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Abstract

Heavy-Flavor Jet Fragmentation and Jet-Medium Interactions in Pb—Pb

Collisions
by

Amanda Flores, Ph.D.
The University of Texas at Austin, 2025
SUPERVISOR: Deepa Thomas

The quark-gluon plasma (QGP) is an exotic state of matter generated in ultra-
relativistic heavy-ion collisions. Properties of the QGP can be determined by the use
of well-defined hard probes, such as heavy-flavor particles. Heavy-flavor (charm and
beauty) quarks are generated through hard scattering early in the collision and expe-
rience the full lifetime of the QGP. In the hard-scattering process, the leading-order
(LO) mechanism produces heavy-quark jets back-to-back in azimuth, which undergo
fragmentation into constituent particles. The fragmentation of the heavy-flavor jet
can be studied differentially in phase space by utilizing azimuthal correlation measure-
ments between a heavy-flavor trigger particle and associated charged particles. The
azimuthal correlation provides a measurement of the angular distribution and number
of particles correlated with the trigger. The influence of the QGP medium on the frag-
mentation of the heavy-quark-initiated jet and potentially the influence of the jet on
the medium can be studied by performing this measurement in heavy-ion collisions.
In this thesis, the azimuthal correlation of electrons from the decays of heavy-flavor
hadrons with associated charged particles in Pb-Pb collisions at /syn = 5.02 TeV
is presented. This is the first jet-like correlation measurement in the heavy-flavor

sector studied in heavy-ion collisions by the ALICE experiment. This measurement



is performed in the central and semicentral centrality classes of Pb—Pb collisions to
determine how the size and temperature of the medium affect the fragmentation.
The per-trigger nuclear modification factor (Ixa) is calculated to compare the corre-
lation peak yields to those in pp collisions at /s = 5.02 TeV. The per-trigger nuclear
modification factor for electron triggers from heavy-flavor hadron decays is compared
with that for light-flavor and strange-particle triggers to investigate the dependence

on different fragmentation processes and parton-medium dynamics.
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Chapter One: Introduction

The universe consists of matter and the forces by which this matter interacts. At the
fundamental level, there are only four forces' which affect the behavior of matter. It
is from these forces that all macroscopic behavior arises. These fundamental forces
are: The electromagnetic, the gravitational, the weak, and the strong.

The effect of electromagnetic and gravitational forces are evident in everyday life.
The pull between two cosmic bodies such as the Earth-moon system or the push
between the north poles of two magnets are examples these forces at work. They also
manifest in subtle and complicated ways, such as the rippling distortion of space-time
in the form of gravitational waves from black hole mergers or coronal loops on the
sun’s surface generated from the magnetic fields of a solar dynamo. What may not
be immediately evident are the effects of the strong and weak interactions.

The weak interaction is responsible for radioactive decay. This interaction occurs
at length scales smaller than the size of a proton. Generally speaking, the weak-force
interaction facilitates the transformation of one kind of matter spontaneously into
another.

Protons and neutrons are not fundamental particles. They are both composed
of even smaller constituents called quarks. These quarks are bound together by the
strong interaction to form these composite particles. The residual strong force binds
protons and neutrons into atomic nuclei, which overcomes the repulsive electromag-
netic force between the protons.

Particle physics is the branch of physics which focuses on fundamental particles
and forces. Two objectives of this field are to tie the building blocks of matter and
the fundamental forces into a complete framework and to understand the interplay
of these two. The analysis described in this text serves to contribute to the study
of the strong force. However, to fully understand this contribution requires a primer
involving the theoretical and experimental background of the physics involved this

analysis.

Known as of November 2025.
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1.1 The Standard Model: A description of

almost everything

The confluence of theoretical breakthroughs in particle physics such as Dirac’s devel-
opment of quantum electrodynamics (QED); the electroweak interaction developed by
Weinberg, Glashow, and Salam; along with experimental discoveries of new particles
led to a collective push to develop a unified model of all matter and forces.

The Standard Model of particle-physics is a theoretical framework which describes
the fundamental fundamental forces and constituents of matter, with the exception of
gravity. Developed in the mid-1970’s, the Standard Model is a quantum field theory
which incorporates the SU(3)xSU(2)xSU(1) gauge symmetries from the strong and
electroweak interactions.

Fundamental particles are divided into two main groups: fermions, the matter
particles; and gauge bosons, the force-carriers. Fermions consist of two families, the
quarks and leptons. Both families contain three generations of fermions, with two
particles in each generation. In terms of increasing mass, the quarks consist of the
down, up, strange, charm, bottom (beauty), and the top. The up and down exist
in the energy scales we are familiar with, and these form the composite particles
protons and neutrons. The leptons include the electron, the muon, and tau particles,
and each have their own corresponding neutrino. The bosons consist of: the photon,
which mediates the electromagnetic interaction; the W* and Z bosons, which are
responsible for the weak force; and the gluon, which governs the strong force.

The Standard Model relies on several parameters which must be determined ex-
perimentally, with some examples being the gauge and Yukawa coupling constants,
and the CKM matrix angles. These parameters in conjunction with the fundamental
particles form the framework. In order for the framework to be complete, the Stan-
dard Model requires the existence of an additional boson dubbed the Higgs Boson,
which bestows the fundamental particles with mass through the Higgs mechanism
[1]-[3]. This particle was identified in 2012 by both the ATLAS [4] and CMS [5]

experiments.
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Figure 1.1: Fundamental particles of the Standard model. Image from Symme-
try magazine [6], a joint Fermilab/SLAC publication. Artwork by Sandbox Studio,
Chicago.

The Standard Model has withstood several high-precision tests such as the mea-
surement of the muon anomalous magnetic moment [7] and the branching fraction
measurement of the By — putpu~ decay [8]. However, the Standard Model fails to
incorporate the equivalent building blocks for gravity. Additionally, the current iter-
ation of the Standard Model fails to sufficiently describe observed phenomena such
as the origin of neutrino mass, dark matter, or the extent of the matter-anti-matter
asymmetry in the early universe [9]. These issues make this paradigm incomplete
in its description of the universe. Therefore, the discovery a more comprehensive

framework is an ongoing pursuit in particle physics.
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1.2 Quantum Chromodynamics

Quantum chromodynamics (QCD) is the theoretical scheme of the Standard Model
which describes the strong interaction between quarks and gluons (partons). While
quarks have intrinsic properties such as spin, mass, and electric charge, similarly
to leptons, they have an additional property inherent to QCD which is the color
charge. In QCD, quarks can have one of three color charges, (dubbed red, blue,
green). Anti-quarks can have one of three corresponding anti-color charges (anti-red,
anti-blue, anti-green). A single color charge, therefore a single quark, cannot exist
in isolation. This fact results in a defining characteristic of QCD called confinement,
where quarks must form composite or bound states of color-neutral particles, called
hadrons. A neutral-color state can be obtained via a quark and anti-quark pair, which
is a meson; or a three-quark combination creates a color-neutral bound state called
a baryon. There are other possible composite quark states, but for the purposes of
this thesis, mesons and baryons will be primarily discussed.

QCD is based on the principle of local SU(3) gauge theory, meaning that the QCD
Lagrangrian is invariant under a continuous group of local SU(3) transformations.
The QCD Lagrangian density (in its condensed form) is given in Eq. 1.1,

. 1 v
LQCD = \I/(Z’)/“D‘u — m)\IJ — ZFa,,uVsz . (11)

The field strength tensor F* is defined as,

Flv = 9rAY — 0" AL — gs fanc A} AL (1.2)

Where in the g, fanc Al A2 component of the tensor, A# is the gluon vector field,
gs is the strong coupling constant, fu,. are the SU(3) structure constants, and a is
the index of the eight gluon color labels. This non-Abelian component of the field
strength tensor results in significant differences between QCD and QED: Gluons,
unlike photons, can undergo self-interaction and they carry (color) charge. There are
eight generators for the SU(3) group, which results in eight different “multicolored”
states carried by the gluon. Since the gluon carries color, a quark can change color
through gluon interactions; for example a gluon can carry a unit of “blueness” from
the quark and replace that with a unit of “redness”. Due to these gluon color states,

gluons experience confinement and cannot be isolated. However, they can participate
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in the strong interaction independent of quarks, resulting in three- and four-gluon

vertices and potentially form their own bound states dubbed “glueballs” [10].

1.2.1 Asymptotic freedom

The coupling constant g,, or often written in the form a, = %, is the only free
parameter in the Lagrangian. Despite being referred to as a constant, g runs with
the momentum transfer Q2. In contrast to the QED coupling, the strong coupling
as(Q) decreases as the scale of the momentum transfer Q* increases or distances
between colored partons decrease (see Fig. 1.2). At length scales starting around
~ 107 m (1 fm), the strong force is ~ 137 times stronger than the electromagnetic

Interaction.
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Figure 1.2: Measurements of the QCD running coupling «, performed by SLAC,
DESY, CERN’s Large Electron—Positron (LEP) collider and Fermilab’s Tevatron ex-
periments [11], [12].

28



However, at shorter length scales or larger momentum transfer, the strength of the
coupling becomes asymptotically weaker. As a result, partons behave as quasi-free
particles. This is a fundamental characteristic of QCD known as asymptotic freedom.
Due to this property, strong-force interactions can be calculated perturbatively to high
accuracy with experimental measurements.

Asymptotic freedom was discovered in 1973 by David Gross and Frank Wilczek
[13], and discovered independently by David Politzer [14] the same year, where all
three physicists were awarded the Nobel Prize for this theoretical discovery in 2004.

1.2.2 Quark-gluon plasma

Given the distance-dependence of asymptotic freedom on parton interaction strength,
a natural question occurs: If sufficiently squeezed together, could nucleons merge
into a state of matter where partons move freely, similarly to a gas? Calculations
from lattice QCD predict that at a temperature around 7' ~ 155 MeV or 10?2 K
(e, or transition temperature) [15], [16] and energy density ~ 1GeV /fm® [15], [17],
[18], hadronic matter transitions into a phase called a quark-gluon plasma (QGP).
Analogous to an electromagnetic plasma, in a QGP phase quarks and gluons do not
exist in bound states but are instead deconfined in a collective medium of quasi-free
color-charged particles. The early universe is theorized to have existed in a state of
quark-gluon plasma around 10 microseconds after the Big Bang [19]. QGP is also
theorized to exist in the early stage of a supernova [20].

In relativistic heavy-ion collision experiments, the extreme temperature and en-
ergy density generated by two colliding atomic nuclei generates an ephemeral QGP
droplet, which expands as a fireball before condensing into hadronic matter. The
QGP can be characterized by its thermodynamic properties, such as the temperature
and chemical potentials resulting from the conservation of quantum numbers (such

as flavor or baryon number) under the strong interaction [21].
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Figure 1.3: Phase diagram of QCD matter in the plane of temperature vs baryon
chemical potential [22].

The development of the QGP equation of state is an ongoing subject within the
field of heavy-ion physics. The phase diagram of hadronic matter in terms of baryon
chemical potential, up (a measure of baryon density), and temperature is given in
Fig. 1.3. At approximately zero baryon chemical potential and above the critical
temperature, the deconfinement transition is expected to be a smooth cross-over
rather than first-order transition. It is in this high-temperature and low-ug region
that the LHC and RHIC explore in the laboratory. At non-zero ug, QCD-inspired
and 1QCD models indicate that the hadron gas to QGP transition undergoes a first-
order phase transition, which is likely to have occurred in the early universe [23]. The
determination of the terminal point of the phase boundary, or critical point, is still
an active area of research [24], as the phase transition depends on multiple factors,
such as the number of quark flavors, the value of the pseudo-scalar meson mass, and
the quark masses [17].

Early STAR experiments at RHIC indicate that the QGP is a strongly-coupled
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medium [25] that rapidly undergoes thermalization [21], [26]. The medium appears
to behave as a near-perfect fluid [27]. Theoretical predictions using the AdS/CFT
correspondence have posited that the lowest physical limit of the shear viscosity over
entropy density ratio n/s is ﬁ [28]. Collective flow measurements measured at both
RHIC and the LHC indicate that the QGP is close to this theoretical limit [29].
The QGP offers the opportunity to study close-to-ideal hydrodynamics, which is
applicable to other fields. The strongly coupled system shares a similar value of 1/s
with ultra-cold fermi gases [30], [31], and so offers an experimental comparison to this
phase of matter in a vastly separate energy regime.

Exploring the QGP in a laboratory setting provides an environment to study an
emergent phenomenon arising from QCD. Beyond the phase diagram predictions of
1QCD, the QGP degrees of freedom are not completely understood at different energy
scales [21]. Through studying the QGP, it is possible to learn about the QCD equa-
tion of state in a high temperature regime, which is essential for determining the QCD
critical point. Studying this phase of matter also provides insight into the parton con-
finement process of hadron formation, or hadronization. This is a non-perturbative
process which is not understood via first-principles. Also of interest in the study of
the QGP is the generation mechanism of hadron mass due to the strong interaction
via Chiral Symmetry Restoration [21]. The QGP generated in heavy-ion collisions
offers the opportunity to study the conditions of the early universe. A realistic QGP
equation of state has been used in cosmological calculations [19], as the equation
of state influences the time evolution of the universe [32]. The early universe time
evolution affects the spectrum of gravitational waves [23], [33] and these signatures

may be experimentally measurable through laser interferometry experiments [34].

1.3 Heavy-ion collisions: “Little” bangs

The physics of the Standard Model and potentially beyond are explored in proton-
proton (pp) collision experiments. The phenomena produced in proton-proton colli-
sions occurs in a vacuum, and the measurements of this collision system are directly
comparable to several models, so proton-proton collisions serve as a baseline com-
parison to heavy-ion (A-A) collision measurements. These comparisons facilitate the

identification of final state effects due to the presence of the QGP in A-A collisions
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[35]. Proton-ion collisions (p-A) serve as an intermediary between the pp and A-A
collision systems. “Cold nuclear matter” (CNM) effects in the initial state of this
collision system result in changes to the final state of the collision with respect to pp.
These CNM effects include gluon saturation, possible color-glass condensate, and dif-
ferences between the nuclear parton distribution functions (PDF) [35], and must be
considered when interpreting A-A collision observables. The parton distribution func-
tion gives the probability to find partons within a hadron (or nucleus) as a function
of the x (or Bjorken-z) parameter. Where x is the fraction of a hadron’s momentum
carried by a constituent parton [36]. The PDF of the heavy nucleus is expected to
differ with respect to the proton PDF [15]. At # < 1072, the nuclear PDF shows a
suppression with respect to the proton PDF, which is nuclear shadowing [15].

Proton-proton and p-A collisions are not expected to generate the energy densities
necessary to form a QGP [37]. However, some high-multiplicity pp [38] and p-A mea-
surements [39] show evidence of collective flow behavior and strangeness enhancement
[40], [41] along with possible jet suppression observed in high transverse momentum
pion measurements in deuteron—Au collisions performed by the PHENIX experiment
[42]. These findings suggest a possible “tiny” QGP created in these collision sys-
tems, but research is ongoing to confirm this theory or to determine an alternate
explanation.

