study using the PYTHIA8 Ana-

gantyr model.

In chapter 7, finally, the results and outcomes of the thesis have been sum-

marized.
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Chapter 2

Experimental setup and event

generators

2.1 The large hadron collider

Physicists are now able to go beyond the Standard Model [43, 120] with the LHC,
which is pushing the boundaries of human understanding. The LHC is at the
vanguard of efforts to comprehend the fundamental nature of the cosmos in this

period for cosmology, astrophysics, and high-energy physics.

The discovery of the Higgs boson in 2012 [121] is undoubtedly a major mile-
stone in the history of physics. Beyond this, the LHC has the ability to help find

answers to some of the most critical problems of the day as:

e The existence, or not, of supersymmetry
e The nature of dark matter

e The presence of extra dimensions

It is also essential to continue to study the properties of the Higgs.

The Large Hadron Collider (LHC) [122], a synchrotron accelerator, is cur-
rently the world’s biggest and most potent particle accelerator. It is located at the
Conseil Européen pour la Recherche Nucléaire (CERN), close to the Swiss-French
border and the city of Geneva. The ring’s circumference is ~ 27 kilometers long
and is typically installed between 45 to 100 meters below the earth. The beam

pipes cross at the four interaction points where the collisions happen. The beams

33
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share a 130 meter long common beam pipe at these locations. It was constructed
in 1984 to host the Large Electron Positron Collider (LEP) [123], which was de-
molished in 2001 to make space for the actual accelerator, which is used to study
proton-proton (pp), proton-lead (p-Pb), and lead-lead (Pb-Pb) collisions. The
LHC is made up of two independent beam pipes with opposing magnetic fields
that are connected by a twin-bore magnet. This configuration enables the accel-
eration of proton beams with a maximum center-of-mass energy of /s = 14 TeV
with the luminosity £ = 10** cm=2s7! [124], as well as lead nuclei beams providing
collisions at /syy = 5.02 TeV with a peak luminosity of £ = 10*" cm2?s™.

The CERN accelerator complex
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Figure 2.1: The Large Hadron Collider (LHC) and it’s injection points [27].

Fig. 2.1 depicts an overview of the LHC as well as the locations of the four

main LHC-connected experiments. These are

e ALICE (A Large Ion Collider Experiment): This experiment spe-
cializes in detecting events with a large multiplicity of generated particles
obtained by heavy-ion collisions, is located at site 2 [91]. The purpose of
this experiment is to understand the QGP better. A detailed description of

this facility can be found in Section 2.2.
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e ATLAS (A Toroidal LHC Apparatus): This general-purpose detector,
situated in site 1 [125], is an experiment developed for novel physics research
and designed for pp collisions measurement with the highest interaction rate.
It is used for studying dark matter, Super Symmetric particles (SUSY),

evidence of extra dimensions, etc.

e CMS (Compact Muon Solenoid): This detector serves the same physics
goal as the ATLAS experiment [126].

e LHCDb (LHC beauty): The location of the Large Hadron Collider beauty
(LHCD) experiment is at site 8, which is dedicated to the research of heavy
flavour physics, specifically the study of hadrons containing beauty quarks

and CP violation [127].

The LHC injection mechanism can be seen in Fig. 2.1. The extensive device
chain that accelerates protons and drives ions to higher energies ends with this
collider. The Linear Accelerator 2 (LINAC2) accelerates protons obtained from
hydrogen atoms to a maximum energy of 50 MeV. Once they are accelerated
to an energy of about 1.4 GeV inside the proton synchrotron booster (PSB),
protons are sent to the proton synchrotron (PS), where they are accelerated to
an energy of around 25 GeV. After then, protons are accelerated in the Super
Proton Synchrotron (SPS) to an energy of around 450 GeV before entering the
LHC collider. The acceleration of Pb ions is different from those of protons.
The evaporation of metallic lead creates them, followed by ionization and initial
acceleration to an energy of around 4.2 MeV /nucleon is done by the LINAC3
(LINAC3). Later they enter the Low Energy Ion Ring (LEIR), where they reach
an energy of around 72 MeV /nucleon. Before being injected into the LHC, the
ions travel the same path as the protons, going via PS ( 5.9 GeV /nucleon) and
SPS (177 GeV /nucleon).

2.2 The ALICE experiment

The A Large Ion Collider Experiment (ALICE detector) [91] is a heavy-ion de-

tector situated in IP2 at the LHC. This experiment’s primary objectives are the
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Figure 2.2: A detailed view of the ALICE detector at LHC [28].

characterization of QGP at extremely high energies and densities generated by
Pb-Pb collisions to explore the QCD phase diagram and to investigate the physics
of strongly interacting matter. The field of experimental relativistic heavy-ion
physics was still in its infancy at the time of design in the early 1990s. It was ex-
ceedingly challenging to forecast what would happen at the center of mass energies
that were hundreds of times higher than those previously attained. Therefore, it
was necessary to build a versatile ” general-purpose” detector capable of picking up
a wide range of potential signals, both anticipated and unexpected. The numerous
improvements that have been made since the initial design was demonstrated (the
muon spectrometer approved in 1995, the transition-radiation detector in 1999,
and the electromagnetic calorimeter in 2007, in addition to a host of upgrades
planned for the 2017-2018 shutdown). The huge number of detector subsystems
that make use of almost all known detection techniques show that the ALICE
detector has the ability to detect a wide range of signals. With the help of its 18
subsystems, which each have their own respective advantages and disadvantages,
it is possible to monitor up to 8000 particles in a single event with momenta rang-
ing from 10 MeV/c to more than 100 GeV/c and conduct particle identification
over a broad energy range and reconstruct interesting decay vertices. According to
the spatial region they occupy, the detector sub-components can be divided into

two groups: forward detectors (muon spectrometer) at forward rapidity, used for




2.2. The ALICE experiment 37

triggering, and central-barrel detectors at mid-rapidity for particle identification
and tracking. The charged particle multiplicity at mid-rapidity reaches values of
several thousand per event in central Pb—PDb collisions. For this reason, only detec-
tors with high granularity and a low material budget to reduce multiple scattering
are adopted in the region surrounding the interaction point, like the Inner Track-
ing System and the Time Projection Chamber, as described below. Cylindrical
systems surround the nominal interaction point with increasing radii, namely the
Inner Tracking System (ITS), the Time Projection Chamber (TPC), the Transition
Radiation Detector (TRD), and the Time Of Flight (TOF). Two detectors, namely
electromagnetic calorimeters (EMCal) and a Ring Imaging Cherenkov (HMPID)
detector with a restricted azimuthal acceptance, are added on top of them. A
heavy absorber apparatus (muon spectrometer) composed of a dipole magnet and
fourteen layers of Resistive Plate Chambers (RPC) triggers muon events and re-
construct them at forward rapidity. After that, the experiment is outfitted with a
number of smaller detectors operating at backward and forward rapidity (V0, TO,
FMD, PMD, and ZDC), whose primary functions are the characterization of the
global event properties. The last step involves installing an array of scintillators
(ACORDE) outside the L3 solenoid to trigger and expel cosmic rays, which may

also be utilized for alignment.
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Figure 2.3: Pseudo-rapidity (n) coverage of various sub-detectors of ALICE at
LHC [29].

Figure 2.3 illustrates the pseudorapidity ranges for the various detector
subsystems. The pseudorapidity acceptance, position, and purpose of all sub-
detectors are listed in Table 2.1. Except for ACCORDE, all of the central barrel

detectors are placed inside a solenoid that was first employed by the L3 experi-
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Table 2.1: Detail description of sub-detectors in ALICE at the LHC. The detectors
marked with an asterisk (*) are used for triggering [16, 42]

Detector | Acceptance (1) | Acceptance (¢) Position Main Purpose
SPD* +2.0 full r =39 cm tracking, vertex
+1.4 full r =76 cm tracking, vertex
SDD +0.9 full r=15.0cm tracking, PID
+0.9 full r= 239 cm tracking, PID
SSD +1.0 full r=38.0 cm tracking, PID
+1.0 full r=43.0 cm tracking, PID
TPC +0.9 full 85 < rfem < 247 tracking, PID
TRD* +0.8 full 290 < r/em < 368 tracking, e* id
TOF* +0.9 full 370 < r/em < 399 tracking, PID
PHOS* +0.12 220" — 320° 460 < r/em < 478 photons
EMCal* +0.7 80 — 187 430 < r/cm < 455 | photons and jets
HMPID +0.6 1" — 59" r = 490.0 cm PID
ACORDE* +1.3 30 — 1507 r = 850.0 cm CoOSIMIics
PMD 2339 full z = 367.0 cm photons
FMD 3.6 — 5.0 full z = 320.0 em charged particles
1.7 3.7 full z = 80.0 em charged particles
(-3.4) (-1.7) full z =-70.0 cm charged particles
V* 28 — 5.1 full z = 329.0 cm charged particles
(-3.7) (-1.7) full z =-88.0 cm charged particles
TO* 46 —4.9 full z = 370.0 cm time, vertex
(-3.3) (-3.0) full z =-70.0 cm time, vertex
ZDC* > 8.8 full z =4 113.0 m forward neutrons
6.5 7.5 < 107 z ==+ 113.0 m forward neutrons
4.8 — 5.7 2¢ < 107 z="733m photons
MCH (-4.0) (-2.5) full -14.2 < z/m < -54 muon tracking
MTR* (-4.0) (-2.5) full -171 < z/m < -16.1 muon trigger
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ment when LEP was using the LHC tunnel. This solenoid creates a 0.5T bending
magnetic field inside the center barrel. This is the largest non-superconducting
solenoid that has ever been built, and while it offers all the necessary qualities
at a low cost (a weak solenoidal field as the best compromise between low mo-
mentum acceptance, tracking resolution, and tracking efficiency), It places some
limitations on the overall detector design (for instance, the depth of the EMCal
is restricted by the existing structure). The complete detector has a volume of
16mx16mx26m = 6656m?, and weighs over 10,000 tonnes. The arrangement of the
ALICE detector and its different subsystems is shown in Figure 2.2. Except for the
Electromagnetic Calorimeter, Transition Radiation Detector, and PHOS (photon
spectrometer), all detector subsystems were installed and were operational when
the LHC started running in 2008. In 2010, the installation of 4 out of 10 EMCal
super-modules, 7 out of 18 TRD modules, and 3 of 5 PHOS modules was done.
The last three TRD modules and the remaining EMCal modules were installed in
2011 (the year of the data taken for this analysis), and the remainings were im-
plemented during the 2013 shutdown. To increase the acceptance (psydorapidity)
of the calorimeter, a new calorimeter called ALICE DCal (Dijet calorimeter) was
constructed with plans to add one additional PHOS module and utilize empty
space around PHOS. This would increase the overall calorimeter coverage to al-
most 60% of the central barrel. A detailed description of the ALICE coordinate
system can b found in the Ref. [91]

2.2.1 Inner Tracking System (ITS)

Due to its proximity to the beam pipe, ITS [30] is the essential detector in re-
sponsible for monitoring the primary vertex of the collisions. I'TS incorporates six
layers of concentric cylindrical silicon detectors (pixels, drifts, and strips) based on
the three different silicon detector technologies. These cylindrical layers span the
whole azimuth and are positioned around the beryllium beam pipe of the LHC,
which has a 2.9 cm radius and an 800 m thickness. It is situated between the radii
of 4 to 43 cm. Figure 2.4 shows the corresponding geometrical arrangement of the

ITS. The major goal of ITS is the precise measurement of primary and secondary
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Figure 2.4: Schematic diagram of ALICE Inner Tracking System [30].

vertices, which is essential for reconstructing light or heavy flavoured resonance
and weak decay particles. Furthermore, I'TS improves the tracking and detection
of low-momentum particles. By offering more tracking points closer to the interac-
tion point, it also helps to improve the measurement of the TPC. The Silicon Pixel
Detector (SPD), based on hybrid silicon pixels, is a two-dimensional matrix (sensor
ladder) of reverse-biased silicon detector diodes bump-bonded to readout chips.
Each diode is linked to a conductive solder bump to contact the readout chip that
corresponds to the input of an electronics readout cell. The half-stave module,
which is a fundamental detector module, consists of two ladders, one Multi-Chip
Module (MCM), and one High-Density Aluminum/Polyamide Multi-Layer Inter-
connect. The ladder silicon sensor matrix bump adheres to five front-end chips.
The sensor matrix has 256 x 160 cells that measure 50 pm (r) by 425 pm (z) in
size. To provide coverage between readout chips, longer sensor cells are employed
in the border area. The active area of the sensor matrix is 12.8 mm (r) x 70.7
mm (z). The front-end chip reads out a sub-matrix made up of 256 (r) x 32 (z)
detector cells. The SPD (60 staves) contains 9.8 x 106 cells overall in 240 ladders
and 1200 chips. An average distance of 3.9 cm (7.6 cm) separates the inner (outer)
SPD layer from the beam axis. To reduce the material budget, the detector de-
sign employs a number of particular strategies. The SPD offers the highest spatial
resolution of all ITS detectors, making it possible to measure impact parameters

with a resolution suitable for detecting heavy flavours. The Silicon Drift Detector
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(SDD) is built on modules with a sensitive area of 70.17 (r) x 75.26 (z) mm2, which
is split into two drift areas where electrons travel in the opposite direction under
a drift field of around 500 V/ecm. The SDD modules are attached to a ladder-like
linear framework. The outer layer of the SDD consists of 22 ladders with eight
modules, whereas the inner layer consists of 14 ladders with six modules apiece.
The centroid of the charge accumulated along the anodes is used to reconstruct the
particle’s location along z. The measured drift time relative to the trigger time is
used to determine the particle’s position along the drift coordinate (r). Given that
the drift speed strongly depends on the humidity and temperature gradients in
the SDD volume, detailed information of the drift speed that is measured during
many calibration runs is required for this reconstruction. The Silicon Strip Detec-
tor (SSD) building block is a module made up of one double-sided strip detector
with two hybrids front-end electronics. The sensors have an active area of 73 (r)
x 40 (z) mm2 and are 300 pm thick. There are 768 strips, nearly parallel to the
direction of the z beam, with a pitch of 95 m on each side. The innermost SSD
layer is made up of 34 ladders with 22 modules along the beam direction, while
the outer SSD layer is made up of 38 layers with 25 modules each. The outer four
layers are employed for energy loss (dE/dz) measurement in the non-relativistic
(1/ 2) area for low momentum particles as low as pT ~ 100 MeV through analog
readout. In pp collisions at /s = 13 TeV, LHC15f pass2 period, Figure 2.5 depicts
the average energy loss (dFE/dz) distribution of charged particles vs their momen-
tum using the ITS alone (ITS pure standalone track and reconstruction). The
lines in Figure 2.5 represent a parametrization of the detector response based on a
hybrid parametrization using a polynomial function at low p/m and a ”PHOBOS”
Bethe-Bloch formula (p and m are particle momentum and mass, respectively).
This outcome demonstrates the dE/dx-based particle detection capacity of ITS,

and It is shown that pions, kaons, and the proton are clearly separated.

With these mystical abilities, ITS helps in the tracking and identification of
low-momentum particles. We now move to the Time Projection Chamber (TPC),
another essential tracking detector in the central barrel detector systems, in the

next section 2.2.2.
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Figure 2.5: Average energy loss (dE/dx) distribution of charged particles vs their
momentum (p) for ITS pure standalone tracks measured in pp collisions aty/s =
13 TeV [31]. The lines are the parametrization of the detector response based on
the Bethe-Bloch formula.

2.2.2 The Time Projection Chamber (TPC)
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Figure 2.6: (Left)Schematic diagram of ALICE Time Projection Chamber detec-
tor [32]. (Right) Bases azimuthal sections of TPC detector. Every trapezoidal

section is divided in an inner region (Inner ReadOut Chamber, IROC) and an
outer region (Outer ReadOut Chamber, OROC) [33].

The ALICE experiment’s primary tracking detector is the Time Projection
Chamber (TPC) [128, 129]. Along with the ITS, it is designed to measure the mo-
mentum of charged particles, identify them, and determine the interaction vertex.

The covered pseudorapidity range is |n| < 0.9, whereas the azimuthal acceptance
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is 360°. This is presently the biggest TPC placed on an experimental apparatus.
It is cylindrical in form, with an internal radius of ~ 85 c¢m, an exterior one of
~ 247 cm, and a length of ~ 510 cm, giving a total active volume of ~ 88 m?.
It is separated into two sectors by the presence of a central cathode, maintained
at a high negative potential of V ~ -100 kV, and produces an electric field that
was constant and measured E ~ 400 V/cm due to the action of the external field
cage. The interior volume is split into two 2.5 m long portions, each filled with a
Ne/CO3/Ny (Run 1) combination (90/10/5). Neon was replaced by argon in Run
2. The maximum drift time ~ 90 ps, produced by the electron drift velocity of
2.7 ecm/s over 250 cm (each of the two TPC drift zones separated by the central
cathode), limits the highest event rate that the TPC can support. The two pri-
mary issues that constrain ALICE to operate at a lower instantaneous luminosity
than the other LHC experiments at a high interaction rate are pile-up effects and
the longer TPC dead time. This mixture’s significant temperature dependency
on velocity requires appropriate thermal stability (T < 0.1 K [130]) for the TPC.
Electrons produced by traversing charged particles in the gas are subject to a
drift velocity towards the cylinder basis, which is azimuthally segmented into 18
trapezoidal sections, divided into an inner and an outer region, each of which is
equipped with a Multi-Wire Proportional Chamber (MWPC), for a total of 36.
(see the right panel in Figure 2.6). Together, the two MWPCs count 159 rows of
readout pads, with the cathodes capturing the initial electrons’ avalanche. The
spatial information along the beam direction is given by the drift time, which is
recorded by buffering the collected charge with a defined frequency. This signal is
utilized to rebuild the x-y projection of the particle trajectory. With a magnetic
field of 0.5 T and a resolution of 1% for low-momentum particles (pr ~ 1 GeV/c),
the TPC detector guarantees a tri-dimensional track reconstruction for charged
particles. The resolution increases to 3.5% for pr 100 GeV /c. The MWPC signal’s
amplitude is used to detect charged particles by measuring their energy loss per

unit length as they move through the gas.
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Figure 2.7: Combine TPC + ITS transverse momentum resolution [34].

Particle identification and track reconstruction

The TPC can reconstruct a primary track across a large momentum range, with
a very good momentum resolution, from roughly pr ~ 0.1 -100 GeV/c. And it
is noted that efficiency > 90% for pr > 100 MeV /¢, where the interactions in
the ITS material are the limiting factor. As demonstrated in Figure 2.7, the ITS
and TPC are able to measure the momentum of the charged particles with a
resolution greater than 1% for low pr and 20% for pr ~ 100 GeV /¢ by monitoring
the deflection in the magnetic field. The charge collected in the TPC readout pads
is used to evaluate the particle energy loss. Both the momentum and the particle
energy loss are measured at the same time. Additionally, this information makes
it possible to distinguish between the different charged particle species in the low
momentum range. The Bethe-Bloch formula is used to calculate the energy loss

(dE/dx) of a charged particle in the detector medium as follows:
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Where 3 is the velocity of the moving particle, «y is the Lorentz factor (? =
1/(1—?)), and z is its associated charge, and N, e, and m are the number density,
electric charge, and mass of the electron, respectively. I stands for the atom’s mean
excitation energy. The density effect correction term is 6(5)[131]. It can be seen
from Eq. 2.1 that the 1/3% term causes a reduction in energy loss in the low-
velocity region. The ionization value becomes minimum for the relativistic limit,
and particles in this region are called ionized particles. The dE/dx factor and
B~ are simply parametrized in this approach of particle identification by energy
loss. The Beth-Bloch curve utilized in the ALICE experiment is parameterized
similarly to ALEPH collaboration [131, 132] as:

Where v is the Lorentz factor, § is the particle velocity, and P;_5 is the

f(By) =

fit parameter. Figure 2.8 represents the dE/dx distribution for several charged
particles, with the solid line representing what is predicted by the Bethe-Bloch
formula. The track-by-track analysis identifies the low-momentum particles. Ad-
ditionally, higher momentum particles are identified using multi-Gaussian fits to

compare observed and parameterized values of dE/dx (as stated in Eq. 2.2).

Another method to identify the particles is the TPC n/sigma (o ) selection.

It defines as

dE d measured ~ dE d expecte
nor = 3B/ AWmeasured — (AE/d2) crpecte (2.3)

OrpC

where, (AE/dx)ezpected 15 the expectation of the modified Bethe-Bloch func-
tion and (dE/dx)measurea 1S the energy loss of the TPC measured tracks. The
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oXEP is the particle identification resolution of the TPC.
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Figure 2.8: The information of TPC energy loss (dF/dz) performed on Run2
ALICE data [35].

The no technique of particle identification is extensively used for the electron

identification in this thesis.

2.2.3 Electromagnetic Calorimeter (EMCal) and Dijet

Calorimeter (DCal)

Figure 2.9: Array of Electromagnetic Calorimeter (EMCal) Super-modules [36]
(Left) and Dijet Calorimeter (DCal) super-modules in gray with the PHOS super-
modules in Orange in the middle [37] (Right).
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The Electromagnetic Calorimeter (EMCal) and Dijet Calorimeter (DCal)
are cylindrical-shaped Pb-scintillator sampling calorimeters placed next to the
ALICE magnet coil at a radial distance of r ~ 4.6 m from the beam line. A
sampling calorimeter contains layers of active material to measure the observable
signal /energy deposited in between layers of absorber material that degrades the
particle energy used to produce the particle shower. The EMCal (and DCal) im-
proves ALICE’s jet measuring capabilities in addition to its superb particle track-
ing and identification capabilities. These detectors also provide improved photon,
electron, and neutral particle measurements at high momentum and trigger on

high-energy jets.

The EMCal spans the range between |n| < 0.7 and Ay = 107°(80° < ¢ <
187°). The maximum weight that the L3 magnet can support sets a limit on the
size of EMCal. The DCal is an expansion of the EMCal acceptance that was
added to the system to increase the range. The DCal covers an azimuthally Ay
= 67° (260° < ¢ < 327°) and covers pseudorapidity acceptance 0.22 < |n| < 0.7.
Because the space is occupied by the current PHOS detector, the DCal cover-
age is not uniform. To increase the acceptability of the EMCal and enable the
measurement of hadron-jet and di-jet correlations, the ALICE EMCal system was
specifically designed. Figure 2.9 shows a schematic representation of the EMCal
and DCal arrays. A super module, which is the fundamental component of both
the EMCal and the DCal, is an injection-molded scintillator consisting of two 2x2
towers/cells with 76 alternating layers of 1.44 mm Pb and 77 layers of 1.76 mm
polystyrene. Each tower has a transverse dimension ~ 6.0 x 6.0 cm?, with an
acceptable range An x Ap ~ 0.014 x 0.014. The EMCal detector system is de-
signed to be a compact detector with a sampling fraction 1:22 Pb to scintillator
ratio by volume and a detector thickness of 20.1 radiation lengths (20.1Xy, where
Xo = 12.3 mm) and an effective Moliere radius (Ry; ) of 3.20 cm. The mean
path of an electron such that its energy is lowered by a factor of 1/e is known
as the radiation length (Xg). It is a property of the material in which particles
traversed. The Moliere radius (RM), a measurement of the transverse dimension
of electromagnetic showers, is the circumference of a cylinder that contains, on

average, 90% of the shower’s energy deposition. The EMCal detects the energy
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that particles deposit as they pass through the detector material. While moving
through the calorimeter, electrons and photons predominantly interact through
electromagnetic interactions and create electromagnetic showers. Photons are ab-
sorbed by pair production ( v + nucleus — e 4+ v + nucleus). On the other hand,
electrons lose energy by bremsstrahlung (e + nucleus — e 4+ v + nucleus). Since
the aim of this thesis is the azimuthal correlation of heavy-flavour hadron decay
electrons with charged particles, the description of the EMCal in this section is
mostly focused on the identification of electrons. Since the detector is 20.1X0 in
thickness, electrons (and photons) tend to deposit all of their energy in the EMCal
clusters through an electromagnetic shower. As a result, the total energy (E) de-
posited by the electrons in the EMCal should be equal to its momentum (p) (E/p
~ 1), which is determined from the TPC. However, because the hadrons interact
mainly through the strong nuclear force and the thickness of the towers is about
equal to one nuclear interaction length, they do not entirely deposit their energy
in the EMCal. The E/p for hadrons should be lower than 1. Since photons don’t
produce a signal in the TPC, electrons and photons are distinguished from one
another by matching the EMCal clusters to the TPC tracks. With an increase in
the incident particle’s energy, the calorimeter’s energy resolution improves. For
electrons with energies larger than 10 GeV, the ALICE EMCal’s energy resolution

is lower than 5%.

It is challenging to choose high-purity electrons with p > 6 GeV/c because,
as discussed in section 2.2.2 and is clear from figure 2.8, the hadron d£/dz band
from TPC starts to mix with the electrons band as the momentum increases. A
distribution of E/p from EMCal vs. TPC no, is shown in Figure 2.10. The figure
shows a clear separation between the electron region and other hadrons. The
shape of the shower is another distinguishing characteristic of the EMCal clusters
that may be utilized to differentiate between electrons and hadrons. Additionally,

the EMCal detector is also used as high momentum trigger.
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Figure 2.10: The E/p vs TPC no, distribution in pp collisions at /s = 2.76 TeV.
Energy (E) is obtained from the EMCal, and momentum (p) is measured from the
TPC detector.

2.2.4 VZERO detectors (VO0)

The VZERO (V0) detector [38, 133] is a compact angle detector made up of the
VOA and VOC scintillator counter arrays. They are mounted on either side of
the ALICE interaction point. As shown in figure 2.11, the VOC is positioned
to the front face of the front absorber 0.90 m from the vertex, and the VOA is
situated 3.4 m from the vertex, on the side opposite the muon spectrometer. The
pseudorapidity acceptance of VOA and VOC detectors are 2.8 < n < 5.1 and -3.7

< n < -1.7, respectively.

Figure 2.11: Time alignment condition on VOA and VOC [38].
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In pp and A-A collisions, the VO detector offers minimum-bias (MB) trig-
gers for the central barrel detectors. In addition to the initial beam collisions,
interactions caused by the presence of materials, such as the beam pipe and the
front absorber, lead to the generation of secondary particles, which will distort
the physical information that should have been obtained from the main charged
particles. Therefore, a minimum-bias trigger is employed to detect particles from
beam-beam (BB) collisions. If hits are found on each disc (VOA and VOC) at the
anticipated time, i.e., 11 ns after the collision on VOA and 3 ns after the collision
on VOC, the minimum-bias trigger verifies that an event has happened. The van
der Meer scan method [134] is used to assess luminosity in pp collisions using the

VO detector.

The VO detector is also used to measure centrality and multiplicity based on

the energy deposited in the scintillator.

2.3 ALICE off-line and on-line system

2.3.1 Off-line computation in ALICE

The raw data collected from the detectors must be processed before being ready
in the form of events for further analysis. This section presents the off-line data

processing and tools used for analysis (ALICE Grid and AliRoot framework).

ROOT and AliRoot

A large portion of the high-energy physics experimental community, including AL-
ICE, uses a scientific software called the ROOT analysis framework [135], which
was primarily written in C++. At the same time, other languages, such as R
and Python, are also integrated into ROOT. ROOT was invented at CERN, and
it has features for handling and analyzing large amounts of data in high-energy
physics. In addition to offering data management and storage capabilities, ROOT
packages are loaded with several tools for doing mathematical and statistical anal-

ysis. The AliRoot framework is a ROOT modification built specifically for ALICE




2.3. ALICE off-line and on-line system 51

simulation and reconstruction. [136].

Simulation

Analysis of high-energy collision experiments heavily relies on the simulation of
actual data collected from experiments. To optimize physics data for detector
efficiency and acceptance constraints, simulated samples are used. The transport
code and the event generator are the two components that make up a simulation.
Event generators use the theoretical concepts of collision dynamics to produce
events and particles with the same average behavior as in real data. To produce
events as closely as feasible to the known real data, many event generators employ
various theories and physical procedures. Since Monte Carlo techniques are em-
ployed for the simulations, the simulated data produced by the event generators is
sometimes referred to as a ”Monte Carlo sample” or ”MC sample.” ALICE’s most
popular event generator to simulate pp events is PYTHIA [113, 137]. EPOS [13§]
and HIJING [139], which are used to simulate both pp and heavy-ion collisions,
are two further well-known event generators. Event generator outputs are subse-
quently incorporated into the input of the transport models. Transport models
that replicate the behavior of detectors, i.e., GEANT [140, 141]. The output from
the transport models aims to replicate the quantity and characteristics of particles
collected by the experiments as closely as possible. A simulation can be defined

as a computer-simulated version of an experiment.

ESD and AOD files

The unprocessed data is stored in the Event Summary Data (ESD) files after re-
construction. The ESD files contain the complete information of reconstructed
data from every sub-detector, including trigger data, collision vertex measure-
ments, and specific particle track data from various sub-detectors, etc. However,
because of their size, the ESD files are complicated and unsuitable for local anal-
ysis. As a result, Analysis Object Data (AOD) files are produced from the ESD
files, which only include data that is necessary for particular studies. The input

for local analysis is AOD files.
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Data reconstruction procedure and tracking

Calibration is the first step in reconstructing raw data, which will be recorded in
ESD and AOD files. Each detector’s clustering is then completed independently.
A cluster is a fired group of nearby cells that is utilized as an input for reconstruct-
ing a track or tracklet by a tracking detector. The ESD files also contain clusters
from calorimeter-based detectors. Algorithms that use the correlation between
SPD tracklets are used to reconstruct the location of the interaction vertex [142].
Within a narrow azimuthal window (order of 0.01 rad), tracklets are created by
nearby clusters of both layers of the SPD aligned with the primary vertex that
was successfully reconstructed. The space point where the highest number of lines
from a linear extrapolation of the tracklets converge is considered to be the pri-
mary interaction vertex. The tracklet multiplicity affects the vertex determination
efficiency [142]. Track recognition (finding) and reconstruction in the ALICE are
done in the central barrel of ALICE using the Kalman filter approach [143] in
three steps. The first step starts at the TPC’s outer radius. A track seed is cre-
ated using pairs of TPC clustered in nearby pad rows, and the primary vertex is
predicted using SPD. If a proximity cut is met, the track seed is pushed inwards
toward the inner radius of TPC and updated at each step with the closest TPC
cluster. At this stage, a preliminary particle identification based on the dE/dx
is performed. These tracks are called "TPC-only tracks.” These tracks are then
extended to the point of closest distance to the main interaction vertex and trans-
mitted toward the ITS for track finding in the ITS. Using the clusters identified
in the first iteration, these tracks from the primary vertex are transmitted back to
the TPC’s outer radius in the second iteration. The specific energy loss is used to
update the particle identification as well. These tracks are then extended in the
direction of the cluster-matching detectors TRD, TOF, HMPID, EMCAL, and
PHOS. The clusters from the second iteration are used to re-fit the tracks inward
to their closest approach to the SPD vertex in the final iteration. These are called
”global tracks Compared.” to the primary interaction vertex, the final interaction

vertex is computed utilizing the global tracks with better accuracy.
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Clustering in EMCal
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Figure 2.12: Different clusterization algorithms. Boxes represent energy in cells.
Eyp, is the threshold energy for clusterization. a) Energy in cells before clusteriza-
tion (marked in green color). b) Result of Clusterizer V1. There is one big cluster
made of cells in blue color. Green cells are below the threshold and not associated
with the cluster. c¢) Result of Clusterizer V2. There are two clusters made of blue
and orange cells. Green cells are below the threshold and not associated with any
cluster. [39].

Photons and electrons passing the Electromagnetic Calorimeter deposit their
energy in different towers through electromagnetic shower. The showers cover a
group of nearby towers because of the size of the tower. These groupings of
nearby towers or cells are known as clusters. A digit is a group of data that
describes a cell, such as the location of the cell, the amount of energy deposited,
etc. Using any of the existing clusterization techniques, clusters are created from
digits with the same particle’s energy deposited. Currently, the EMCal supports
four different types of clusterizers: Clusterizer V1, Clusterizer V2, Clusterizer 3x 3,
and Clusterizer V1 with unfolding. The Clusterizer V1 and Clusterizer V2 have
been utilized in this study and are briefly discussed in this section. The Clusterizer
V1 is the most straightforward clustering technique, aggregating nearby digits or
cells until no more is left over a specified energy threshold. A ”working array” of
digits is chosen by initializing a set of clustered parameters [39]. Finding the digit

in the working array with the highest energy deposit serves as the algorithm’s
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first seed digit. The energy of the digits must be greater than the minimal energy
threshold (Eth = 500 MeV utilized for this research) in order to be selected.
The cluster is related to the adjacent digits to the seed digits that are over the
threshold energy. The adjacent digits that have a common edge with the seed
are known as neighboring digits. To guarantee that no two clusters contain the
same digit, the digits added to the cluster are subtracted from the working array.
The algorithm keeps searching for neighbors of the already-added digits to the
cluster. This operation keeps going until there are no more neighboring digits in
the working array. The clustering procedure begins again once the cluster has been
produced and while there are still digits in the working array that may generate
fresh seeds and their neighbors for a new cluster. This process continues until there
are no more seed digits in the array. The Clusterizer V2 algorithm is identical to
the Clusterizer V1 technique, except in order to become a neighbor, the digit’s
energy must be lower. The V1 and V2 clusterization techniques are displayed
in Figure 2.12. Boxes represent energy in cells, and the threshold energy for
clustering is E;,. The energy in cells prior to clustering is shown in panel (a) in
the top panel. Clusterizer V1 output can be seen in the bottom left panel (b).
There is a large blue cell cluster that is present. Clusterizer V2 output is seen in
the bottom right panel (c). There are two clusters made of blue and orange cells.
The green cells in both bottom panels are below the threshold and not connected
to any cluster. The Clusterizer V2 has been utilized in this thesis study to get the

final results.
Shower Shape of clusters

To distinguish electrons from neutrons and hadrons, an extra parameter is
employed to analyze the lateral form of showers in the n — varphi plane of EM-
Cal. The shower shape describes by the squared eigenvalues of the shower form
ellipse’s dispersion matrix, which were determined from the energy distribution of
the individual detector cells [144]. Figure 2.13 [39]shows a toy model of such a
(M02) and A%, . (M20),

cluster. The long and short axes of the ellipse are A Short

2
long
respectively. The readout electronics of the scintillator in the EMCal are dam-
aged by neutrons, which results in abnormally high energy signals that are often

confined in one cell with a few nearby low-energy cells [145]. As a result, a lower
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threshold for the shower shape axis is used (for example, A} > 0.1) to exclude

long
contamination from neutron contributions. The shower shape parameter is also
used to deny contribution from hadrons such as neutral pions at high pr (pr >
10 GeV/c) [145]. Neutral pions can form overlapping showers as they decay into
pairs of photons, which allows for reconstructing a single elongated cluster. The
study employed a pr dependent higher threshold of the shower shape parameter

to minimize effects from such contamination. Further details on the shower shape

parameters can be found [39].

Toy Clusterization Event
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Figure 2.13: A sample of clusterization event. The cluster is fitted with an el-
lipse, and the two axes are labeled M02 and M20. Each square corresponds to a
tower /cell [39].

2.3.2 ALICE online system

Centralized web services manage the data collection processes in ALICE. It con-
sists of the following components: the Data Acquisition (DAQ), the High-Level
Trigger (HLT), the Trigger System (TRG), and the Experiment Control System
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(ECS) [146, 147]. While DAQ), integrated with TRG and HLT system, specifies
the setup of the detectors during data-taking times, DCS manages hardware op-
eration. The coordination of all the core systems is under the purview of ECS.
The detectors are organized in partitions with a certain set of trigger inputs so
that they can work simultaneously, despite the fact that they can operate inde-
pendently (in a mode known as a standalone mode). This is carried out during
the physics data collection phase. Running in standalone mode is primarily used

for calibration, commissioning, and debugging tasks.

Trigger System

The primary function of the Trigger system (TRG) is to determine within mi-
croseconds if the resulting event is worthy of being recorded for each bunch-
crossing of the LHC. It comprises a High-Level Trigger (HLT) and a Central
Trigger Processor (CTP). CLP has three levels of triggers, depending upon the
arrival times of the trigger inputs and the time synchronization of the detector,
namely, level-0 (L0) or first-level trigger, level-1 (L1) or second-level, and level-2
(L2) or final level. L0 gave the aggregate signal information from different detec-
tors in 1.2 ps after passing each bunch, whereas L1 took 6.5 ps. The final level
trigger that decides everything takes 100 seconds. The system determines whether
the selected event will be asserted, negated, or irrelevant after the last and final

level trigger. Following that, the data is recorded using the DAQ system.

High Level Trigger

At the conclusion of the trigger selection procedure, the ALICE High-Level Trigger
(HLT) is in charge of compiling inputs from all major detectors and selecting
events of interest. This is accomplished by a firmware and software-based filtering
process. Through Detector Data Links (DDL), the raw data is gathered and
entered into HLT. Following the event’s unique reconstruction for each detector,
the selection of events is carried out using the event’s reconstruction of the physics
observables. The reconstruction of events for each detector independently comes

next. Therefore, by choosing and compressing the events, HLT aids in reducing
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the volume of physical events.
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Figure 2.14: The overall architecture of the ALICE DAQ system and the interface
to the HLT system [40].

Data Acquisition

The management of data flow from detector-related electronics to long-term stor-
age is the responsibility of the DAQ system. The Local Data Concentrators
(LDCs), which read the events from the optical Detector Data Links, are used
to do this. The information about the events that have been collected is then sent
to Global Data Collectors (GDCs), which record the events to Transient Data
Storage. It is then put into permanent storage. It also consists of software pro-
grams for doing system performance and data monitoring. An overview of the

ALICE DAQ architecture is shown in Figure 2.14.
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Detector and Experimental Control System

The main goal of the Detector Control System (DCS) is to make it possible for the
ALICE to operate at the LHC securely. It controls and handles all the services
associated with detectors, such as gas, magnet, cooling, and high and low-voltage
power supply. Even during shutdown periods, it is continuously in operation. All
the on-line systems’ actions must be coordinated through the ALICE Experiment

Control System (ECS) in order to achieve their shared objective.

2.4 Event generators

Event generators are computer programs used in high-energy physics and particle
physics to simulate the interactions of particles. These generators use theoretical
models of particle interactions and can predict the properties of the final-state
particles produced in high-energy collisions. In this section, we will discuss a few

event generators for hadronic collisions as well as heavy ion collisions.

2.4.1 Event generators for hadronic collisions

1. Herwig: Herwig is a general-purpose event generator for the simulation of
high-energy lepton-lepton, lepton-hadron, and hadron-hadron collisions. It

includes several features as

e Initial- and final-state QCD jet evolution taking account of soft gluon

interference via angular ordering.

e A detailed treatment of the suppression of QCD radiation from massive

particles, the dead-cone effect.

e The simulation of BSM physics includes correlations between the pro-
duction and decay of the BSM particles together with the ability to

add new models by simply encoding the Feynman rules.

e An eikonal model for multiple partonic scatterings to describe the un-

derlying event.
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e A cluster model of the hadronization of jets based on non-perturbative

gluon splitting.

e A sophisticated model of hadron and tau decays using matrix elements
to give the momenta of the decay products for many modes and includ-

ing a detailed treatment of off-shell effects and spin correlations.

2. SHERPA: Sherpa simulations can be achieved for lepton—lepton collisions,
as explored by the CERN LEP experiments, for lepton—photon collisions, for
photon—photon collisions with both photons either resolved or unresolved,
for deep-inelastic lepton-hadron scattering, as investigated by the HERA
experiments at DESY, and, in particular, for hadronic interactions as studied
at the Fermilab Tevatron or the CERN LHC Gleisberg:2008ta,sherpa. The
physics processes that can be simulated with Sherpa cover all reactions in
the Standard Model. The Sherpa program owes versatility to the two inbuilt
matrix-element generators, AMEGIC++ and Comix, and to it’s phase-space
generator, Phasic, which automatically calculates and integrates tree-level
amplitudes for the implemented models. This feature enables Sherpa to be
used as a cross-section integrator and parton-level event generator as well.
The algorithms used in Sherpa improved descriptions of multijet production

processes.

3. PYTHIA: PYTHIA is a Monte Carlo event generator that simulates the
hadronic interactions of particles, such as protons or heavy ions, with the
matter. The main features of PYTHIA are hard and soft interactions, parton
distributions, initial/final-state parton showers, multi-parton interactions,

fragmentation, and decay.

PYTHIA is an event generator that is extensively and successfully used
for the study of proton-proton and proton-lepton collisions. Recent ad-
vancement in PYTHIAS enables the study of heavy nuclei collisions, namely
proton-nuclei (pA) and nuclei-nuclei (AA). In this work, the PYTHIAS event
generator is used to simulate ultra-relativistic Pb—Pb collisions with Angan-
tyr [148]. PYTHIAS natively does not support heavy-ion systems; however,

the Angantyr model combines several nucleon-nucleon collisions into one
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heavy-ion collision. It is a combination of many-body physics (theoretical)
models suitable for producing hard and soft interactions, initial and final-
state parton showers, particle fragmentation, multi-partonic interactions,
color reconnection mechanisms, and decay topologies [113]. In this study,
we use PYTHIAS, which includes multi-parton interactions (MPI), color re-
connection (CR), and rope hadronization mechanisms in particle production.
MPI is vital to expostulate the underlying events, multiplicity distributions,
and charmonia production. In general, an event generator at high colliding
energies produces around four to ten partonic interactions, which depend on
the overlapping region of colliding particles [149]. The perturbative scatter-
ing processes are implemented by Initial State Radiation (ISR) and Final
State Radiation (FSR)[150, 151].

Hadronization in PYTHIAS is done using the Lund string fragmentation
model. The beam remnants and the produced partons are interconnected via
strings storing potential energy. The string interactions in PYTHIAS can be
carried out in coordinate and color space via ropes, color reconnection, and
string shoving mechanisms. The mode of interaction between the strings
governs the hadronization mechanism. These underlying mechanisms are
responsible for the signatures in heavy-ion measurements without any ther-
malized medium within PYTHIAS. The rope hadronization model allows
strings to overlap in transverse space to create a “rope”. Within these over-
lapping strings in the impact parameter space, the energy density between
the region of overlap and outside creates a pressure gradient that pushes the
strings outside. This mechanism in PYTHIAS is accomplished by making
the strings “shove” each other apart. String shoving in PYTHIA8/Angantyr
influences the ratio to strange and non-strange hadrons, which can explain
the strangeness enhancement in pp and heavy-ion measurements. In the CR
mechanism, color strings are effectively shorter. This leads to a decrease in
particle production and consequently the multiplicity (/Ne,). This is compen-
sated by the addition of MPI as a parton-level phenomenon in PYTHIAS,

which increases particle production. On the contrary, strings are effectively
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longer in string shoving, which leads to an increase in particle production.
In literature, flow-like effects in pp collisions are well mimicked by string

shoving and CR mechanisms [14] in PYTHIAS.

In Angantyr, positions and the number of the interacting nucleons and binary
nucleon-nucleon collisions are performed by Glauber model-based eikonal ap-
proximation in impact-parameter space. Furthermore, Gribov’s corrections
are implemented in order to include diffractive excitation, which appears
due to the fluctuations in the nucleon substructure. Angantyr is the first
model which implements diffractive excitation in both projectile and target
nuclei via individual fluctuations. This is essential to generalize for a AA
system [148]. The contribution to the final state from each participating nu-
cleon is induced from the Fritiof model with the concept of wounded nucleons
(diffractive and non-diffractive). The hard partonic sub-collisions, normal-
ized by nucleon-nucleon sub-collisions, play a crucial role at high energies.
The model treats the projectile and target nucleons via two interaction sce-
narios. In one case, the interactions between the species are considered as
pp like non-diffractive (ND) processes. This is entirely driven by PYTHIAS.
However, in the second scenario, a wounded projectile nucleon can have ND
interactions with many target nucleons, which are termed secondary ND
(SD) collisions. Subevents are generated solely through PYTHIAS, where
these SD collisions are put into play as modified SD processes [152]. De-
pending on the interaction probability, interactions between wounded nucle-
ons are classified as elastic, non-diffractive, secondary non-diffractive, single-

diffractive, and double-diffractive.

2.4.2 Event generators for heavy ion collisions:

1. HIJING: HIJING is a Monte Carlo event generator that simulates the
interactions of heavy ions, such as gold or lead nuclei, with the matter. It is
particularly well-suited for simulating the early stages of heavy ion collisions,

including the formation of the quark-gluon plasma.
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2. AMPT: AMPT (A Multi-Phase Transport Model) is a hybrid model that

combines a microscopic transport model. It is designed to simulate the en-
tire evolution of a heavy ion collision, from the initial stages to the final
hadronic state. The AMPT model consists of several components, includ-
ing the initial condition generator, which produces the initial state of the
collision; the partonic transport model, which describes the evolution of the
quark-gluon plasma, and the hadronic cascade model, which simulates the
formation of hadrons from the quark-gluon plasma. The AMPT model also
includes the effects of resonance decay, parton coalescence, and hadroniza-

tion mechanisms.

The AMPT model has been used to study a wide range of phenomena in
heavy ion collisions, including the production of quarkonia, the formation of
jet quenching, and the behavior of the quark-gluon plasma under extreme

conditions.

. UrQMD: UrQMD (Ultra-Relativistic Quantum Molecular Dynamics) is a

microscopic transport model that simulates the interactions of heavy ions at
high energies. It is particularly well-suited for simulating the late stages of

heavy ion collisions, including the hadronization and decay of particles.

. EPOS: EPOS is a Monte-Carlo event generator for minimum bias hadronic

interactions, used for both heavy ion interactions and cosmic ray air shower
simulations. The acronym stands for energy conserving multiple scattering;
Partons, parton ladders, and strings; Off shell remnants; and Saturation.
Unlike PYTHIA, which is based on a factorization approach, EPOS is based
on the Parton-based Gribov-Regge theory, a multiple scattering theory that
combines the eikonalized parton model. The program uses a parton model
where each binary interaction is represented by a parton ladder, which can
be considered as quasi-longitudinal color fields or relativistic strings or string
fragments. EPOS also implements the idea of Pomerons, which exhibit the

interaction between incoming partons.

EPOS 3, the version used in the referenced thesis, employs full (3+1D)

viscous hydrodynamical calculations followed by a hadronic cascade, mak-
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ing it, unlike any other event generator. The separation of collision zones
into “core” and “corona” regions is another novel aspect of EPOS, based
on string densities at earlier times of the collision. The high energy den-

)

sity region above a certain critical string density is called the “core,” where
hadronization is achieved through imposing radial flow for all hadron species.
This produces a full collective expansion that creates QGP in heavy-ion col-
lisions. The low string density region is called the “corona,” where particle

production occurs similarly to pp scattering.

EPOS aims to reproduce various LHC observables such as multiplicity, jets,
and collective behavior. It is a well-suited simulation model for describing
collisions at LHC and higher energies. EPOS has been successful in explain-

ing LHC data for different collision systems at various energies.

These are just a few examples from various event generators available for sim-

ulating high-energy physics and particle physics processes. The choice of event

generator depends on the specific physics phenomena being studied and the accu-

racy and computational resources required for the simulation.




64

Chapter 2. Experimental setup and event generators




Chapter 3

Analysis strategy

This chapter outlines the approach employed to investigate the azimuthal angular
correlations between heavy-flavour decay electrons and charged hadrons in pp and
p—Pb collisions. The methodology involves several steps, such as event selection,
electron identification, and background removal, to obtain the heavy-flavour de-
cay electron sample. The analysis also entails constructing the Ay distribution
between the heavy-flavour hadron decay electrons (HFE) and charged particles,
which will be discussed in the next section. This chapter begins with the general
strategy, as well as the datasets, including Monte-Carlo samples and event selec-
tion criteria. Subsequently, it describes the track selection criteria and criteria for
the pp and p—Pb datasets, followed by the electron identification process. The
chapter then details the identification and removal of different backgrounds to ob-
tain the heavy-flavour decay electron sample and then explains how the azimuthal
angular correlations between heavy-flavour decay electrons and charged hadrons
are determined. Finally, we will provide a brief discussion of Pb—Pb analysis in
section 3.17. Although it will not be the main focus of this thesis as the analysis

of the Pb—Pb system is still ongoing.

3.1 General strategy

This section presents a broad overview of the measurement process for the
azimuthal angular correlation distributions between heavy-flavour decay electrons
and charged hadrons. The subsequent sections will provide a detailed explanation

of each of these steps. Throughout the thesis, the symbol ® will be used as a
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shorthand for the Ay distribution between electrons and charged hadrons as,

o= —— (3.1)

To obtain the electron sample, various sub-detectors (ITS, TPC, EMCal,
and VO0) of the ALICE detector are utilized. In the electron sample, some hadrons
may be misidentified as electrons and need to be removed. The resulting Ay

distribution for inclusive electrons (pure electron sample) is then obtained,

(I)Inclusive — (I)ec _ (I)had, (32)

Here, we use ®°° to denote the distribution of electron candidates, while
dhad s obtained from di-hadron correlations that are scaled as per the hadron
contamination in electron sample. The inclusive electrons are defined as electrons
that may originate from the decay of heavy-flavour hadrons or from non-HFE,

such as gamma conversion and Dalitz decay of n and 7° mesons.

The Agp distribution between heavy-flavour decay electron (®™FE) and
charged particle is measured by subtracting Ap distribution of Non-HFE

(@Non—HFE) from inclusive electron A distribution (@melusive) ag

QHFE _ lnclusive _ qNon—HFE. (3.3)

To determine the Non-HFE background, we use the invariant mass method,
which involves calculating the invariant mass of electron-positron pairs. This
method is explained in more detail later in section 3.7. The electron-positron
pairs with a low invariant mass peak are considered to originate from a non-heavy
flavour source. However, the random pairing of electron-positron pairs results in
the combinatorial background in the invariant mass distribution. To account for
this background, we subtract the invariant mass of electron pairs with the same

charges to calculate the true pair of electron-positron (Non-HFE) as

(I)rNon—HFE — @ULS o CDLS_ (34)




3.2. Experimental dataset 67

Here, ®Non—HFE g the distribution for reconstructed Non-HFE, ®US and

®1S are the distribution for unlike-sign and like-sign electrons, respectively.

Due to limited detector acceptance and efficiency, the number of identified
non-HFE is not true, this number is corrected by using the tagging efficiency
(€Etagging), Which is obtained from Monte-Carlo simulations. The total Non-HFE

(@Non—HE) hackground is calculated using the efficiency as

1
) (I)rNon—HF. (35)

€tagging

(I)Non—HF — (

3.2 Experimental dataset

The vast amount of data collected between 2015 and 2018 during the Run-2 data-
taking period at the LHC is organized into “production cycles” or “data-taking
periods.” During data collection from the collisions, the data-taking configurations
are occasionally reset under software control [153], which marks the beginning of
a new ‘run” with a unique “run number” that increases with each subsequent
run. The run-list for each data-taking period is obtained with a specific set of de-
tectors requirements, e.g., SSD, SPD, SDD, V0, TPC, EMCal, e.g., TPC-EMCal
analysis [154]. The azimuthal angular correlations between heavy-flavour decay
electrons and charged particles analysis used TPC-EMCal datasets and were mea-
sured on pp and p-Pb collision systems at /syn = 5.02 TeV collected by the
ALICE detector. As explained in section 3.17, the raw data from the detector sys-
tems undergo processing to store it as events in Event Summary Data (ESD), and
for further analysis, Analysis Object Data (AOD) files can be used. This process-
ing, which includes alignment, calibration, simulation, and reconstruction, occurs
in several successive reconstruction passes [91]. The datasets used for this mea-
surement are LHC17p and LHC17q for pp collisions and LHC16q and LHC16t for
p—Pb collisions. The data samples are used without SDD information as they are
fast compared to datasets that include SDD, as SDD has a finite readout time. In
both collision systems, minimum-biased (MB) datasets are used. A minimum bias

event requires a signal in both VZERO-A and VZERO-C detectors. After elimi-
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nating events from beam-gas collisions, events resulting from hadronic interactions
were selected. To ensure a consistent reconstruction efficiency in the mid-rapidity
region, only events with a primary vertex position falling within the z-coordinate
axis range of -10 to 10 cm were chosen. About 800M and 546M events were ana-
lyzed for measurements in pp and p—Pb collisions, respectively, corresponding to
integrated luminosities of (16.6340.32) nb™! [155] and (250 4+10) ub~! [156]. The
integrated luminosity is defined as the ratio of the number of events (Neyents) Over

the interaction cross-section (o).

N events

o

‘Cint =

3.3 Monte-Carlo samples

To determine the reconstruction and tracking efficiency of non-heavy flavour de-
cay electron (NHFE), Monte-Carlo (MC) simulations are employed. In the pp
and p—Pb analyses, the MC sample was obtained using PYTHIA 6.4.25 event
generator [113], with the Perugia 2011 tune [157], and HIJING 1.36 [158] gen-
erators, respectively. They will be referred to as PYTHIA6 and HIJING in the
following. The generated particles were propagated through the ALICE appa-
ratus using GEANT 3.21.11 [159]. In order to increase the statistical precision
of the tagging efficiency, 7 and 7 mesons generated with PYTHIAG6 were em-
bedded in the simulated events. The detector configuration and beam vertex
conditions are consistent with those during data collection. the MC production
LHC18a4b2_Geant3_fast_HFE (pp) and LHC21g8_fast (p—Pb) are used to calcu-
late NHFE reconstruction efficiency and LHC1713b_centWoSDD and 1713b_fast
(pp) and LHC20f11c2_fast (p—Pb) are used to calculate the tracking efficiency of

charged particles.
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3.4 Event selection

This section discusses the event selection criteria utilized in this analysis to choose
relevant events for study. Due to the high collision rate in ALICE, a trigger system
is employed to select relevant data segments containing the physics information
of interest, which is subsequently stored for analysis. The selection of triggers
depends on the selection of events that meet the analysis requirements and inter-
ests. In this analysis, a minimum-bias (MB) trigger is used. The minimum bias
trigger is a selection of inelastic events with minimal bias, as the name implies. In
ALICE, the minimum bias trigger selection (KINT7 trigger) necessitates a hit on
both sides of the VO detector, indicating that a collision has taken place.

To ensure uniform reconstruction efficiency of charged particles, a selection
criterion is applied on the primary z vertex position (|zytx] <10 c¢cm) from the
center of the ALICE detector system along the beam direction. The primary 7
vertex range is limited to 10 cm. For this analysis, events were selected based
on the number of contributors to the primary vertex. Only events with at least
two contributors from tracks to match with the SPD vertex were used. Pile-
up events, where multiple collisions are recorded as a single event, were removed.
There are two types of pile-up that can occur. Same-bunch-crossing pile-up, where
more than one collision occurs in the same bunch crossing, and out-of-bunch pile-
up, where one or more collisions occur in bunch crossings different from the one
which triggered the data acquisition. Pile-up events were rejected at the physics
selection level if another collision occurred in a given time window before and
after the trigger. In pp collisions, based on the multiple reconstructed vertices,
the SPD vertexer (vertex finding algorithm) was also used to tag pile-up events.
An event is tagged as pile-up if more than one vertex is present. After finding the
first vertex, referred to as the “main” vertex, tracklets that do not point to this

vertex are used to check if there are other vertices from which particles originate.
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3.5 Track reconstruction and selection

The charged particle tracks that are reconstructed by the ALICE tracking sys-
tem, consisting of the I'TS and TPC detectors, are extended to the EMCal de-
tector and subjected to a geometric matching with the EMCal cluster, which is a
reconstructed electromagnetic shower. To ensure high-quality tracks for electron
identification, various selection criteria are employed. The selection criteria ap-
plied on tracks for electron identification are presented in TABLE 3.1 for both the
pp and p—Pb data sets.

Table 3.1: Track selection criteria applied in pp and p—Pb collisions at /sy =
5.02 TeV.

Track property criteria applied
Minimum NCrossedRowsTPC 70

Minimum RatioCrossedRowsOver

FindableClustersTPC 0.8

Maximum x? per TPC cluster 4

Reject kink candidates yes

ITS and TPC refit yes

Hit on SPD layer kAny

Maximum x? per ITS cluster 36

DCA to Vtx 2D kTRUE

Require sigma to Vtx kFALSE

Min number of ITS cluster 2

EMCAL acceptance In| < 0.6, 80 < ¢ < 187

DCAL acceptance 0.22 < |n| < 0.6, 260 < ¢ < 320
In| < 0.6, 320 < ¢ < 327

Maximum DCAxy 0.5

Maximum DCAz 1.

The charged particle tracks reconstructed using ITS and TPC are prop-
agated towards the EMCal and DCAL (will be together referred as EMCAL)
detector using the Kalman filter approach [160]. The tracks which have geometri-
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cal matching with EMCal cluster are selected, requiring the track-cluster pair to

SatiSfy <|<10track - SOCluster') < 0.01 and |77track - ncluster‘ < 0.01.