The heavy ions used in collision experiments are atomic nuclei which are fully
stripped of their electrons and collided at ultra-relativistic velocities at 99.995% the
speed of light. These experiments are performed at the Large Hadron Collider (LHC)
at CERN, and the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National
Lab. Some ion species collided at RHIC include but are not limited to copper, gold,

and uranium; while oxygen, xenon, and lead ions have been collided at the LHC.
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1.3.1 Heavy-ion collision stages

Hadronlsation ..
itial state QGPformation e

.
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Figure 1.4: Evolution of a heavy-ion collision at LHC energies [15].

Heavy-ion collision events are characterized by multiple stages (shown in Fig. 1.4).
When boosted to ultra-relativistic speeds, the ions undergo Lorentz contraction and
flatten into disc-like extended objects. The diameters are about 14 fm for Pb and Au
nuclei, and are only a few fractions of fm thick [43]. “Hard” particles are created in
the initial collision, such as heavy-flavor quarks or jet-initiating partons, which have
either a large mass or large transverse momentum (mup > Aqep, pr > 1 GeV/c).
Large momentum transfers, also referred to as hard scattering processes, are required
to create these hard particles, being on the order of Q% ~ p2 > 1. Due to the
large Q% in these hard scattering processes, the generation of these particles can be
calculated perturbatively. The hard particle production occurs on a time scale of
Trorm 2 1 /\/@, such that for a 2 GeV particle 7o = 0.1 fm/c [37], which occurs
before the formation of a QGP. Due to the hard particles’ short wavelength, they can
be used as probes of the QGP at short length-scales, which will be discussed in more

detail in section 1.4.
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When the contracted ions collide, the incident partons undergo predominantly
“soft” interactions, meaning that there is little momentum transfer. The vast majority
of these are small-z gluons in the nuclei [44] that undergo low-Q? interactions. These
gluons predominantly determine the overall energy density and entropy deposition
in the initial state [15] and form a weakly-coupled pre-equilibrium stage. Softer
partons are created in this process and undergo further soft-scattering until reaching
the energy density and temperature to form a strongly-coupled QGP [15] that is
expected to undergo rapid thermalization. The transition to the QGP phase occurs
within a time frame of 0.3 — 1.5 fm/c after the initial collision [45].

The QGP undergoes hydrodynamic expansion, which is influenced by the non-
uniformity of the energy distribution of the initial state. The greater pressure at
the center of the QGP compared to the outskirts produces a common velocity field
outwards. This results in pressure gradients within the QGP, leading to a collective
flow of the bulk. The greater pressure at the inside of the QGP results in isotropic,
or radial flow of the expansion. Spatial anisotropies in the initial state such as parton
fluctuations in the nucleons and the almond shape of the collision zone create a
spatial anisotropy which converts to a pressure gradient that results in anisotropic
flow [15]. Because the colliding nuclei have an electric charge, the beams generate a
large magnetic field that influences the motion of the quarks in the medium [15].

As the QGP undergoes expansion, at around 7— 10 fm/c after the initial collision,
the medium cools below T),. such that partons undergo confinement to form hadronic
matter. This process results in a hadron gas, which is still a collective system but with
different degrees of freedom from the QGP [15]. The hadronization process involves
small momentum transfers, and thus cannot be described perturbatively. The hadrons
can still interact via inelastic processes, and the chemical composition of the hadron
gas continues to evolve. These interactions continue until reaching the chemical
freeze-out temperature. At this stage, the distribution of hadron species stabilizes,
with the exception of any remaining resonances. FElastic interactions continue to
occur, resulting in the modification of the hadron momentum. This continues until
the kinetic freeze-out, which is approximately = 10 fm/c after the initial collision
[15]. At this stage, changes in particle momenta cease and these hadrons in their

final state and leptons propagate toward the detector.
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1.3.2 Collision kinematics

The experimental observables described in this thesis utilize multiple geometric and
kinematic parameters. Fig. 1.5 shows a diagram of the collision geometry which is
relevant for pp, p-A, and A-A collisions. The beam pipe for the colliding hadrons
is assigned to the z-axis. The z- and y-axes define the transverse plane. Following
cylindrical coordinates, the angle which sweeps from the z-axis in the transverse plane

is the azimuthal angle ¢, and the angle from the z-axis is the polar angle 6.

y-axis

Figure 1.5: Geometry of the hadronic collision.

Many of the observables described in this text are differential in transverse mo-

mentum, or pr. The pr is defined as,

pr = /D% + 2. (1.3)

The colliding hadrons undergo a Lorentz boost in the z-direction, which alters
the measurement of the momentum in the laboratory frame, while the z- and y-
components of the momentum are invariant between the center of mass and lab frame.

Outgoing particles produced through inelastic scattering in the collision will have a
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non-zero transverse momentum. This makes detection of final start particles possible,
as detectors are placed around the beam pipe. Additionally, there is lower tracking
resolution in the z-direction of the momentum. Therefore, pr is more practical to use
for experimental observables instead of the full momentum. A particle’s azimuthal

angle is determined through measurements of the momentum,

o = tan~!(22). (1.4)

xT

In collider physics, rapidity (y) is the relativistic angle which parametrizes a

Lorentz boost along the beam axis. The rapidity is calculated as,

E+p.c
Ry 1.5
E—pzc) (1.5)

The value of the rapidity gives a measure of the angle of the particle produced

1
Y= §1H(

in the collision with respect to the beam axis. Because of the difficulty of measuring
both the energy and p, of a particle with high precision, the pseudorapidity (7) is

often used experimentally. The pseudorapidity is defined as,

n= —ln(tang). (1.6)

n=0.5

Il
N
W

Figure 1.6: Pseudorapidity () values at different 6 angles. A larger absolute value
of n is a more “forward” measurement.

Where for particles with mparice < E, n = y. A pseudorapidity (Fig. 1.6)

value of 0 indicates that the particles is produced at 90° from the z-axis, or that
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the momentum is entirely transverse. Pseudorapidities with absolute values < 1 are

referred to as mid-rapidity, and the values exceeding 1 are referred to as “forward”.

1.3.3 Centrality

When accelerated to relativistic speeds, the ions undergo Lorentz-contraction, which
results in the nuclei flattening into discs relative to the laboratory frame. Because
the ions are extended objects, the nuclear overlap can vary, such that collisions can
be more glancing or head-on. The centrality quantifies the nuclear overlap of the
collision. The impact parameter (b), or the distance between the centers of the two

colliding nuclei (Fig. 1.7), provides a measure of the centrality.
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Figure 1.7: The nuclear overlap of the colliding ions determines the average number
of nucleon participants [46].

The impact parameter corresponds to the number of participating nucleons (Npart),
or the number of binary collisions among nucleons from the two nuclei (Neop) [47].
Nucleons which do not participate in the interaction are referred to as the spectators
(Nspec)- Experimentally, ALICE determines the centrality by measuring the parti-
cle multiplicity in a collision event [48]. Because b, Npat, or Neon are not directly
measurable, centrality identification is performed using multiplicity measurements
by VZERO detector. The multiplicity generates a specific amplitude in the detector.
This amplitude is fitted to the amplitude predicted by the Glauber model, which

maps the measured multiplicity to a given centrality. The Glauber model is a geo-
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metric theoretical technique which treats the nuclear collision as a superposition of
binary nucleon-nucleon interactions, which is used to estimate b, Npar, and Neony from
experimental data [49].

Centrality is classified into percentages to indicate the degree of overlap. The
larger the percentile corresponds to a more peripheral collision. The most-central
collisions are within the 0-10% centrality percentile. These collisions have the largest
nuclear overlap and generate the highest energy densities and largest QGP volumes.
The 30-50% centrality percentiles are classified as semi-central, which are character-
ized by an almond-shaped nuclear overlap and produce a smaller QGP volume than

the most-central collisions.

1.4 Hard probes of the QGP

Although large length-scale behavior such as the QGP hydrodynamic properties are
accessible through measurements of soft particles, the microscopic properties require
a different type of method to discern. As mentioned in section 1.3.1, the production
of “hard” particles with large mass m > Aqcp or large transverse momentum pr
> 1 GeV/c are produced prior to the formation of the QGP, and lend themselves
to perturbative calculations. Particles produced through hard scattering, or “hard
probes”, can traverse the medium and work as probes to obtain information about
the medium inaccessible to soft bulk measurements.

Hard probes can resolve shorter length scales in the QGP compared to soft parti-
cles. The accessibility of these short-length scale interactions can uncover information
of the QGP and its substructure [21]. A still-unanswered question in this field is how
exactly a strongly-coupled QGP emerges from asymptotic freedom. This could be
answered by tracing the evolution of a QCD-colored probe in the medium over time.
Information from the QGP substructure can be determined from how a hard probe
scatters in the medium. Hard probes can also uncover the transport properties of the
QGP, such as the values of the diffusion transport coefficients.

As a consequence of the QGP’s hydrodynamic properties, when a hard parton
or jet exceeding the speed of sound in the medium propagates through the QGP, it
potentially excites the medium, creating sonic booms which form structures such as

a mach cone or diffusion wake [28], [50]. These sonic booms and “wake” structures
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are predicted by some theoretical models, but the existence of this phenomena is still
subject to debate. Sonic booms in the QGP would produce high-angle emissions of
partons and a mach-cone structure [50]. This hard parton or jet potentially deposits
energy into the medium and moves the medium in the mach cone scenario, and exper-
imentally this would enhance particle production in the same direction as the parton
[51]. Following the mach cone is the diffusion wake, which would experimentally be
measured as a depletion of particles opposite the hard parton [52], [53]. Measure-
ments of the wake effect can provide further information of the hydrodynamic and
transport behavior, such as the speed of sound in the medium [54]. However, mea-
suring evidence of this behavior is plagued with several difficulties: the radial flow of
the hydrodynamically expanding medium can distort the Mach cone structure [52],
[55]. Additionally, because a jet consists of many partons in the showering phase,
these partons could induce a broad medium excitation, therefore producing no dis-
cernible structure. Also, the medium undergoes event-by-event fluctuations, which
poses another difficulty in trying to identify a medium response signal on top of this
fluctuating background [52].

Because hard probe production in pp collisions can be reliably calculated by
pQCD, any modifications to the probe properties in an A-A collision indicate some
modification through interactions with the QGP. The two relevant hard probes in this
analysis are jets and heavy-flavor hadrons. In the next two sections, the theoretical

and experimental description of these probes will be discussed.

1.4.1 Jets

In the context of QCD, a jet is a collimated spray of particles initiated from the
fragmentation of a virtual parton generated in a hard scattering process [56]. These
high-energy high-virtuality partons decay through radiated gluons at varying emission
angles. These gluons split into more gluons, which continues into a cascading emission
of more gluons and quark-anti-quark pairs, resulting in a cone of showering partons.
This parton shower hadronizes at inter-parton distances of around 1 fm [57], resulting
in a spray of hadrons. This process is jet fragmentation. Because the confinement
process or hadronization is a soft interaction, hadronization has little effect on the
total energy and momentum of the jets [57].

Predictions from pQCD indicate that the parton showering has an angular or-
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dering, such that the leading parton generates soft gluons preferably at wide angles
[58], whereas the hadrons are formed in relatively narrow angles with respect to the
hadronizing parton. Overall, the angular orientation of the produced particles with
respect to the leading particle is primarily determined by the showering phase of the
fragmentation [59].

The type of parton which initiates the jet affects the overall jet profile. For in-
stance, gluon jets are typically broader, undergo softer fragmentation, and have larger
particle multiplicities compared to quark-initiated jets [60]. Due to their larger color
factor, gluons lose more energy than quarks in the QGP [60], [61]. For both quark
and gluon jets, the particle multiplicity increases as a function of jet pr, although this
increase is faster for gluon jets [60]. A quark which generates a jet preferentially ends
up in the leading particle [62]. Therefore, assuming the leading particle can be used
as an approximation for the leading parton, the particles correlated in Ay and An
to the leading hadron are primarily originating from the fragmentation of the leading

parton [59].
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Figure 1.8: Cartoon showing the stages of jet fragmentation, where a shower of
partons originate from the initiating parton which undergo hadronization. Image
sourced from ericmetodiev.com [63].

Hadron production can be quantified with the parton fragmentation function
(FF). The fragmentation function, Dg(z), describes the probability for a quark ¢

to emit a hadron h with a certain fraction z of the of the mother quark’s momentum

40



[64]. The FF is essential for hadron production calculations with the factorization
theorem. Modifications of the FF in heavy-ion collisions indicate an alteration of the
jet fragmentation with respect to the vacuum.

There are two primary approaches to measure jet properties: Full jet reconstruc-
tion, and azimuthal correlation measurements (which is detailed in section 1.6.0.5).
Full jet reconstruction resolves the distribution of the constituents of the jet, or the
jet substructure. Jets are reconstructed using a jet-finding algorithm which clusters
the fragmentation products into a jet. The most common jet-finding algorithm is
the anti-kt method [65]. The anti-kt algorithm selects hard particles and a neigh-
boring particle separated in Ay, where A, = (y; — y;)° + (vi — ©;)?, and y;; and
@i ; are the rapidity and azimuthal angle of particles ¢ and j. In the algorithm, soft
particles preferentially cluster with hard particles, where hard particles are used to
define a jet axis. If jets contain only soft particles, the jet is reconstructed as an ideal
cone. If another hard particle is present such that R < Ay < 2R, where R is the
jet resolution parameter (R = \/Ay? + Ap?, with respect to the jet axis), there will
be two jets defined. The difference in transverse momentum of clustered particles
overall determines the number of jets and the final reconstruction, which can result
in simple cones or more complex structures of overlapping cones [66]. Other recon-
struction approaches include the kr, SISCone, and Cambridge/Aachen algorithms.
With these reclustering techniques, one can access different regions of the QCD phase
space, such as the partonic or hadronic regime such as through jet-energy correlator
measurements [67].

The influence of the QGP on jets can be quantified by the differences measured
in reconstructed jets or azimuthal correlations in heavy-ion vs pp collisions. Previous
measurements at the LHC and the Relativistic Heavy Ton Collider indicate that en-
ergy from the parton shower is transferred to the QGP, thereby modifying the overall
fragmentation of the jet and attenuating the jet itself [65], [68]. This phenomenon
is known as “jet quenching” and is a characteristic signature of the QGP forma-
tion. The high-multiplicity environment in heavy-ion collisions introduces significant
background to the jet reconstruction due to the fluctuations in the underlying event,
which affects the jet transverse momentum. This poses a challenge to jet reconstruc-
tion in these collision systems. However, jet quenching has been observed in a variety
of measurements such as azimuthal correlations [69]-[72] and full jet reconstruction

[68], [73]. Different jet quenching observations will be discussed in section 1.6.0.4.
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1.4.2 Heavy flavor quarks

The heavy flavor (HF) sector of the quarks consists of the charm, beauty (bottom),
and top quark. Heavy flavor quarks and subsequently their hadrons are useful QGP
probes, due to their large mass in comparison to the QCD scale parameter Aqgcp
[74] and the medium temperature [21]. Because of this property, these quarks are
primarily produced in hard scattering processes prior to QGP formation, therefore the
production of heavy quarks is well-described by perturbative QCD calculations. In
fact, the top quark mass is so enormous (~ 172Mmpoton), that it decays rapidly into a
W boson and usually a beauty quark prior to the QGP formation. Therefore, “heavy
flavor” discussed in this thesis will refer to charm and beauty quarks. The beauty
and charm quark lifetimes exceed that of the QGP such that they experience the full
lifetime of the medium. Because heavy quark masses far exceed the pseudo-critical
temperature of the QCD phase transition (m.j > T).), they “retain their identity”
within the QGP and throughout hadronization [74]. These properties enable the
heavy flavor sector to work as a well-defined probe of the QGP.

As heavy quarks propagate throughout the QGP, they experience energy loss.
The type of energy loss is dependent on the momentum of the quark. Most heavy
quarks produced have a relatively low momentum [21], and at these scales (< 3 — 4
GeV/c) they diffuse through the medium and experience drag forces through elastic
scattering. Charm quarks are determined to have an equilibration time 7 less to the
QGP lifetime [75], and thus acquire some collective behavior of the system such as
anisotropic flow. However, the thermalization time for beauty quarks is expected to
be longer than both the charm thermalization and the QGP lifetime, and therefore
are not expected to equilibrate with the QGP. Combined measurements of heavy-
flavor hadron anisotropic flow and the nuclear modification factor have constrained
the value of the heavy quark spatial diffusion coefficient D, which is a transport
property of the QGP [76].

At higher momenta (2 8 — 10 GeV/c), heavy quarks experience both collisional
energy loss and radiative energy loss in the form of gluon radiation. In the parton
showering phase of quark fragmentation, gluons emitted from the quark are sup-
pressed within an angle § < mq/E. This angular suppression of gluon emission which
is dependent on the quark mass is referred to as the “dead-cone” effect [77]. If the

dead-cone effect persists in QGP-induced gluon radiation, the radiative energy loss
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should follow a mass hierarchy, such that AF, < AE. < AE,. The dead-cone effect
would result in the heavy quarks experiencing less radiative energy loss than light fla-
vor and would ultimately alter the charged particle fragmentation spectra in HF jets
compared to LF jets [78]. Additionally, heavy quarks could undergo hadronization
within the QGP, which would also alter the quark fragmentation [79].

Heavy-flavor quark interactions with the QGP can be studied by measurements
of heavy-flavor hadrons. Heavy-flavor hadrons such as D and B mesons are recon-
structed through selections on their decay topologies, such as through their decay
vertex reconstruction in conjunction with the invariant mass reconstruction of their
decay daughters. Commonly studied charm hadrons include the D° and D mesons
as well as the resonances D* and D**. The branching ratio of D° mesons into a
K" pair is 3.9% [11], which provides a statistically significant channel to perform
an invariant mass reconstruction.

Heavy flavor hadrons can also be studied through the semi-leptonic decay channel.
This channel produces a lepton along with the corresponding neutrino and a sister
hadron. These decays have relatively large branching ratios, which averages about
10% for charm and beauty hadrons [11]. However, the neutrino carries a significant
amount of energy from the decay and cannot be identified through conventional detec-
tors, and so prohibits invariant mass reconstruction through this channel. However,
electrons from heavy-flavor hadron decays can be identified experimentally, which al-
lows for the study of heavy-flavor in a heavy-ion environment through measurements

of these leptons.

1.5 Theoretical models and event generators

Several proton-proton collision observables have been successfully described by hadronic
collision event generators, such as those based on multiple parton sub-collisions which
incorporate string or cluster hadronization [80]. These models are effective at describ-
ing observables dependent on both hard and soft interactions.

In order to infer the physics mechanisms that occur within heavy-ion collisions,
experimental data must be compared to theoretical models. Heavy-ion collisions are
dynamic and complex systems with several confirmed and unconfirmed mechanisms

that must be considered. The model must have a framework for the initial state
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perhaps with or without gluon saturation, and the multi-parton interactions in the
collision. Models ideally must have some description of the thermodynamic evolution
of the medium. This could include a model of a non-thermalized but high-matter
density environment which still describes the signatures of QGP hydrodynamics. The
soft hadronization mechanisms need to be incorporated, which is typically done by
including a hadronization model, for example the Lund string fragmentation [81] or
cluster hadronization [82] models.

Most heavy-ion-specific models fit into three general categories: Those which
include hydrodynamic evolution (EPOS, JETSCAPE), those which are transport
models (PHSD), and those which are a hybrid of both (AMPT). In this section,
an overview of theoretical and phenomenological models, and additionally hadronic
collision event generators will be discussed. These models are discussed because they
are commonly-used event generators or heavy-flavor transport models in the field of
study focused on understanding the QGP, and several of these will be compared to

studies discussed later in this text.

1.5.1 Lund string model

The Lund string fragmentation model [81] was developed at the University of Lund to
describe quark fragmentation and hadronization. When quark and anti-quark pairs
are separated, the potential between them is characterized as a narrow color field
that increases in tension as the distance between them increases. The inter-quark

potential is described in Eq. 1.7 as,

4oy
3r
This color field, or flux tube, acts as a string with tension of k. The flux tube

V(r) ~ kr — (1.7)

stretches until the energy required to separate the quarks “snaps” the string and pro-
duces two new quark-anti-quark pairs. This happens repeatedly, with the assumption
that all fragmentation processes occur independently of each other. This results in
an iterative cascade of hadrons until the final state hadrons are produced.

This phenomenological model is incorporated into hadron collision event genera-
tors, most notably PYTHIA [83], HIJING [84], and EPOS [85] with great success in

describing experimental data.
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1.5.2 PYTHIA

PYTHIA [83] is a widely used code library used to generate and simulate the physics
processes of high-energy particle collisions, such as e™, e, p, and p. It incorporates
theory and phenomenological models for multiple physics aspects, such as the cross
sections, hard and soft interactions, PDFs, hadronization/fragmentation, decays and
many other aspects, with some parameters informed from data. The probability of
the simulated event parameters, such as phase space variables, quantum numbers,
and final-state particles are numerically determined by Markov Chain Monte Carlo
techniques [86].

PYTHIA structurally consists of main parts: The process level, parton level, and
hadron level. The process level includes the initial hard-scattering, and includes
resonance production. The parton level involves initial- and final-state radiation,
where it uses models for parton showers and multiparton interactions. This level
evolves to include jets and the underlying event. The hadron level uses the Lund
string fragmentation model for hadronization.

Physics models in PYTHIA operate with particular run-time parameters which
determine the model’s behavior. A set of parameters which are chosen based on the
comparisons of PYTHIA to the data is referred to as a “tune”. There is no single
tune which inherently describes every physics process and observable with complete
accuracy, but the goal of tuning is the find an “optimal” set of physics parameters
which minimize the difference between simulated and experimental data [86].

The Angantyr model (which is accessible as a PYTHIA tuning), is used to simulate
high energy p-A and A-A collisions. Angantyr extrapolates from pp interactions
while minimizing free parameters and accounts for fluctuations and diffraction in the
nucleons [87]. This model reproduces general hadron distributions to high accuracy,
but it does not incorporate a simulated QGP medium or flow-like behavior observed
in heavy-ion collisions.

PYTHIA has accurately recreated several proton-proton physics observables, such

as particle spectra, azimuthal correlation distributions, and jet observables.

1.5.3 HIJING

The Heavy-Ion Jet INteraction generator, or HIJING [84], [88], is a Monte Carlo

event generator which simulates heavy-ion collisions. HIJING is based on a pQCD-
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inspired model, which incorporates minijet production (which are jets with low to
moderate transverse momentum [89]) with a Lund-type model for soft interactions.
A binary approximation and Glauber geometry for multiple interactions is used to
simulate p-A and A-A collisions [88]. Other nuclear effects are taken into account:
Parton shadowing is modeled using a parameterized parton distribution function in
the nucleus. HIJING also incorporates the Cronin effect [90] and multiple parton
interactions. PYTHIA is first used to generate the kinematic variables for the hard
scattering process, such as jet production. This includes additional shadowing and
transverse momentum exchange. The soft beam jets are modeled with diquark-quark
strings with gluon kinks following the Lund FRITOF and dual parton model [91].
HIJING does not incorporate QGP hydrodynamics, although the latest version HI-
JING++ implements jet quenching through the Gyulassy-Lévai-Vitev [92] formalism.

1.5.4 EPOS

EPOS, which stands for Energy conserving quantum mechanical approach, based on
Partons, parton ladders, strings, Off-shell remnants, and Splitting of parton ladders
[85], is a heavy-ion simulation event generator. The initial collision incorporates
multi-parton interactions which occur in parallel [85]. Partons undergo sub-collisions
calculated via Gribov-Regge theory, and uses pomerons or “parton ladders” (modeled
as Lund strings) to model elementary scatterings. EPOS separates a hadronic colli-
sion into two components: There is a high-density “core” and a low-density “corona’”.
Within the core, gluons form a cluster which undergoes hydrodynamic expansion until
the freeze-out stage. Therefore the core acts as the “medium” within the simulation.
The hadronization in the freeze-out undergoes Cooper-Frye microcanonical scheme,
which is explained in detail in Ref. [93]. In the corona, the gluons fragment into
hadrons [80] via through Lund string fragmentation.

EPOS-LHC is the version of EPOS developed to simulate events at LHC energies.
While this version incorporates hydrodynamic expansion, this is a parameterized ex-
pansion, in contrast to EPOS 2 and 3, which develop the full hydrodynamic evolution.
This update drastically decreases the runtime for a Pb—Pb collision (from 1 hour to

tens of seconds), at the expense of some predictive power [94].
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1.5.5 JETSCAPE

JETSCAPE, short for the Jet Energy-loss Tomography with a Statistically and Com-
putationally Advanced Program Envelope [95], is a modular software framework used
to develop event generators for simulating pp and A-A collisions [96]. The software
features flexible separate modules which a user can access to simulate separate por-

tions of a heavy-ion collisions.
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Figure 1.9: The Ixa of a photon-triggered charged jet in Au—Au collisions at /syy =
200 GeV measured by STAR compared to the JETSCAPE prediction [96], [97].

For instance, there are separate modules for the initial state, followed by a vis-
cous hydrodynamic routine, and then a hadronization and hadronic afterburner [95].

Hard scatterings, or jet progenitors, have their own module which feeds into the jet-
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quenching module; the latter undergoes a controlled interaction with the soft sector,
and additional modules which transmit the jet energy to the fluid. JETSCAPE can
be used standalone or incorporated into other existing event generator software.
Several measurements such the jet Raa, jet cross-sections, and correlation mea-
surements by ALICE, ATLAS, CMS, STAR, and PHENIX experiments have been
reproduced with great accuracy by JETSCAPE. Figure 1.9 shows the per-trigger nu-
clear modification factor (Ix4) or the ratio of of photon-triggered jet yields in central
Au—Au and pp collisions [96], [97]. Direct photons are correlated with jets with an
azimuthal angle cut of Ay > %’r to capture the “away” side. JETSCAPE incorpo-
rates prompt and bremsstrahlung photons, which are implemented as direct photons
which originate from partons with a large virtuality. As a result, the photons are
well-separated from the majority of jet fragments. Despite some large uncertainties
given by the data points, JETSCAPE predictions are in moderate agreement with

the data for all variations of the jet radius and photon-transverse energy (E7) [96].

1.5.6 AMPT

AMPT (a multi-phase transport model for relativistic heavy ion collisions) [98] is a
hybrid physics model which simulates pp and A-A collisions, where the latter includes
the formation of a hot and dense QCD medium. This model contains four compo-
nents: the fluctuating initial condition, the partonic rescatterings, the hadronization
phase, and hadronization interactions [98], [99]. The initial parton state includes the
spatial and momentum distributions of minijet partons and soft string excitations
obtained from HIJING. In the second stage, scatterings occur among the partons
produced from the initial nucleon-nucleon interactions following Zhang’s Parton Cas-
cade (ZPC) model [100], which undergoes a partonic cascade. In the next stage, the
quark coalescence model [101] or Lund fragmentation is used for hadronization. The
dense hadronic phase undergoes dynamical evolution described via relativistic trans-
port which includes both elastic and inelastic scatterings. These continue until the
hadronic phases reaches a final state density [80].

AMPT has been used to predict a variety of experimental observables, but partic-
ularly relevant to this thesis is their extensive modeling azimuthal correlation distri-
butions [99]. Figure 1.10 shows a correlation distributed generated by default AMPT.

0

The AMPT predictions also extend to Iy measurements, such as in 7° correlation
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measurements in Pb—Pb [71], shown later in Fig. 1.20 in Section 1.6.0.4.
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Figure 1.10: Dihadron correlation distribution for pp collisions at /syy = 200 gen-
erated by AMPT [102].

1.5.7 PHSD

The Parton-Hadron-String Dynamics (PHSD) framework [103] is a microscopic trans-
port model which simulates the evolution of heavy-ion collision through modeling in-
dividual particle interactions. Particles encompass strings, partons, or hadrons, and
their transport is derived from the Kadanoff-Baym (KB) equations [104], which is a
non-perturbative transport of strongly-interacting particles. The framework consists
of a 3D grid of cells which contain particles that evolve with time. In the initial
state, nucleons form pre-hadrons and hadrons and undergo transport using Hadron-
String-Dynamics [105]. The QGP phase occurs when the energy density of a given
cells increases past the critical energy density of €. = 0.5 GeV/c/fm®, which causes
any hadrons or prehadrons to devolve into partons. These partons interact via the
dynamical quasi-parton model (DQPM) [106] model. When the energy density falls

below this value, the partons undergo hadronization.
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1.5.8 JEWEL

JEWEL [107] is a Monte Carlo jet event generator which serves as a fully dynam-
ical perturbative framework for jet quenching. In JEWEL, hard-scattering partons
undergo a virtuality-ordered shower, which undergo jet evolution with elastic and
inelastic rescattering. JEWEL offers different operational modes in the generated
medium. This model assumes that the medium encounters the jet as a collection
of quasi-free partons, and the interaction is treated as background partons recoiling
from jet-medium scattering [108]. Events can be generated without saving the recoil
information, thereby removing the medium effects. Alternatively, the recoil partons
can kept in the event to provide a prediction of medium effects on the jet. After scat-
tering, the recoiling partons do not undergo any further interaction and free-stream

towards hadronization.

1.5.9 TAMU

The TAMU (Texas A&M University) [109] model is focused on describing heavy
flavor quark dynamics within the QGP. This model utilizes nonperturbative transport
coefficients for heavy-flavor diffusion through the QGP, and for hadronization and
hadronic matter. The elastic heavy-quark scattering within the QGP is determined
via a thermodynamic 7T-matrix approach. In this method, resonances close to T,
are utilized for recombination into D and B mesons. This is followed by hadronic
diffusion using effective hadronic scattering amplitudes. The transport coefficients are
determined from Fokker-Planck Langevin dynamics within hydrodynamic simulations
of the bulk medium. Collisional energy loss of the heavy quark is considered, but not
radiative. This model incorporates a strongly coupled medium in bulk and heavy
quark dynamics which evolves thermally, with the inclusion of hadronization models

such as recombination.