A pseudo-rapidity range of |n| < 0.8 for charged particles is enforced due
to the acceptance of the TPC detector, and |n| < 0.6 for electrons due to EMCal
detector acceptance. When a charged particle passes through the TPC, it gener-
ates a signal in the TPC’s pad-rows by depositing energy. This deposited energy
is considered a cluster if it exceeds a certain threshold; therefore, the maximum
number of clusters in a given TPC sector is equivalent to the number of pad-rows,
which is 159. As the pad length increases with radial distance, the number of
crossed rows is used as a selection criterion for electrons. The number of crossed
rows is defined as the number of clusters plus the number of missing clusters [161],
which may occur due to various factors such as baseline shifts. Missing clusters
can be identified by examining neighboring clusters. A minimum of 70 crossed
rows is required for track selection. Clusters at the TPC sector edges or overlap-
ping tracks are excluded from the dE/dx calculation due to potential distortion
caused by edge effects. Electrons are relatively light particles and lose energy more
slowly as they travel through the gas. As a result, they tend to stop in a narrow
energy range known as the “Fermi plateau region.” In this region, the number of
ionization clusters produced by an electron is relatively high, leading to more hits
per track in the TPC. On average, electrons have more clusters per track than
hadrons because electron tracks are already in their fermi plateau region, which
is not the case for hadrons. To ensure the validity of each track candidate, a min-
imum of 2 ITS clusters, at least one hit on any layer of the SPD, and minimum
criteria of 0.8 on the ratio of found TPC cross rows to the number of findable
clusters are required [161]. Furthermore, a final refit of the global track with the
Kalman filter back to the identified primary vertex must be performed to pass
the ITS and TPC for each track candidate. Criteria on the distance of the closest
approach (DCA) in the transverse plane (xy) and in the beam direction (z) to
the primary vertex are applied to differentiate tracks from the primary vertex and
those originating from decays of strange hadrons or interactions with the beam as
they have wider DCA. Additionally, a criterion on the y? per degree of freedom
(x?/ndf) of the momentum fit in the TPC is applied to each track to suppress
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random, uncorrelated combinations of clusters in TPC during momentum recon-
struction. Any tracks that deviate from the track model of continuous particle
trajectories, such as those showing deviations due to emission of bremsstrahlung
or due to decay in flight, are discarded from the analysis by rejecting the kink
mother (mother particle of a deviated particle). It should be noted that the TPC

dE/dx resolution of kink tracks is typically poorer than that of regular tracks.

3.6 Electron identification

In this analysis, we utilize particle identification (PID) information from the
TPC and EMCal detectors to perform electron identification. In TPC, particles
are identified using the information of specific energy loss (dF/dx). Figure 3.1
displays the nofpe_qp/q, distribution (deviation of measured dF/dx relative to
the expected dE/dx for electrons) as a function of momentum for both pp and
p-Pb collisions. To select electron candidates, a criterion of —1 < nofpe_g4p Jdz
< 3 is applied. The criteria are asymmetric, with higher pion contamination in
the -3 < na%PCde/d‘,r < —1 region. The number of na%Pcde/dw , defined as the
difference between the measured dFE/dz signal in the detector and the expected
value for electrons divided by the energy-loss resolution in TPC. To extend the
momentum range of electrons and to distinguish them from hadrons, the EMCal
detector is used. The momentum information for each track is provided by the
TPC and ITS track reconstruction algorithm, while the corresponding energy
deposit is measured in the EMCal. Electrons are identified based on their E/p
ratio, which is around 1 since the mass of electrons can be ignored for relativistic
particles. On the other hand, pions have a lower E/p ratio as they deposit only
a fraction of their initial energy in the EMCal. Parameters describing the shape
of the particle shower (ellipsoid shape) in the EMCal detector are also utilized to
improve the purity of the electron sample. In this analysis, a selection on the long
axis (M02) is applied as it proves to be more effective than a selection on the short

axis in improving electron purity, as detailed in [162].
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Figure 3.1: nofpe_qp Jdz distribution is shown for pp collisions (left) and in p-Pb
collisions (right) at \/syn = 5.02 TeV.

Figure 3.2 and 3.3 illustrate the E/p distribution in various pr ranges from 3
to 12 GeV/c for pp and p—Pb events, respectively, after applying criteria of —1 <
na%PC_dE/dx < 3 and 0.02 < M02 < 0.9. To estimate the hadron contamination,
the E/p ratio for hadrons (=10 < nofpq g, < —3.5) is taken after applying
shower shape criteria that are scaled to match the £/p distribution in the range
0.3 < E/p < 0.6. The resemblance between the shapes of electrons and hadrons
in this region indicates that the predominant contribution is likely to be from
hadrons. Since electrons and hadrons exhibit similar shapes in this region, it is
likely that the majority of the contribution comes from hadrons. This information
is useful in estimating the level of hadron contamination in the electron region
with an F/p value ranging from 0.8 to 1.2. The purity of the electron sample is
shown in Figure 3.4. The purity is calculated as the ratio of the number of all
electron candidates (Alle) minus the number of hadrons (Had) to the number of

all electron candidates for 0.8 <E/p < 1.2.

Alle NHad

N Alle <3 : 7)

Purity =

The purity of the electron sample for the pr bin considered in the correla-
tion analysis (4 < p$ < 12 GeV/c) is 95.5% in pp collisions and 97.8% in p—Pb

collisions.

The values for nofpc_4p Jdz E/p , and shower shape criteria applied are
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Figure 3.2: E/p distribution after —1 < nofpc_gpq, < 3 and 0.02 < M02 <

0.9 criteria in pp collisions at /s = 5.02 TeV. Hadron contamination is shown
in the red distribution. FE/p distribution for electrons after subtracting hadron
contamination is shown in green points.

summarized in Table 3.2.

Table 3.2: Electron identification criteria

criteria parameters criteria applied
NOTpc—dp/de (-1, 3)
Shower shape long axis (M02) (0.02, 0.9)
E/p (0.8, 1.2)

After applying the electron identification criteria, any remaining hadron con-
tamination is removed by scaling the hadrons to the E/p distribution, resulting

in an inclusive electron sample.
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3.7 Estimation of Non-HFE contribution

The inclusive electron spectrum arises from several sources, which include:

e Heavy-flavour electrons originating from the semi-leptonic decay of heavy-

flavour hadrons (c, b — e).

e Electrons resulting from Dalitz decays of light neutral mesons (7% — vyete™)

and from photon conversion in the detector material.

e Electrons produced from weak K — erp (K.3) decays and dielectron decays

of light vector mesons.

e Electrons generated from dielectron decays of heavy quarkonia (J/¢ —

eter).
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e Electrons originating from partonic hard scattering processes, including

Drell-Yan processes and prompt photon production (¢g§ — v/Z — ete™).
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Figure 3.4: purity of the electron sample in pp (left) and p—Pb (right) collisions
for 4 < p§ < 12 GeV/c at \/syy = 5.02 TeV.

The dominant sources of non-heavy-flavour electrons (non-HFE), especially
in the considered pr range, are electrons from Dalitz decay and photon conversions,
which are depicted in Figure 3.5 [41]. The other sources contribute negligibly; as

a result, the analysis focuses on reconstructing the non-HFE background.

The invariant mass distribution of electron pairs from conversions and Dalitz
decay (i.e., non-HFE sources) peaks at low invariant mass due to zero photon mass,
while no such correlation exists for HFE. Therefore, the non-HFE background can
be estimated by pairing the e* with their partners and calculating their invariant

mass.

The procedure starts with applying electron identification criteria to tag one
of the e* tracks from the primary collision vertex. Next, all other tracks in the
same event are looped over to find the partner electron. Partner electrons are
selected from AOD tracks passing the selection criteria summarized in Table 3.3.
In order to improve the probability of reconstruction, loose criteria are imposed

on partner electrons.

A loose dE/dx criteria is implemented for the partner electron around the

electron band to increase the likelihood of detecting the electron pair.

To eliminate electrons originating from photon conversion, a criterion is ap-
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Figure 3.5: Inclusive electron yield per minimum bias pp collision as function
of pr at /s = 7 TeV in comparison with different background sources calculated
using an MC hadron-decay generator. Lower panels show the ratio of the inclusive
electron yield to the background electron cocktail [41].

plied on the invariant mass of M.+ < 0.14 GeV/c? . The unlike-sign electron pairs
include both true Non-HFE and combinatorial background. The combinatorial
background is estimated from the like-sign pairs. The Non-HFE sample can be
obtained by subtracting the like-sign (LS) paired electrons from the unlike-sign
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Table 3.3: Selection criteria for partner electron selection.

Track property

criteria applied

Min number of TPC clusters
Maximum x? per TPC cluster
Reject kink candidates
Maximum DCAxy

Maximum DCAz

DCA to Vtx 2D

Minimum NCrossedRowsTPC
Minimum RatioCrossedRowsOverFindableClustersTPC
Min pr (GeV/c)

TPC and ITS refit
Pseudorapidity

PID criteria

Maximum DCAxy

Maximum DCAz

20
4
yes
2.4
3.2
kTRUE
60
0.6
0.1
yes

—0.9<n<09

=3 < NOTpc_qpas < 3

0.5
1.

(ULS) sample.

Non—HF—reco __ ULS LS
N — NULS _ NS,

(3.8)

The invariant mass distribution for like-sign (LS) and unlike-sign (ULS)

electron pairs is shown in Figure 3.6.
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Figure 3.6: Invariant mass distribution for the like-sign (red symbols) and unlike-
sign (black symbols) electron pairs for 4 < p§ < 12 GeV/c in pp and p—Pb
collisions at /sy = 5.02 TeV.

3.8 Non-HFE identification efficiency

Some photonic decays may not be detected in the data due to various reasons,
such as a partner photon being outside the detector’s range, not meeting cer-
tain requirements, or not being chosen during track reconstruction. As a result,
the initial count of photonic electrons is corrected by the tagging efficiency (€ag)
obtained from a Monte-Carlo (MC) sample, which represents the likelihood of cor-
rectly identifying photonic electrons. The Non-HFE tagging efficiency using the
invariant mass method is calculated by applying the same analysis criteria to the
MC samples mentioned in section 3.3. The tagging efficiency can be calculated by
taking the ratio of the number of true photonic pairs originating from the same
mother (Ngoung) that have passed the associated track selection criteria to the
total number of electrons (positrons) originating from photonic sources (Nryta1)
obtained from the enhanced MC sample. The enhanced MC sample is used in
order to reduce the statistical uncertainty arising from using a general-purpose

sample at high pr.

N Found
g = ————. 3.9
Ctag N Total ( )

Due to the presence of 7° and n enhancement in the MC sample, the pr

distribution of electrons is biased. This bias is corrected by calculating the weight
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of the 7% and 7 enhancement (HIJING/Enhancement) and applying it to the p

distribution of electrons.

3.8.1 Weight calculation

The weight is determined by selecting 7° and 7 from HIJING and enhanced events
while ensuring that the enhanced 7° and 1 do not originate from enhanced HF
decays by selecting only those 7° and 7 that have no mother. The ratio of the
pr distribution of HIJING and embedded events is then calculated. This ratio

is fitted with a Hagedorn function ¢ 163] to parameterize the

. [
exp (—Bzx—Cz2)+5)F

enhanced sample, as shown in Figure 3.7 for pp collisions. Here, A;B,C,D, and E

are the free parameters.
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Figure 3.7: pr distribution of 7° and 7 (top Left) from PYTHIA and embedded
events. Weight = PYTHIA /Embedded pr distribution fit with a Hagedorn func-
tion for ¥ (top Right)and 7 (bottom) in pp collisions at /s = 5.02 TeV.

The obtained weight from the fit function is used to adjust the electron
pr spectrum and remove the enhancement bias. Specifically, the electron pr is

multiplied by the weight obtained from the fit function using the parent particle’s
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pr (7° and ) as input. Figure 3.8 illustrates the electron pr distribution before
and after the weight adjustment in pp collisions. The same weight adjustment

procedure is also applied to the p—~Pb MC sample.
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Figure 3.8: pr distribution of electrons before and after applying the weight in pp
collisions at /s = 5.02 TeV.

The efficiency of non-HFE tagging as a function of p5 is presented in Figure
3.9 in pp and p—Pb collisions before and after applying the weight to remove the
bias from enhancement. The efficiency varies from 66% for low momenta to 79%

for momenta above 10 GeV/c.
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Figure 3.9: Non-HFE reconstruction efficiency as a function of pS. before and after
applying the weight for pp (left) and p—Pb (right) collisions at /syy = 5.02 TeV.
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3.9 Azimuthal angular correlations between
heavy flavour electrons and charged

particles

The purpose of this analysis is to examine the characteristics of heavy-flavour
production in pp and p—Pb collisions by constructing azimuthal angular correla-
tions (Ay) between the charged particle and heavy-flavour hadron decay electrons.
The initial stage involves creating a A distribution for charged particle and in-

clusive electrons as

Ap(e,h) = ¢ — " (3.10)

Section 3.6 explains the method used to identify electrons, while TABLE 3.4
outlines the criteria applied to select charged hadrons from the TPC detector.

The hadron sample does not undergo any particle identification process.

The azimuthal correlations between heavy-flavour hadron decay electrons

and charged particle are calculated as

dNHF dNIncl 1 dNNoanFfreco
= — - X
dApe. 1,  dAp._j, — €tassing dApe_p

(3.11)

In this equation, the first term refers to azimuthal correlation distribution
between inclusive and charged particle, whereas the second term refers to corre-
lation distribution between non-HFE and charged particle. To select the hadron
candidate tracks, the AOD track sample is utilized and filtered using the selection
criteria detailed in Table 3.3. This chapter outlines the approach employed to in-
vestigate the azimuthal angular Figure 3.10 and 3.11 display the Ay distribution
of inclusive electrons and charged particles in pp and p—Pb collisions, respectively.
Since the distributions are not normalized, the peaks in p—Pb collisions appear

higher in amplitude due to the larger statistics.




3.10. Mixed event correction 83

Table 3.4: Track selection criteria for associated particles.

Track property criteria applied
Min number of TPC clusters 50
Maximum x? per TPC cluster 4
Reject kink candidates yes
Maximum DCAxy 24
Maximum DCAz 3.2

DCA to Vtx 2D kTRUE
Minimum NCrossedRowsTPC 60
Minimum RatioCrossedRowsOverFindableClustersTPC 0.6

TPC and ITS refit yes
Pseudorapidity —0.8<n<0.8
PID criteria -3 < naffpc_dE/chC <3
Maximum DCAxy 0.5
Maximum DCAz 1.

3.10 Mixed event correction

The distribution of the azimuthal angular correlation can be distorted by several
factors, such as pair acceptance and dead or noisy channels in detectors. To mit-
igate such distortions, the (An, Ap) distributions from mixed events are utilized.
This involves creating a distribution by selecting electrons from one event and
charged particles from other events. In an ideal scenario, if there is no acceptance
or detector impact, the distribution of Ay in mixed events should be flat as there
is no correlation between electrons and hadrons from separate events, and the
An distribution should be triangular structure due to the limited n acceptance of
the detector. Any deviation from this flat distribution can be attributed due to

detector effects and must be corrected for.

To acquire the correlation distribution using the event mixing method, a
mixed event pool is constructed using charged particles from different events ex-
cept for the same-event. The hadron tracks in this mixed event pool are selected

using the same criteria as in the same-event analysis. The mixed event Ay dis-
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tributions are built utilizing events with similar characteristics, such as centrality
and primary vertex position along the z-axis (VtxZ). Consequently, the mixed
event pool is divided into one centrality and four VtxZ bins for pp analysis and

four multiplicity percentile and six VtxZ bins for p—Pb analysis.

pp events:

Centrality bin : (0,100)

VixZ(cm) bin : (-10,-3), (-3,0.9), (0.9,3), (3,10)

p—Pb events:

Centrality bin: (0,25), (25,50), (50,75), (75,100)

VtxZ(cm) bin : (-10,-4.6), (-4.6,-1.6), (-1.6,0.9), (0.9,3.4), (3.4,6.1), (6.1,10)

In mixed-event pool, the centrality pool is divided into equally-sized bins
based on a uniform distribution, while the asymmetry in VtxZ bins accounts for
the shift of mean in the z-vertex distribution from VtxZ = 0., which is centered
around VixZ = 0.9 in pp and p—Pb collisions. Only events within the same
centrality and VtxZ bins are used to construct the mixed event distribution, and
at least three events must be present in each bin to ensure a sufficient number of
particles for the distribution. The mixed event (An, Ay) distribution in pp and

p—Pb collisions are shown in Figures 3.12 and 3.13, respectively.

When (An, Ap) ~ 0, the trigger electron and its corresponding hadrons
that originate from the same event must be within the detector’s range. This
characteristic can be utilized to calculate the normalization factor for the mixed
event distribution. The Ay distribution, which compares the heavy-flavour decay
electrons to the charged hadrons from the mixed event approach, is standardized
so that the output at Ay = 0 is equivalent to one. This standardization coefficient

is known as .

To correct for acceptance and detector effects on the (An, Ap) distribution
from the same event, the ratio of the distributions from the same event and mixed

events are taken.
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d? Npair " Sse(An, Ay)

_— = 3.12
dAndAy Bue(An, Ap) ( )

The signal distribution is the particle yield of pairs in the same event, given

by

dQNsame

where, N°*™¢ is the number of pairs within a (An, Ay) bin. The background
distribution from mixed-event is given by
d2 Nmia:

Bye(An, Ap) = dAndAg (3.14)

where, N™ is the number of mixed-event pairs. To correct for mixed events,
each correlation component necessary to construct the heavy-flavour decay elec-
tron correlation, such as (An, Ay) of inclusive, ULS, and LS electrons, etc., are
subject to mixed event correction in all pr bins. However, the mixed event distri-
bution may experience significant statistical fluctuations at high associated track
pr (pr > 4 GeV/c ), so to reduce this fluctuation, the mixed event (An, Ay)
distribution for pr > 4 GeV/c is merged and used for all pr bins, as the shape of
the mixed event Ay distribution is independent of pr, as depicted in Figure 3.14.

As defined in eq. 3.13, the mixed-event corrected same-event (An, Ap) dis-
tribution is shown in Figure 3.15 and 3.16 in pp and p—Pb collisions, respectively.
Note that the mixed-event distribution is limited to |An| < 1 to avoid the “wing
effect,” which is a large fluctuation that occurs at large An due to limited entries
of correlation bins in that region. The final distribution used for this analysis is
the one projected to Ay, as the available statistics are limited and would not allow

for a correlation study in both (An, Ap).
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Figure 3.10: Same event (An, Ay) distribution between inclusive electrons and
charged particles for 4 < p§ < 12 GeV/c and in different associated charged
particle pr ranges in pp collisions at /s = 5.02 TeV.
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Figure 3.11: Same event (An, Ay) distribution between inclusive electrons and
charged particles for 4 < pS < 12 GeV/c and in five associated charged particle
pr ranges for p—Pb collisions at /syn = 5.02 TeV.
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Figure 3.13: Mixed event (An, Ap) distribution between inclusive electrons and
charged particles normalized by 8 (N2¢=%) for 4 < p$ < 12 GeV/c and in five

associated charged particle pr ranges for p—Pb collisions at /sy = 5.02 TeV.
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Figure 3.12: Mixed event (An, Ayp) distribution between inclusive electrons and
charged particles normalized by 8 (N2%=%) for 4 < p$ < 12 GeV/c and in five
associated charged particle pr ranges in pp collisions at /s = 5.02 TeV.
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Figure 3.15: SE/ME (An,Ay) distribution between inclusive electrons and
charged particles for 4 < pS < 12 GeV/c and in five associated charged parti-

cle pr ranges in pp collisions at /s = 5.02 TeV.
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Figure 3.16: SE/ME (An,Ayp) distribution between inclusive electrons and
charged particles for 4 < p$ < 12 GeV/c and in five associated charged parti-
cle pr ranges for p—Pb collisions at /syny = 5.02 TeV.




90 Chapter 3. Analysis strategy

3.11 Hadron contamination

As we know, the inclusive electron sample can contain some unwanted hadron
contamination. To reduce this contamination, a hadron-hadron Ay distribution
is constructed. The correlation distribution is obtained using hadron triggers
with n0Spe_gp/q, in the range of (—10,—4), and it is then scaled to the yield
of hadron contamination in the E/p distribution (explained in section 3.6). The
Ay distribution for inclusive electrons before and after the removal of hadron
contamination is shown in Figure 3.17 and 3.18 for pp and p—Pb collisions. In these
figures, the black points represent the Ay distribution for inclusive electrons, the
blue distribution represents the hadron contamination, and the red distribution
is the result of removing the hadron contamination from the inclusive electron
sample. The contamination from charged hadrons was estimated to be around
1% at pr = 4 GeV /c increasing to about 12% at 16 GeV/c in both pp and p-Pb
collisions.
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Figure 3.17: Ay distribution for inclusive electrons before and after subtraction of
hadron contamination 4 < p$ < 12 GeV/c and in five associated charged particle
pr ranges in pp collisions at /s = 5.02 TeV.
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Figure 3.18: Ay distribution for inclusive electrons before and after subtraction of
hadron contamination 4 < p} < 12 GeV/c and in five associated charged particle
pr ranges in p—Pb collisions at /syny = 5.02 TeV.
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3.12 Non-HF decay electron correlation

The Ay correlation between inclusive electrons and charged particles comprises of
electrons from heavy-flavour hadron decay as well as non-heavy-flavour electron.
To identify the non-heavy flavour electron background, the invariant mass method

is used as described in Section 3.7.

The Ay distribution for the reconstructed non-heavy flavour electron back-
ground, denoted as Non-Hf,, is obtained by subtracting the Ay distribution of

unlike-sign pairs from that of like-sign pairs for electrons, i.e.,

oYenHE — LS — S (3.15)

The Ay distribution for ULS, LS and Non-Hf; electrons are shown in Fig-
ure A.1, A.2 and A.5 in pp collisions, and in Figure A.3, A.4, A.6 for p—Pb events,

respectively.
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Figure 3.19: Ay distribution for non-heavy flavour electron 4 < p§ < 12 GeV/c
and in five associated charged particle pr ranges in pp collisions at /s = 5.02
TeV.

The Non-Hf, Ay distribution is need to correct by the tagging efficiency
(€tag) as reported in the section 3.8. The Non-HFE Ag distribution after efficiency
correction is shown in Figure 3.19 and 3.20 for pp and p—Pb, respectively.
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Figure 3.20: Ay distribution for non-heavy flavour electron for 4 < p§. < 12 GeV/c
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and in five associated charged particle pr ranges in p—Pb collisions at /syn = 5.02

TeV.

To obtain the Ay distribution for HFE, the contribution of the non-HFE

A distribution needs to be subtracted from the inclusive electron Ay distribu-

tion. This process is illustrated in Figure 3.21 and 3.22 for pp and p—Pb events,

respectively. The resulting Ap'F distribution is then normalized by the number

of heavy-flavour decay electrons (NHY) in the sample to obtain the per-trigger

electron correlation distribution.
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Figure 3.21: Ay distribution for HFE after subtracting Non-HFE from inclusive
electrons for 4 < p§ < 12 GeV/c and in five associated charged particle pr ranges
in pp collisions at /s = 5.02 TeV.
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Figure 3.22: Ay distribution for HFE after subtracting Non-HFE from inclusive
electrons for 4 < p§ < 12 GeV/c and in five associated charged particle pr ranges
in p—Pb collisions at /sy = 5.02 TeV.
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3.13 Charged particle tracking efficiency

The purpose of this analysis is to evaluate the differential yield of charged particles
associated with each triggered electron. As the electron reconstruction efficiency
remains consistent throughout the analyzed pr range and its impact nullifies upon
normalization by the number of triggered particles (electrons), it is not employed
in this analysis. Instead, the tracking efficiency for associated charged particles is
computed using general-purpose MC samples, which are discussed in section 3.3.
This efficiency is defined as the ratio of reconstructed “physical primary” tracks to
all “physical primary” tracks in the MC stack after implementing track selection
criteria. Physical primary particles are those that are created in the collision,
including strong and electromagnetic decay products but not feed-down from weak
decays of strange particles. The tracking efficiency with respect to pr is illustrated

in Figure 3.23 for both pp and p—Pb collisions.
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Figure 3.23: Tracking efficiency for associated particles obtained using MC simu-
lations for 4 < p§ < 12 GeV/c and in five associated charged particle pr ranges
in pp (left) and p-Pb (right) collisions at \/syy = 5.02 TeV.

3.14 Purity estimation

To estimate the secondary particle (decay of primary particles [164]) contamina-
tion in the associated track selection, general-purpose Monte-Carlo simulations are
used. The fraction of tracks that are not “physical primary” tracks are selected to
estimate the level of secondary contamination. The contamination as a function

of pr is illustrated in Figure 3.24 for both pp and p—Pb collisions.
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Figure 3.24: Secondary particle contamination in associated particle sample ob-
tained using MC simulations after passing selection cuts for 4 < pS < 12 GeV/c
and in five associated charged particle pr ranges in pp (left) and p—Pb (right)
collisions at /syy = 5.02 TeV.

Figure 3.25 and 3.26 display the differential yield of associated particles
per trigger electron, corrected for both tracking efficiency and secondary particle

contamination, for pp and p—Pb collisions.

1<p‘;<ZGeV/C 2<p: <3GeVic 3<p"'<AGeV/C
B6 ﬂ?} %0.3
14 * \90’6- + =
3 3 32
= Zo.5F 8.25F
R N
ERE! % Zo.4F 02
B A :’ ’ ok ¥ P Tpasf
S S S
06’0“ ¢M“ ‘M 0.2F ** 0.1 +
0.4f ’ ¢ ¢ %* ¢ +
0.2 0'1:“‘ N“: M‘ 005 # M¢‘¢+++ +¢W
ettt ettt AT ST
-1 0 1 4 -1 0 1 2 3 4 -1 0 1 2 3 4
26 (rad) 26 (rad) A9 (rad)
A<p: <5GeVic 5<p: <7GeVic
S T
0.1 D.07F
= =
D1 Doosf
ﬁ% o. %0.05—
2 0.08 £0.04 -
§b.06 50_03 HFEmAgéodlstrlbutlon
+ 0.02 4< p, < 12 GeVic
0.04 A ++ + PP, |Syy=5.02 TeV
0.01f
o o bl
] W Pl et T
1 0 1 2 -1 0 1 2 3

34 7
¢ (rad) A9 (rad)

Figure 3.25: Azimuthal angular correlation per trigger between HF-decay electrons
and charged particles after tracking efficiency and secondary particle correction
for 4 < p§ < 12 GeV/c and in five associated charged particle pr ranges in pp
collisions at /s = 5.02 TeV.
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Figure 3.26: Azimuthal angular correlation per trigger between HF-decay electrons
and charged particles after tracking efficiency correction and secondary particle
correction for 4 < pS < 12 GeV/c and in five associated charged particle pr ranges
in p—Pb collisions at /syn = 5.02 TeV.
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3.15 Pedestal estimation

In order to compare the jet signal on the near and away side of the Ay distribution
for various associated pr bins of both pp and p—Pb events, it is necessary to
subtract the uncorrelated pairs of HFE and associated particles that lie under the
signal region. In this analysis, firstly, the pedestal is estimated by fitting a 0%
order polynomial with a Generalized Gaussian function for both the near-side and

away-side peak fitting. The total fit function is presented below,

Y _(ALe Y _(Ap—7
f<A90> = b+ NS X /BNS X e (a s )BNS As X /BAS X e (O‘(pS )BAS

20nsT(1/fys) ” 20457 (1/Bas)

, (3.16)

The total fit function used in this analysis comprises of two generalized
Gaussian terms that describe the near- and away-side peaks, along with a constant
term that represents the baseline. A periodicity condition is imposed on the

function to ensure f(0) = f(2m).

The integrals of the generalized Gaussian terms, Yyg and Y,g, correspond
to the associated-particle yields for the near (NS)- and away (AS)-side peaks,
respectively. In the function, the parameter « is related to the variance of the
function and thus to its width, while the parameter 3 controls the shape of the
peak (a Gaussian function is obtained for 8 = 2). The widths of the correlation
peaks are determined by the square root of the variance of their fitting terms,

which is given by ay/I'(3/3)/I'(1/83) [12]. The mean of the generalized Gaussian

functions is fixed at Ap = 0 and Ag = 7. The baseline b represents the minimum

value of the Ay distribution.

To reduce the impact of statistical fluctuations on the estimation of yields
in experimental data for both pp and p—Pb collisions, the value of 3 is fixed
while fitting the A distribution, as shown in Table 3.5. The fixed § values are
obtained from the Ay distributions of electrons from heavy-flavour hadron decays
and charged hadrons from PYTHIA8 Monte Carlo (MC) simulations. The MC
Ay distributions are fitted with the generalized Gaussian function given in Eq 6.5,

as illustrated in Figure 3.27.
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The Ay distributions from experimental data are fitted using the generalized
Gaussian function (Eq 6.5), with the fixed 8 parameter obtained from the MC
(PYTHIAS) distributions. The fitting results are shown in Figure 3.28 and 3.29
for pp and p—Pb events, respectively. The generalized Gaussian fitting is depicted
by the black line in these figures, while the green line represents the pedestal
(baseline). The red data points and lines correspond to the baseline subtracted

data points and fitting, respectively.
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Figure 3.27: HFE-h Ay distribution which is generated from MC (PYTHIAS)
and fitted with generalized Gaussian function for 4 < p$ < 12 GeV/c and in five
associated charged particle pr ranges in pp collisions at /s = 5.02 TeV.