1.5.10 LGR

The Langevin-transport with Gluon Radiation (LGR) model [110], [111] describes
heavy-quark transport within the QGP. The model uses the Langevin approach to
describe heavy quark propagation in the QGP, which assumes there is small momen-

tum transfer in the scattering processes between heavy quarks and the QGP. The
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entropy distribution of the initial state is applied to the input of the hydrodynamic
evolution. The medium evolves through a 341D relativistic viscous hydrodynamics,
vHLLE [112]. LGR considers both elastic and inelastic (such as gluon radiation and
absorption) energy loss processes. Additionally, hadronization mechanisms are incor-
porated such as the quark coalescence/recombination model. LGR is quite useful for
heavy flavor measurement comparisons in that certain parameters can be tuned. For
instance, the initial nPDF, energy loss due to the quark mass, and coalescence model

can be altered to determine the effect of these processes.

1.6 Experimental signatures of the QGP

The formation of the QGP is characterized by specific experimental signatures. These
signatures include jet-quenching, collective flow, quarkonia suppression, and strangeness
enhancement. Jet quenching and collective flow are the most relevant QGP signatures

for this thesis, and will be discussed in detail in the following sections.

1.6.0.1 Strangeness enhancement

Because the critical transition temperature to form a QGP exceeds the mass of the
strange quark (m, &~ 95 MeV/c* < T,), strange quarks can be produced within the
QGP itself. In heavy-ion collisions, the production and equilibration of strangeness
occurs due to the large gluon density and high energy threshold in the medium [113].
This is measured as an enhancement of strange particle yields in comparison to pp
collisions.

Figure 1.11 shows the strangeness enhancement factor in two collision systems
[114]. The strangeness enhancement factor F is defined as the yield (dN/dy) per
mean number of nucleon participants ((Npa)), divided by the value in pp collisions.
This measurement shows the deviation of the strange particle yields with respect
to pp. The relative abundance of the particles increases as a function of (Npa),

indicating strangeness enhancement in these collision systems.
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Figure 1.11: Measurements of the strangeness enhancement factor for (multi-)strange
particles in Cu—Cu and Au-Au collisions at /sy = 200 measured by STAR [114].

1.6.0.2 Collective flow

As mentioned earlier, in the formation of the QGP after the initial collision, the
greater pressure at the center of the QGP compared to the outskirts produces a
common velocity field outwards. The initial spatial anisotropy of the collision and
the initial state fluctuations convert to momentum anisotropy, ultimately resulting
in a directional flow of the bulk medium [56]. The geometrical shape of the flow can

be parameterized by a Fourier expansion of the flow coefficients,
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— x 1+ QZvncos[n(go -, (1.8)

n=1

Where Eq. 1.8 represents the azimuthal angular (¢) dependence of the produced
particle density [15]. The indices n correspond to the order of the flow harmonics, and
v, are the anisotropic flow coefficients, and ¥, is the symmetry plane angle, which is
the angular direction of anisotropic flow for the corresponding order. The magnitude
of the v, is directly related to the almond shape of the nuclear overlap region, while
vs and the higher order coefficients (particularly the odd-numbered) are determined

by the event-by-event fluctuations of the colliding nuclei.
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Figure 1.12: Measurements of vy and v3 flow coefficients of inclusive D mesons [115],
inclusive J/1 [116], 7%, and protons [117] at \/syy = 5.02 TeV measured by ALICE.

Figure 1.12 shows the vy and v3 flow coefficients for different hadron species [115]
in both the light and heavy flavor sector. Light-flavor quarks are expected to quickly

achieve thermal equilibrium in the medium, whereas charm quarks are expected to
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thermalize at a later time. The v,, values follow a mass-ordering when comparing light
flavor to heavy flavor, where the D meson and J/v values are lower than light flavor.
However, there is a noticeable difference between the D meson and .J/1, which is due
to the light quark in the D meson contributing its anisotropic flow to the hadron.
The v,, also scales with the number of constituent quarks, as evidenced by the larger
value in the proton values compared to the 7*. At around pr of 8 — 10 GeV/c, all

v, values approach a similar value due to path-length dependent energy loss [118].

1.6.0.3 Quarkonium suppression

The binding energy between a heavy quark pair is affected by the presence of a QGP
medium. Heavy quarkonia are expected to experience collisional dissociation in the
QGP, as well as color screening, which weakens the strong force interaction between
quarks and gluons due to the presence of the QGP. This phenomenon results in their
suppression in heavy-ion collisions [119].

Figure 1.13 shows the dependence of J/v¢ suppression [120] on the collision cen-
trality via the J/1) Raa measurement. The nuclear modification factor (Raa, Eq.
1.9) is a measurement which can be used to investigate energy loss, as well as other
effects such as nuclear-shadowing, hadronization modification, and anisotropic flow
[74]. It is defined as the ratio of the pr-differential production yield (dNaa/dpr)
in heavy-ion collisions to the production cross-section (do,,/dpr) in proton-proton

collisions scaled by the average nuclear overlap ((Taa)).

1 dNAA/de
(Taa) dopy/dpr

The (Taa) is defined as the average of N, divided by the inelastic nucleon-nucleon

Raa = (1.9)

cross-section. This factor scales the observable in pp to the equivalent number of
nuclear interactions in Pb—Pb. An Raa < 1 indicates medium suppression, where an

Raa = 1 indicates no modification.
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Figure 1.13: Raa measurements of J/v¢ in different centrality percentiles at /sy =
5.02 TeV measured by ALICE [120].

Figure 1.13 shows the Raa of inclusive J/1 [120]. The greater suppression ob-
served in Fig. 1.13 in increasing centrality indicates that a higher-temperature QGP

is generated in more central collisions, which suppresses the number of J/1).
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Figure 1.14: Raa measurements of Y(1S) and the bottomonium resonances at
VSN = 5.02 TeV measured by CMS [121]. The measurement shows a hierarchy
of suppression dependent on the quarkonium binding energy.

95



Figure 1.14 shows the Rxa of bottomonium states in Pb—Pb collisions, measured
by CMS [121]. The Ras measurement in Fig. 1.14 shows a sequential suppression
as the binding energy of the bottomonium state decreases [121]. The dissociation
temperatures of the T states are expected to be correlated with their binding energies,
where Tyissoe. & 2T, 1.2T,., and 1T, for T(1.5), T(2S), and T(3S) respectively, where

T. is the critical deconfinement temperature [122].

1.6.0.4 Parton energy loss measured with R,

Partons within jets interact with the QGP via elastic and inelastic scatterings in
the medium, which results in transverse momentum broadening and parton energy
loss [65], which is experimentally found via jet-quenching measurements. The fast
parton’s color charge interacts with the color charges of the medium, which induces
radiative energy loss in the form of a bremsstrahlung gluon experienced by the jet
parton. The radiative energy loss is expected to have a mass-dependence, such that
heavy quarks would lose less energy compared to light flavor. Additionally, jet partons
lose energy through elastic collisions. For quarks, this energy loss dF/dx increases
monotonically with quark velocity. Although for a given QGP temperature and quark
momentum, the quark with a larger mass has a smaller velocity. This results in
beauty quarks losing less collisional energy than charm, and charm losing less energy
than light flavor [123]. These energy-loss processes result in the modification of the
jet fragmentation function with respect to the vacuum. The fragmentation function
parametrizes the non-perturbative transition of a heavy quark into a hadron, and
these are determined experimentally [124]. This modification results in a suppression
of the yield of high pr hadrons and modifications of the jet topologies [125]. Jet
quenching and the modification of the fragmentation is measured in jet observables
such as the jet momentum spectra, azimuthal correlation distributions, and through
the nuclear modification factor, or Rax.

Figure 1.15 is the Rap distribution for different hadron species in all Pb—Pb cen-
trality classes measured by CMS [126]. There is a noticeable mass-ordering between
the light and heavy-flavor sector, where the charged hadron Raa experiences a greater
suppression compared to the heavy-flavor hadrons. This is expected due to the light

quarks experiencing a greater energy loss compared to heavy flavor.
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Figure 1.15: CMS measurement of the Raa of different species [126]-[130] at /sy =
5.02 TeV for the full spectrum of Pb—Pb centrality classes.

Figure 1.16 shows a closer look at the differences between beauty and charm
via the Rpa of prompt and non-prompt D° mesons [76], [131]. Prompt D mesons
hadronized from charm quarks produced in the initial collision, while non-prompt
D mesons originate from beauty hadrons which have decayed into D mesons. The
beauty quark’s lifetime exceeds that of the QGP, therefore it has experienced the full
medium evolution which will be reflected in the Raa of the non-prompt D meson.
Albeit with some uncertainties, there is a consistent mass-ordering of the Raa in
all pr intervals, where the prompt D mesons experience a larger suppression. In
3 < pr < 10 GeV/c, collisional energy loss dominates, where the beauty quark loses
less energy from collisional due to its larger mass. At pr > 10 GeV /¢, energy loss is
dominated by radiative processes. The larger suppression in the prompt D meson is

likely due to the difference in gluon radiation from the “dead-cone” effect.
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Figure 1.16: Comparison of prompt vs non-prompt DY Rxs measured by ALICE
[131].

In Fig. 1.17, the ratio of the prompt to non-prompt D meson Raa is compared to
the LGR, MCQsHQ+EPOS2, and TAMU models as a function of pt. In the top por-
tion, all models describe the pr-dependent shape and predict a value close to unity at
2 < pr < 3 GeV/c and increases towards higher pr. At pr > 10 GeV /¢, the models
appear consistent with the measurements, although there is a large uncertainty in
the highest pr regions measured. In the bottom portion of the figure, some physics
mechanisms are altered in the LGR model and compared to data. The comparison in-
dicates that nuclear shadowing does not influence the measurement, or it is effectively
canceled in the ratio. When the beauty quark is modeled to experience the charm
energy loss, the LGR model deviates from the measurement at 3 < pr < 10 GeV/c.
The coalescence hadronization model can be turned on and off, which describes the
probability for quarks to hadronize together dependent on their phase space. The
close agreement with data indicates that the coalescence hadronization model [101]

is required to explain the data, and that the difference in the quark masses does not
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significantly affect coalescence. All models in both sections of the figure are consis-
tent with the measurement at high-py where radiative energy loss (in the form of
jet quenching) is expected to dominate. Although the Raa provides a measurement
of jet quenching, the observable is influenced by a variety of other factors such as

nuclear shadowing, the anisotropic flow, and hadronization mechanisms.
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Figure 1.17: Ratio of non-prompt [131] and prompt [76] D® Raa at \/sSyx = 5.02 TeV
measured by ALICE compared to theoretical models.

1.6.0.5 Jet quenching measured with azimuthal correlations

Azimuthal correlations are a type of differential jet measurement which accesses dif-
ferent momentum scales of the angular distribution of particles. Particles produced
in a jet are correlated in azimuthal angle, and this measurement reflects the fragmen-
tation of outward-traveling partons produced primarily in dijet events [132]. When
measured in heavy-ion collisions, the back-to-back correlation strength indicates sen-
sitivity to the in-medium path length of the parton [132], and therefore is used to

study jet quenching. This type of measurement complements full jet reconstruction,
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in that it does not rely on jet clustering algorithms and can be used to investigate
the fragmentation of jets in a wide kinematic range.

This measurement consists of selecting a “trigger” particle of a specific prtlfig' to
act as the proxy for the jet. Particles “associated” with the trigger are selected
in different p§°“ intervals, where typically p7s°¢ < ptTﬁg‘ to avoid self-correlating
the trigger particle. The difference in azimuthal angle Ay is taken between the
trigger particle and the associated particles to obtain a correlation distribution in

each selected pj™°“ range.

AQO = SOTrig. _ (,OASSOC' (110)

An = nTrig. . nAssoc. (111)

The resulting distributions of Ay and An are plotted, which give a two-dimensional
picture of the correlation measurement (see Fig. 1.18). The correlation distribution
is then normalized by the number of trigger particles (see Eq. 1.12), so that the mea-
surement represents the distribution of associated particles with respect to a single
trigger. This also makes the measurement independent of the total number of trigger

particles.

C(Ap, An) = %ﬁgfgﬁ (1.12)

Although the 2D correlation is often sufficient for physics observations, usually
the 2D correlation is projected in Ay to obtain a 1D distribution (Eq. 1.13). This
has the benefit of reducing statistical fluctuations in the correlation distribution. The

1D distribution is shown in the right on Fig. 1.18.

o 1 dNassoc
B Ntrig dASO

C(Ay) (1.13)
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Figure 1.18: (Left) 2D (ApAn) azimuthal correlation distribution of charged particles
in p-Pb collisions measured by ALICE at /sxy = 5.02 TeV [133], [134]. (Right) 1D
(Ap) hadron-triggered correlation distribution in pp and Pb-Pb at /sy = 5.02 TeV
measured by ALICE shown together [70]. In the right figure, there is a noticeable
difference in the near- and away-side peaks between the two collision systems.

The typical structure of the correlation distribution features a “near-side” peak at
(A, An) = (0,0), and and “away-side” peak at Ay = 7 which extends over a wide
An range. The near-side peak reflects the fragmentation of the jet which contains
the trigger. The away-side peak provides information from the recoil jet, but is
also influenced by other jet events in the hard scattering. The azimuthal correlation
distribution offers multiple observables which can be compared to models. These
observables include the distribution itself, the per-trigger associated particle yield,

the peak width, and the per-trigger nuclear modification factor (/a).

Ypupb
Y,

pp

Ina = (1.14)

The Iaa, shown in Eq. 1.14, is defined as the ratio of the per-trigger particle
yield in the correlation peak measured in Pb—Pb to pp. The I is sensitive to
modifications in the parton fragmentation function, jet-quenching, and the overall
jet-medium interaction in heavy-ion collisions.

Figure 1.19 shows the azimuthal correlation distribution of 7° triggers in four

assoc.

different p3¥°° intervals, measured in central Pb—Pb collisions [71]. The shape of

the correlation distribution peaks vary in the pr slices. At low-p5¥°¢, the away-side
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assocC.

peak is visible and gradually disappears as p§°® increases. This indicates the jet-

initiating parton energy loss in the medium, and the potential modification of the jet

fragmentation.
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Figure 1.19: The 7¥ correlation distribution in Pb-Pb collisions +/sxn = 5.02 TeV in
the 0-10% central collisions measured by ALICE [71]. The depletion of the away-side

assoC.

peak observed in 4 < p§°® < 6 GeV/c is evidence of jet-quenching.