Table 3.5: Near-side and away-side ( values obtained by MC (PYTHIA) in pp.

pff n GGV/C BNS ﬁAS

1-2 1.60596 1.67864
2-3 1.50754 1.63330
3-4 1.41302 1.58953
4-5 1.36122  1.53177
5-7 1.37647 1.41160

As the generalized Gaussian function has a large number of free parameters
and we have to fix the § parameter from the fitting of Monte-Carlo data. Hence,
the von Mises function was employed as a new fit function due to its ability to
accurately describe the peak structure with only a very few free parameters [165]

and used it as a default function to subtract the baseline and estimate the near-
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Figure 3.28: HFE-h Ay distribution for 4 < p§ < 12 GeV/c and in five associated
charged particle pr ranges fitted with generalized Gaussian function in pp collision
at /s = 5.02 TeV showing in black markers, baseline in the green line, and Ap
distribution after baseline subtraction showing in red markers.

and away-side observables.

The function is defined as:

el s COS (Ap) elAS COS (Ap—m)

f(Ap) =b+ 2rly(kns) + 211y(Kas) (3.17)

Here, b is the baseline, x is the reciprocal of dispersion, which means it gives

a measure of the concentration, I, is the 0* order modified Bessel function. The

Y

mean for near- and away-side peaks are fixed to “0” and “m,” respectively.

The near- and away-side width is estimated by measuring the sigma (o) from

the von Mises function as given by the relation:

(3.18)
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Figure 3.29: HFE-h Ay distribution for different p$ ranges fitted with generalized
Gaussian function in p—Pb collision at /s = 5.02 TeV showing in black markers,
baseline in the green line, and Ay distribution after baseline subtraction showing

in red markers for five associated pr ranges.

Here, I, and I; are the modified Bessel function of 0** order and 1% order,

and k is measured by the von Mises function fit parameter.

The error in the width (do) is propagated by the relation:
1 I I 1
do==x (2 -24+=)dx (3.19)
o

Where dk is the uncertainty in x, obtained by von Mises function fitting.

The von Mises fitted Ay is shown in Fig. 3.30 and 3.31 in pp and p—Pb

collisions, respectively.
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Figure 3.30: HFE-h Ay distribution fitted with von Mises function for 4 < p%
< 12 GeV/c and in five associated charged particle pr ranges in pp collisions at

Vs = 5.02 TeV.
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Figure 3.31: HFE-h Ay distribution fitted with von Mises function for 4 < p%
< 12 GeV/c and in five associated charged particle pr ranges in p—Pb collisions

at v/syny = 5.02 TeV.
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3.16 Near- and away-side yields and sigma

To determine the near-side and away-side yields of the Ay distribution, the inte-
gral of the correlation distribution is calculated within the range of —3¢ to 3o from
the mean value for near-side (mean =0) and away-side (mean =), after pedestal
subtraction. In this case, o is obtained from the fit. A comparison of the near-side
and away-side yields and sigma (o) in pp and p—Pb collisions provides insight into
the possible modification of the fragmentation function of heavy-quarks. The near-
side and away-side yields in pp and p—Pb collisions are displayed in Figure 3.32,

and the near-side and away-side sigma (o) are illustrated in Figure 3.33.
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Figure 3.32: Near-side and away-side yield for 4 < p$ < 12 GeV/c and in five
associated charged particle pr ranges in pp (left) and p—Pb (right) collisions at

\/SNN — 5.02 TeV.
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Figure 3.33: Near-side (left) and away-side (right) sigma (o) for 4 < pS < 12
GeV/c and in five associated charged particle pr ranges in pp and p—Pb collisions
at A/SNN — 5.02 TeV.
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3.17 Pb—Pb analysis

Heavy quarks experience energy loss as they move through the QCD medium,
which occurs as a result of elastic and inelastic collisions with the constituents
of the medium. Because of their high mass, heavy quarks may have a shorter
hadronization time compared to light quarks, potentially resulting in hadroniza-
tion occurring within the QGP while the heavy quarks are traversing the medium.
This could lead to modifications in the fragmentation function of heavy quarks. By
studying the azimuthal angular correlation of high-pr particles originating from
heavy-flavour (charm and beauty) decays, we can investigate their interaction
with the Quark Gluon Plasma. The near-side correlation distribution of heavy-
flavour decay electrons and charged hadrons in Pb—Pb collisions is examined in
this chapter to quantify the modification of the fragmentation function caused by
the interaction of heavy quarks with the medium. The near-side yield per trigger
particle is calculated to assess this modification and the near-side yield in Pb—Pb
collisions is compared to that in pp collisions (Ixa) to study the modification of
the particle correlation yield. Moreover, the study of the away-side correlation
distribution provides information on jet quenching, while the near-side correlation
distribution gives insight into the fragmenting jet leaving the medium. However,

Pb—Pb analysis is ongoing at the time of writing the thesis.

The analysis technique used for Pb—Pb analysis differs slightly from that
used for pp and p—Pb analysis. In contrast to pp and p—Pb analysis, where the
flow component was negligible, in Pb—Pb analysis, the elliptical flow contribution
in Ay is considerable and must be subtracted from the Ay distribution to isolate

the jet contribution.

The expression gives the elliptic flow contribution to trigger-associated par-

ticle correlation.

dN

N ox 1 4 20505%% cos (2A¢), (3.20)

In Fig. 3.34, the von Mises function is used to fit the Ay distribution, and

the cyan lines indicate the flow contribution. The presence of flow contribution is
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significant in the Pb—Pb collision system.

Fig. 3.35 presents a comparison between the Ay distributions in Pb-Pb
and pp collisions to observe qualitative modifications. At low p4°°, the near-
side peak of the correlation distribution is higher in Pb-Pb collisions, while the
away-side peaks appear smaller than those in pp collisions. This suggests that jet
fragmentation is altered by the medium in Pb—Pb collisions.

Moreover, the near-side yield modification effect is demonstrated in Fig. 3.36,
indicating that the near-side yield in Pb—Pb collisions at lower p§¥°° is approx-

imately 50% higher than that in pp collisions. This study is currently ongoing,

and we anticipate exciting results in the near future.

1< HpT< 2 GeV/c 2< HpT< 3 GeV/c 3< HpT<4 GeV/c

~106 6.2 -~ F
i % | Do
L =k L27r
Shos- g 16r g |
iS4 3 3 [
g 3 g ..r
S Ss.8r 526
o1 © © L
) o o L
»—Z !—215 6L »—Z

S = =25

1 ++* 15.4:- A I+ '
102} h} WA * éﬁ ' $+++++++9 +++++a] 2.4:,

L

101F o 2af
R70)o |V S PN P PN P 1480 b b b v L e 22'..|....|....|....|....|....|.
-1 0 1 2 3 4 -1 0 1 2 3 4 RS | 0 1 2 3 4
Ag (rad) Ag (rad) Ag (rad)
4< HpT< 5GeV/c 5< HpT< 7 GeV/c
~ 05 —_
s g
= F e
S0.46f So.12f
2044 Z oib 4<pl*<12Gevic
Fa042¢ Eo . 0-10% Pb-Pb, |[5,,=5.02 TeV
T 04f i .
. e . *, ﬁl ‘ﬁt - (Work in Progress)
0.38ft 0.06NgP'Y WY 9T e #r+
d 0.04F
0.34f 5
032} oo
0.3:..|....|....|....|....|....|... 3| PN T I I BT ST
-1 0 1 2 3 4 -1 0 1 2 3 4
Ag (rad) Ao (rad)

Figure 3.34: Azimuthal-correlation distributions for 4 < p$ < 12 GeV /¢ for differ-
ent associated pr ranges Pb-Pb collisions at /syx = 5.02 TeV. The distribution
is fitted with the von Mises function (red), baseline (magenta), and contribution
of elliptical flow (cyan).
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Figure 3.35: Azimuthal-correlation distributions after baseline subtraction for 4 <
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Figure 3.36: Near-side per-trigger yields ratio for 4 < p$ < 12 GeV/c and 1 <
pec < 7 GeV/c in Pb—Pb over pp collisions at /syny = 5.02 TeV.




Chapter 4

Systematic uncertainties

When measuring a physical quantity, there is inherent systematic uncertainty asso-
ciated with the equipment used, assumptions made, and models employed to make
inferences based on the observed data. Systematic uncertainties are evaluated by
varying the parameters used for electron identification, NHFE reconstruction, as-
sociated track selection,mixed-event correction, and fitting procedures. The un-
certainties are estimated separately for the near-side and away-side yields and
sigma and are evaluated for the per-trigger HFE Ay distribution. These system-
atic studies are carried out on the correlation distribution to quantify their impact

on the results.

The following systematic sources are used to estimate the systematic uncer-

tainties for the correlation distribution.

1. Electron track selection

e Minimum number of TPC crossed rows required for the track

e TPC crossed rows over findable clusters

2. Electron identification

€
® NOrpe_dE/de

e E/p

e Shower shape (M02)
3. Associated track selection

e Minimum number of TPC crossed rows required for the track

109
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e TPC crossed rows over findable clusters
e Hit in any of the SPD layer

e 7 cut
4. Non-HFE identification

e Invariant mass cut
e Minimum TPC number of clusters required for the track

e Partner electron track pr
5. mixed-event correction

e Normalization factor

e VtxZ and centrality binning

6. Pedestal estimation methods

To estimate the systematic uncertainties, the pedestal in the Ay distribution
is removed to obtain the uncertainty on the near and away side. To illustrate the
procedure, systematic uncertainties for associated track selection are used as an

example in the next section.

4.0.1 Associated particle track selection

The Ay distribution is acquired by altering the selection cuts for associated parti-
cles, as presented in Table 4.1. To assess the impact on the near-side and away-side,
a pedestal is defined by fitting the A distribution with two generalized Gaus-
sian functions and is then subtracted from the Ay distribution. The correlation

distribution with the pedestal removed is illustrated in Figure 4.1 for pp.

The Ay distribution ratio for each variation in track cut to default settings
is obtained after pedestal subtraction for both pp and p—Pb events. These ratios
are presented in Figure 4.2 and 4.3. To determine the systematic uncertainties, a
zero-order polynomial fit is applied to the ratio obtained after pedestal subtraction

for the highest and lowest variation within the range of —0.5 < Ap < 0.5 and
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Table 4.1: Hadron track cut variations

Variables Cut applied

Minimum number of TPC crossed rows required for the track 60 (default)

Minimum number of TPC crossed rows required for the track 70
Minimum number of TPC crossed rows required for the track 80
Minimum number of TPC crossed rows required for the track 90
TPC crossed rows over findable clusters 0.6 (default)
TPC crossed rows over findable clusters 0.7
TPC crossed rows over findable clusters 0.8
TPC crossed rows over findable clusters 0.9
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Figure 4.1: The Agp distribution of different track cut variations for 4 < p§ < 12
GeV/cand 1 < p§°° < 7 GeV /c compared to the default cut values after pedestal
subtraction in pp collisions at /s = 5.02 TeV.

2.2 < Ap < 3.8. The assigned systematic uncertainties range from 1% to 2% in pp
collisions and 2% to 3% in p—PDb collisions and are indicated by dotted lines. These
uncertainties are calculated by taking the difference of one standard deviation
between the highest and lowest variation, as shown in equation 4.1. Additionally,
the root mean square of the variations was also calculated as a cross-check and

found to be consistent with or lower than the value of one standard deviation of
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uniform distribution.

Maximum Variation — MinimumVariation

—1)x100

(4.1)

One standard deviation % = |(
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Figure 4.2: Ratio of the pedestal subtracted A distribution of different associated
particle track cut values for 4 < p§ < 12 GeV/c and 1 < p3¥°° < 7 GeV/c to the
default cut values in pp collisions at /s = 5.02 TeV.

4.0.2 Electron track selection

To derive the Ay distribution for electrons, selection cuts are varied as listed
in Table 4.2. To investigate the modifications in the near-side and away-side, a
pedestal is first determined by fitting the Ay distribution using two generalized
Gaussian functions and a constant. This pedestal is then subtracted from the Ay

distribution to obtain a more precise representation of the data.

After subtracting the pedestal, the Ay distribution ratio for each variation
in track cut relative to the default settings is obtained and presented in Figure 4.4

and 4.5 for pp and p-Pb collisions, respectively. To determine the systematic
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Figure 4.3: Ratio of the pedestal subtracted Ay distribution of different associated
particle track cut values for 4 < p$ < 12 GeV/c and 1 < p3¥°° < 7 GeV/c to the
default cut values in p—Pb collisions at /sy = 5.02 TeV.

Table 4.2: Electron track cut variations

Variables Cut applied

Minimum number of TPC crossed rows required for the track 70 (default)

Minimum number of TPC crossed rows required for the track 80
Minimum number of TPC crossed rows required for the track 90
TPC crossed rows over findable clusters 0.8 (default)
TPC crossed rows over findable clusters 0.9

uncertainties, a 0" order polynomial fit is performed on the ratio obtained af-
ter pedestal subtraction for the highest and lowest variation in the Ay range of
—0.5 < Ap < 0.5 and 2.2 < Ayp < 3.8. The ratio of the pedestal-subtracted Ay
distribution for each variation relative to the default settings is shown in Figure 4.4
and 4.5 for pp and p—Pb collisions, respectively. The assigned systematic uncer-
tainties are 1% for pp collisions and 1% to 2% for p—Pb collisions, as indicated by
the dotted lines
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4.0.3 Electron identification

The uncertainty is calculated by changing the criteria of electron identification,
as presented in Table 4.3. Figure 4.6 shows the ratio of the HFE Ay distribution
for each variation of the cut values to the default cut values after subtracting
the pedestal in pp collisions. The distribution in p—Pb collisions is displayed in
Figure 4.7. The dotted lines indicate the assigned systematic uncertainties, which

are 3-6% in pp collisions and 2-4% in p—Pb collisions.

Table 4.3: Variations in electron identification criteria.

Variables Condition applied
NOTpC_dp/de (-1,3) (default)
NOTp_dE/de (-0.5,3)
NOTp_dp/de (-0.75,3)
NOTpC_dE/da (-1.25,3)

E/p (0.8,1.2) (default)
Efp (0.75,1.2)
E/p (0.85,1.2)
E/p (0.9,1.2)
Shower shape (M02) (0.02,0.9) (default)
Shower shape (M02) (0.02,0.7)
Shower shape (M02) (0.02,0.8)
Shower shape (M02) (0.02,0.95)
Shower shape (M02) (0.02,1.)
(M0%pc_qm/a, ) (Shower shape (M02)) (-1.25,3) (0.02,0.8)
N0Tpo_apa. ) (Shower shape (M02))(E/p ) (-0.75,3) (0.02,0.95) (0.85,1.2)

(
(Shower shape (M02))(E/p ) (0.02,0.85) (0.85,1.2)
(M0%pc_qmya, ) (Shower shape (M02))(E/p ) (-0.75,3) (0.02,0.95) (0.75,1.2)
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Figure 4.6: Ratio of the pedestal subtracted Ay distribution of different electron
identification cut values for 4 < p$ < 12 GeV/c and 1 < p§™°¢ < 7 GeV/c to the
default cut values in pp collisions at /s = 5.02 TeV.
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4.0.4 Non-HFE identification

The uncertainty is estimated by varying partner electron track cuts as shown in

the Table 4.4. The HFE Ay distribution ratio for each cut variation to the default

cut values after pedestal subtraction is shown in Figure 4.8 and 4.9 for pp and

p-Pb. The assigned systematic uncertainties are 1% for both pp and p—Pb events

as indicated with dotted lines.

Table 4.4: Variations of partner electron selection criteria.

Variables

Condition applied

Min pr (MeV/c)
Min pr (MeV/c)
Min pr (MeV/c)
Max invariant mass (MeV /c?

Max invariant mass (MeV /c?

Max invariant mass (MeV /c?

~— ~— ~— ~—o ~—

(
(
Max invariant mass (MeV/c?
(
(

Max invariant mass (MeV /c?

100 (default)

20
150

140 (default)

120
130
150
160

1< p: <2GeVic 2< p: <3GeVic

4
A¢ (rad)
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3 4
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4
A (rad)
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Figure 4.9: Ratio of the pedestal subtracted Ay distribution of different partner
electron track cut values for 4 < p§ < 12 GeV/c and 1 < p3¥°¢ < 7 GeV/c to the
default cut values in p—Pb collisions at /sy = 5.02 TeV.
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default cut values in pp collisions at /s = 5.02 TeV.

4.0.5 mixed-event correction

The mixed-event (An, Ap) distribution in the default method is normalized using
its yield at (An,Ay) = (0,0). To assess the uncertainty in the normalization
factor, the yield is calculated by integrating over Ay for An = 0. As the mixed-
event correction affects the pedestal and signal region similarly, the pedestal is
not removed to estimate the uncertainty. For pp collisions, the red marker in
Figure 4.10 displays the ratio of the HFE Ay distribution obtained using the

modified normalizing factor for mixed-event correction to the default method.

Another check performed for mixed-event correction is by changing the bin-
ning for the mixed-event pool. The modified bins for pp and p—Pb are shown

below.

Default pp mixed-event pool bins:

e Centrality bin : (0,100)

e VtxZ(cm) bin : (-10,-3), (-3,0.9), (0.9,3), (3,10)
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pp mixed-event pool bins for systematic uncertainties:

e Centrality bin : (0,100)

e Vertex z(cm) : (-10,-5), (-5,0), (0,5), (5,10)

Default p—Pb mixed-event pool bins:

e Multiplicity bin : (0,25), (25,50), (50,75), (75,100)

e VitxZ(cm) bin : (-10,-4.6), (-4.6,-1.6), (-1.6,0.9), (0.9,3.4), (3.4,6.1), (6.1,10)

p—Pb mixed-event pool bins for systematic uncertainties:

e Centrality bin : (0,20), (20,40), (40,60), (60,100)

o Vertex z(cm) : (-10,-5), (-5,-2.5), (-2.5,0), (0,2.5), (2.5,5), (5,10)

The black marker in Figure 4.10 illustrates the ratio of the HFE A distribu-
tion obtained using the modified binning to the default one for pp collisions. The
systematic uncertainties resulting from the mixed-event correction are calculated
using the average method, in which the average is taken over all variations. The

dotted lines indicate that the assigned systematic uncertainty is 1% for all pr.

In Figure 4.11, the ratio of the HFE Ay distribution obtained using the
modified normalizing factor for mixed-event correction and the ratio of Ay dis-
tribution of modified mixed-event pool bins to the default bins in p—Pb collisions

are displayed. For both pp and p-Pb, a systematic uncertainty of 1% is assigned.

4.0.6 Pedestal estimation methods

The systematic uncertainty on the pedestal estimation of the Ay distribution is

obtained by varying methods of pedestal estimation. These methods are:

e Fitting with polynomial of order “0” + Gaussian + Gaussian, as shown in

Figure 4.12.
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TeV.

e Fitting with polynomial of order “0” + generalized Gaussian (with periodic-

ity) + generalized Gaussian (with periodicity) after reflecting the Ay range




121

from —7/2 to 37/2 into 0 to 7.

e Taking the average of the polynomial of order “0” fitting in the Ay region
—1.5to —1 and 1 to 1.5 (3 bins from each region), referred to as “AvgPed”.

e Fitting polynomial of order “0” 4 Gaussian + Gaussian with different fit
options [166], “I”, “WL” shown in Figure A.8 and Figure A.9 in appendix.
The default is y? fit.

e Doubling the histogram bins to check for statistical fluctuations. The default

is 32 bins, and the variation is with 64 bins, as depicted in Figure A.7 in
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Figure 4.12: The Ay distribution fitted with double Gaussian function in pp
collisions for 4 < p$ < 12 GeV/c and 1 < pa°° < 7 GeV/c at /s = 5.02 TeV.

In all methods, a 0" order polynomial (polynomial of order “0”) represents
the baseline (pedestal). The Pedestal value obtained for each variation for pp and

p—Pb data sample is shown in Figure 4.15 and 4.16 respectively.

Systematic uncertainties due to the pedestal are calculated by taking the
maximum deviation. The maximum deviation of the pedestal method variations
from the default pedestal value for the different pt bins vary from 0.0013 to 0.028 in
pp and 0.0005 to 0.018 in p—Pb. The last pr bin in pp collisions has a high pedestal
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Figure 4.14: Ay distribution fitted with generalized Gaussian function by decreas-
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at /s = 5.02 TeV.

value from the AvgPed method due to the statistical fluctuations (Figure 4.15);

hence this variation was not considered to assign systematic for that pr bin.
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4.0.7 Beta variation

The value of § parameters is varied, and the corresponding pedestal is used for

systematic estimation. The variation up to 10% is taken to estimate systematic,

as higher variation results in a bad fit. This is cross-checked with MC (PYTHIA)
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simulation. For example, fittings with 10% and 15% decrement are shown in
Figure 4.13 and 4.14 respectively. By observing both figures, it is concluded that
x%/NDF is much higher, and the pedestal is so low in the 15% beta variation.
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4.0.8 Systematic uncertainties on near-side and

away-side yields

The systematic uncertainty on the measurement of near-side and away-side yields
(integral in the range —30 < Ap < 30 rad and 7 — 30 < Ay < 7 + 30 rad
respectively ) is estimated separately by calculating the near-side and away-side
yields for each systematic variation and obtaining the ratio with respect to the
yield from default settings. To illustrate the procedure, the systematic uncertain-
ties from electron identification selection in pp and p—Pb is used as an example in
the next sub-section. The absolute yields presented in this section do not incorpo-
rate width correction in the Ay distribution. Nonetheless, this effect is nullified
when taking the ratio, and as such, it does not impact the values of systematic

estimation.

4.0.9 Electron identification

The pedestal or the baseline on the HFE Ay distribution is subtracted to calculate
the near-side and away-side yield. The near-side and away-side yield for each
electron identification cut variations and the corresponding ratios to default yield
are shown in figure 4.17 for pp and 4.18, 4.19 for p—Pb single and simultaneous

variation respectively.

A systematic uncertainty of 3-6% (5-7%) for near-side (away-side) yield is
assigned for pp, and after considering both single and simultaneous variation 4%
systematic uncertainties are assigned for both near-side and away-side for p—Pb

collisions.

4.0.10 Electron track selection

The ratios of near-side and away-side yield obtained by varying electron track
cuts with respect to default cuts are shown in 4.20 and 4.21 for pp and p—Pb,
respectively. Systematic uncertainties of 1% were assigned for near-side and away-

side in both pp and p—Pb events.
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Figure 4.17: Ratio of near-side (left) and away-side (right) yield for 4 < p$ < 12
GeV/c and 1 < p§®°° < 7 GeV/c obtained from different electron identification
cuts to the default value in central pp collisions at /s = 5.02 TeV.
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Figure 4.18: Ratio of near-side (left) and away-side (right) yield for 4 < p§ < 12
GeV/c and 1 < p§°° < 7 GeV/c obtained from different electron identification

cuts (single variation) to the default value in p—Pb collisions at

SNN — 5.02 TeV.
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Figure 4.19: Ratio of near-side (left) and away-side (right) yield for 4 < p§ < 12
GeV/c and 1 < p§°° < 7 GeV/c obtained from different electron identification
cuts (simultaneous variation) to the default value in p—Pb collisions at |/syn =
5.02 TeV.

z L LA e oo e oo o 3 r T T T T T
s I i g I

o 115 ] 0 115 g
z F 1 < I
° CROFC>0.9 s f
T N ] k] r

& oaaf @ crssR > 70 4 11~ .
-@- crssR > 90 L

1.05 ] 105 .

i @ ® ® ‘ + - 1 9 (] , + * ]

095 - 0.95:— _:

Lo o by by by L o L L T

e 2 3 4 6 097 2 3 7 5 6
P, (GeV/c) P, (GeVic)

Figure 4.20: Near-side (left) and away-side (right) yield ratios by varying electron
track cuts with respect to default for 4 < p% < 12 GeV/c and 1 < pa¥° < 7
GeV/c in pp collisions at /s = 5.02 TeV.

4.0.11 Associated track selection

The Figures 4.22 and 4.23 illustrate the ratios of near-side and away-side yield,
which were obtained by adjusting the associate track cuts (previously discussed)
in comparison to default cuts, for pp and p—Pb events respectively. For near-
side yield, a systematic uncertainty of 1-2% is assigned for pp and 2-4% in p-Pb

collisions, while for away-side yield, a systematic uncertainty of 1-3% is assigned
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Figure 4.21: Near-side (left) and away-side (right) yield ratios by varying electron
track cuts with respect to default for 4 < p% < 12 GeV/c and 1 < pi*° < 7
GeV/c in p—Pb collisions at /sxy = 5.02 TeV.

for pp and 2-4% in p—Pb collisions.
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Figure 4.22: Near-side (left) and away-side (right) yield ratios by varying associate
particles track cuts with respect to default for 4 < p§ < 12 GeV/cand 1 < p¥°° <
7 GeV/c in pp collisions at /s = 5.02 TeV.
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Figure 4.23: Near-side (left) and away-side (right) yield ratios by varying associate
particles track cuts with respect to default for 4 < p§ < 12 GeV/cand 1 < p3¥°° <
7 GeV/c in p—Pb collisions at /syy = 5.02 TeV.
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4.0.12 Non-HFE tagging

The Figures 4.24 and 4.25 display the ratios of near-side and away-side yield for
various partner electron cut variations in comparison to default cuts for pp and
p-Pb events, respectively. For near-side yield, a systematic uncertainty of 1%
is assigned for both pp and p—Pb events, while for away-side yield, a systematic

uncertainty of 1-2% is assigned for pp and 1% in p—Pb collisions.
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Figure 4.24: Near-side (left) and away-side (right) yield ratios by varying partner
electron cuts for non-hfe estimation with respect to default for 4 < p§ < 12 GeV/c
and 1 < p4°© < 7 GeV/c in pp collisions at /s = 5.02 TeV.
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electron cuts for non-hfe estimation with respect to default for 4 < p§ < 12 GeV/c
and 1 < p§°° < 7 GeV/c in p—Pb collisions at /syy = 5.02 TeV.

4.0.13 mixed-event correction

Figures 4.26 and 4.27 illustrate the ratio of near-side and away-side yield for dif-
ferent mixed-event correction methods in comparison to the default setting for

pp and p—Pb events. For both near-side and away-side yield, a systematic uncer-
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tainty of 1% is assigned for pp and p-Pb events. The systematic uncertainties are

calculated as the average of the values obtained from the two methods.
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Figure 4.26: Ratio of near-side (left) and away-side (right) yield obtained from
variation of mixed-event correction settings to the default settings for 4 < p$ < 12
GeV/c and 1 < pa°© < 7 GeV/c in pp collisions at /s = 5.02 TeV.
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Figure 4.27: Ratio of near-side (left) and away-side (right) yield obtained from
variation of mixed-event correction settings to the default settings for 4 < p$ < 12
GeV/c and 1 < pi¥°° < 7 GeV/c in p—Pb collisions at /syny = 5.02 TeV.

4.0.14 Beta variation

Figure 4.28 and 4.29 display the near and away-side yield obtained by increasing
and decreasing the § parameters, as well as their corresponding ratios in compari-
son to the default setting for pp and p—Pb collisions. The systematic uncertainties
are assigned by taking the full envelope of variation, and for near-side and away-
side yield in pp events, the assigned systematic uncertainties range from 4-7%
and 4-9%, respectively. In p—Pb events, the assigned systematic uncertainties for

near-side and away-side yield range from 3-9% and 5-12% respectively.
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Figure 4.28: Near-side (upper left) and away-side (upper right) yields for each beta
variation and corresponding ratio with respect to default for near-side (bottom
left) and away-side (bottom right) for 4 < p§ < 12 GeV/c and 1 < p§&°° < 7
GeV/c in pp collisions at /s = 5.02 TeV.
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Figure 4.29: Near-side (upper left) and away-side (upper right) yields for each beta
variation and corresponding ratio with respect to default for near-side (bottom
left) and away-side (bottom right) for 4 < p§ < 12 GeV/c and 1 < p§&°° < 7
GeV/c in p-Pb collisions at /sy = 5.02 TeV.

The generalized Gaussian function

To obtain the near-side and away-side yield, the baseline or pedestal in the HFE
Ay distribution is subtracted. Figure 4.30 and 4.31 show the near-side and away-
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side yield for each pedestal estimation, as well as the corresponding ratios to the
default yield. The upper left plot displays the near-side yield, while the upper
right plot shows the away-side yield. The bottom plots illustrate the ratio of
yields from different pedestal values with respect to default for both near-side and
away-side peaks. For pp, a systematic uncertainty of 3 to 15% is assigned for the
near-side and away-side yields, while for p—Pb, a systematic uncertainty of 4 to
8% is assigned for the near-side yield and 6 to 12% for the away-side yield. The

maximum deviation is used to determine the systematic uncertainties.
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Figure 4.30: Near-side (Upper Left) and away-side (Upper Right) yields for each
pedestal estimation methods and corresponding ratio with respect to default for
near-side (Bottom Left) and away-side (Bottom Right) for 4 < p$ < 12 GeV/c
and 1 < pa°© < 7 GeV/c in pp collisions at /s = 5.02 TeV.
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Figure 4.31: Near-side (upper left) and away-side (upper right) yields for each
pedestal estimation methods and corresponding ratio with respect to default for
near-side (bottom left) and away-side (bottom right) for 4 < p$. < 12 GeV/c and

1 < pi°° < 7 GeV/c in p—PDb collisions at \/syy = 5.02 TeV.
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4.0.15 Systematic uncertainties on near- and away-side

width

To estimate the systematic uncertainty on the near-side and away-side width mea-
surements, the near-side and away-side widths are calculated for each systematic
variation, and the ratios with respect to the widths obtained from the default
settings are determined. The near and away-side sigma values obtained from
each electron identification cut and their corresponding ratios with respect to the
default settings are shown in Figure 4.32 and 4.33 for pp and p—Pb events, re-
spectively. The assigned systematic uncertainties are 3 to 4% for the near-side
and 5% for the away-side in pp, and 2 to 4% for the near-side and 4-5% for the
away-side in p—Pb events. The systematic uncertainties from electron track selec-
tion, Non-HFE tagging efficiency, and associated track variations are displayed in
Figure 4.34, 4.35, and 4.36 for pp, and 4.37, 4.38, and 4.39 for p—Pb collisions. In
pp, the systematic uncertainty on o due to electron track selection is negligible,
whereas for non-hfe selection, it is 0.3-1%, and for associated track selections, it is
0.2-3%. Similarly, in p—Pb collisions, the systematic uncertainties due to electron
track, non-hfe selection, and associated track selections are 1%, 1%, and 1-4% for

the near-side, and 1%, 1%, and 2% for the away-side, respectively.

The largest source of systematic uncertainty on o is from the pedestal. The
ratios of the sigma values for different fit parameters with respect to the default

settings are shown in Figure 4.40 and 4.41 for pp and p—Pb events, respectively.

4.0.16 Fitting options (Pedestal) and parameters

The near and away-side sigma, obtained from the different fitting option and
corresponding ratio compared to default is shown in Figure 4.40 and 4.41 for pp
and p—Pb respectively. The assigned systematic uncertainties are 10% and 11%

for 4 < p$ <12 GeV/c and 1 < p§°°© < 7 GeV/c in pp and p—Pb.

The near and away-side sigma, obtained from the increment and decrement
of the [ parameter and corresponding ratio compared to default, is shown in

Figure 4.42 and 4.43 for pp and p—Pb. Assigned systematic uncertainties are 3-
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Figure 4.32: Near-side (upper left) and away-side (upper right) sigmas (o) for
each electron identification cut variations and corresponding ratio with respect to
default for near-side (bottom left) and away-side (bottom right) for 4 < p$ < 12
GeV/c and 1 < pa°© < 7 GeV/c in pp collisions at /s = 5.02 TeV.
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Figure 4.33: Near-side (upper left) and away-side (upper right) sigmas (o) for
each electron identification cut variations and corresponding ratio with respect to
default for near-side (bottom left) and away-side (bottom right) for 4 < pg < 12
GeV/cand 1 < pi°° < 7 GeV/c in p-Pb collisions at /sy = 5.02 TeV.

8% for near-side and 6-10% for away-side in pp. Similarly, for p-Pb, assigned

systematic uncertainties are 3-9% for near-side and 5-12% for away-side.




136 Chapter 4. Systematic uncertainties

° F T T T T T o F T T T T .
(%] - 2 E
d 0.75 E
0.35— E E
F ~@- Defaulto F
F 1 07 E
03 —@- CROFC>0.9 - F
F ~@- Crossed Row > 80 E 0650 E
.25 + ~@- Crossed Row > 90 E E E
F E 06 ® E
“F + E 055~ E
015~ 3 wsE E
01 + = 0.45F + 3
2 ] 0.4 E
0.05 : L - L L E ! ! ! | ! =
2 3 4 6 2 3 7 5
pT (GeVic) pT (GeVic)
; L02[ T T T T T 9 o1 . i i : .
s 1 ¢
£.F ] o LO4f- E
T 101~ = = 3
F b % 103 E
] 102 1
1= - E E
4 1,01 3
0.99— = i ¥ + 3
] 0.99F E
0.98— — 0.98F~ E
] 0.97F =
0.97f— L I I I I - 0.96F~ | | | . ) E
2 3 4 2 3 7

6 6
P, (GeVic) P, (GeVic)

Figure 4.34: Near-side (upper left) and away-side (upper right) sigmas (o) for each
electron selection cut variations and corresponding ratio with respect to default
for near-side (bottom left) and away-side (bottom right) for 4 < p$ < 12 GeV/c
and 1 < p4¥°© < 7 GeV/c in pp collisions at /s = 5.02 TeV.
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Figure 4.35: Near-side (upper left) and away-side (upper right) sigmas (o) for
each partner electron track selection cut variations and corresponding ratio with
respect to default for near-side (bottom left) and away-side (bottom right) for
4 < ph <12 GeV/eand 1 < pas°c < 7 GeV/c in pp collisions at /s = 5.02 TeV.
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Figure 4.36: Near-side (upper left) and away-side (upper right) sigmas (o) for
each associate track selection cut variations and corresponding ratio with respect
to default for near-side (bottom left) and away-side (bottom right) for 4 < p$ < 12
GeV/c and 1 < pa°© < 7 GeV/c in pp collisions at /s = 5.02 TeV.
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Figure 4.37: Near-side (upper left) and away-side (upper right) sigmas (o) for
each electron track selection cut variations and corresponding ratio with respect
to default for near-side (bottom left) and away-side (bottom right) for 4 < p% < 12
GeV/cand 1 < p§¥°° < 7 GeV/c in p-Pb collisions at /sy = 5.02 TeV.
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each partner electron track selection cut variations and corresponding ratio with
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Figure 4.39: Near-side (upper left) and away-side (upper right) sigmas (o) for
each associate track selection cut variations and corresponding ratio with respect
to default for near-side (bottom left) and away-side (bottom right) for 4 < p% < 12
GeV/cand 1 < p3¥°° < 7 GeV/c in p-Pb collisions at /sy = 5.02 TeV.
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Figure 4.40: Near-side (upper left) and away-side (upper right) sigmas (o) ob-
tained from different fitting options and corresponding ratio with respect to de-
fault for near-side (bottom left) and away-side (bottom right) for 4 < p§ < 12
GeV/c and 1 < pa°© < 7 GeV/c in pp collisions at /s = 5.02 TeV.
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Figure 4.41: Near-side (upper left) and away-side (upper right) sigmas (o) ob-
tained from different fitting options and corresponding ratio with respect to de-
fault for near-side (bottom left) and away-side (bottom right) for 4 < p% < 12
GeV/cand 1 < p§°° <7 GeV/c in p-Pb collisions at /sy = 5.02 TeV.
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Figure 4.42: Near-side (upper left) and away-side (upper right) sigmas (o) after
changing beta values () and corresponding ratio with respect to default for near-
side (bottom left) and away-side (bottom right) for 4 < p$ < 12 GeV/c and
1 < pasec < 7 GeV/c in pp collisions at /s = 5.02 TeV.
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Figure 4.43: Near-side (upper left) and away-side (upper right) sigmas (o) after
changing beta values () and corresponding ratio with respect to default for near-
side (bottom left) and away-side (bottom right) for 4 < p% < 12 GeV/c and
1 < p°° <7 GeV/cin p-PDb collisions at /sy = 5.02 TeV.
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A summary of the systematic uncertainties assigned for Ay distribution,
near- and away-side yield, and width from each source in each pr bin is given
in Table 4.5 to 4.9 for pp collisions. Similarly, systematic uncertainties for p—Pb

collisions are shown in Tabel 4.10 to 4.14.

It is to be noted that the final results used von Mises function as a default fit
function in order to characterize the correlation peaks and estimation of near- and
away-side observables; therefore, we no longer need of systematic uncertainties

from the [ variation in the final result plots.

Table 4.5: Summary of total systematic uncertainties in Ay assigned for each
p%°¢ bin for pp collisions and pedestal estimation assigned as the difference of
maximum deviation from the default, due to very small pedestal value from the
default method at higher pr.

Variables / p§5°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (5—=17)

Electron identification 3% 3% 3% 3% 5%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 1% 1% 1% 1% 2%
mixed-event 1% 1% 1% 1% 1%
Pedestal estimation 0.0208 0.0056 0.0042 0.0020  0.001

Table 4.6: Summary of total systematic uncertainties in near-side yields assigned
for each p3¥°° bin for pp collisions at /s = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (5—=17)

Electron identification 2% 3% 3% 4% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 1% 1% 1% 2% 2%
mixed-event 1% 1% 1% 1% 1%
Pedestal estimation 5% 4% 5% 5% 8%
[ parameter 6% 6% 4% ™% ™%

It is to be noted that the final results used von Mises function as a default fit

function in order to characterize the correlation peaks and estimation of near- and
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Table 4.7: Summary of total systematic uncertainties in away-side yields assigned
for each p&=°¢ bin for pp collisions at /s = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—T)

Electron identification 3% 5% 5% 6% 6%
Non-HFE identification 2% 2% 2% 2% 2%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 1% 2% 2% 3% 3%
mixed-event 1% 1% 1% 1% 1%
Pedestal estimation 8% 6% 10% 9% 8%
S parameter 9% 6% 4% ™% 5%

Table 4.8: Summary of total systematic uncertainties in near-side sigma assigned
for each p&s°c bin for pp collisions at /s = 5.02 TeV.

Variables / p7°°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (b—17)

Electron identification 2% 2% 6% 6% 6%
Non-HFE identification 0.3% 0.6% 0.9% 1% 0.2%
Associated track selection  0.3% 0.7% 2% 3% 0.6%
Electron track selection Nil Nil Nil Nil Nl
mixed-event Nil Nl Nil N1l Nl
Pedestal estimation 10% 10% 10% 10% 10%
(3 parameter 6% 5% 4% 3% 8%

away-side observables; therefore, we no longer need of systematic uncertainties

from the [ variation.

A summary of the systematic uncertainties of the correlation distribution,
NS and AS yields and widths for 4 < p$. < 12 GeV/c are reported in Tables 4.35
and 4.36 for pp and p—PDb collisions, respectively. The Ay correlated and uncorre-
lated uncertainties are separately reported for the Ay distribution, and the total

uncertainty from all sources is reported for the peak yields and widths.

By varying the selection criteria, one can study possible biases associated
with the track quality selection for electrons used in the analysis, as mentioned

in [2]. They observed an uncertainty of 1-2% in the correlation distribution as a
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Table 4.9: Summary of total systematic uncertainties in away-side sigma assigned
for each p§s°¢ bin for pp collisions at /s = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—T)

Electron identification 4% 4% ™% ™% ™%
Non-HFE identification 0.7% 0.8% 1% 1% 0.6%
Associated track selection  0.3% 0.7% 2% 3% 0.2%
Electron track selection Nil Nil Nil Nil Nil
mixed-event Nl Nl Nl Nl Nl
Pedestal estimation 10% 10% 10% 10% 10%
[ parameter 10% ™% ™% 8% 6%

Table 4.10: Summary of total systematic uncertainties in Ay assigned for each
pF%°¢ bin for p—Pb collisions. and pedestal estimation assigned as the difference
of maximum deviation from the default due to a very small pedestal value from
the default method at higher pr.

Variables / p7°°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (b—17)

Electron identification 2% 2% 3% 3% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 2% 2%
Associated track selection 2% 2% 2% 2% 3%
mixed-event 1% 1% 1% 1% 1%
Pedestal estimation 0.02 0.0069 0.0035 0.0013 0.0005

function of pi¥°° for 4 < p% < 12 GeV/c in both collision systems. The uncer-
tainty in the range of 1-2% was also estimated for NS and AS yields. However, the
uncertainty from track selection on NS and AS widths was found to be insignifi-

cant.

To assess the uncertainty due to electron identification using TPC and EM-
CAL signals, researchers varied the selection criteria for no™%e, E/p, and M02.
These variations changed the efficiency by a maximum of approximately 20%. For
4 < pS < 12 GeV/c in pp and p—-Pb collisions, a total uncertainty of 2-5% was

obtained for the correlation distribution as a function of pi*°¢. The resulting un-

certainties ranged from 2% to 6% for NS and AS yields and between 2% and 7%
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Table 4.11: Summary of total systematic uncertainties in near-side yields assigned
for each p§¥°¢ bin for p—Pb collisions at /sy = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—T)

Electron identification 4% 4% 4% 4% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 2% 2% 2% 2% 4%
mixed-event 1% 1% 1% 1% 1%
Pedestal estimation 4% 4% 5% 5% 5%
S parameter 6% 4% 4% 3% 3%

Table 4.12: Summary of total systematic uncertainties in away-side yields assigned
for each p§¥°¢ bin for p—Pb collisions at /sy = 5.02 TeV.

Variables / p7°°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (b—17)

Electron identification 4% 4% 4% 4% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 2% 3% 3% 4% 4%
mixed-event 1% 1% 1% 1% 1%
Pedestal estimation 6% 6% ™% ™% 5%
(3 parameter 13% 8% 6% 3% 3%

for NS and AS widths.

We estimated the contribution from background electrons using the
invariant-mass method. We varied the selection criteria of the partner electron
tracks, including the minimum pr and the invariant-mass window of the electron-
positron pairs, to obtain the systematic uncertainty of the procedure, which mainly
affects the average tagging efficiency. The variation affected the tagging efficiency
by about 5%. A resulting systematic uncertainty of 1-2% was obtained as a func-
tion of pi*°° on the correlation distribution, the peak yields, and their widths for

4 < p§ < 12 GeV/c in pp and p—Pb collisions.

By adjusting the charged track selection criteria, including requiring a hit
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Table 4.13: Summary of total systematic uncertainties in near-side sigma assigned
for each p§¥°¢ bin for p—Pb collisions at /sy = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—T)

Electron identification 2% 2% 2% 2% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Associated track selection 1% 1% 1% 2% 4%
Electron track selection 1% 1% 1% 1% 1%
mixed-event Nl Nl Nl Nl Nl
Pedestal estimation 11% 11% 11% 11% 11%
[ parameter 9% 8% 8% 5% 3%

Table 4.14: Summary of total systematic uncertainties in away-side sigma assigned
for each p§°°¢ bin for p—Pb collisions at /syny = 5.02 TeV.

Variables / p7°°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (b—17)

Electron identification 4% 4% 4% 5% 5%
Non-HFE identification 1% 1% 1% 1% 1%
Associated track selection 2% 2% 2% 2% 2%
Electron track selection 1% 1% 1% 1% 1%
mixed-event Nil Nil Nil Nil Nil
Pedestal estimation 11% 11% 11% 11% 11%
S parameter 12% 10% 10% 9% 5%

Table 4.15: Summary of total systematic uncertainties in A assigned for p?igger:

4-7 GeV/c in each p§°® bin for pp collisions and pedestal estimation assigned as
the difference of maximum deviation from the default, due to very small pedestal
value from the default method at higher pr.

Variables / p§°¢ (GeV/c) (1-2) (2—-3) (3—4) (4-5) (5-17)

Electron identification 3% 3% 3% 3% 5%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 1% 1% 1% 1% 2%

Pedestal estimation 0.009  0.0027 0.0013 0.00065 0.0
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Table 4.16: Summary of total systematic uncertainties in Ay assigned for pi ¢&":

4-7 GeV/c in each p§¥°° bin for p—Pb collisions. and pedestal estimation assigned
as the difference of maximum deviation from the default, due to very small pedestal
value from the default method at higher pr.

Variables / p§5°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (5—17)

Electron identification 3% 3% 5% 5% 6%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 2% 2%
Associated track selection 2% 2% 2% 2% 3%
Pedestal estimation 0.0199 0.004 0.0005 0.0004 0.0001

Table 4.17: Summary of total systematic uncertainties in near-side yields assigned

for pi 8" 4-7 GeV/c in each p3™°° bin for pp collisions at /s = 5.02 TeV.

Variables / p7°°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (b—17)

Electron identification 3% 3% 5% 5% 5%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 2% 2% 2% 2% 4%
Pedestal estimation 3% 2% 2% 3% 0%

Table 4.18: Summary of total systematic uncertainties in near-side yields assigned
for pr®8": 4-7 GeV/c in each p3°° bin for p-Pb collisions at /sxy = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—T)

Electron identification 3% 3% 3% 3% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 1% 1% 3% 3% 3%
Pedestal estimation 5% 3% 4% 3% 2%

in one of the two SPD layers of the I'TS and varying the selection on the distance
of the closest approach, the uncertainty associated with the specific selection of
associated particles was estimated. This uncertainty is considered to be correlated
in Ay, and for 4 < p$ < 12 GeV /¢, the uncertainties were 1-2% and 2-3% for the

correlation distribution in pp and p—Pb collisions, respectively. For NS and AS
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Table 4.19: Summary of total systematic uncertainties in away-side yields assigned
for p®8: 4-7 GeV/c in each p3*°° bin for pp collisions at /s = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—T)

Electron identification 3% 3% 4% % ™%
Non-HFE identification 1% 1% 2% 3% 3%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 1% 1% 1% 2% 2%
Pedestal estimation 4% 4% 4% 3% 0%

Table 4.20: Summary of total systematic uncertainties in away-side yields assigned
for p1 88 4-7 GeV/c in each p3%°° bin for p-Pb collisions at /syy = 5.02 TeV.

Variables / p7°°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (b—17)

Electron identification 4% 4% 4% 4% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 2% 2% 2% 2% 2%
Pedestal estimation 8% 4% 4% 3% 2%

Table 4.21: Summary of total systematic uncertainties in near-side sigma assigned

for pp88": 4-7 GeV/c in each p3%°° bin for pp collisions at /5 = 5.02 TeV.

Variables / p§5°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—-5) (5—17)

Electron identification 2% 2% 3% 4% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Associated track selection 1% 1% 1% 2% 2%
Electron track selection 1% 1% 1% 1% 1%
Pedestal estimation 6% 9% 9% 5% 5%

yields, uncertainties of 1-3% and 1-4% were estimated for pp and p—Pb collisions,
respectively, while uncertainties of less than 3% and 4% were obtained for the NS

and AS widths in pp and p—Pb collisions, respectively.

The mixed-event technique was used to correct for effects induced by limited
detector acceptance and its local inhomogeneities. The normalization factor, [,

was varied by calculating the integrated yield over the full Ay range for |An| <
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Table 4.22: Summary of total systematic uncertainties in away-side sigma assigned
for p®8: 4-7 GeV /c in each p3®°° bin for pp collisions at /s = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—T)

Electron identification 5% 5% 8% 8% 8%
Non-HFE identification 1% 1% 2% 2% 2%
Associated track selection 1% 1% 1% 2% 2%
Electron track selection 1% 1% 1% 1% 1%
Pedestal estimation 8% 6% 8% 6% 12%

Table 4.23: Summary of total systematic uncertainties in near-side sigma assigned
for p1 88 4-7 GeV/c in each p3%°° bin for p-Pb collisions at /sxy = 5.02 TeV.

Variables / p7°°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (b—17)

Electron identification 2% 2% 3% 4% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Associated track selection 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Pedestal estimation 11% 9% 12% % 13%

Table 4.24: Summary of total systematic uncertainties in away-side sigma assigned
for pp 88": 4-7 GeV/c in each p3%°° bin for p-Pb collisions at /sny = 5.02 TeV.

Variables / p§5°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (5—=17)

Electron identification 4% 4% 4% 5% 5%
Non-HFE identification 2% 2% 2% 2% 2%
Associated track selection 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Pedestal estimation 11% 9% 12% ™% ™%

0.01. For the correlation distribution and the peak yields in pp and p—Pb collisions,
a correlated uncertainty of 1% in Ay was obtained. No uncertainty was assigned

for the NS and AS widths.

The v, of HFe and charged particles can affect the Ay distribution. However,
as there are no previous measurements of HFe vy in minimum bias pp and p—Pb

collisions, a conservative estimate was obtained using measurements in 0-20%
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Table 4.25: Summary of total systematic uncertainties in Ay assigned for pi ¢&":

7-16 GeV/c in each p§=°® bin for pp collisions and pedestal estimation assigned as
the difference of maximum deviation from the default, due to very small pedestal
value from the default method at higher pr.

Variables / p§5°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (5—=1)

Electron identification 5% 5% 5% 5% 5%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 1% 1% 1% 1% 2%
Pedestal estimation 0.008  0.004  0.003 0.00 0.00

Table 4.26: Summary of total systematic uncertainties in Ay assigned for pi ¢

7-16 GeV/c in each p§°°° bin for p—Pb collisions. and pedestal estimation assigned
as the difference of maximum deviation from the default due to a very small
pedestal value from the default method at higher pr.

Variables / p7°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (b—17)

Electron identification 4% 4% 4% 4% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 2% 2%
Associated track selection 2% 2% 2% 2% 2%
Pedestal estimation 0.01 0.007  0.002 0.0015 0.0008

Table 4.27: Summary of total systematic uncertainties in near-side yields assigned
for pr88: 7-16 GeV/c in each pa=°® bin for pp collisions at /5 = 5.02 TeV.

Variables / p7°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—7)

Electron identification 5% 5% 5% 5% 5%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 2% 2% 2% 2% 4%
Pedestal estimation 2% 2% 2% 2% 5%

central p—Pb collisions from Ref. [167]. Including vo has a minimal impact of less

than 1% on the baseline and peak yields and does not alter the NS and AS widths.

To investigate the stability of the fit to the correlation distributions, several
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Table 4.28: Summary of total systematic uncertainties in away-side yields assigned
for pr®8: 7-16 GeV/c in each pa®°° bin for pp collisions at /5 = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—T)

Electron identification 5% 5% 5% 5% 5%
Non-HFE identification 1% 1% 1% 2% 2%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 1% 1% 1% 2% 2%
Pedestal estimation 4% 4% 4% 9% 1%

Table 4.29: Summary of total systematic uncertainties in near-side yields assigned
for py #8: 7-16 GeV/c in each p3°° bin for p-Pb collisions at \/syy = 5.02 TeV.

Variables / p7°°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (b—17)

Electron identification 3% 3% 4% 5% 5%
Non-HFE identification 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 3% 3% 1% 1% 1%
Pedestal estimation 6% 2% 1% 4% 3%

Table 4.30: Summary of total systematic uncertainties in away-side yields assigned
for pr88: 7-16 GeV /c in each p3*°° bin for p-Pb collisions at /sny = 5.02 TeV.

Variables / p§5°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—5) (5—=17)

Electron identification 5% 5% 5% 5% 5%
Non-HFE identification 2% 2% 2% 2% 2%
Electron track selection 1% 1% 1% 1% 1%
Associated track selection 4% 4% 4% 4% 4%
Pedestal estimation 9% 12% 5% 5% 2%

checks were performed. The NS and AS peaks were fitted using alternative func-
tions, such as a Gaussian and a generalized Gaussian, instead of the von Mises
function. Additionally, alternative fits were carried out by fixing the baseline
value to the average of the points in the transverse region (7/3 < |Ap| < 7/2) to

examine its stability with respect to statistical fluctuations.

The NS and AS yields were obtained by integrating the fit functions in the




151

Table 4.31: Summary of total systematic uncertainties in near-side sigma assigned
for pr®8: 7-16 GeV/c in each pa®°® bin for pp collisions at /5 = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—T)

Electron identification 2% 3% 4% 4% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Associated track selection 1% 1% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Pedestal estimation 6% 9% 9% 5% 5%

Table 4.32: Summary of total systematic uncertainties in away-side sigma assigned
for pp®8": 7-16 GeV/c in each pa¥°¢ bin for pp collisions at /5 = 5.02 TeV.

Variables / p7°°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—-5) (b—17)

Electron identification 6% 6% 6% 6% 6%
Non-HFE identification 2% 2% 2% 2% 2%
Associated track selection 2% 2% 1% 1% 1%
Electron track selection 1% 1% 1% 1% 1%
Pedestal estimation 8% 6% 8% 6% 12%

Table 4.33: Summary of total systematic uncertainties in near-side sigma assigned
for py#8: 7-16 GeV/c in each p3°° bin for p-Pb collisions at \/syy = 5.02 TeV.

Variables / p7°°¢ (GeV/e) (1-2) (2—-3) (3—4) (4—-5) (b—17)

Electron identification 4% 4% 4% 4% 4%
Non-HFE identification 1% 1% 1% 1% 1%
Associated track selection 3% 3% 3% 3% 3%
Electron track selection 1% 1% 1% 1% 1%
Pedestal estimation 9% 8% ™% 9% 9%

range —3ons < Ay < 3ons and —30ps < Ap — 1 < 30,s, rather than using the
default bin counting procedure. The overall systematic uncertainty was calculated
by taking the maximum variation of the results. The uncertainty from the baseline
estimation on the correlation distribution was quoted as absolute numbers that
affect all Ay bins by the same value. For 4 < p$ < 12 GeV/c, the uncertainty of
the NS and AS yields and width varied in the range of 4-9% and 10-11% for pp
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Table 4.34: Summary of total systematic uncertainties in away-side sigma assigned
for p1 88 7-16 GeV/c in each pa®°° bin for p-Pb collisions at \/sxy = 5.02 TeV.

Variables / p§°¢ (GeV/e) (1—-2) (2—-3) (3—4) (4-5) (b—T)
Electron identification 3% 3% 3% 3% 3%
Non-HFE identification 1% 1% 1% 1% 1%
Associated track selection 5% 5% 2% 2% 1%
Electron track selection 1% 1% 1% 1% 1%
Pedestal estimation 9% % 10% 6% 10%

and p—PDb collisions, respectively.

Similar procedures were applied to estimate the systematic uncertainties

from the aforementioned sources on the correlation distribution, NS and AS yields,

and widths for 4 < p$ < 7GeV/c and 7 < p$. < 16GeV /c. The uncertainty values

were found to be comparable to those obtained for 4 < p§. < 12GeV/c in both

collision systems.
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Table 4.36: Systematic uncertainties of the correlation distribution, the peak yields, and their widths for 4 < p$ < 12 GeV/c in p—Pb
collisions. The individual sources of systematic uncertainties depend on the associated particle pr. The values presented as a range

assoc

corresponding to the lowest and highest pi™°¢ interval. The systematic uncertainty of the correlation distribution from the baseline
estimation is given as absolute values. For the correlation distribution, the systematic uncertainty from the baseline estimation is given
as an absolute value, and the total uncertainties from correlated and uncorrelated sources are reported separately.

Source Correlation distribution NS yield AS yield NS width AS width
Electron track selection 1-2% 1% 1% 1% 1%
Electron identification 2-4% 4% 4% 2-4% 4-5%
Background electron 1% 1% 1% 1% 1%
Associated particle selection 2-3% 2-4% 2-4% 1-4% 2%
Mixed-event correction 1% 1% 1% 0% 0%
Fit routine / Baseline estimation ~ 0.0005-0.02 (rad ') 4-5% 6-7% 11% 11%
Total (correlated sources) 2-3%

Total (uncorrelated sources) 2-5%

Total 6-8% 8-9% 11-13% 12%




Chapter 5

Results

This chapter presents the findings of the research study and highlights the out-
comes of the azimuthal correlation between heavy flavour hadron decay electrons
with charged particle with ALICE at the LHC. Results in this chapter include the
analysis performed in section 3 with systematic uncertainties that are calculated
in section 4. In this chapter first, we will compare results from pp collisions to
p—Pb collisions, then model comparison, and finally, the dependency of correlation

distribution on the transverse momentum of heavy flavour hadron decay electrons.

5.1 Comparison of the results in pp and p—Pb

collisions

The azimuthal-correlation distributions for |An| < 1 with trigger electron in the
interval 4 < p% < 12 GeV/c and for different associated particle pr ranges together
with their fit functions are shown in Fig. 5.1 and 5.2 (for selected p3*°® ranges) for
pp (top panels) and p—Pb (bottom panels) collisions. The correlated systematic
uncertainties from the associated particle selection and mixed-event correction are
reported as text for each pi™°¢ interval. The baseline is shown by the horizontal
green line. The absolute systematic uncertainty of the baseline estimation is shown
as a solid box at Ap ~ —2 rad. The near- and away-side peaks are well described
by the von Mises fit function in all p™°°¢ ranges. While the baseline contribution
is higher in p—Pb collisions (due to the larger charged-particle multiplicity), its
assoc

absolute value reduces with increasing p5°°°¢ in both pp and p-Pb collisions. As

a large fraction of the baseline is from the underlying event processes, the pairs
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contributing to it are dominated by low pr particles.
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Figure 5.1: The azimuthal-correlation distribution for 4 < p% < 12 GeV/c fitted
with a constant function for the baseline (green line) and von Mises functions for
AS and NS peaks (grey curves) for different associated pr ranges in pp collisions
at /s = 5.02 TeV (top panels) and p-Pb collisions at /sxny = 5.02 TeV (bottom
panels). The statistical (uncorrelated systematic) uncertainties are shown as ver-
tical lines (empty boxes). The uncertainties of the baseline estimation are shown
as solid boxes at Ap ~ —2 rad.