The extent of the jet quenching can be observed in the measurement of the 7% In 4.
Fig. 1.20 shows the Ipa for the two correlation peaks compared to the AMPT and
JEWEL models. The near-side peak shows a slight enhancement at low-p§°°¢ and

assocC.

approaches unity at high-p3?*°“. In the away-side, there is a significant enhancement

at low-pf and approaches unity between 3 < p§s°® < 4 GeV/c where it then

displays a suppression that evens out at Iaa ~ 0.5.
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Figure 1.20: The near- (left) and away-side (right) 7° Ixa at /sy = 2.76 TeV
measured by ALICE [71] compared to the AMPT and JEWEL model predictions.

The AMPT model predicts a strong enhancement on the near-side at low-p§°°,
but this is not shared with the data. JEWEL predicts jet-quenching on the near-side
peak, but this is not shared with data. Both models can replicate the suppression
on the away-side due to jet quenching, but only the AMPT model recreates the
enhancement. This is attributed to the increase of soft particles resulting from the

jet-medium interactions.

1.7 Measuring heavy-flavor jet-fragmentation in

heavy-ion collisions

The objective of this thesis is to investigate the modification of heavy-flavor jet frag-
mentation in the presence of the quark-gluon plasma. This is performed via an
analysis of jet-like azimuthal correlations between electrons from heavy-flavor hadron
decays with associated charged particles measured in Pb—Pb collisions.

There are several questions this measurement seeks to answer: To what extent
does the QGP affect the heavy-flavor jet? Does this only result in a reduction of the jet
constituents due to jet quenching, or is there an enhancement of associated particles?
In what p§¥°¢ is the jet modified? What are the differences between the profile of
a heavy-quark-initiated jet and jets which originate from light quarks and gluons?
Would the smaller energy loss experienced by the heavy quark result in a quantifiable

difference in the distribution compared to light flavor? What does that indicate about
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how the fragmentation of the different species is modified? How does the pr, therefore
the energy of the heavy flavor jet, affect the profile, and does the fragmentation of jets
in varying energy experience different modifications from the QGP? How does the
modification of the jets differ when originating from predominantly charm vs beauty
quark fragmentation? How does the modification differ with respect to the size of
the QGP? Does the jet induce wake structures within the medium, and does that
influence the observables in this measurement?

Azimuthal correlation measurements illustrate the angular distribution of jet con-
stituents, which is determined by the initial jet fragmentation pattern. This measure-
ment can be performed in several associated-pr regions, which provides a differential
view of the associated particle distribution as a function of p3°“. Therefore, this
measurement characterizes the jet profile in different regions of phase space.

The species of the jet-initiating parton determines the jet properties, such as the
fragmentation function, the jet width, and the expected energy loss in the QGP.
Performing this measurement in the heavy-flavor sector gives insight into these jet
properties in the heavy-ion environment. The measurement in this thesis will be
compared to correlation measurements in the light-flavor sector, which allows for a
comparison between the jet fragmentation profile of heavy quark-initiated jets to light
quark and gluon jets.

Electrons from the semileptonic decay of heavy-flavor hadrons are used as the trig-
ger particle of this correlation study for several reasons. The relatively large branching
ratio (~ 10%) of heavy-flavor semileptonic decays allows for sufficient statistics to per-
form this measurement in a heavy-ion environment. This is advantageous over other
heavy-flavor correlation measurements that use reconstructed hadrons as the triggers,
which suffer from significant combinatorial background from the invariant-mass re-
construction. These increased statistics allow for a more differential investigation of
the jet modification. Additionally, electrons are charged final-state particles, which
make them amenable to tracking and they are also identifiable through calorimetric
detection. Therefore, electrons are experimentally easy to identify. For brevity, the
term “electron” encompasses both electrons and positrons, and will be used for the
remainder of this text, except when explicitly distinguished for a specific procedural
step.

This measurement is performed in Pb—Pb collisions and builds off the equivalent

measurement in the proton-proton and proton-Pb collision systems [135]. The az-
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imuthal correlation measurement of electrons from heavy-flavor hadron decays was
performed in pp to obtain a baseline measurement of the correlation to compare to
Pb-Pb, such that the pp measurement describes the heavy-flavor fragmentation in
vacuum. This measurement was performed in p—Pb collisions to determine how and
if cold-nuclear effects affect the correlation distribution observables, which must be
considered before perfomring the analysis in Pb—Pb. Thus, the comparison of this
measurement to the smaller collision systems illustrates how the QGP influences the
fragmentation of the jet-initiating parton. The per-trigger associated yields of the
distributions can be compared in Pb—Pb to pp by taking the ratio, or the Ix5. The
Iaa is sensitive to changes in the heavy quark fragmentation function, therefore a
suppression or enhancement of the /x5 provides a quantifiable difference in the heavy
quark jet fragmentation between these collisions systems.

Two centrality percentiles were selected to perform this measurement: 0-10%
(central) and 30-50% (semicentral) Pb—Pb collisions. This is done for the purpose
of observing the effect of jet fragmentation modification as the size, density, and
temperature of the QGP differ due to collision centrality [74].

In the following chapters of this thesis, the experimental apparatus, the procedural
steps, and the systematic checks of this analysis will be outlined. This culminates in
the results of the first jet-like Pb—Pb azimuthal correlation measurement by ALICE

in the heavy-flavor sector.
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Chapter Two: Experimental Apparatus

This chapter provides an overview of the Large Hadron Collider (LHC), ALICE ex-

periment, and the specific detectors used for this analysis measurement.

2.1 The LHC

The Large Hadron Collider (LHC) is the largest and most powerful particle accelera-
tor on Earth [136]. The accelerator complex is operated and overseen by CERN, the
European Organization for Nuclear Research. The LHC is situated 100 meters under-
ground in a tunnel overlapping the French-Swiss border, and consists of a 16 mile (27
km) circumference ring stringing a collection of superconducting magnets and accel-
erating structures with the purpose of accelerating and colliding high-energy particle
beams at ultra-relativistic speeds [136], [137]. The main structures of the accelerator
complex are underground, where the linear accelerator 4 (Linac4) produces the pro-
ton beam sources by accelerating negative hydrogen ions, before they are stripped
of the of their electrons to expose the bare protons and transferred to the Proton
Synchrotron Booster (PSB). These protons are accelerated to 2 GeV for injection
into the Proton Synchrotron (PS) 528 m circumference ring, which then accelerates
the proton beam to 26 GeV before entering the Super Proton Synchrotron (SPS) 7
km circumference ring, which accelerates the beams to 450 GeV. The proton beams
are split and enter the two beam pipes of the main raing (LHC), where the beams
circulate clockwise and counterclockwise to converge at intersection points for each
main experiment. For the lead-ion source, vaporized lead enters the Linac3 and is
accelerated in the Low Energy Ion Ring (LEIR) before entering the PS and following
the same route as the proton beams [138].

There are four major CERN experiments, each having their own respective focus
in experimental particle or nuclear physics, situated at the intersection points along
the LHC beamline. These are ALICE (A Large Ion Collider Experiment), ATLAS
(A Toroidal LHC ApparatuS), CMS (Compact Muon Solenoid), and LHC-b (LHC-
beauty).
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2.2 The ALICE Detector

The ALICE program is dedicated to studying the physics of strongly-interacting mat-
ter and the quark—gluon plasma via heavy-ion collision experiments. The experiment
consists of a 10,000 ton, 26 m long, 16 m high, and 16 wide detector located along
the beam-line on the French side of the LHC apparatus. The detector is specially
optimized for the measurement of heavy-ion collision data, due to its high-precision
tracking and vertexing of low-momentum particles in a high-multiplicity environ-
ment [139].

EMCAL
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ABSORBER DCAL
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Figure 2.1: ALICE Detector during the Run 2 (2015 - 2018) data collection period.

The ALICE detector consists of a central barrel with several sub-detectors for the
purposes of track and vertex resolution, particle identification, event triggering; and
several smaller detectors located at forward angles used for global event characteri-
zation and triggering.

The central barrel of the detector is located at midrapidity (|| < 0.9), covers
the full azimuth, and is embedded within the large L3 magnet. The L3 magnet is a
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cylindrical solenoid which produces a magnetic field of 0.5 T parallel to the direction
of the beam. The central barrel is composed of the Inner Tracking System (ITS)
of high-resolution silicon detectors, the gas-filled Time Projection Chamber (TPC),
the Time-of-Flight (TOF), the Ring Imaging Cherenkov (HMPID), the Transition
Radiation (TRD) detectors, the single-arm photon spectrometer (PHOS), and the
electromagnetic calorimeter and Dijet calorimeter (EMCal and DCal, which will col-
lectively be referred to as EMCal). On top of the central magnet is the ALICE
COsmic Ray DEtector (ACORDE), which acts as a cosmic ray trigger for ALICE
calibration and the study of high energy cosmic rays.

There are additional subdetectors in the forward and backward rapidity regions.
Muons are detected by the muon spectrometer, located —4.0 < n < —2.5, which
consists of a passive front absorber, high-granularity tracking system, a large dipole
magnet, a filter wall with four planes of trigger chambers, and an inner beam shield to
protect the chambers from particles and secondaries. The Zero Degree Calorimeters
(ZDC) are located at 112.5 m from both sides of the interaction point, which are
utilized for rejecting electromagnetic interactions and beam-induced background in
Pb-Pb collisions. This is done by measuring spectator nucleons for centrality and
reaction plane determination. The remaining forward subdetectors are the Photon
Multiplicity Detector (PMD); the VO system; the TO detector, and the Forward
Multiplicity Detector (FMD) [139].

The first operation of the LHC, or Run 1, began in 2009 and continued until 2013
[140], which consisted of a proton-proton (pp), proton-Lead (p—Lead), and Lead-Lead
(Pb—Pb) collisions for the first physics campaign of the apparatus. For the first run, pp
beams were collided at center-of-mass energies of 0.9 TeV. The pp beams ultimately
reached energies of 2.76 and 7-9 TeV. Pb-Pb collisions with /syy = 2.76 TeV were
recorded at a maximum of 3-4 kHz interaction rate; and p—Pb beam collisions were
recorded at /sy = 5.02 TeV [140]. Events were recorded based on a trigger decision
system, which is the Central Trigger Processor (CTP) of ALICE. In this run period,
events were recorded by triggering on “minimum bias” events, which utilizes signals
from the SPD and V0, triggers based on heavy-ion centrality, or EMCal-signal triggers
[140]. Run 1 continued until 2013, which marked the end of the first physics campaign
of the LHC. This was followed by Long Shutdown 1 (LS1), where planned upgrades
of the LHC and the experiments took place.

LS1 culminated in a number of enhancements to the ALICE experiment, which
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included but was not limited to: completion of the TRD; CTP upgrades; and the
addition of the DCal, which extended the acceptance of the EMCal [141]. The Run
2 data collection period (beginning June 2015) consisted of higher center-of-mass en-
ergies and increased luminosities for all collision systems compared to Run 1 and the
addition of Xenon-Xenon collisions to the heavy-ion program. For pp collisions, the
highest energies reached in Run 2 was /s = 13 TeV. Both Pb-Pb and pp collisions
were recorded at /syn = 5.02 TeV, facilitating the direct comparison of measure-
ments between these systems. The Pb-Pb interaction rate in Run 2 reached 8 kHz,
which meant an overall 2x greater number of collisions per second compared to Run
1 [142]. The dataset used for this thesis is LHC Lead ion (Pb-Pb) collision data with
center of mass per nucleon energy of 5.02 TeV, acquired by the ALICE detector in
2018 during the Run 2 data-taking period.

The primary detectors used for this analysis are the ITS, the TPC, the EMCal,

and VO detectors, which will each be discussed in further detail in the next sections.

2.2.1 Inner Tracking System

The Inner Tracking System (ITS) consists of six cylindrical layers located coaxially
around the beam pipe and covers the full azimuth and pseudorapidity range of || <
0.9. Its primary tasks are to reconstruct the primary and secondary vertices of the
event and for low-momentum charged-particle tracking.

The ITS (Fig. 2.2) utilizes three different silicon-tracking technologies: The two
inner layers are composed of Silicon Pixel Detectors (SPD), the two middle layers are
Silicon Drift Detectors (SDD), and Silicon Strip Detectors (SSD) make up the outer
two layers [143]. The ITS was designed to improve the position, angle, and momentum
resolution for tracks reconstructed in the TPC, and to identify the secondary vertices

from the decay of hyperons and heavy-flavored hadrons.
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Figure 2.2: Layout of Inner Tracking System during Run 2 [144].
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Figure 2.3: Impact parameter resolution performance of the I'TS in the x-y plane as a
function of pr for pp, p-Pb, and Pb—Pb collisions provided publicly by ALICE [145].

The resolution of the impact parameter in the transverse plane (dp ;) can be used
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as a benchmark quantity for track and vertex reconstruction precision of the I'TS. The
transverse impact parameter is defined as the distance between the extrapolation of
a track in the transverse plane to the reconstructed primary vertex [145], [146]. For
heavy-flavor analyses, the dj ., is essential for identifying secondary tracks originating
from charm and beauty hadron decays. For example, the resolution required for a D°
analysis is (dy ) (r¢) ~ c7(D") ~ 124 pm for the kaon and pion tracks originating
from the D° — K~ 7" decay channel [146]. A performance plot of the dy ., resolution

in pm is given in Fig. 2.3.

2.2.2 Time Projection Chamber

The Time Projection Chamber (TPC) [147] is the core of the ALICE tracking system,
providing three-dimensional information of particle momenta and charged-particle
identification (PID) [148].

The detector is a gas-filled cylindrical chamber surrounding the I'TS with an inner
radius of approximately 85 cm and an outer radius of 250 cm, and 500 cm in length
along the beam direction, at || < 0.9. The chamber consists of nested field cages,
while a conducting electrode at the cylinder center provides a voltage of 500 kV,
which provides an axial electric field of 400 V/cm. Charged particles ionize the gas
with a curved trajectory within the magnetic field and undergo an average energy
loss (dE/dx) characteristic of specific charged particle species, shown in 2.5. The
TPC readout chambers (ROC) are designed based on the Multi-Wire Proportional
Chamber (MWPC) technique with pad readouts (readout channels) [149]. There are
a total of 72 ROCs with 63 total pad rows consisting of 6 x 10 and 6 x 15 mm?-sized
pads [147].
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Figure 2.4: 3D Schematic of the TPC field cage provided by ALICE [147].
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Figure 2.5: TPC performance plot for Pb—Pb collisions in 0-10% centrality class at
VSN = 5.02 TeV provided by ALICE, illustrating the tracks for charged particle

species.
The characteristic energy-loss within the TPC is parameterized by the Bethe-
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Bloch function:

dE, 47rNe4Z_Q(m2mc2ﬁ2fy2 (B)

5 0
<%> me? (2 I —F _T) (2.1)

Where distributions of particle tracks can be distinguished as a function of mo-

mentum (seen in Fig. 2.5 for most-central Pb—Pb collisions). The energy-loss distri-
butions of protons, electrons, deuterons, some Hydrogen and Helium isotopes, and

charged pions and kaons are well-documented for the TPC.