To compare the NS and AS peaks of the Ay correlation distribution between
pp and p—Pb collisions, the baseline-subtracted distributions from the two collision
systems are shown together in Fig. 5.3 and 5.4 , for 4 < p$ < 12 GeV/c and for
different pi*°¢ ranges. It can be seen that the peak heights of the NS and AS
decrease with increasing p™°¢. A tendency for a more pronounced collimation
of the NS peak with increasing pi™°° is visible. The profile of the correlation
peaks is consistent in pp and p—Pb collisions within the statistical and systematic
uncertainties. This indicates that cold-nuclear matter effects do not impact heavy-
quark fragmentation and hadronization in the measured pr range, in minimum bias

collisions. This observation is consistent with previous measurements of D-meson

correlations with charged particles [11, 12].

To perform a quantitative comparison of the correlation peaks between pp
and p—PDb collisions, the per-trigger NS and AS peak yields (first row) and widths

(third row) are shown in Fig. 5.5, superimposed for the two collision systems, as a
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Figure 5.2: The azimuthal-correlation distribution for 4 < p§. < 12 GeV/c fitted
with a constant function for the baseline (green line) and von Mises functions
for AS and NS peaks (grey curves) for remaining associated pr ranges in pp
collisions at /s = 5.02 TeV (top panels) and p-Pb collisions at /syy = 5.02
TeV (bottom panels). The statistical (uncorrelated systematic) uncertainties are
shown as vertical lines (empty boxes). The uncertainties of the baseline estimation
are shown as solid boxes at Ap ~ —2 rad.

function of p3=°¢ for 4 < p% < 12 GeV/c. The ratios between pp and p—Pb yields
(second row) and widths (fourth row) are also shown in this figure. The systematic
uncertainties on the ratio of the yields and widths were obtained by considering all
sources except for the baseline estimation as uncorrelated between pp and p—Pb
collisions. The partially correlated uncertainty of the baseline estimation, obtained
by using different fit functions, was estimated on the ratio. The total uncertainty
was obtained by taking the quadratic sum of the correlated and uncorrelated
uncertainties. While the NS and AS yields decrease with increasing p3*°¢ for both
pp and p—Pb collisions, the measured yields are consistent within uncertainties
between the two collision systems for all the pi¥°° ranges, as can be seen in the

ratio panels of Fig. 5.5.

The decrease in yields with increasing p7°¢ can be understood considering
that, as the heavy quarks have on average a hard fragmentation into heavy-flavor

hadrons, it is far more likely that the associated particles accompanying the decay
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Figure 5.3: Comparison of azimuthal-correlation distribution after baseline sub-
traction for 4 < p$ < 12 GeV/c and for different associated pr ranges in pp
collisions at /s = 5.02 TeV and p-Pb collisions at /syx = 5.02 TeV. The sta-
tistical (uncorrelated systematic) uncertainties are shown as vertical lines (empty
boxes). The uncertainties of the baseline estimation are shown as solid boxes at
Agp ~ —2 rad.

a T T T T T T T _O_4—'I'"'I""I""I""I""I""I"'— LI BLALELEL SULELEL AL BLELELELE IR L
‘9 (c,b)—e - charged particle Syst. unc. on baseline,pp  { [ e pp, Vs =5.02Tev ]
i d< p? <12 GeVic 1 [ Syst. unc. on baseline, p—Pb 0.2:— ¢+ p-Pb, VSNN =5.02 TeV —
g 0.5 “ 2 < pf‘m <3 GeV/c_. 0.2k 3< pissoc < 4 GeV/c | ] 4 < p_la—ssoc <5 GeV/C:
i ALICE 1 1 If7‘*| <0.6, IA/7I < 1 0.1 pS > p3eee
TSN ey “’»*:..,. P A%
[ i ‘ A I
i OF —42261°- - - agueett¥T o M O —0ePg0- - - Yo 7 Ngote!
< [ corr.syst.unc.pp +1.4% 1 [ corr. syst unc. pp £ 14% 1 [ corr. syst. unc. pp + 1.4%
§| corr syst unc p —Pb + 22% I corr syst unc p- Pb +2 2% 1 [ corr syst unc p —Pb +2 2%j
...........................................................
—2—101234 —2—101234 —2—1 34
A¢ (rad) Ag¢ (rad) A¢ (rad)

Figure 5.4: Azimuthal-correlation distributions after baseline subtraction for 4 <
pS < 12 GeV/c and for remaining associated pr ranges in pp collisions at /s =
5.02 TeV and p-Pb collisions at /sxy = 5.02 TeV. The statistical (systematic)
uncertainties are shown as vertical lines (empty boxes). The uncertainties of the
baseline are shown as solid boxes at Ay ~ -2 rad.

electron are preferentially produced at lower pr, due to the limited energy remain-
ing to the parton. The NS width values tend to decrease with increasing pi*°°,

with a value of about 0.3 at p3¥°¢ = 1 GeV /¢ and narrowing to a value of roughly
0.15 at 6 GeV /¢, with a significance of about 30, for both pp and p—Pb collisions.
The significance is calculated on the difference between the widths in the lowest
and highest p7°¢ intervals, taking into account both statistical and systematic
uncertainties. The AS widths are independent of pi¥°°, and have a value of about
0.5. The NS peak distribution is closely connected to the fragmentation of the jet
containing the trigger particle. The narrowing of the NS width with increasing

p$°°¢ indicates that higher pp particles tend to be closer to the jet-axis, whose

direction can be approximated by the trigger electron. This is in turn related to
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higher pr emissions from the heavy quark being more collinear to it. The AS peak

is less sensitive to the fragmentation of a specific parton, as it could have con-

tributions from different production processes, including non back-to-back ones,

possibly with different relative fractions for different particle pr. The NS and AS

widths are similar in pp and p—Pb collisions, as can be seen in the ratio plots.
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Figure 5.5: Comparison of near- and away-side per-trigger yields (first row) and

widths (third row) as a function of p

assoc
T

for 4 < p$ < 12 GeV/c in pp collisions at

Vs = 5.02 TeV and p-Pb collisions at \/syy = 5.02 TeV. The ratios between pp
and p—Pb yields and widths are shown in the second and fourth row, respectively.
The statistical (systematic) uncertainties are shown as vertical lines (empty boxes).
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Figure 5.6: Comparison of the azimuthal-correlation distribution with model pre-
dictions after baseline subtraction for 4 < p$ < 12 GeV/c in different p3¥°° ranges
in pp collisions at /s = 5.02 TeV. The statistical (uncorrelated systematic) un-
certainties are shown as vertical lines (empty boxes). The uncertainties of the

baseline are shown as solid boxes near Ap ~ 0 rad.
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Figure 5.7: Azimuthal-correlation distributions after baseline subtraction for 4 <
p% < 12 GeV/c and for remaining associated pr ranges compared with predictions
from PYTHIA8 Monash and EPOS3 in pp collisions at /s = 5.02 TeV. The
statistical (systematic) uncertainties are shown as vertical lines (empty boxes).
The uncertainties of the baseline are shown as solid boxes at Ay ~ 0 rad.
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Figure 5.8: Comparison of the azimuthal-correlation distribution with model pre-
dictions after baseline subtraction for 4 < p$ < 12 GeV/c in different pi™°° ranges
in p-Pb collisions at /sy = 5.02 TeV. The statistical (uncorrelated systematic)
uncertainties are shown as vertical lines (empty boxes). The uncertainties of the

baseline are shown as solid boxes near Ap ~ 0 rad.
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Figure 5.9: Azimuthal-correlation distributions after baseline subtraction for 4 <
p$ < 12 GeV/c and for remaining associated pr ranges compared with predictions
from PYTHIAS Angantyr and EPOS3 in p-Pb collisions at /syy = 5.02 TeV.
The statistical (systematic) uncertainties are shown as vertical lines (empty boxes).
The uncertainties of the baseline are shown as solid boxes near Ay ~ 0 rad.

5.2 Comparison with predictions from MC

event generators

The near- and away-side peaks of the azimuthal-correlation distribution in pp and
p—PDb collisions are compared with predictions from different MC event generators.
This allows verifying the implementation of the processes of charm- and beauty-
quark production, fragmentation, and hadronization, which have an impact on
the observables studied in this paper. The models used for this comparison are
PYTHIAS with the Monash tune [78, 113, 114] and EPOS 3.117 [117, 118]. The
prediction of these models for correlations of D mesons with charged particles
can be found in Refs. [11, 12]. In this work, the Angantyr [148, 165] model is
used to simulate ultra-relativistic p-Pb collisions with the PYTHIAS event gener-
ator. PYTHIAS8 does not natively support collisions involving nuclei; this feature
is implemented in the Angantyr model, which combines several nucleon—nucleon
collisions to build a proton—nucleus (p-A) or nucleus—nucleus (A-A) collision.
In this model, some modifications are made over the dynamics of pp collisions.
The Angantyr model improves the inclusive definition of collision types of the
FRITIOF model [168, 169]. In this model, a projectile nucleon can interact with
several target nucleons where one primary collision looks like a typical pp non-
diffractive (ND) collision. ND collisions refer to collisions between particles that

do not undergo diffractive scattering. Diffractive scattering occurs when a par-
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Figure 5.10: Near- and away-side per-trigger yields (first row) and widths (third

assoc

row) as a function of pi*°° for 4 < p$ < 12 GeV/c compared with predictions
from PYTHIAS Monash tune and EPOS3 in pp collisions at /s = 5.02 TeV. The
ratios between model predictions and data are shown in the second and fourth row
for the yields and widths, respectively. The statistical (systematic) uncertainties
are shown as vertical lines (empty boxes).

ticle is scattered by an object or target without being absorbed or changing its
identity. However, other target nucleons may also undergo ND collisions with
the projectile. The Angantyr model treats secondary ND collisions as modified
single-diffractive (SD) interactions. For every p—A or A-A collision, nucleons are
distributed randomly inside a nucleus according to a Glauber formalism similar to
the one described in Ref. [170]. This model is able to correctly reproduce final-state
observables of heavy-ion collisions, i.e., multiplicity and pr distributions [171]. As
collectivity is not incorporated in this model, its predictions serve as a baseline

for studying observables sensitive to collective behavior in p—A and A—A systems.
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Figure 5.11: Near- and away-side per-trigger yields (first row) and widths (third

assoc

row) as a function of pi™°° for 4 < p% < 12 GeV/c compared with predictions
from PYTHIA8 Angantyr and EPOS3 in p-Pb collisions at /sxy = 5.02 TeV. The
ratios between model predictions and data are shown in the second and fourth row
for the yields and widths, respectively. The statistical (systematic) uncertainties
are shown as vertical lines (empty boxes).

For PYTHIAS simulations, the correlation distributions for electrons from charm-
and beauty-hadron decays are obtained separately, and summed after weighting

their relative fractions based on FONLL calculations [64, 119, 172, 173].

The EPOS3 event generator is largely used for the description of ultra-
relativistic heavy-ion collisions. It employs a core-corona description of the fireball
produced in these collisions: in the “core”, its inner part, a quark—gluon plasma
is formed, which follows a hydrodynamic behavior, while in the external regions
of the “corona” the partons fragment and hadronize independently. A study of

radial flow performed with the EPOS3 event generator in proton—proton collisions
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at /s = 7 TeV [174] has shown that the energy density reached in such collisions
is large enough to grant the applicability of the hydrodynamic evolution to the

core of the collision.

In the models, the azimuthal correlation function of trigger electrons from
charm- and beauty-hadron decays with charged particles is evaluated using the
same prescriptions applied for data analysis in terms of kinematic and particle-
species selections. The peak properties of the correlation functions are obtained
by following the same approach employed in data, i.e., by fitting the distributions

with two von Mises functions and a constant term.

In Figs. 5.6, 5.7 and 5.8, 5.9, the baseline-subtracted azimuthal-correlation
distribution measured in pp and p—Pb collisions, reflected in the 0 < Ap < 7
range, is compared with predictions from PYTHIA8 and EPOS3 generators for
4 < p§ < 12 GeV/c in three different pi®°° ranges. From this qualitative com-

parison, both MC generators give a good overall description of the data in all the

assoc

pi¥°¢ intervals, even though the EPOS3 predictions show some deviation from the

measured NS and AS peaks in the highest pi*°¢ interval. The peak yields and
widths extracted from the measured distribution are also compared with model
predictions in Figs. 5.10 and 5.11 for pp and p—Pb collisions, respectively. From
here on, PYTHIA8/Angantyr will be used to refer to PYTHIA8 Monash simu-
lations in pp collisions and PYTHIA8 Angantyr simulations in p—Pb collisions
together. PYTHIA8/Angantyr simulations provide NS widths decreasing with in-
creasing pi™°¢ consistent with data in both collision systems. The AS widths show
a slightly decreasing trend with pi*°° that is consistent with data within statistical
and systematic uncertainties in both collision systems. The NS and AS yields from
PYTHIAS/Angantyr simulations decrease with increasing p3*°° and are consistent
with data within statistical and systematic uncertainties. The EPOS3 simulations
overestimate the NS widths and underestimate the AS widths for all pi*°¢ ranges
in pp and p—Pb collisions. The NS and AS yields predicted by the EPOS3 model
qualitatively describe the data within statistical and systematic uncertainties in

pp collisions. In p—Pb collisions, the NS yield is overestimated at high p3°¢ while

the AS yield is consistent with data within statistical and systematic uncertainties.
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Figure 5.12: Comparison of NS and AS per-trigger yields (first row) and widths
(third row) for two p$. ranges 4 < p$ < 7 GeV/c and 7 < p§ < 16 GeV/e, as

a function of pa*°¢ in pp collisions. The ratios between the 7 < p$ < 16 GeV/c

and 4 < p$ < 7 GeV/c yields and widths are shown in the second and fourth
rows, respectively. The data are compared with PYTHIA8 Monash and EPOS3
predictions. The statistical (systematic) uncertainties are shown as vertical lines
(empty boxes).

The relative fractions of electrons produced by charm- and beauty-hadron
decays have a strong pr dependence [119]. The fraction of electrons from beauty-
hadron decays at p$ = 4 GeV /c accounts for about 40% of the HFe yield, increasing
to 60-70% for p$. > 8 GeV/c. A dependence of the correlation distribution on the
flavor of the quark from which the trigger electron originates can be expected, due

to the different fragmentation of charm and beauty quarks and different fraction
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Figure 5.13: Comparison of NS and AS per-trigger yields (first row) and widths
(third row) for two p$ ranges 4 < p$ < 7 GeV/c and 7 < p§ < 16 GeV/c, as a
function of pi™°® in p—Pb collisions. The ratios between the 7 < p$ < 16 GeV/c
and 4 < p$ < 7 GeV/c yields and widths are shown in the second and fourth
rows, respectively. The data are compared with PYTHIA8 Angantyr and EPOS3
predictions. The statistical (systematic) uncertainties are shown as vertical lines
(empty boxes).

of LO and NLO processes involved in their production. The correlation distri-
butions for electrons from a given quark flavor can also have a trigger-particle
pr dependence due to the different energy of the original parton, and different
relative contribution of LO and NLO production processes for the hard scattering
producing the parton. These effects are studied by measuring the correlation dis-
tributions for trigger electrons in the pr ranges 4 < p§ < 7GeV/cand 7 < p$ < 16
GeV /¢, where the latter p$ range is dominated by electrons from beauty-hadron
decays. The azimuthal correlation distributions for these two p§ ranges are pre-

sented in Figs. 5.15, 5.17, 5.16, and 5.18. It is observed that the shape of peaks
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Figure 5.14: Comparison of PYTHIA8 Monash prediction for NS and AS per-
trigger yields (first row) and widths (third row) in the two p$ ranges 4 < pg < 7
GeV/c and 7 < p§ < 16 GeV/c for electrons from charm- and beauty-hadron

decays, as a function of pi™°°¢ in pp collisions. The ratios to ¢, b — e yields

and widths are shown in the second and fourth rows, respectively. The statistical
uncertainties are shown as vertical lines.

looks the same for both p$ ranges, but the peak heights are higher for 7 < p%
16 GeV/c compared to 4 < pS. 7 GeV/e. To study the quantitative effects, NS
and AS widths and yields for the two p{ intervals are obtained following the same

procedure described in Sec. 3.9.

The comparisons of the yields (first row) and widths (third row) for the two
p$ bins are shown in Figs. 5.12 and 5.13 for pp and p—Pb collisions, respectively.
While the NS width values decrease with p3°°¢, they are similar for the two trigger
electron pr ranges. The AS widths are also observed to be similar for the two
trigger electron pr ranges and to have an almost flat trend with p3¥°°. It should be

noted that the kinematic bias induced due to the condition of p7°° < p$ affects
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the correlation distributions for the two trigger electron pr ranges differently.
While none of the correlation distributions for higher pf interval are affected by
the bias, the distributions for 4 < p$ <7 GeV/c and 4 < p§¥°° < 7 GeV /c would

miss some associated particles because of the selection.

The per-trigger NS and AS yields are systematically higher for the 7 < p$ <
16 GeV/c range compared to the values obtained for 4 < p§ < 7 GeV/e, for
both pp and p-Pb collisions. The ratio between the 7 < p$ < 16 GeV/c and
4 < ps < 7 GeV/e yields is shown in the second row of Figs. 5.12 and 5.13. It
can be observed that the yield is higher for the higher p$ interval, and the ratio
increases from 1.3 at low pi™°° to ~ 10 in the highest p§*°¢ interval, for both pp
and p—Pb collisions. This can be explained by considering that higher-pr electrons
are typically produced by more energetic heavy quarks, and the additional parton

energy on average leads to a larger number of associated fragmentation particles.

The NS and AS yields and widths of the correlation distributions as a func-
tion of p¥°¢ for the two p$ ranges are compared with PYTHIA8/Angantyr and
EPOS3 MC simulations for pp and p—Pb collisions. The PYTHIA8/Angantyr
predictions describe the data within uncertainties for both p$ ranges. The NS
width trend from EPOS3 is slightly flatter as a function of p§™°¢ compared to
that of data, while the model provides NS and AS yields consistent with data for
both p$ intervals. Similar to what was observed for 4 < p$ < 12 GeV/c, the NS
width is overestimated, while the AS width is underestimated compared to data

for both p} ranges. The ratio of the yields and widths of the two p} ranges are
well described by both MC event generators.

To understand the effect of the different charm and beauty fragmentation
on the observed p} dependence, the correlation distributions were obtained for
electrons from charm- and beauty-hadron decays separately for the two p$ inter-
vals using PYTHIA8 MC simulations. The NS and AS yields and widths of the
correlation distributions for electrons from charm- and beauty-hadron decays, and
their ratios to the combined ones (HFe), are shown in Fig. 5.14. For both p$. inter-
vals, the NS yields for trigger electrons from beauty-hadron decays are lower than

assoc

those from charm-hadron decays, by about 5% for the first p®°° interval, with a




5.3. Dependence of the correlation distribution on the p} 169

T T T T T L L L B L L B R p s e I L L B L B T

a T T

E 2r (C b)-e - charged particle | | pS(Gevic) Data PYTHIA8 EPOS3 [[Syst. unc. on baselme ps() 1
= pp, Vs =5.02 TeV 1 [4<pi<7) © - -+ 10.5F WSyst. unc. on baseline pe(ll) 1
- 1 r T H

g 1 E*] 1< |o<'=‘5~°>°C <2 GeV/c 1 -7<p5<16(l) e - SR R 1
§\ ALICE I*I 2< p_all_ssoc <3 GeV/c E%Il 5< p$SSOC <7 GeV/c ]
4 11 v 7] < 0.6, |An| <1 . = e 5 passoc
> 11 b P; =P 4
2 Of—---- S OF— - - - F9u0-p-0-aButrosdFre o 8 S o
Y [ corr. syst. unc. p¢(I): £ 1% | corr. syst. unc. pS N):£1% 1 | corr. syst. unc. pe(l) +2%
o)
s corr. syst unc. pe(ll) + 1% 1 [ corm syst unc pS (”) t 1% 1 corr. syst unc. pe(ll) + 1%

zZ AP I I I B I T [ AT T I TP DL B 1
o 0 05 1 15 2 25 3 0 05 l 1.5 2 2.5 3 O 05 1 15 2 25 3
Ag (rad) Ag (rad) Ag¢ (rad)

Figure 5.15: Azimuthal-correlation distributions after baseline subtraction for two
py intervals, 4 < pg < 7 GeV/c and 7 < p} < 16 GeV/c , and for different
associated pr ranges within 1 < pi*°° < 7 GeV/c compared with predictions
from PYTHIA8 Monash and EPOS3 in pp collisions at /s = 5.02 TeV. The
statistical (systematic) uncertainties are shown as vertical lines (empty boxes).
The uncertainties of the baseline are shown as solid boxes at A ~ 0 rad.
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Figure 5.16: Azimuthal-correlation distributions after baseline subtraction for two
pS intervals, 4 < p$ < 7 GeV/c and 7 < p§ < 16 GeV /¢, and for remaining asso-
ciated pr ranges compared with predictions from PYTHIA8 Monash and EPOS3
in pp collisions at /s = 5.02 TeV. The statistical (systematic) uncertainties are
shown as vertical lines (empty boxes). The uncertainties of the baseline are shown
as solid boxes at Ay ~ 0 rad.

tendency for an increased difference for larger pa®°¢ about 40% for the last ps*°c
range. This can be expected due to the harder fragmentation of beauty quarks
to beauty hadrons compared to that of charm quarks, with less energy remaining
for the production of other particles in the parton shower. This indicates that the
yield increase at higher p} observed in Figs. 5.12 and 5.13 is largely due to the
higher energy of the initial heavy quark. The NS and AS widths of the correlation
distributions decrease with increasing p} for both charm- and beauty-hadron de-
cays, but the widths for electrons from beauty-hadron decays are wider than for

electrons from charm-hadron decays for both p} intervals. These two opposing
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Figure 5.17: Azimuthal-correlation distributions after baseline subtraction for two
py intervals, 4 < p§ < 7 GeV/c and 7 < p§ < 16 GeV/e, and for different
associated pr ranges within 1 < p3™°¢ < 7 GeV /¢ compared with predictions from
PYTHIA8 Angantyr and EPOS3 in p-Pb collisions at /syy = 5.02 TeV. The
statistical (systematic) uncertainties are shown as vertical lines (empty boxes).
The uncertainties of the baseline are shown as solid boxes at Ay ~ 0 rad.
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Figure 5.18: Azimuthal-correlation distributions after baseline subtraction for two

p$ intervals, 4 < p§ <7 GeV/cand 7 < p§ < 16 GeV /¢, and for remaining associ-
ated pr ranges compared with predictions from PYTHIA8 Angantyr and EPOS3

in p—Pb collisions at /sy = 5.02 TeV. The statistical (systematic) uncertainties
are shown as vertical lines (empty boxes). The uncertainties of the baseline are

shown as solid boxes at Ap ~ 0 rad.

effects lead to similar widths for the two p$ intervals in Figs. 5.12 and 5.13.




Chapter 6

Phenomenology using PYTHIAS

Although experiments are essential for studying particle physics, they often have
limitations due to technical constraints and statistics. Therefore, we use simula-
tions to supplement experimental results and gain deeper insights into the behavior

of particles.

In this chapter, we aimed to establish the PYTHIA8 Angantyr for heavy-ion
collisions, and then we will proceed to study the fragmentation of heavy flavors
using two particle azimuthal correlation. PYTHIA8 Angantyr event generator is
commonly used in high-energy physics for simulations, particularly for the study
of heavy-ion collisions. By simulating high-energy collisions, one can study the
behavior of particles in a controlled environment, which can help improve our

understanding of the underlying physics.

In a pp collision, more than one distinct hard-parton interaction can occur,
and proton remnants can also scatter again on each other. Such processes are
called multi-parton interactions (MPI) and are responsible for the production of a
large fraction of the particles. The MPI implementation used in PYTHIAS [114]
(which also drives the MPI process in POWHEG+PYTHIAS simulations [175]),
charm-quark production can occur not only from the first (hardest) hard scattering
but also from hard processes in the various MPI occurring in the collisions, ordered
with decreasing hardness. There is also some correlation between FSR+ISR and
MPI processes since initial- and final-state radiations are generated from all the

parton interactions occurring in the collision and are thus enhanced in the presence

of MPI.
An initial and important observable is the multiplicity distribution

171
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(dNu,/dn) of the charged particles, which is essential to extract the properties
of produced particles and their interactions [176]. Such distributions in a partic-
ular pseudorapidity range were measured in the CERN proton anti-proton (pp)
collider experiments in 1980’s [177-180]. These measurements provide informa-
tion on the energy density and centrality of the colliding system. The centrality
is directly related to the initial overlap region geometry, which correspond to the

number of participating nucleons and binary collisions[181].

For the final-state charged particles, the rapidity (y) or pseudorapidity
(n) and transverse momentum (pr) spectra are known to reflect the degrees
of longitudinal extension and transverse excitation of the interacting system,
respectively[103, 182]. Distributions in low pr ranges let us inspect the transverse
excitation and soft processes, whereas higher pr corresponds to hard scattering
processes. In low-energy collisions, one can neglect hard processes, as most of the
contribution comes from soft processes. At the high center of mass energies, hard
processes have finite contribution albeit, the soft processes are predominant [183].
From the final state charged particle pr spectra, one can extract information about
the thermal nature of the interacting system [184, 185], and can comment on the
formation and characteristic properties of the formed matter. According to the
Maxwell-Boltzmann distribution law, the pr spectra are related to the tempera-
ture of the system formed in these collisions. The N, of charged particles formed
in ultra-relativistic collisions also depends on the system’s temperature and den-
sity. Since most of the final state charged particles are part of a locally thermalized
medium, the mean transverse momentum (pr ) distribution vs. Ng, is expected
to be more or less flat in heavy-ion systems like Pb—Pb at high Ng,. The contri-
butions at lower N, are mostly from the peripheral collisions where a QGP is less

likely to be produced.

The ratios of yields of identified hadrons are important to understand the
mechanism of hadron production. The ratio of proton to pion (p/7) and kaon to
pion (K/m) characterize the relative baryon and meson production, respectively.
Additionally, K/m, A/m, 3°/7, Z%/7, and Q/7 ratios represent the strangeness
production at higher multiplicities, indicating a universal underlying dynamics in

hadron production for different quark-gluon final states. Strangeness enhancement
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is proposed as a signature of QGP formation in heavy-ion collisions [109, 186, 187]
because of the faster equilibration of strangeness production processes in a QGP
than any other process in a hadron gas [188, 189]. This is observed to be more
prominent for multi-strange hadrons [25]. The production mechanism of strange

hadrons provides a way to investigate the properties of the hot QCD matter.

Another essential medium characteristic is anisotropic flow, considered the
proof of collective behavior of partons and hadrons[102, 190, 191]. In a heavy-ion
collision, the hydrodynamic expansion is a consequence of the transverse pressure
gradient. This transverse flow shifts the produced particles to higher momenta,
and due to the higher gain in momenta of heavy particles from flow velocity, the
increment is more for heavier particles. This effect is seen commonly for heavy-ion

systems and even high multiplicity pp and p—Pb collisions [25].

Other than light-flavours, this section also explores heavy-flavours. The
heavy-flavour hadron production is sensitive to the charm and bottom fragmen-
tation functions and to the hadronization mechanisms of these heavy-flavour
hadrons [192, 193]. These heavy quarks hadronize on a shorter time scale as
they traverse the medium. This phenomenon can lead to a modification in the
fragmentation function of the heavy quarks. In order to quantify the medium
effects, studies of high-pr jet fragmentation are done via angular correlations of
heavy flavor particles in heavy-ion collisions [13, 194]. Azimuthal angular corre-
lation study is an effective tool for studying jet events. A jet event can consist of
atleast a single jet, the particles from which will produce a large correlation at A
= 0, or a back-to-back di-jet in which the particles will produce a correlation at
Ay = 7. The correlation function is obtained by correlating each trigger particle
with the associated charged particle. These correlations appear as peaks in a Ag
distribution, generally known as the “near-side” (Ayp = 0) and “away-side” (Ap
= ) peaks.

The recent measurement of angular correlations between D mesons and
charged particles by the STAR collaboration shows a significant modification of
the near-side peak width and associated yield, which increases from peripheral

to central Au—Au collisions [195]. Similar measurements were later carried out
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by LHC, which investigated the possible modifications in jet properties due to
the medium effects [196]. The measurements show suppression for the away-
side peak, suggesting energy loss of the recoil-jet parton traversing through the
medium. The amount of suppression can be quantified by the near- and away-side
yield ratios taken for p—Pb and Pb—Pb systems over pp where medium effects are
not present. We inspect the contribution of MPI and various CR phenomena with

PYTHIA8+Angantyr [148] in the regime of perturbative QCD.

In this section, we have explored all the above-mentioned aspects of particle
production and fragmentation using PYTHIAS with the Angantyr model. The
Angantyr model is the heavy-ion extension of the PYTHIAS, extensively used for
pp collisions. The aim of this study is to see the possibility of using the Angantyr

model for heavy-ion collisions.

6.1 Dynamics of particle production in Pb—Pb
collisions at /syy = 2.76 TeV using
PYTHIAS8 Angantyr model

We have generated around 2 million events in Pb—Pb at /syn= 2.76 TeV. The
inelastic, non-diffractive component of the total cross-section for all soft QCD
processes is used with the switch SoftQCD:all = on with MPI based scheme
of color reconnection (ColorReconnection:mode(0)). For string shoving, un-
der the rope hadronization framework(Ropewalk:RopeHadronization = on), we
switch string shoving via Ropewalk:doShoving = on and turn off flavour ropes by
Ropewalk:doFlavour = off. The classes based on charged particle multiplicities
(Nen) have been chosen within the pseudorapidity window of —0.8 < n < 0.8 to
match the acceptance of the TPC detector in ALICE [102]. The events generated
using these cuts are divided into nine multiplicity classes, each class containing
10% of total events except the first two classes, which contain 5% of total events
as used in [102]. The Ng, classes corresponding to different centralities are tabu-
lated in TABLE 6.1. Heavy strange particles are chosen from their specific decay
channels and PDG codes.
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Table 6.1: Centrality classes and the corresponding charged particle multiplici-
ties (Ng,) in PYTHIA8+Angantyr with MPI+CR and string shoving in Pb-Pb

collisions at /sy = 2.76 TeV.

S.No. | Centrality (%) | MPI+CR | Shoving
I 0-5 2314-3050 | 2117-2900
IT 5-10 1947-2314 | 1782-2117

I1I 10-20 1387-1947 | 1270-1782
1AY 20-30 967-1387 | 885-1270
\Y 30-40 644-967 0990-885
VI 40-50 399-644 367-590
VII 50-60 224-399 205-367
VIII 60-70 108-224 99-205
IX 70-80 43-108 39-99

Table 6.2: Mean and RMS of charged particle multiplicity in different PYTHIAS
tunes in Pb—Pb collisions at /syny = 2.76 TeV.

MPI4+CR | CR-off | MPI-off | (MPI+CR)-off | Shoving
Mean 704.1 882.8 276.6 276.6 647.6
RMS 759.5 961.2 274.3 274.3 697.8

The charged-particle multiplicity distributions for different PYTHIAS tunes
within || < 0.8) are shown in FIG. 6.1. To see the effect of different PYTHIA
tunes, we consider the following configurations: MPI with/without CR, No MPI,
and both MPI and CR off and string shoving. It is observed that results from
MPI+CR and string shoving tunes are compatible with ALICE data. MPI with-
out CR overestimates, whereas the tune without MPI is seen to underestimate our
results. We also observe that there is no effect of CR if MPI is off. The particle
production increases with MPI due to inter-partonic interactions; on the other
hand, when turning CR off, particle production increases. In the color reconnec-
tion (CR) scheme, the string lengths are reduced; in consequence, when CR is
kept on, particle production lessens [14]. Turning MPI off removes the strings be-

tween the partons. As a result, we do not observe any effect of CR. String shoving
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shows the best agreement with the data among all the tunes. The fragmentation
of longer strings leads to higher particle production. To quantify the effect of
the tunes used, the mean and RMS of the multiplicity distributions are measured
and reported in TABLE 6.2. The mean for MPI4+CR is around 2.5 times larger
without MPI and around 3.2 times larger without CR compared to without MPI.
A similar comparison can be made for the RMS values between these settings. For
MPI+4+CR turned off, we report similar values for mean and RMS, which confirms
our statement made earlier. The results from string shoving are closer than any
other tune to ALICE data. This is accredited to the higher effective length of the

color ropes, leading to higher particle production via fragmentation.

210t T g e [T T T T T e
% PYTHIA8+Angantyr Pb--Pb, |s,, =2.76 TeV J = 0.7 PYTHIA8 Angantyr, Pb--Pb, |s, =2.76 TeV 4
< Charged-Particles, |n| < 0.8 7 C Charged-Particles, |7] < 0.3 N
[ F
10 e ALICE E 0.65— ,
-------- MPI + CR E = i
Without CR ] C ]
A, —— Without MPI 0.6— ]
107 ; — C ]
E Without MPI and CR 3 C ]
C — — String shoving | - B
F E 0.55- —
107 - —e— ALICE 1
E ; 05— = ----- MPI+CR —]
- - r Without CR ]
75’ b = —— Without MPI ]
107 E 045~ Without MPI and CR E
E I C — — String Shoving ]
wo 3 I | Lol Lol
o F w SaARRRRARY i i HH i - i H
3 2F b T = e L P T L S PP
< E < E e e A e e e |
< 14 i <0090 =
£ E l \ l l Lol | q = ST AR ST AR A B A B e W ol e |
Z 0 500 1000 1500 2000 2500 3000dN lgSOO & 10 20 30 40 50 60 70 80 90 N100
/dn ch

Figure 6.1: (Color Online) (Left) Multiplicity distribution of charged particles
from PYTHIA8 Angantyr with different tunes and ALICE data. (Right) (pr )
distribution vs. charged-particle multiplicity in different PYTHIAS tunes and
ALICE data. The lower panels show the ratio of PYTHIA Angantyr predictions

over data for the different configurations considered in Pb—Pb collisions at /syny =
2.76 TeV.

By observing different tunes in FIG. 6.1 (Left), we can conclude that with
MPI and CR mode of hadronization and hadronization via string shoving in rope
hadronization framework are favorable settings to describe ALICE data [102]. We
also observed similar results after comparing (pr ) distribution as a function of
charged-particle multiplicity using simulated PYTHIA8 Angantyr and experimen-
tal data, as shown in FIG. 6.1 (Right). Distributions obtained from PYTHIAS8
are scaled with a constant (1.138) factor for better visualization and to compare

the slope of different distributions with data [197]. The (pr ) distributions with
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Figure 6.2: (Color Online) Charged-particle pr spectra in nine centrality classes
described in TABLE 6.1 from PYTHIA Angantyr and ALICE data. The mid-
dle and lower panels represent the deviation of PYTHIA Angantyr predictions
from MPI4+CR and string shoving, respectively, with data in Pb—Pb collisions at

\/SNN = 2.76 TeV.

MPI+CR and string shoving describe the data very well, even without hydrody-
namics. (pr ) with MPI off (or MPI and CR off) describe data below Ny, = 10
very well but deviates at higher values, becoming almost flat at high multiplicities.
This is probably due to the large production of low multiplicity events when MPI
is kept off. A similar trend is seen for CR turned off; however, the ratio of (pr
) over data decreases as we go to higher values in multiplicity, as reconnection
occurs in such a way that the strings between partons are as small as possible.
This attribute is credited to CR, where a correlation between N, and (pr ) can be
seen [198]. Preceding hadronization, strings fuse to form high pr hadrons. With
CR off, fewer strings fuse to form hadrons during hard scatterings, explaining the
increment of (pr ) at higher multiplicities. For hadronization via string shov-
ing, the trend for (pr ) is very close to MPI4+CR tune, describing the data very
well. This concludes that MPI4+CR and string shoving frameworks have similar

outcomes when it comes to particle production.

To further check the compatibility of simulated data, we compare the pr
spectra of final state charged particle with ALICE measurements in different cen-

trality classes within experimental kinematic selections, which is shown in FIG. 6.2.
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Figure 6.3: (Color Online) pr spectra of identified charged-particles (7%, K=, p(p))
in various centrality classes. The middle and lower panels show the ratios for each
centrality class to MB for MPI+CR and string shoving, respectively in Pbh-Pb
collisions at /sy = 2.76 TeV.

The pr spectra of each centrality class are scaled to the slope with ALICE mea-
surements for clearer visualization and comparison. From the lower panels of

FIG. 6.2, it is observed that the experimental to simulated data is comparable
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within statistical uncertainties.

With the assurance of the quality of the simulated data discussed above, we
now move on to study the transverse momentum spectra of identified particles,
pr integrated yield of identified and strange particles, and particle ratios with

PYTHIA8+Angantyr.
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Figure 6.4: (Color Online) pr spectra of identified charged-particles (7=, K*, p(p)).
The middle and lower panels show the ratios for different centrality classes to data
with MPI4+CR and string shoving in Pb—Pb collisions at /syy = 2.76 TeV.

6.1.1 Transverse momentum spectra of identified

particles

FIG. 6.3. shows the pr spectra of identified charge-particles 7%, K=, and p(p) in

different centrality classes and for minimum bias (MB). The spectra were obtained




180 Chapter 6. Phenomenology using PYTHIAS8

O = e s e s e e e e e B L B T o L B e B B B B BN
— E @ PYTHIA 8 Angantyr, Pb--Pb, s = 2.76 TeV ] — E (b PYTHIA 8 Angantyr, Pb--Pb, {5, = 2.76 TeVZ|
£ A | & = g =
(\é 10 A'+A\, |n|<0.8 = o 107 ="+=, |n|<0.8 =
> E = > = -
® E — ) = =
Qe 1014\ = e £ =
- = — = 2 —
o — — o 1
© C - s ° |
g 101 N\x— g :E
z - — z —
% 1o — b =
-+ E~ = g— —
vy = E -
‘%a 10 R = % 0 =
Z E S - — z E =
S (g2 ©05% m510% 410-20% V20-40% T S , o ©0-10% 410-20% v 20-40% L 40-60% =
E [140-60% A 60-80% ---MPI+CR — Shoving — W, 60-80% ---MPI+CR — Shoving —
= e — =l I I T N S I TSI AV S R S U = |
= f f f f = f f f =
2 24 9E E
Tt 1: E gc{ E 4
olx [ c . _
s F = s St S 1
05 — oy e e e REaans
m-g 2; o8

=S = == C i
S% 1+ L) - 8% Fo. A e B
= e E A — |
(0]=t [ P OT""HHHHH HHHH‘HEH\HEVH\ﬁ‘T
2 4 6 8 10 ])2 6 7 8 9
P, (GeVic p. (Gevic)

B e B B B o

R = (c) PYTHIA 8 Angantyr, Pb--Pb, |s = 2.76 TeV::

% 10YE Q'+Q, |n|<0.8 —

> E =

éDvI 10 = 0o o =

o 10— -

T £ =

S 10wk =

zZ E =

5 10°= =

e E 3

B 102 —

N £ =

z 10t -

= [~ ©0-10% 410-20% v 20-40% [ 40-60% =

10 [ %6080% --MPI+CR —Shoving =

. 6 =

g2 4 3

g 25 e =

U= =

o 4 E

=I'S |

oL =

Figure 6.5: (Color Online) pr spectra of strange and multi-strange baryons (A,
=%, 0F). The middle and lower panels show the ratios for different centrality
classes to data with MPI+CR and string shoving in Pb—Pb collisions at /syny =
2.76 TeV.

using the same selection cuts in all charged-particles species. To visualize better,
we multiplied scale factors to each pr spectra. From the lower panel of FIG. 6.3.,
the pr spectra corresponding to (30-40)% centrality is seen to coincide with the
MB spectra. For the threshold centrality class (30-40)%, classes (0-5)%, (5-10)%,
(10-20)%, (20-30)% are harder while classes (40-50)%, (50-60)%, (60-70)% and
(70-80)% are softer with respect to MB. It is to be noted that a similar trend is
observed for all the identified particles. We report a shift in the hardness of the
pr spectra from most central to peripheral collisions. The ratios change from low
pr to high pr and this change is ~ 5% down to ~ 20% for 0-5% and 70-80%

central events respectively. This is due to the loss of hard processes in peripheral
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Figure 6.6: (Color Online) pr spectra of ¢ and D-mesons. The middle and lower
panels show the ratios for each centrality class to data with MPI+CR and string
shoving in Pb—Pb collisions at /sy = 2.76 TeV.

collisions, which reflects in high pr particle production.

The pr spectra of hadrons obtained at the final state are compared to mea-
surements from the ALICE. In FIG. 6.4. the PYTHIA predictions find a good
match with the data for pions, kaons and protons, however an underestimation at
low pr is observed. The hump at low pr is probably due to the pQCD implemen-
tation of PYTHIA, whereas we expect NRQCD effects in this regime. The effects
of radial flow and other medium effects are contributing factors, which can explain
the bump at low pr as reported in [199, 200]. We also compare strange baryon
pr spectra (A, =, ) with ALICE in all centrality ranges considered, as shown in
FIG. 6.5. The ratios show a similar peak at pr ~3 GeV/ec. It is also observed
that the width of the hump increases with strangeness and mass, especially for
central and semi-central events. At higher centralities, the strange baryons show
good compatibility. In FIG. 6.6., we compare the ¢ meson and D-meson (D°,
D™) pr spectra, where the ¢ meson spectra are seen to be consistent with ALICE
measurements in all centralities. As ¢ mesons decay outside a produced fireball,
medium effects do not affect the production process [201]. A thermalised QGP
state is not a part of PYTHIA-Angantyr, which may result in a good description
of experimental results. In the case of D-mesons, we see PYTHIA predictions

depart at low pr, however in good agreement at intermediate-higher values. This
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helps us to conclude that the more prominent peaks observed for strange baryons
(FIG. 6.5.) have a strangeness dependence rather than mass. In a compari-
son between the tunes, there is no noticeable difference between the results from
MPI+4+CR and string shoving, showing identical ratios for data over model calcu-
lations for all aforementioned species, except =. The pr spectra for = from string

shoving describe the experimental measurements better than MPI+CR tune.
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Figure 6.7: (Color Online) Yield of identified particles (Left) and strange particles
(Right) as a function of centrality with MPI+CR and string shoving in Pb-Pb
collisions at /sy = 2.76 TeV.

6.1.2 pr integrated yield of identified and strange

particles

The pr integrated yields of 7%, K* and p(p) are shown in FIG. 6.7 (Left) within
rapidity range -0.9 < y < 0.9 normalized by the total number of events. It is
observed that the yields of different particles are increasing going from peripheral
to most central. We can see a clear mass ordering in yields, with lower mass
pions having higher yields, while protons being heavier have lower yields. This
is expected towards central collisions; the probability for hard scatterings will
be higher, resulting in high particle production. Production of a lighter particle
requires lesser energy as compared to a heavier particle and will be more domi-
nant in peripheral collisions. The PYTHIA+Angantyr configurations show minor
deviations in proton and 7 yields, with a slightly higher yield in Angantyr.
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In FIG. 6.7 (Right), pr-integrated yields of strange particles are shown.
One can see the same features in strange particles like that of identified particles

observed in FIG. 6.7 (Left). Production of strange particles is seen to reduce

towards peripheral collisions with a similar trend in mass, except for ¢ mesons.
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Figure 6.8: (Color Online) Ratio of yields of identified particles over 7t 4+ 7~ as
a function of centrality (a) and as a function of transverse momentum with (b)
MPI+CR and (c) string shoving in Pb—Pb collisions at /syy = 2.76 TeV.
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Figure 6.9: (Color Online) Ratio of yields of strange particles over 77 + 7~ as a
function of centrality in (a) and as a function of transverse momentum with (b)
MPI4+CR and (c) string shoving in Pb—Pb collisions at /sy = 2.76 TeV.

6.1.3 Particle ratios

By the bare yield distribution, we cannot quantitatively measure the enhancement
or suppression of different particle species. The best way to do this is to estimate
the yield with respect to other particles. We measure the ratio of proton and
kaon yields over pions to inspect the variation over centrality and pr. FIG. 6.8
shows the measured yield ratios vs. centrality (a) and pr ((b) and (c)). We scale

proton over pion ratios for every centrality class for better comparison with the
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Figure 6.10: (Color Online) Ratio of yields of strange particles over (Kt 4+ K ™)
as a function of transverse momentum with (a) MPI+CR and (b)string shoving
in Pb—Pb collisions at /syny = 2.76 TeV.

corresponding quantity versus pr (a). The scale factor is calculated using the

formula:

K/x

Scale factor = X/r

Here X refers to different particle species. We can see from this FIG. 6.8.
that both ratios are increasing towards most central; however proton over pion
(p/m) ratio drops rapidly than kaon over pion (K /7). There is a visible deviation
of ~ 5% between MPI+CR and string shoving. The reason could be slight over-
estimation of 7 and proton yields for MPI4+CR compared to string shoving. As
a function of pr, K/m ratio increases at lower pr but decreases at higher pr,
showing a bump around 3 GeV/c. In heavy-ion collisions, this is the consequence
of radial flow, but in PYTHIA, this is attributed to the string interactions in color
reconnection or string shoving. We can argue that CR or string shoving could be
another mechanism of flow where a longitudinal boost is implemented at the initial
state (partonic state), prior to hadronization. Understanding this mechanism is
important, as it can provide an explanation of flow-like patterns in PYTHIA.
At higher pr, more particles correspond to jets, in which these particles become
insensitive to the hadronization mechanism. If one increases MPI, we see an
enhancement in the bump region. In contrast to experimental measurements [202],
we do not observe any bump in the K /7 ratio. A similar behavior is seen for

meson to pion ratios. For baryon to pion ratios however, the bump is seen to shift
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further in pr with increasing mass. The results are shown for both the tunes,
showing close similarity between the results. This is a qualitative attempt with
PYTHIA+Angantyr to describe meson and baryon over meson ratios. Studies
report this effect can also be observed in meson to meson ratios with further
tuning. [14]. Similarly, we show yield ratios of strange particles over pions as a
function of centrality in FIG. 6.9 (a). Each yield ratio of different particles is scaled
with a similar method as mentioned before. A ~ 5% deviation between the tunes
is seen here due to the slightly higher 7 yields. We observe a clear strangeness
enhancement as we go from most central to peripheral collisions. Heavy strange
particle ratios are showing more enhancement, as reported in FIG. 6.9 (a), slopes
of strange particle ratios increase towards heavier strange particles. This is due
to overlapping color strings forming (ropes) at higher densities [148]. In FIG. 6.9,
we show yield ratios of strange particles as a function of transverse momentum
in two different centrality classes at 0-5% and 70-80%. For all strange particles,
yield ratios increase towards higher pr. As expected, the ratio of yields is lesser
for strange heavy particles. We also conclude by observing FIG. 6.8 (Right) and
FIG. 6.9 (Right) that meson to pion ratios are not showing the bump but shows

for baryon to pion ratios.

In FIG. 6.10 we show the ratio of strange particles over (K* + K~) mesons.
The ratio increases as pr increases, and after a peak close to 3-4 GeV/c, it de-
creases. The position of the peak shift towards higher pr for strange heavy parti-
cles. A study reports a similar type of observation seen in experimental data for
Pb—Pb collisions [203]. This effect is generally seen in heavy-ion collisions as a

consequence of radial flow [204].
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6.2 Jet fragmentation via azimuthal angular
correlations of heavy flavor decay electrons
in pp, p—Pb, and Pb—Pb collisions using
PYTHIA8+4 Angantyr

In this article, the heavy-flavor hadron decay electrons (¢,b— e) are used to study
the parton shower of heavy quarks. It will contribute to a better understanding of
heavy flavour parton showers and offer predictions for measurements of the heavy-
flavor correlation. This study is important from the perspective of experimental
measurements at high energies in heavy flavor correlations, which are currently
available only for charm mesons. By varying the trigger and associated particle
pr, this work aims to investigate how soft and hard fragmentation showers in-
terplay. The correlation peaks are described using a novel fitting function (von
Mises). As the BLC tunes increase the peak amplitude for baryon-tagged corre-
lation, predictions from the new color reconnection (BLC) tunes are compared to
the default (Monash) ones to see the behavior of fragmentation functions in the
presence of baryon decay electrons. Further, the effect of partonic and hadronic

level processes on heavy flavor jet fragmentation is studied.

Initial hard scatterings in pp, p—Pb, and Pb-Pb collisions produce heavy-
flavours, namely charm (c¢) and beauty (b) [182, 192, 205-207]. Their early produc-
tion can be attributed to their large mass, which allows them to traverse through
the QGP and interact with the partons of the hot medium. The production cross-

section of these heavy quarks is usually calculated using the factorization theorem

Ao o = Supx faja(a, Q%) @ foyp(zp, Q%)@ (6.1)

do—ggch<xa7 Tp, Q2) X De;)C(Z, Q2)

where, fo/a(zq,Q*) and f,/p(xs, Q%) are the parton distribution functions
which give the probability of finding parton “a”(b) inside the particle “A”(B)
for given x (fraction of particle momentum taken by parton) and factorization

scale (Q?), dohd | (24, 73, Q%) is the partonic hard scattering cross-section, and
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D._c(z,@Q?) is the fragmentation function of the produced parton (particle). This
leads to universal hadronization, but new PYTHIAS tunes have incorporated dif-
ferent hadronization models based on beyond-leading color approximation (BLC
tunes) and rope hadronization (Shoving) which do not assume universal hadroniza-
tion. The high momentum (pr) partons through fragmentation (parton showering)
[12, 13, 208] and hadronization form a cluster of final state particles known as a
jet. The study of high-pT jets reveals how parton fragments into various particles

and allows the study of the parton’s interaction with the medium.

The CR mechanism of hadronization can be investigated further by looking
at the string topology between the partons. The Leading Color (LC) approxi-
mation assigns a unique index to quarks and antiquarks connected by a colored
string. This guarantees a fixed number of colored strings, ensuring that no two
quarks (antiquarks) have the same color. The same is true for gluons, which are
represented by a pair of colored quark-antiquark. This model is extended to non-
LC topologies, also known as Beyond-L.C (BLC) [78], in which colored strings can
form between LC and non-LC connected partons. This opened the possibility
of a string being linked to partons of matching indexes other than the LC par-
ton. Three modes of Color Reconnection in the BLC approximation are used with
the different constraints on the allowed string reconnections, taking into account
causal connections of dipoles involved in a reconnection and time dilation effects
caused by relative boosts between string pieces [78, 209]. We investigated differ-
ent PYTHIAS8/Angantyr tunes, i.e., LC (MONASH 2013 [209], and 4C [210] ),
BLC (Mode0, Mode2, Mode3), and rope hadronization (Shoving) [211-214]. In
our study, similar results were obtained with the LC tunes 4C and Monash, and
different BLC tunes were also consistent with one another; therefore, for this in-
vestigation, we used the Monash, Mode2, and Shoving tunes and investigated how

different hadronization processes affected the results.

Leading order (LO) perturbative scattering processes of gluon fusion (gg —
QQ) or pair annihilation (¢qg — QQ) is used for the production of heavy-flavours
in PYTHIA. PYTHIA also approximates certain higher-order contributions within
its LO framework via flavour excitations (¢@Q — Qg), or gluon splittings (¢ — QQ)

which give rise to heavy-flavour production during high pr parton showers [182,
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192].

One of the methods to study interactions of heavy-flavours with partons of
hot QCD matter is two-particle angular correlation function [215-218], i.e. the
distribution of the differences in azimuthal angles, Ay = Qqg50c — Pirig, and pseu-
dorapidities, An = Tassoe — Nirigy Where Passoe (Nassoe) AN Pirig (Mirig) are the
azimuthal angles (pseudorapidities) of the associated and trigger particles respec-
tively. The structure of the correlation function usually contains a “near side”
(NS) peak and an “away side” (AS) peak at Ap = 0 and Ay = 7 respectively
over a wide range of An. In QCD, leading order (LO) heavy-flavour production
processes imply back to back correlations at Ay = 0 and Ay = 7 with the same
distribution parameters, however next-to-leading order (NLO) processes like gluon
splitting and flavour excitation can lead to change in the away side peak. Addition-
ally, the production of heavy-flavour hadrons is sensitive to both the charm and
beauty fragmentation functions as well as the hadronization mechanisms; for these
reasons, the two-particle angular correlation function not only enables us to study
how heavy-flavours interact with QGP in Pb—Pb collisions but also to characterize
the production, fragmentation, and hadronization of heavy-flavour hadrons in pp
collisions [192]. Apart from above mentioned reasons, modification of the correla-
tion function is also possible in the case of p—Pb due to cold-nuclear matter effects
(nuclear shadowing and gluon saturation) [219-221]. After measuring the nuclear
modification factor of D mesons and electrons from heavy-flavour hadron decay in
p-Pb collisions at /syy = 5.02 TeV, a small influence of cold-nuclear matter ef-
fects on heavy-flavour quark production at midrapidity was observed [3, 222-225].

In this article, we present the study of the azimuthal correlation function of
prompt D mesons/baryons and B mesons with charged hadrons in pp collisions
at /s = 7 TeV using PYTHIAS, where “prompt” refers to D mesons produced
from the fragmentation of charm-quark generated in initial hard scattering, includ-
ing those from the decay of excited charmed resonances and excluding D mesons
produced from beauty hadron weak decays. In terms of particle multiplicity and
angular profile, the near-side correlation peak is a suitable probe for characterizing
charm jets and their internal structure. Probing the near-side peak [226] features

as a function of charged-particle transverse momentum (pr), possibly up to values
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of a few GeV/c, can provide insight into the transverse-momentum distribution of
the jet constituents. These features are useful to decifer how the jet momentum
fraction not carried by the D mesons is shared among the other particles produced
by charm fragmentation, as well as the correlation between the pr of these parti-
cles and their radial displacement from the jet axis. Variations in the amplitude
and width of the away-side peak also shed light on the dynamics of heavy-flavour
production mechanism [227].

Various event generators in high energy physics mainly use either string model
or cluster model for the description of hadronization [228-230]. This study
aims to understand and compare the fragmentation and hadronization of D
mesons/baryons and B mesons using different tunes of PYTHIAS. In PYTHIAS,
the LUND string hadronization model with parameters tuned using ete™ data
is used for the fragmentation process [113, 114, 230, 231]. Different tunes of
PYTHIAS such as Monash, 4C, Mode(0,2,3), and shoving differ in implementa-
tions of string hadronization which are discussed in the next section. The produc-
tion and the fragmentation of charmed baryons and beauty mesons is inherently
different owing to the difference in their quark content. It will be interesting not
only to see which of these models gives a better description of charmed mesons
data but also their predictions for charmed baryons and beauty mesons. In the
literature, the hadronization of these particles is also explained by 3 — 1 and
2 — 1 coalescence model [232, 233]. As far as the comparison between charmed
mesons and beauty mesons is concerned, global fragmentation functions based on
Next to Leading Logarithmic (NLL) calculations contain the parameter which is
a function of the inverse square of heavy-flavour mass [234-238]. We anticipate
that the effect of mass hierarchy between charm and beauty quark should also be

visible in azimuthal angular correlation.

We used PYTHIA version 8.3 and PYTHIA8+Angantyr to generate around
50 million events for pp and p—Pb collisions at /syn= 5.02 TeV, respectively. For
Pb—Pb, approximately 5 million events were generated using PYTHIA8+Angantyr
at /snn= 5.02 TeV. The reported results are the predictions for the ALICE
experiment. Therefore, the electrons from heavy flavor hadrons (¢,b — ) decays

are selected within || < 0.6 as trigger particles due to the acceptance of the
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electromagnetic calorimeter (EMCal) detector in ALICE. The trigger particles
are selected from 4 to 20 GeV/c. In order to increase the statistics of heavy-flavor
decay electrons, the hard QCD processes are turned on to enable charm and beauty
quark production with the minimum phase space cut of 9 GeV/c, which is a safe
choice for LHC energies. The number of electrons from beauty and charm hadrons
is corrected using FONLL prediction [172] [173] [64], as the decay kinematics and
fragmentation of charm and beauty are different. The correlation distribution of
heavy-flavor decay electrons is generated by correlating each heavy flavor electron
to the associated particles from 1 to 7 GeV/c. Here, associated particles are the

physical primary particles.

To validate these settings of PYTHIA, a comparison of azimuthal correlation
(A distribution) of prompt D-meson and charged particles with ALICE data is
shown in Fig. 6.17. In the figure, the Ay distribution obtained from PYTHIAS
Monash tune is compared with ALICE published data for the /s = 7 TeV in
the pr trigger 5-8 GeV/c (p%) for associate particles pr 0.3-1 GeV/c (p§°¢) [11].
Here, the range of Ay distribution is taken from 0 to 7 to match with ALICE
data. The pedestal (baseline) is subtracted from the generalized Gaussian function
considering the physical minima around 7 /4 to 7/2. The result from PYTHIA
shows a good agreement with ALICE data which motivates us to give a prediction

on heavy-flavor electron correlation with charged particles.