2.2.3 Electromagnetic Calorimeter

The electromagnetic calorimeter (EMCal) detector is designed for identification of
electrons, direct jet measurements, and to enhance the measurement of the spectra
of hight pr photons and neutral mesons, and event triggering by providing a direct
energy measurement of particle tracks. The detector is a Lead-Scintillator sampling
calorimeter utilizing Shashlik-technology [150]. The EMCal covers a pseudorapidity
and azimuthal angle of (|n] < 0.7 and 80° < ¢ < 187°), and the DCal covers (0.22 <
n < 0.7 and 260° < ¢ < 320°, |n| < 0.7 and 320° < ¢ < 327°).

Il solenoid magnet [ TRD I HMPID
TS I ToF I PHOS
I TPC [ EMCal/DCal

Figure 2.6: Schematic of the electromagnetic calorimeter, which shows the compo-
nents approximately opposite in azimuth provided by ALICE [151].

The EMCal is composed of modules, which are 2 x 2 optically isolated towers

which span a region of An x Ag ~ 0.0143 x 0.0143 and consists of 76 lead layers and
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77 scintillator layers. Modules have a fixed width in the ¢ direction and a tapered
width in the 7 direction with an angle of 1.5°. Modules are assembled into Super
Modules, which are stacked strips consisting of 12 identical modules along ¢ and are
approximately projective in 7. The strip structure is shown in Fig. 2.7. The EMCal
modules have an effective radiation length (Xo) of 12.3 mm and 20.1 radiation lengths
[150].

Figure 2.7: Schematic of the EMCal full-size super modules, which shows the strip
structure composed of 24 strips, provided by ALICE [151].

When a particle interacts with the EMCal cell material, this produces a shower
which spreads its energy over neighboring cells. When adjacent calorimeter cells con-
tain an energy above the noise threshold, this is designated as a calorimeter “cluster”.
These clusters are reconstructed with a clusterization algorithm, and can be produced
by a single particle but can be the product of multiple particles interacting with the
cell material. For particles which deposit their full energy in the calorimeter, such as
electrons or photons, the reconstructed cluster energy is approximately equal to the
particle’s energy [151], thus allowing for the direct identification of electrons. Tracks
reconstructed with the I'TS and TPC can be matched with EMCal clusters via track-
matching algorithms. The distribution of the energy within a cluster, or the “shower
shape”, is parameterized by an ellipse with short and long axes. Clusters from back-
ground particle species, such as slow neutrons, can be discarded by selecting clusters

within a specific long axis range for analysis [151].
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2.2.4 VZERO System

The VO system is used for multiple roles for the ALICE experiment. It provides
a minimum bias trigger for the central barrel detectors, provides centrality triggers
in Pb—Pb collisions, acts as a centrality indicator, validates the signal for the muon

trigger, and measures the luminosity for the experiment [139], [152].
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Figure 2.8: Distribution of the sum of amplitudes from the VZERO arrays (black)
in Pb—Pb collisions at /syn = 2.76, where the red line is the Glauber model fit,
provided by ALICE [152].

The VO is composed of two scintillator arrays on each side of the interaction
point, which cover the pseudorapidity ranges of 2.8 < n < 5.1 (VOA) and —3.7 <n <
—1.7 (VOC) [152]. Particle multiplicity is determined by the energy deposited in the
VZERO scintillators, which is mapped to specific amplitudes in the arrays.

Heavy-ion collisions are classified into centrality percentiles by using the VZERO
system multiplicity amplitudes fitted with the Glauber model [49], as seen in Fig.
2.8. The Glauber model serves to estimate the number of participating nucleons and
binary nucleon-nucleon collisions as a function of the impact parameter in heavy-ion
collisions [47], [49].

75



2.3 Data Acquisition and Processing

Recording, processing, and storing LHC collision data is a computationally monu-
mental task. By 2015, the ALICE experiment alone recorded about 10 petabytes (10
million gigabytes) of collision data within a year [153]. Data acquisition for ALICE
by Run 1 required a maximum aggregate bandwidth of 1.25 GB/s, for the purpose of
transferring heavy-ion events with an average size of 12.5 MB at a rate of 100 Hz [154].
Data reconstruction in ALICE utilizes the computational resources of the Worldwide
LHC Computing Grid (A.K.A. “the Grid”) via the framework of the ALICE LEGO

Train system.

2.3.1 Worldwide LHC Computing Grid

The computational and memory demands of the LHC required at the beginning of
LHC operation was roughly 15 petabytes of data, which was generated from the four
major experiments. To address the computational demands to handle this data, the
Worldwide LHC Computing Grid project was started in tandem with the operation
of the LHC. This computational infrastructure was built to facilitate data analysis
and storage for the LHC-affiliated physics community [154]. By 2004, the reconstruc-
tion and analysis of the data, which includes comparisons to theoretical simulations,
requires of the order of 100,000 CPUs. Rather than centralizing this computing ca-
pacity at one site near the experiments, the LHC utilizes a globally distributed model
for data storage and analysis: a computing grid [154].

The Grid consists of data acquisition systems and computational centers at 4
different tiers: Tier-O centers are located at CERN, which perform the first-pass
reconstruction and copies this data for storage. Further copies of the reconstructed
data are passed on to the Tier-1 centers; this role of Tier-1 centers also vary by
experiment. Generally, the Tier-1 centers are used for managing permanent data
storage, which includes the raw, simulated, and processed data. Tier-2 centers are
used to provide additional computational capacity and provide storage for Monte
Carlo simulation and user-level analysis. By 2005, there were more than 100 Tier-2
centers distributed globally. At the Tier-3 level, the computing facilities at universities

and laboratories perform additional processing and analysis of LHC data [154].
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2.3.2 ALICE LEGO Train System

Analyzing a single dataset in ALICE generated in 2015 requires reading on the order
of 10° files with a general size of 50 TB. Analysis jobs to be performed on the Grid
were completed with the ALICE analysis (ALIPhysics) framework, where jobs were
monitored and submitted using the MonALISA monitoring service. On top of these
frameworks is the Lightweight Environment for Grid Operators (LEGO) train system.
The purpose of the train system is to act as a workflow to increase the CPU efficiency
of the analysis jobs on the Grid, with the intent to maximize the number of user
analyses performed with the computing resources allotted. The system accomplishes
this by reading the dataset once and running multiple combined analysis tasks on
this set, which avoids the computational and memory requirements of loading and
reading the data for every task separately [153].

The train system is divided into trains separated by physics working groups (such
as jet analysis, heavy-flavor, correlations, etc.) and by collision datasets (pp, p—Pb,
Pb—Pb, data or Monte Carlo). A user’s analysis code is submitted to the ALIPhysics
repository. Once in the repository, the code is configured in a train “wagon” on
the LEGO train web page, where user-defined parameters for the analysis are set.
Multiple wagons containing one or more analysis tasks each are combined to create
the entire train. The train is first tested with an automated procedure, and if the test
is successful the train can run on the Grid. The full train contains all train wagons,
but all wagons are tested individually and assigned their own memory allocation for
analysis jobs. These jobs are merged together, and their output is linked to the LEGO
train web page, where all successful train jobs and output are accessible to all ALICE
users [153].
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Chapter Three: Analysis Procedure

This chapter details the analysis procedure to obtain the azimuthal correlation mea-
surement of electrons from heavy-flavor hadron decays in Pb—Pb collisions. First, an
overview of the analysis is presented, which includes the momentum intervals chosen
for this analysis and the motivation for this selection. This is followed by a high-level
description of the analysis, a description of the dataset, and the steps of the formal

procedure.

3.1 Analysis Overview

As described in Introduction section 1.7, the azimuthal correlation distribution pro-
vides a differential measurement of the jet angular profile. The correlation distri-
bution is obtained by taking the difference of the azimuthal angle (Ay) between a
trigger particle (electron from heavy-flavor hadron decays) and the particles associ-
ated with that trigger (charged particles). The independent variable of the resulting
correlation distribution is Ay, and the dependent variable is the average number of
associated particles (V). The distribution is normalized with respect to the number
of trigger particles (N'&), such that the measurement is the angular distribution of
the average number of particles associated with the trigger. The general form of the

final distribution is represented in Eq. 3.1,

1 dN

In this study, trigger electrons were selected in three p% intervals: 4 — 12, 4 — 7,
and 7 — 16 GeV/c. The latter two pffrig' intervals will be referred to as the “split”

intervals. The correlation was performed in five p3¥°° intervals within 1 — 7 GeV/c

(3.1)

to provide a measurement of the distributions in low to moderate associated pr. A
constraint of pflfig' > p5°¢ is imposed to capture associated particles originating from
the fragmentation of the same jet as the trigger. The 4 < p$ < 12 correlations are
shown to demonstrate all steps, but the split p% intervals will also be discussed when

the differences of electron pr are relevant. These pt{ig' intervals were chosen due to two
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related but distinct reasons: The first is to study the differences in jet fragmentation
as a function of pr by selecting trigger particles of high- vs low-pp. The higher-
pr triggers are more likely to originate from high-pr jets, therefore samples jets of
different energies, and potentially different fragmentation profiles. The second reason
was informed by previous studies of electrons from semi-leptonic hadron decays [155],
which investigated the fraction of beauty hadron decays as a function of pr. The
fraction of electrons descending from beauty-hadron decays is approximately 40% of
the electron yield at p§ = 4 GeV/c, and increases to 60-70% at pS > 8 GeV/c. By
studying azimuthal correlations in the split p§ ranges of 4 — 7 vs 7 — 16 GeV/c,
the corresponding correlations sample predominantly from charm vs beauty quark-
initiated jets, respectively. Differences in the correlation observables could indicate a
mass-dependence of the initiating quark on the jet fragmentation.

To obtain the correlation measurement, first, electron candidates are selected

and correlated with associated charged particles in a two-dimensional correlation
distribution (S(An, Ag)ele cand-Eq. 3.2),

ele. can d2N
S(An, Ap)le @rd = NI

The 2D distribution is then corrected for the acceptance and detector effects. To

(3.2)

reduce the fluctuations of the correlation, the 2D distribution is projected within

|An| < 1. This results in a one-dimensional azimuthal distribution,

ele. can dN
S(Ap) le. cand. — —dAgo'

The S(Ap)ele cand correlation distribution is composed of correlations of electrons

(3.3)

as well as hadrons incorrectly identified as electrons. To remove the correlation contri-
bution from these “contaminant” hadrons, a scaled azimuthal correlation distribution
between hadrons and charged particles (S(Ag)Padon) is subtracted from the electron

candidate distribution,

S(A@)ele' cand. S(A90>hadron — S(As0>electron. (34)

The resulting distribution S(Agp)®eton contains trigger electrons from heavy-
flavor (HFe) and non-heavy-flavor sources (non-HFe). To obtain the correlation dis-
tributions of electrons from heavy-flavor hadron decays, the correlation distribution

of non-heavy-flavor electrons are subtracted from the electron distributions,
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S<As0)electron o S(A¢>Non7HFe — S(A(P)HFG (35)

The heavy-flavor decay electron distribution is normalized by the number of heavy-
flavor decay electrons (N1F¢). After normalization, the associated particle efficiency
and secondary contamination corrections are applied. The resulting distribution re-
flects the correlation of electrons with associated charged particles, but this correla-
tion sits on a background of two sources: uncorrelated combinatorial pairs (which is
expected to have a flat background), and the anisotropic flow (which contributes to
the distribution peaks). These background sources to the correlation distribution are

removed by means of a baseline function B(Ay),

B(Ayp) =b(1+2 Z vHFe550C o5 (nA ). (3.6)

The correlation background described by the baseline is subtracted from the dis-

tribution. This results in the final distribution,

C(Ag)Fe = T il

= S5 dAy (3.7)

3.2 Dataset

Events from Pb—Pb collisions recorded by the ALICE experiment in the LHC18q_pass3
and LHC18r_pass3 run lists were selected to perform this measurement. These events
were recorded after fulfilling the minimum-bias and centrality software trigger crite-
ria. Minimum-bias-triggered events require a simultaneous signal in the I'TS SPD and
the VO system [152] to initiate recording. Centrality-triggered events require the VO
system amplitude to fulfill the desired centrality criteria to initiate event recording.
Each run, which typically consists on the order of thousands of collision events, are
assigned a run number. After recording, each run was assessed for detector quality,
and categorized accordingly. Because this analysis utilizes the central-barrel detectors
for particle tracking and identification (ITS, TPC, and EMCal), only run numbers
designated with high-quality readouts from these detectors were used. Events from
these runs were selected when the reconstructed primary vertex was within + 10 cm

from the nominal interaction point (z = 0) along the beam axis. The analysis task
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for this measurement was run on the ALICE LEGO train framework, which resulted
in a total number of events: N = 41.5 x 10° for the most-central collisions, and
Nevents — 62.3 x 10% semicentral events.

Four simulated event datasets were used for this analysis. These samples were cre-
ated from Monte Carlo event generators which are configured for the LHC18q_pass3
and LHC18r_pass3 datasets. The datasets LHC23d8a (0-10%) and LHC23d8b (30—
50%) contain HIJING Pb-Pb-simulated events with additional heavy-flavor hadron

Y and 7 particles. This is used for obtain-

semi-leptonic decays, and additional 7
ing the photonic electron tagging efficiency (described in section 3.6). The datasets
LHC20e3b (0-10%) and LHC20e3c (30-50%) are general-purpose HIJING Pb-Pb-
simulated events used for applying associated particle efficiency corrections (described

in section 3.7).

3.2.1 Integrated Luminosity

The probability for two lead nucleons to undergo any interaction is the total Pb—Pb
cross section, Jgt)alpb. This is a geometrical value determined from the largest Pb—Pb
impact parameter which facilitates a nucleon-nucleon collision [48], [49]. The cross-
section is related to the number of particles produced in a given unit of time, shown

in Eq. 3.8:

dN _
=L Trotal (3.8)
Where is the number of events per second, and £ is what is called the instan-

~25~! the instantaneous luminosity is

taneous lummosfcy [156]. Given in units of cm
a proportionality between the cross-section and the rate of events and is a measure
of the number of beam interactions. The instantaneous luminosity can be used to
quantify the performance of the experiment within a given data-taking period by

calculating the integrated luminosity (£™%) [156],

i = / Lit = gy (3.9)
total

Using equation 3.9, the total integrated luminosity for Pb—Pb collisions in a given

centrality class is calculated as:
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Nevents

Pb—Pb rcent
Utotal f

L = (3.10)

Where of,> PP is equal to 7.67 & 0.16(syst.)b for \/sxn = 5.02 [48]; fe is the
fraction of the centrality (0.1 and 0.2 for 0-10% and 30-50% percentile classes,
respectively); and N is the number of events for each centrality class. For
Nevents — 415 x 10° in the 0-10% centrality class, the corresponding integrated
luminosity is 54 pub~!. For the N°°n* = 62.3 x 10°% in the 30-50% centrality class,
the integrated luminosity is 41 ub™?.