6.2.1 Baseline estimation and near- and away-side

observable extraction

The correlation analysis is performed by correlating each heavy-flavor decay elec-
tron with its associated charged particles. In order to measure both the near-
and away-side peaks with full ranges, the Ay distribution is obtained in the range
—7/2 <Agp< 37m/2, where the near-side peak is observed at A¢ = 0, formed by
the charged particle associated with the electron of high transverse momentum
(p}) particle, whereas the away-side peak appears at Ay = 7 due to back to
back di-jets produced by LO processes. A flat region also appears between the

peaks formed under the signal region by the uncorrelated pairs of trigger particles
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Figure 6.11: The near- and away-side yields of correlation peaks from PYTHIAS
for different trigger p§ ranges 2 < p5 < 5, 5 < p5 < 10, and 10 < p5 < 20 GeV/c

for different associated p3¥°° ranges between 1 < p%**°® < 7 GeV/c in pp, p—Pb

and Pb—Pb collisions at /syn= 5.02 TeV.

and associated particles. Most of the contribution in the baseline comes from the
soft processes. The baseline subtraction and measurement of near- and away-side
observables are performed by fitting the raw Ay distribution (included baseline)

with the von Mises function, as shown in FIG. 6.15. The function is defined as:

efoNs cos (Ap) eAS cos (Ap—m)

21l (Kas)

F(Ap) = b+ (6.2)

271']0(/'{]\[5)

Here, b is the baseline, x is the reciprocal of dispersion, which means it gives
a measure of the concentration, I is the 0" order modified Bessel function. The

2

mean for near- and away-side peaks are fixed to “0” and “m,” respectively.

Earlier, a double Gaussian, double generalized Gaussian, and generalized
Gaussian + Gaussian functions, along with a constant term, were employed in
these measurements to measure the near- and away-side observables as well as
to estimate the baseline. But due to the triangular structure of the near-side
correlation peak, the Gaussian function is not suitable as a fit function. The

generalized Gaussian function is discarded as the number of free parameters is
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Figure 6.12: The near- and away-side widths (o) of correlation peaks from
PYTHIAS for different trigger p$ ranges 2 < p5 < 5, 5 < p5 < 10, and
10 < p% < 20 GeV/c for different associated p§°° ranges between 1 < p3¥s°¢ < 7
GeV/c in pp, p-Pb and Pb-Pb collisions at /syn= 5.02 TeV.
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larger than that of the von Mises function, which may bias the near- and away-
side observables, especially the width, as the shape parameters of the generalized
Gaussian have an anti-correlation with the width of the peaks. Another advantage
of the von Mises function is that it can adjust the shape according to correlation
peaks,; as the shape of the near-side peak is near to triangular, whereas the away-
side peak is almost Gaussian. In the measurements of D meson correlation, authors
used two different functions, a generalized Gaussian for near-side peak (triangular)
and a Gaussian for away-side peak, where the von Mises function does not need

to club with other functions.

The near- and away-side width is estimated by measuring the sigma (o) from

the von Mises function as by the given relation:

]1(&)
]O(KJ)

o=/—2log (6.3)

Here, I, and I; are the modified Bessel function of 0** order and 1% order,

and k is measured by the von Mises function fit parameter.

The error in the width (do) is propagated by the relation:

1 L I, 1
do=—-x(=2-24+2)d 6.4
d o X (Io Il + /{) " ( )

Where dk is the uncertainty in x, obtained by von Mises function fitting.

In this work, we are presenting the Ay distribution, near- and away-side
yields and widths (o) in three different p% intervals corresponding 4-7 GeV/e, 7-
10 GeV/c and 10-20 GeV/c with five p3¥°¢ intervals corresponding 1-2, 2-3, 3-4,
4-5 and 5-7 GeV/c. The Ay distribution obtained within | An | < 1. range. A
condition p§°¢ < pt is applied while correlating the particles to avoid the double-

counting of trigger electrons in correlation. These results are obtained with three

different tunes of color reconnection along with the default Monash tune.
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Figure 6.14: Comparison of average D-meson azimuthal-correlation distribution
at mid-rapidity with PYTHIA8 Monash for trigger pD range 5 < p2 < 8 GeV/c
and pi°° range 0.3 < p2 < 1 GeV/c in pp collisions at /s= 7 TeV.

6.3 Heavy-flavour hadron decay electron

correlation with charged particles

The shape and height of the correlation peaks can be compared in pp, p—Pb, and
Pb-Pb collisions to provide information about the possible system size dependence
on the modification of jet fragmentation. On the away-side, it reflects the survival
probability of recoil partons while passing through the medium. It can be seen in
Fig. 6.16 that there are no significant differences among different color reconnection
tunes in pp and p—Pb collisions; however, a small increment of peak height is
observed in Pb—PDb collisions with BL.C tunes. This might be because an additional
junction was added to BLC tunes, showing the effect at high-density strings in Pb-
Pb collisions. However, more study is required in this direction to make a strong
claim. It is observed that the particles associated with the high p} have higher
peaks compared to low pr trigger particles. Also, the peaks are narrower for the
high p§ particle due to the initial boost. The difference between the correlation
pattern can be quantified more efficiently by comparing near- and away-side yields

and widths.

The near- and away-side width of Ag distribution peaks are obtained for all
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Figure 6.15: (Color online) The azimuthal-correlation distribution ( Ay ) fitted
with the von Mises function is shown for trigger p$ range 10 < p5 < 20 GeV/c
and for associated pr range 1 < p% < 2 GeV/c in pp collisions at 1/s= 5.02 TeV.

the tunes with different triggers and associated pr intervals, as shown in Figs. 6.12
for pp, p—Pb, and Pb—Pb collisions. By observing all the figures, it is clear that for
each p% bin, widths decrease as increasing associate particles pr, which is reflected
by the decreasing of broadness. On the other hand, peaks associated with high
pT particles have lower widths than low p particles due to the initial boost in the
transverse direction. Different color-reconnection tunes are not showing significant
changes in width, and the spreads of the widths due to the various tunes are treated

as a band of systematic uncertainties.

Similarly, yields are extracted for the near- and away-side peaks. The yields
are measured by the bin counting method within the three sigma (< 30) region
from the mean value of the peaks. The o for the concerned peak is obtained
by using eq 6.3 with the help of the von Mises function. The near- and away-
side yields for the different p5 are shown in Figs. 6.11 for pp, p-Pb, and Pb-Pb,
respectively. It is observed that a high p% particle shows a higher yield compared
to a low p% particle. This is expected as the available energy to fragment into

associate particles is more prominent in high p%. particles.

Moreover, the difference in charm and beauty fragmentation could affect
the yields of low and high pf particles. The yields are decreasing towards higher
PP%°¢ intervals, suggesting that fragmentation into low p3°¢ particles is higher

than high p3¥°¢ particles due to the production cross-section. As the process
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of heavy quark fragmenting to heavy flavor hadrons is very rare, the emission
of high pr associated particles becomes limited, and most of the accompanying
associated particles are softer. By comparing these yields in different systems, it is
observed that the results from pp and p-Pb are consistent with each other, which
is also seen in the D-meson and charged particle correlation performed by ALICE
experiment [11] [13]. The D-h correlation measurement performed by the ALICE
experiment does not show any deviation in pp and p-Pb collision results, which
suggests that there is no major modification in the fragmentation due to the cold
nuclear matter effect. We see the same result by using PYTHIAS Angantyr. In
contrast, yields from Pb-Pb are slightly lower, especially for low p§ particles. It
must be noted that the suppression of yields (jet quenching) in Pb-Pb is due to
MPI+CR and higher particle density, as a thermalized medium is not implemented
in the PYTHIAS8 Angantyr model.

Further, results are obtained for different partonic and hadronization pro-
cesses and compared with themselves. It provides a detailed view of the correlation
function from the hard-scattering outgoing partons and their hadronization. In
fig. 6.13, the near-side yields are obtained from the bin-counting method using the
fit function discussed above for both parton level and hadron level processes. The
top figure shows the comparison between different partonic processes, i.e., ISR,
FSR, and MPI. Before hard scatterings occur, partons from the incident protons
beams can radiate gluons in the initial-state radiation (ISR) process. Similarly,
outgoing partons from hard-scattering processes can produce a shower of softer
particles via a final-state radiation (FSR) process. Since hadrons are composite
objects, more than one distinct hard-parton interaction can occur in a pp colli-
sion, and proton remnants can also scatter again on each other. Such processes are
called multi-parton interactions (MPI) and are responsible for producing a large
fraction of the particles. Heavy quarks in PYTHIA can occur not only from the
first hard (hardest) scattering but also from hard processes in the various MPI

occurring in the collisions, ordered with decreasing hardness [239].

It is observed that the near side yields using all partonic processes on (de-
fault) are similar to the yields for MPT off, especially at higher pr. This is because

particles produced from MPI are uncorrelated to the trigger particle; hence it
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contributes to the baseline. A significant decrease in yields is seen while switch-
ing off to ISR and FSR processes, as higher momentum particles contribute to
more collinear particle production with these processes. This points towards a
relevant role of hadronization in shaping the correlation peaks in the absence of
these processes. Switching MPI off with these processes (All off) has no signif-
icant difference. The difference which we are seeing at high p} could be due
to fluctuation. In the bottom figure, different hadron level processes are shown,
i.e., Bose-Einstein (BE) effect and Rescattering effect [240] [241] [242]. In the
phenomenological Lund Model, the BE effect is approximated by a semi-classical
momentum-dependent correlation function, which effectively acts as an attractive
force between two mesons. The BE class in PYTHIA performs shifts of momenta
of identical particles to provide a crude estimate of BE effects. In the rescat-
tering phenomena, it is assumed that the hadrons produced can scatter against
each other on the way out before the fragmenting system has had time to expand
enough that the hadrons get free. This is happening in parallel with rapid decays.
It is interesting to see that no significant impact of the hadronization processes is
observed in the yields. It is to be noted that in this figure, “All on” means all the

default hadronic processes are on; however, BE and Rescatter are off.

6.4 Jet fragmentation via azimuthal angular

correlations of heavy-flavours in pp

collisions at /s = 7 TeV

We used PYTHIA version 8.3 to generate around 1B events for each tune in pp
collisions at /s = 7 TeV. heavy-flavour hadrons are selected within |y| < 0.5. The
pr of trigger particle (heavy-flavour) is selected in three intervals, i.e., 3-5, 5-8,
and 8-16 GeV/c, while associate particles are selected in the ranges 0.3-50, 0.3-1,
1-50 GeV/c. The inelastic, non-diffractive component of the total cross-section
for all soft QCD processes is used with the switch SoftQCD:all = on with MPI.
Correlation distribution was obtained by correlating each trigger particle with all

the associated charged particles. It is to be noted that the decay product of the
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trigger particle is excluded from the correlation function. The An is selected in
the range from -1 to 1. The correlation distribution is fitted with the generalized
Gaussian function for the near-side peak, Gaussian function for the away-side

peak, and 0" order polynomial the baseline identification as shown in the eq. 6.5.

YNS X BNS _(ﬁ)BNS YAS 7( Ap—m )2
Ap)=b+ ———— Xe '°ns 4+ 82 x e ‘V2oas 6.5
f(Ap) 2ansT(1/Bxs) V2moAs (6.5)

Where Yyg and Y,g are the yields for NS and AS peaks, Syg is the shape
parameter for near-side peak, and ayg is related to the oyg (width) of the peak

by the given relation:

oxs = ansv/T'(3/Bxs)/T(1/Bxs) (6.6)

In this contribution, we tried to study the fragmentation and hadronization
of heavy-flavours via jet-like azimuthal correlation of heavy-flavour hadrons with
the charged particle in pp at /s = 7 TeV. Charm mesons species which are
selected for the comparisons are D, D+ and D**, similarly charm baryons species
are AF, X0 ¥+ = 290V Q% and beauty mesons species are B, BT, BY and

B** with their anti-particles.

The jet-like two-particle correlation measurement is an alternative tool to
study the jet properties even at low pp where direct jet measurement is not possi-
ble [243]. The correlation measurements provide insight into particle production
from the different processes, i.e., pair creation (LO), gluon-splitting, and flavour-

excitation (NLO).

The ALICE measurements of azimuthal correlations for charm mesons are
compared with PYTHIA prediction in the following subsection. The measure-
ments of charm mesons are independently compared to charm baryons and beauty

mesons to spot any potential alterations in jet fragmentation.
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Figure 6.17: Comparison of ALICE results of average D meson azimuthal-
correlation distribution with PYTHIA8 (Monash, Mode 2, and Shoving) after
baseline subtraction for 3 < pR < 16 GeV/c and for different associated pasoc
ranges in pp collisions at /s =7 TeV.

6.4.1 Comparison with ALICE data

In order to validate the settings of PYTHIA that are used for this study,
the azimuthal correlation between D meson and charged particles from the
PYTHIA event generator with different color reconnection (CR) schemes and
rope hadronization (RH) model is compared with the measurements of ALICE
experiment [11]. In the FIG 6.17, baseline subtracted Ay distribution compared
with ALICE data in triggered D mesons p? intervals 3-5, 5-8 and 8-16 GeV/c
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Figure 6.18: Comparison of ALICE result of average D meson near-side yields (top)
and widths (o) with PYTHIA8 (Monash, Mode 2, and Shoving) in pp collisions
at /s =7 TeV for 3 < pP < 16 GeV/c in different associated pa&°° ranges.

and associate p§°¢ intervals 0.3-50, 0.3-1, and 1-50 GeV/c in the rapidity range
lyD | < 0.5. Most of the fraction in the baseline is contributed by the underlying
event and dominated by low pr particles. The qualitative shape of the correlation
function and the evolution of the near- and away-side peaks with trigger and as-
sociated particle pr are consistent with ALICE measurement. However, PYTHIA
measurements overestimate the away-side peak, especially at high p2. This study
suggests that PYTHIA needs to reform the fragmentation of particles produced at
the recoiling jet. All the tunes of PYTHIA provide the same results for D meson
and charged particle correlation. It is observed that the height of the correlation
peak is increasing with p2, which suggests the production of a higher number of
particles in the jet accompanying the fragmenting charm quark when the energy

of the trigger particle increases. However, no significant difference was observed

among different CR and RH tunes in D mesons correlation measurements.

A more quantitative comparison of the near- and away-side peak features
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Figure 6.19: Comparison of average charmed meson and baryon azimuthal-
correlation distribution derived from PYTHIA8 (Monash, Mode 2, and Shoving)

after baseline subtraction for 3 < p'i® < 16 GeV/c and for different associated
asso¢ ranges in pp collisions at /s = 7 TeV.

bt
and the pr evolution can be made by measuring the yields and widths of the
peaks. As we discussed, the yields and widths are obtained by fitting with the
generalized Gaussian function. Yield and width (o) of the near-side peaks of D
meson and charged particles correlation are shown in FIG 6.18 with different tunes
and compared with ALICE results. The peak’s yield is shown in the top panel,
whereas widths are shown in the bottom panel. The per trigger associated yields
of the peak are increasing with increasing trigger particle p2. This is expected,

as high energetic particles are, in general, produced by high energetic partons,
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Figure 6.20: Comparison of average charmed meson and baryon near-side yields
and widths (o), derived from PYTHIA8 (Monash, Mode 2, and Shoving) after
baseline subtraction in pp collisions at /s = 7 TeV for 3 < p? < 16 GeV/c in

different associated p3™*°° ranges.

which in turn fragment into a more significant number of particles. Furthermore,

as p%SSOC

increases, the associated yield decreases. This is because heavy flavor
quarks occupy a larger portion of the phase space during fragmentation. Hence,
the remaining phase space for emitting further high pr particles is limited, and
most of the accompanying associated particles are softer. The near-side peak
width (o) is shown in the bottom panel of FIG 6.18. The widths estimated by
PYTHIA and from the ALICE measurement are almost flat and consistent with

each other within statistical uncertainty.

6.4.2 Comparison with charm baryons

Currently, statistics are not enough to measure the azimuthal correlation of charm

baryons experimentally. However, it may be feasible in the upcoming LHC run
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Figure 6.21: Comparison of average charm and beauty meson azimuthal-
correlation distribution derived from PYTHIA8 (Monash, Mode 2, and Shoving)
after baseline subtraction for 5 < ptTrig < 16 GeV/c in different associated p§°°
ranges in pp collisions at /s = 7 TeV.

3. In the FIG 6.19, we attempt to provide a prediction for charm baryons frag-
mentation and modification of fragmentation compared to charm mesons. It is
observed that the height of the near-side peaks is largely suppressed for charm
baryons, derived by using default tune Monash and rope hadronization Shoving,
whereas the height of the away-side peak is increased compared to charm mesons.

In mode 2, charm meson and baryon peaks are consistent with each other.

Similar to the previous section, the near-side observables obtained from fit-
ting are shown in FIG 6.20. It is clearly seen that the associated yield of charm
baryons is almost half estimated from Monash and Shoving. In contrast, in mode
2, charm baryons yield is consistent with charm mesons yield. On the other hand,
near-side widths from Monash and Shoving are suppressed with respect to mode 2

for baryons at low ptT]rig7 whereas, at higher ptT]rig7 widths are consistent with charm
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Figure 6.22: Comparison of average charm and beauty meson yields and widths (o)
derived from PYTHIA8 (Monash, Mode 2, and Shoving) after baseline subtraction
in pp collisions at /s = 7 TeV for 5 < ptTrlg < 16 GeV/c in different associated

pT¢ ranges.

mesons. A higher width of charm baryons can be seen from the Mode 2 tune
for all the pffrig and p3P*°¢ intervals. The trend was very similar to the production
cross sections of charm baryons normalized by D° meson, where tune Monash
underestimates the ALICE measurement, on the other hand, Mode 2 is in good
agreement with the data, especially for A, baryon [244]. The new CR tunes intro-
duce new color reconnection topologies, including junctions, that enhance baryon
production and charmonia, to a lesser extent. At the same time, multi-parton
interactions (MPI) are observed in PYTHIAS to increase the charm quark pro-
duction significantly. This leads to the modification of the relative abundances
of the charm hadron species. The relative baryon enhancement is only observed
when the MPI is coupled to a color reconnection mode beyond the leading color

approximation. It is observed that for the charm mesons, predictions from the

PYTHIAS generator with the different tunes are reasonably similar.
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6.4.3 Comparison with beauty mesons

A similar comparison is made between charm and beauty meson correlation fea-
tures. The Ay distribution of charm mesons with charged particles and beauty
mesons with charged particles are shown in FIG 6.21 for p'l’® 5-8 and 8-16 GeV/c.
Here, a comparison between charm and beauty mesons fragmentation for the ptTrig
3-5 GeV/c is not shown as the mass of beauty is ~ 5 GeV/e, which results in
almost a flat near-side peak. The height of the near- and away-side peaks of the
correlation function obtained for B mesons are very small compared to D mesons
correlation peaks as the available energy of B mesons for fragmentation is small
compared to D mesons in the same pr range. A more quantitative comparison
of correlation peaks from D mesons and B mesons fragmentation can be seen in
FIG. 6.22. Yields from D mesons are about 4-5 times higher than from B mesons.
One of the reasons for the difference in yield can be attributed to the mass hi-
erarchy between charm and beauty quarks, this hierarchy creeps into the global
fragmentation function as a factor of an inverse mass square. At higher p?ig, B
mesons associated yield increases more rapidly than D mesons. It is also seen that
B mesons associated yield for the near-side peak is larger with Mode 2 compared
to Shoving and Monash. The correlation peaks exhibit nearly uniform widths,
indicating no discernible distinction between D mesons and B mesons. This ob-
servation suggests that the dead-cone effect does not have a significant impact on
the current level of precision. The dead-cone effect is an inherent characteristic of
gauge field theories, whereby radiation from an emitter with mass m and energy
E is suppressed at angular scales smaller than m/F relative to the emitter’s direc-
tion. However, it remains intriguing to investigate whether the dead-cone effect

will have a notable influence on the width of light flavor correlations.




Chapter 7

Summary and outlook

The aim of this thesis is to investigate the correlations between heavy-flavour par-
ticles in systems of different sizes, ranging from small to large. The study of these
correlations can provide valuable insights into the properties of direct jets and the
dynamics of initial partons. By measuring the distribution of azimuthal angles
between high transverse-momentum trigger particles and associated charged par-
ticles, it is possible to identify a "near-side” peak at Ap = 0 and an ”away-side”
peak at Ay = 7, which are indicative of the fragmentation of the same parton and
the other parton produced in the hard scattering, respectively. In this thesis, the
azimuthal correlation distributions between heavy-flavour hadron decay electrons
and associated charged particles are measured in pp, p—Pb, and Pb—Pb collisions
at /sy = 5.02 TeV using the ALICE subdetectors. The results are reported for
electrons with transverse momentum between 4 and 16 GeV /c and pseudorapidity
between -0.6 and 0.6, and associated charged particles with transverse momentum
between 1 and 7 GeV /c and a relative pseudorapidity separation with the leading
electron of less than 1. The correlation measurements are performed to study and
characterize the fragmentation and hadronization of heavy quarks, and the corre-
lation structures are characterized using a constant and two von Mises functions
for each peak. The measurements from pp collisions are compared with results
from p—Pb and Pb—Pb collisions systems. Finally, the Ay distribution and peak
observables in pp and p—PDb collisions are compared with calculations from Monte
Carlo event generators such as PYTHIA8 and EPOS3. The findings of this thesis

is summarized below

e The measurement of heavy flavour hadron decay electron with charged par-

ticle shows consistent results for pp and p—Pb collisions systems, while a

207
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modification is seen in Pb—Pb collisions.

The correlation function’s near- and away-side peaks show similar evolution
in pp and p—Pb collisions across all considered kinematic ranges, indicating
the absence of observable modifications to heavy quark fragmentation and
hadronization due to cold-nuclear-matter effects within the current measure-

ment precision.

aSSOC

Per-trigger yields decrease with increasing p5°°¢, and the near-side width
tends to decrease with p3®°¢, while the away-side width does not show a

pronounced trend in both collision systems.

The results are compared with predictions from Monte Carlo event genera-
tors PYTHIAS (with Monash tune for pp and Angantyr for p—Pb collisions)
and EPOS3, and the PYTHIAS model provides the best description for
both yields and widths of the peaks. The relative fractions of electrons from
charm- and beauty-hadron decays have a strong dependence on pr, and the
correlation distribution was studied in the kinematic regions 4 < p§ < 7
GeV/c and 7 < p§ < 16 GeV/e, where the latter range is dominated by
beauty-hadron decays.

The per-trigger yields in pp and p—Pb collisions exhibit a systematic increase
for the 7 < p§ < 16 GeV/c range in comparison to the 4 < p§ < 7 range.
This can be attributed to the higher energy of the initial heavy quark, which

enables the generation of more particles in the parton shower.

The larger boost of the initial heavy quark causes stronger collimation of the
peaks with increasing pf for both charm- and beauty-origin contributions,
which compensates the broader peak widths for trigger electrons originating

from beauty-hadron decays. This effect increases with pf.

The study of identified particle at /syn = 2.76 TeV, aimed to establish the
Angantyr model for heavy-ion collisions and to examine how multi-parton
interactions (MPI) and color reconnection (CR) influence experimentally
measured quantities. We also looked into the role of string shoving within

the rope hadronization framework and its effects on particle production.
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The Angantyr model combines several nucleon-nucleon collisions to build a
proton—nucleus (p-A) or nucleus—nucleus (A-A) collision and investigates

medium-like properties without relying on hydrodynamics.

e The results demonstrate that MPI with CR and string shoving configura-
tions produce testable results, as seen in the charged-particle multiplicity
(Nen) and mean transverse momentum ((pr)) distributions. We were able to
explain these distributions well using PYTHIA8 Angantyr with appropriate

tuning.

e The collective nature of the produced particles is investigated by examining
the ratio of particle yields to pions and kaons. Our findings suggest that
PYTHIAS8 Angantyr with MPI4+CR and hadronization via string shoving
can mimic signs of collectivity. We observed a peak around 3 GeV/c in the
ratio of proton over pion, which is consistent with the radial flow observed in
experimental data. We also observed a similar rise in all the strange baryon
over pion ratios. We conclude that PYTHIA+Angantyr provides favorable
tunes for studying relevant observables in heavy-ion collisions. However, we
found that the model fails in the low pr regime compared to measurements

from ALICE.

e [t is observed that the slope of strange particles to pion ratio as a function
of centrality is more significant for strange heavy particles. We report that
the peak of strange baryon to pion ratio and strange baryon to kaon as a
function of pr shifts toward higher pr for heavier strange particles. This
shows that strangeness enhancement is dominant in strange heavy particles,
which is a consequence of color strings overlapping at higher densities in

accordance with CR and string shoving.

e To investigate the production of heavy-flavour hadrons in different colliding
systems, we used the PYTHIA+Angantyr model to study the azimuthal
angular correlations of electrons in pp, p-Pb, and Pb-Pb collisions at \/snn
= 5.02 TeV.

e By analyzing the yields and widths associated with the near-side and away-
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side correlation peaks as a function of the associated pr for various trigger
pr ranges, we observed small jet-quenching in Pb—Pb collisions compared

with pp collisions, likely due to MPI4+CR and higher density string medium.

Furthermore, we found that beyond leading color reconnection modes show
a small increment of peak height in Pb—Pb collisions. It is observed that
MPI has no significant effect on fragmentation, as MPI mostly contributes

to the baseline through soft processes.

The associated yields are significantly increased by initial and final state ra-
diation effects, as these radiations contribute to more collinear particle pro-
duction. No significant modifications were observed in fragmentation due
to hadron-level processes, i.e., BE effect and rescatter effect, indicating that
associated yields per trigger particle are mainly generated by parton frag-
mentation. Overall, our findings suggest that the PYTHIA+Angantyr model
provides valuable insights into the production of heavy-flavour hadrons in

different colliding systems.

The fragmentation of heavy quarks explored by analyzing the azimuthal
angular correlations of heavy-flavour hadrons (such as charm and beauty
mesons, and charm baryons) in pp collisions at /s = 7 TeV using PYTHIAS.
The inclusion of various particle species allowed us to isolate possible modi-
fications in particle production and fragmentation due to the differences in
quark contents and mass. We investigated heavy-flavour jet production using
different PYTHIAS tunes, and calculated the correlations of heavy-flavour
hadrons at different triggers and associated pr intervals. Using double gener-
alized Gaussian functions, we calculated yields and widths for the near-side
and away-side correlation peaks and studied their dependence on associated

pr for different trigger pr ranges.

We found that PYTHIAS’s near-side correlation distributions and observ-
ables for D mesons were consistent with ALICE measurements, but the

away-side observable was slightly overestimated due to the lack of explicit

inclusion of NLO.
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o The low p3%°¢ particles have a higher production rate than high p§°¢ par-

ticles due to limited phase space, yields were found to be higher at low p3¥°°

i
for the same pp .

e Compared to charm meson yields, near-side associated yields of charm
baryons were suppressed in Monash and Shoving tunes, but negligible in
Mode 2. These results align with the charm baryons production cross sec-

tions calculated by the ALICE experiment.

e Near-side yields from D mesons were 4-5 times greater than B mesons yields
for the same pfrrig, which could be due to the availability of more energy for

D meson fragmentation.

e We found no significant difference between D and B mesons widths in the
same trigger and associated pr ranges. The dead cone effect did not have
a major impact on the widths of D and B mesons as they are both heavy
particles. Nonetheless, investigating the dead-cone effect in heavy quarks
while comparing it with light quarks correlation distribution would be of

interest.

The outlook of my experimental work is to study the potential modification
of jet fragmentation function in the hot and dense quark-gluon plasma medium.
Currently, we are conducting a correlation study on Pb—Pb collisions. Addition-
ally, we are collecting the run 3 ALICE data, which features high luminosity and
statistics. To analyze this data at a high rate, we are developing our analysis
task into the O2 framework, which is also ongoing. Our research also involves
conducting phenomenological studies to gain more insight into fragmentation and

hadronization, as well as to further explore the QGP medium.
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Appendix A

Appendix

The Appendix section is dedicated to figures that provide additional follow-up
details regarding the analysis work conducted in this thesis. Given the significant
number of figures, their inclusion in the main body of the thesis might hinder
the smooth progression of the accompanying text. Therefore, to maintain clarity
and readability, these figures have been compiled and presented in the Appendix
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Figure A.3: Ay distribution for electrons (positrons) that form ULS pairs with
other positrons (electrons) for p—Pb events.
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Figure A.6: A distribution for reconstructed non-heavy flavour electron back-
ground (Non-Hf,) for p-Pb events.
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Figure A.7: Ay distribution with 64 bins fitted with generalized Gaussian function
in pp events.
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Figure A.8: Ay distribution fitted with ”I” option by generalized Gaussian func-
tion in pp events.
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Figure A.9: Ay distribution fitted with "WL” option by generalized Gaussian

function in pp events.
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