3.3 Particle Tracking

Experimentally, particles are first distinguished by their tracks. Track reconstruction
begins with finding the track clusters in the ITS and TPC. In the ITS, the clusters
are generated from particles passing through the silicon sensors. As particles pass
through the TPC, they ionize the gas and the electrons produced in this ionization
drift to the endplates where they generate clusters in the TPC readout chambers.
The coordinates of the crossing points are calculated as the cluster center of gravity.
The crossing points in the first two layers of the SPD are used to reconstruct the
primary vertex. The seeds of primary particle tracks are constructed from the two
outer TPC pad rows and the primary vertex. Tracks are traced from the outer pad
rows towards the primary vertex, which selects for more space points along the way
and updates the track parameters and covariance matrix using the Kalman filter.
The tracks are extrapolated down using the distance of closest approach (DCA) to
the collision vertex, then propagated outwards through the ITS, TPC, and TRD. The
track parameters are recalculated back to the DCA of the primary vertex. Using the
Kalman filter, the primary vertex undergoes a final refitting using the reconstructed
tracks and the beam-beam interaction information [157]. To ensure track quality for
particle identification, there must be 50 < NTFC clusters - 160 associated with the
track [147]. The number of crossed TPC pad rows by a track as well as the ratio of
the number of clusters to crossed pad rows can be used as variables by which to make
track quality cuts.

To facilitate measuring the jet fragmentation profile, both trigger and associated

particles in this measurement must qualify as physical primaries. Physical primaries
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are particles which originate from the primary vertex or from short-lived particles
produced in the initial collision (in contrast to particles produced in later decay
chains, which are secondary particles). Particles are defined as primary if they have a
mean proper lifetime 7 > 1 cm/c and are produced directly in the collision. A particle
is also classified as primary if its parent has 7 < 1 ¢cm/c and the parent originates

from a decay chain arising from the collision [158].

3.3.1 Electron candidate tracks

For the electron candidate tracks in this analysis, at least 70 pad rows must be
crossed by the tracks, and a ratio cut of 0.8 crossed rows over findable clusters is
imposed. These cuts select for high-quality tracks for reconstruction, and in tandem
with the p% ranges of the electrons measured, selects for tracks which are likely to
reach the EMCal. Additionally, electrons are selected in the pseudorapidity region of
|Ap| < 0.6 to fall within the EMCal acceptance. Strict DCA cuts of 0.5 cm (in the
x,y-plane) and 1.0 cm (on the z—axis) are applied to the electron candidate tracks to
select for physical primaries, which captures electrons originating from heavy-flavor
hadron decays. Particles produce a shower in the EMCal detector material, which
is reconstructed into a cluster. TPC tracks and EMCal clusters are paired by the
cluster-matching algorithm, where tracks and clusters must be within A¢ < 0.01 and
An < 0.01 [151] to be matched as pair. The total list of track selections for electron
candidates is reported in Table 3.1.

3.3.2 Associated particle tracks

Charged particle tracks are selected as the associated particles in the correlation.
Because they are identified using the TPC and do not need to be identified in the
EMCal, they are selected in the pseudorapidity range of |An| < 0.8 and also have
less TPC cut requirements compared to the trigger electrons. This allows for greater
associated particle statistics for the correlation measurement and covers the full range
of the central-barrel pseudorapidity acceptance. Similar DCA cuts are applied to the
associated particle tracks to select for physical primaries.

The track cuts for associated charged particles are listed in Table 3.2.
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Table 3.1: Track cuts used for electron candidate tracks.

Track property Cut applied

Minimum number of I'TS clusters 2

Minimum NCrossedRowsTPC 70

Minimum RatioCrossedRowsOverFindableClustersTPC 0.8

Maximum y? per TPC cluster 4

ITS and TPC refit yes

Hit on SPD layer kAny

Maximum y? per ITS cluster 36

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

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

Pseudorapidity —06<n<0.6

Maximum DCAxy 0.5

Maximum DCAz 1.

Table 3.2: Track selection cuts for associated particles.

Track property Cut applied
Minimum NCrossedRowsTPC 60
Minimum RatioCrossedRowsOverFindableClustersTPC 0.6

Min number of TPC clusters 50
Maximum x? per TPC cluster 4
Pseudorapidity —-0.8<n<0.8
DCAxy 0.5
DCAz 1.

3.4 Electron Identification

Electron identification is performed using the particle identification (PID) information
from the TPC and EMCal. First, electron candidates are identified in the TPC based
on their energy loss (dF/dz) in the detector gas. Then the energy measured from the
EMCal clusters matched to the tracks is used with the track momentum to apply an
EID selection. Additionally, a geometric selection based on the shape of the EMCal
cluster is applied to increase the electron purity of the candidate track. The details

of this process are elaborated in the following subsections.
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3.4.1 TPC Selection

TPC

Electron candidates are identified using the number of standard deviations no,

with respect to the average electron energy loss (dE/dz) in the TPC gas. Where
(dE/dz) is the characteristic electron energy loss expected from Bethe-Bloch function
described in 2.2.2. The distribution of noIFC for all tracks as a function of momentum

is shown in Fig. 3.1.

0—10% 30—50%

All Track TPC Nsigma distribution All Track TPC Nsigma distribution

Orpe-deidx
Orpe-dEidx

10
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Figure 3.1: o1t¢ distribution as a function of pr for 0-10% collisions (left) and for
30-50% collisions (right) measured for this thesis. The electron TPC cut is shown
with a black dotted line.

As pr increases, the dFE/dz signal for some particle species overlaps with the
electron signal. At < 1 GeV/c in momentum, the kaon signal overlaps with the
electron, and eventually the pion and proton signals overlap as well. The dF/dx
signal for all four particles (and eventually the deuteron) overlap within the other
particles’ respective noTFC distributions. This inevitably results in the signal of one
particle contaminating the signal of a different species; in the context of this analysis,
the electron signal is subject to contamination from hadrons. Electrons are selected
by applying an asymmetric cut of —1 < nolFC < 3. This cut removes a significant

portion of pion contamination, which dominates in the range of —3 < oI¥¢ < —1

TPC

. effectively captures

at the p§ ranges measured for this analysis. Applying the no,
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the electron signal, but the hadron contamination that remains must still be dealt
with.

3.4.2 EMCal Selection

The EMCal is used in tandem with the TPC for electron PID. Energy deposited in the
EMCal and the momentum of the track can be utilized for electron PID by exploiting
the E/p ratio for electrons. For electrons at relativistic energies, £ = y/m? + p? = p,
due to their low mass. This results in the F/p ratio of electrons to approximately
equal 1. Therefore, a PID cut of 0.8 < E/p < 1.2 was applied to select for electron
candidate tracks.

Recall in chapter 2, when a particle interacts with the EMCal, the particle pro-
duces a shower in the detector material, which is reconstructed into a cluster. The
EMCal clusterizer parameterizes clusters into an ellipse shape. The short axis (M20),
and long axis (M02) of the clusters are used as additional selection criteria to resolve
the electron signal. A shower shape of 0.02 < M02 < 0.9 is applied to clusters be-
longing to electron candidate tracks to serve as an additional PID cut. This serves
to capture the electron signal while removing the signal contamination from neutral
particles [151]. If one wanted to select for hadrons, a TPC cut of —10 < ¢1F¢ < —4
and a shower shape cut of 0.2 < M02 would be used. All specific electron ID cuts are
reported in Table 3.3.

Table 3.3: Electron identification cuts

Cut parameters Cut applied
O-EPC (_17 3)
Shower shape long axis (M02) (0.02, 0.9)
E/p (0.8, 1.2)

3.4.3 Hadron contamination subtraction

Trigger electron candidates are composed of both electrons and hadrons incorrectly
identified as electrons. The hadron contamination in evident in the E/p distribution

of electron candidates shown in Fig. 3.2.
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Figure 3.2: E/p distribution of electron candidates with 4 < p§ < 12 GeV/¢, in the
0-10% centrality class. The black points are the distribution before hadron contam-
ination subtraction. The red-point distribution is the E/p of particles selected with
—10 < 0IPC < —4 scaled to match the black distribution. Blue is after the contami-
nation subtraction.

As expected of the electron E/p signal, the distribution exhibits a peak centered
at 1. At E/p < 1, there is a second peak at due to the hadron contribution. To
account for this contamination, first trigger hadrons are selected using the same
tracking, F'/p, and shower shape cuts as the electron candidates, but which have a
TPC cut of —10 < oIP€ < —4 to select only hadron tracks. An E/p distribution
is obtained for these trigger hadrons, which exhibits a similar peak in the low E/p
region, but has a significantly larger magnitude. A scaling factor « is used to scale the
hadron-trigger E/p to approximate the hadron contribution in the electron candidate
E/p. To obtain a, the particle yield from the electron candidate E/p is obtained by
integrating within the ranges of 0.25 < E/p < 0.5 and is divided by the yield obtained
in the hadron E/p in the same integration region. The aF/p (hadron) (red points
in Fig. 3.2) is subtracted from the electron E/p to obtain the “pure” electron signal.
This is repeated for all p intervals in both collision centrality classes.

The percentage of true electrons in the electron candidate sample, or the purity,

can subsequently be quantified. This is defined as,
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1.2
E had. subtracted
Purityelectron _ J08 /]1)2 ] (311)
0s E/p
Where the percentage of hadron contamination is Contamination®® = 1 —
Purityeleon For 4 < pS 12 GeV/c in the 0-10% (30-10%) centrality percentiles,

the purity is valued at 95% (96%). As p$ decreases, the purity slightly increases, such

as 97% for the 4 < p5 7 GeV /e, and the purity decreases with respect to increasing
PS5, where it is valued at 93% for 7 < p$ 16 GeV /c.

The electron candidate correlation distribution undergoes a similar correction.
A hadron correlation distribution S(Agp)hadn (which has undergone corrections de-
scribed in section 3.5) is obtained by correlating the trigger hadrons with charged
particles. The hadron distribution is scaled by a factor NHad: electron E/p / Nhadrons
Where NHad: electron E/p j5 the number of hadrons from the scaled electron E/p distri-
bution, and N"adns j5 the number of trigger hadrons. The scaled hadron correlation
distribution is subtracted from the electron candidate distribution (Eq. 3.12) to ob-

tain the inclusive electron distribution, seen in Fig. 3.3.

electron __ ele. cand. hadron
S(Ap) = S5(Ayp) — S(Ap)raren, (3.12)
1< HpT< 2 GeVic 2< HpT< 3 GeVic 5< HpT <7 GeVic
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Figure 3.3: Correlation distributions for inclusive electrons before (black) and after
(blue) subtraction of hadron contamination (red) for events in the 0-10% centrality
class.
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3.5 Mixed-event Correction

Electron candidates are correlated with associated charged particles both in azimuth
(Ag) and pseudorapidity (An) to obtain the 2D correlation distribution. This is

shown for different p3™°“ intervals in Fig. 3.4,

1<Hp <2GeVic 2<Hp <3 GeVic 5<Hp <7 GeVic
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Figure 3.4: Two-dimensional (An, Ap) correlation distribution of electron candidates
with charged particles, for 4 < pS < 12 GeV/c in the most-central events. The tri-
angular shape of the distribution in An is due to the limited rapidity coverage of
the detector. The distribution is also affected by detector inefficiencies and inhomo-
geneities.

The limited acceptance range of the detectors, along with other effects such as
dead or noisy channels will affect the distribution C'(Ag)f if not corrected. These
effects can be removed by performing a mixed-correction procedure: This correlates
associated particles with triggers from separate but similar events, resulting in a
distribution which captures the acceptance and detector effects. This mixed event
distribution M E(An, Agp) is used to correct the same event (SE(An, Ap)) distribu-
tions [159] such as in Fig. 3.4.

The events are categorized into pools which group similar VtxZ (z-vertex) posi-

tions and centrality classes. The ranges of the event pools are binned as follows:

e 0-10% centrality events

— Centrality percentile bin : (0,1), (1,2), (2,3), (3,5), (5,7.5), (7.5,10)
~ VixZ(em) bin : (-10-5), (-5,-2), (-2,0.5), (0.5,3), (3,6), (6,10)

e 30-50% centrality events
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— Centrality percentile bin : (30,32), (32,35), (35,38), (38,41), (41,45), (45,50)
~ VixZ(em) bin : (-10-5), (-5,12), (-2,0.5), (0.5,3), (3,6), (6,10)

The size of the centrality pool bin decreases as the collision percentile increases.
This is done to account for the higher particle multiplicity in the lower percentile
(greater centrality) events. The asymmetry in the VtxZ bins accounts for the shift in
the VtxZ distribution centered around VtxZ = 0.5 for Pb—PDb collisions. A minimum
of three events are required in each pool before the corresponding particles can be
selected.

Electron candidates are correlated with associated particles from their common
event pools to create the mixed-event distributions, M E(An, Ap). Figure 3.5 shows
ME(An, Ap), which exhibits the same triangular structure as SE(An, Ay), minus

the correlation peaks.

1< HpT <2GeVic 2< H;:vT <3GeVic 5< HpT <7 GeVic

Figure 3.5: Mixed event (An, Ap) distribution between inclusive electrons and
charged particles normalized by § (yield from (An, A¢) = (0,0)) for 4 < p§ < 12
GeV/c and in different associated charged particle pr intervals for 0-10% centrality
class events.

At Ap, An = 0, the trigger electron and associated particles experience the same
detector effects. By exploiting this property, a [ factor is obtained to normalize
the mixed-event distribution. [ is calculated as particle yield at (An, Ag) = (0,0).
The mixed event distribution is divided by the g factor to obtain the normalized
mixed-event distribution, M Exom(An, Ay),

1
MENorm(Anv ASO) - BME<A777 AQO) (313)
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The acceptance-corrected signal distribution (S(An, Ay)) is obtained by dividing
the same-event distribution by the normalized mixed-event distribution, seen in Fig.
3.6:

SE(An, Ayp)

S(An, Ap) = B x 3.14
(An, Ap) = B ME(An Ag) (3.14)
1<Hp <2GeVic 2<Hp, <3 GeVic 5<Hp <7 GeVic
SN I\
Thisthesis AN
R 000 '

9600-

Figure 3.6: Mixed-event-corrected 2D correlation distribution between inclusive elec-
trons and charged particles for 4 < p} < 12 GeV/c and in different associated charged
particle pr ranges for 0-10% centrality class events.

The mixed-event correction procedure is applied to the distributions in every as-

sociated p§°“ interval for all correlation distributions measured in the analysis. The

ele. cand.

one-dimensional azimuthal correlation distribution S(Ayp) is obtained by inte-

grating over the range |An| < 1, which reduces the fluctuations of the measurement.

3.6 Non-HFe Background Subtraction

There are multiple sources which contribute to the electron spectrum produced in

hadronic collisions. The electrons may originate from:

e The semi-leptonic decay of heavy-flavor hadrons
e Dalitz decays of light neutral mesons
e Photon conversion within the detector material

e The weak decays of K mesons and the di-electron decays of light vector mesons
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e Di-electron decays of quarkonia

e Partonic hard scattering, such as Drell-Yan production and prompt photon

production

e W+, 7 and Higgs boson decays

In the trigger pr ranges studied in this analysis, electrons from the semi-leptonic
decay of HF hadrons, electrons from Dalitz decays, and from photon conversion in
the detector material dominate, while the other sources are negligible. For brevity,
these electrons from Dalitz decays and photon conversion will be referred to as the
“photonic” electron background. Electrons from the semi-leptonic HF hadron decays
are produced individually, whereas photonic electrons are produced in pairs. This

property can be exploited to identify and separate these background electrons.

3.6.1 Photonic electron production

Electron-positron pair production can occur from photons above energies of 2m.c?
(> 1.022 MeV) when the photon interacts with the Coulomb field of an atomic nucleus
[160]. Photons measured by ALICE predominantly originate from 7° and 7 mesons,
which both have a meson — v+ decay channel branching ratio of approximately 99%
and 39%, respectively [11], [161]. These photons can then interact with the detector
material of the ALICE central barrel and convert to an electron-positron pair [161],
[162].

In addition to the di-photon decay, the n and 7 mesons also undergo Dalitz
decays. A Dalitz decay is the three-body decay of electrically neutral pseudoscalar
mesons into a di-lepton pair which are accompanied by a sister photon or vector meson
[163]. For 7%, the branching ratio of the 7% — ve~e™ Dalitz decay is approximately
1%. The equivalent decay for n has a branching ratio of 7 x 1073. However, the
branching ratio of n — 37 is 33%, which would significantly contribute to the number
of 7° mesons and their subsequent decays. Despite these relatively small branching
fractions, because both 7° and 71 are produced in such large quantities in hadronic
collisions, electrons from the Dalitz decays provide a significant contribution to the

photonic electron spectra.
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3.6.2 Unlike-sign and Like-sign correlations

To estimate the photonic electron contribution, electrons (or positrons) which pass
the trigger electron tracking and electron ID cuts are paired with a partner electron
(or positron) in two ways: partners which have opposite charges (dubbed unlike-sign
pairs, ULS) or which have the same charge (like-sign, LS) to the trigger electron.
The partner electrons are identified by a loose dE/dx cut of —3 < oIF¢ < 3 and
undergo similar tracking cut criteria to the associated charged particles and are not
identified in the EMCal. Due to the drop in detector tracking performance at very low
pr, partner electrons have minimum pr requirement of > 0.3 GeV/c. Additionally,
X2/NDF cuts are imposed on the reconstructed parent vertex to ensure that the
electron pairs originate from photon conversion or Dalitz decays. The partner electron

cuts are summarized in Table 3.4.

Table 3.4: Additional track selection cuts used for associated electrons.

Track property Cut applied
Minimum NCrossedRowsTPC 60

Min number of TPC clusters 50
Minimum RatioCrossedRowsOverFindableClustersTPC 0.6
Maximum x? per TPC cluster 4

Min pr (GeV/e) 0.3
Pseudorapidity —-09<n<09
PID cut -3 <ol <3
Maximum DCAxy 0.5
Maximum DCAz 1.

The invariant mass is calculated from the electron pairs. The invariant mass
spectrum of unlike-sign pairs is characterized by a peak at GeV /¢ ~ 0 (shown in Fig.
3.7, plotted in blue). Because the additional photon is not reconstructed with the
pairs originating from the Dalitz decays, there are no characteristic invariant mass
peaks for the 7° and 1. However, the electrons from these sources contribute to the
invariant mass up to approximately 0.14 GeV/c* [164].

In the invariant mass reconstruction process, random combinations of electron-
positron pairs result in combinatorial background to the distribution. The combina-
torial background is estimated with the LS invariant mass distribution (shown in Fig.
3.7, plotted in red).
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Figure 3.7: Invariant mass distribution for the like-sign (red) and unlike-sign (blue)
electron pairs for 4 < pS. < 12 GeV/c for 0-10% (left) and 30-50% (right) centrality
collisions. The difference between the like-sign and unlike-sign distribution is more
noticeable in the 0-10% centrality.

The like-sign invariant mass spectra has no characteristic peak at GeV/c ~ 0,
but it does contain the combinatorial background from the reconstruction. However,
experimentally the combination of eTe® exceeds the eTeT combinations. Therefore,
due to the large background accumulated in the Pb—Pb environment, the asymmetry
of these pairs are amplified, so the LS distribution does not entirely match the ULS
contribution. Therefore, the LS invariant mass distribution is scaled to match the ULS
within the range 0.2 < GeV/c?* < 0.25, seen in Figure 3.7. This range was chosen
because it fit outside of the Dalitz decay contribution to the invariant mass. The
values of the scaling factors are 1.045 for both the 0-10% and 30-50% centrality classes
of electrons with 4 < p} < 12. Figure 3.8 shows the invariant mass distributions after
the scaling factors are applied.

A cut of me-.+ < 0.14 GeV/c? is applied to both the ULS and LS invariant
mass distributions to obtain the photonic electron signal. This upper threshold of
0.14 GeV /c? was chosen because this captures approximately 98% of 7° and 7 Dalitz
decays [164]. The number of the reconstructed photonic electrons is estimated by
subtracting LS from the ULS signal.

Electrons which pass the trigger electron criteria and are successfully matched
with ULS and LS partners which fulfill m.-.+ < 0.14 GeV/c? are correlated with
charged particles to obtain the S(Agp)"™ and S(Ap)LS distributions, respectively.

To account for photonic electrons lost due to the reconstruction procedure, the dis-

94



— ULS Invmass
0-10%

30-50%

— ULS Invmass

—— (Scaled) LS Invmass —— (Scaled) LS Invmass

This thesis

2000

This thesis
1500

1000~

500

el ’»_M-l
0.25 0.3 00 0.05 0.1 0.15 0.2

mass(GeV/ch2)

GEAT'T(H\HH\"..31....\.‘
0 0.05 0.1 0.15 0.2

PRI BATR R
0.25 0.3
mass(GeV/cr2)

Figure 3.8: Invariant mass distribution for the like-sign (red) (after scaling) and
unlike-sign (blue) electron pairs for 4 < p§ < 12 GeV/e for 0-10% and 30-50%
collisions.

tribution (S(Ap)"HS — S(Ap)®) is corrected by the tagging efficiency (€iag). This
efficiency is obtained from Monte Carlo simulations using electrons “tagged” as orig-

inating from Dalitz decays and photon conversion.

3.6.3 Tagging efficiency

The specific datasets used to estimate the tagging efficiency are listed in section
3.2 and consist of events generated with HIJING v.136 [84] simulations of Pb-Pb
collisions. Particle propagation through the ALICE detector is simulated using
GEANT3 [165]. For the purpose of improving the statistical precision of the tag-
ging efficiency, additional 7° and 7 mesons are generated with PYTHIA 6.4.25 [83]
and are embedded within the simulated sample, which extends the pt spectra of both
particles to 50 GeV /c. These high pr spectra is required to account for decay chains
such as n — 7 — v — €T that produce up to 16 GeV/c electrons. However, this
artificially injected spectra is flat as a function of pr (Figure 3.9) and must be cor-
rected using a weighting factor before the tagging efficiency can be calculated. For
the Monte Carlo reconstruction, the following decay channels were taken into account

when selecting photonic electrons:
1.y —eet

2. 0 — yy
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3. w0 — ye~eT
4.n =y

5. m— ye et
6. n — 3r°

Where this list is not entirely exhaustive, since the photonic electrons can also
originate from very rare decays such as 7 — 2e2e™, but decays such as these are
automatically included in the reconstruction.

The weights to apply to the embedded 7° and 7 spectra are obtained by tak-
ing the ratio of the 7° and 5 which originate from HIJING to the flat spectra (HI-
JING /embedded). This ratio is fit with the Hagedorn function (f = po x (e ?1#~72¢” 4

p%)_p‘l) to parameterize the enhanced sample, which is shown in Figure 3.10 for 0-10%

collisions.
° p, distribution n p, distribution
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Figure 3.9: Spectra of 7 and n from HIJING compared to the spectra of the artifi-
cially embedded spectra generated by PYTHIA.
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Figure 3.10: Ratio of HIJING to PYTHIA spectra of 7° and 7 fit with the Hagedorn
function.

Applying the weighting factor to correct the flat 7° and 7 spectra subsequently
changes the daughter electron pr spectra to create an unbiased distribution. The
effect on the electron pr spectra is seen in Fig. 3.11; the weighting procedure is

repeated for the 30-50% centrality class MC sample.

Spectra, electrons from embedded z° and 7 (without weight) Spectra, electrons from enhanced n° and n
= 10°e T T T T T = E T T T T T
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Figure 3.11: Monte Carlo pr spectra of electrons from 7° and 7. (Left) shows the
spectra of electrons when no weight is applied to the parent particles. (Right) shows
the spectra of electrons after the weight is applied. Open circles for both figures
represent electrons which pass the reconstruction procedure, and closed circles are all
electrons identified as photonic.

The tagging efficiency is defined by the ratio of photonic electrons which pass the
reconstruction procedure to all photonic electrons in the Monte Carlo sample. The
numerator and denominator spectra are shown in Fig. 3.11, where the open circle
distributions are the spectra of the reconstructed photonic electrons, and the closed

circles represent the spectra of all photonic electrons in the sample. Figure 3.12 shows
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the resulting tagging efficiency obtained from these two spectra. For collisions in the
0-10% (30-50%) centrality interval, the tagging efficiency is 57 £ 1% (61 + 1%) at
p5 = 4 GeV/c, and approximately 65 £ 1% (68 + 1%) at p§ = 7 GeV/c. For p§ > 8
GeV/c, the tagging efficiency is approximately constant with a value of 70 4+ 1% for

both centrality classes.
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Figure 3.12: Tagging efficiency distribution for the photonic electron reconstruction

for 0-10% events.

The resulting photonic electron (Non-HFe) correlation distribution, which consists

of electrons tagged as photonic are correlated with charged particles are given as:

1
S(Ap)Norile = —[S(Ap)"H — S(Ap)™]. (3.15)
6tag
And the number of photonic electrons (NN°n~H¥e) are determined via:
NNoanFe _ L(NULS _ NLS). (316)
6tag

Where NS is corrected by the same scaling factor used for the invariant mass
distribution. After this procedure, the correlation distributions of heavy-flavor hadron

decays can be determined,

S(A(,O)HFE — S(Ago)electron o S(AQO)NOH-HFe. (317)

And the NH¥e is determined by:
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NHFe _ Nelectron . NNoanFe‘ (318)

3.7 Associated particle corrections

The electron from heavy-flavor hadron decay correlation distribution is normalized
by NH¥e such that the distribution reflects the number of associated particles in Ay
per HF electron.

1
C(Ap)T = VHFe

Due to the track selections applied to the associated particles, some particles

S(Ap)Hte (3.19)

are lost in the track reconstruction process. Additionally, some secondary particles
end up contaminating the associated particle signal. The efficiency and secondary

contamination must be corrected to obtain the final distribution.

3.7.1 Charged particle tracking efficiency

To correct for the particles lost in reconstruction, a tracking efficiency is applied to
the C'(Ag)H distribution for each associated pr interval to account for associated
particles missed in the track reconstruction. The associated particle tracking effi-
ciency is estimated using general purpose Monte Carlo samples mentioned in section
3.2. This is obtained by taking the ratio of charged particles which pass the track

reconstruction over all charged particles in the Monte Carlo sample (Fig. 3.13).

Hadron reconstruction effiency
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Figure 3.13: Tracking efficiency distribution for associated charged particles in the

0-10% centrality class.
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This is performed for both centrality percentiles, and an efficiency is obtained for
the five associated pr intervals (1-2,2-3,3-4,4-5,5-7 GeV/c). This is repeated
for both centrality classes. In the interval 1 < p3¥°® < 7 GeV/c, for 0-10% (30-50%)
collisions, the efficiency is 82-85% (86-87%).

3.7.2 Secondary particle contamination

To estimate the contamination of the secondary particles in the associated particle
sample, a physical primary purity distribution is determined. This is done by tak-
ing the ratio of the pr spectra of charged particles which are designated “Physical
Primary” to the spectra of all charged particles. This is shown in Fig. 3.14.

Physical primary purity
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Figure 3.14: Physical primary fraction distribution of charged particles in the 0-10%
centrality class.

For the 0-10% centrality class, the estimated amount of secondary hadrons is
2-4% (1-4%) for 0-10% (30-50%) collisions. Similarly to the tracking efficiency, the
secondary particle contamination (Purity®°¢) correction is applied to C'(A¢)"F® in

each associated pr interval. This is shown in Eq. 3.20,

assoc.

Purity
E'f ficiency?ssoc

( VO (Ap)Prasses, (3.20)

3.8 Correlation Background Subtraction

After all corrections are applied, the correlation distribution contains both correlated
signal and a distribution background. This background must be fit with a baseline

function B(Ayp) and subtracted from the correlation distribution to obtain the final
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distribution from which the per-trigger yields can be extracted. In comparison to
pp and p—Pb collisions, Pb—Pb collisions are characterized by a large background of
uncorrelated pairs due to the particle multiplicity, which is one background source. An
additional background source is from anisotropic flow. To estimate these background

contributions, the baseline function is defined as,

B(Ap) =b(1+2 Z vHFeYS0C cog (nA ). (3.21)

HFe assoc
n o and vl

Where b is the pedestal parameter of the background, and v are
the n-th order harmonic flow coefficients of the trigger and associated particles. The
background due to uncorrelated pairs is assumed to be flat and contributes to a non-

zero b value. The anisotropic flow contribution results in a modulation seen in A¢

HFe and passec

o OSS0C are

which contributes to the correlation peak shapes. The values of v
taken from previous measurements, but the value of b is not known a priori and must

be estimated.

3.8.1 Anisotropic flow estimation

Only the vy and v flow coefficients are considered for this study, due to the negligible
effect the higher order coefficients (n > 3) would have on the correlation. The heavy
flavor electron flow coefficients used in this analysis are taken from measurements of
the ATLAS experiment on muons from HF decay measured at 0-10% and 30-40%
centrality classes [166] due to the lack of electron measurements in this full centrality
range. Because v,, is a measure of anisotropic flow as a function of pr, the electrons
and muons from heavy-flavor hadron decays are expected to have similar kinematics.
Therefore, the heavy-flavor decay muon v, can be used in place of the heavy-flavor
decay electron. The spectra of heavy-flavor decay muons are also taken from an
ATLAS measurement [167] for the purpose of obtaining a statistically weighted flow
coefficient corresponding to the pr ranges used in this analysis. The flow coefficients
and spectra of charged particles were measured by ALICE in 0-10% and 30-50%
centrality percentiles and are used for this analysis [168], [169].

To obtain the statistically-weighted v,, values, the spectra measured in the papers
are weighted by the inverse of the measured variance to create the corresponding

spectra in the pr intervals that the v,, are measured.

101



1 .
, i=1(52) (yield);
yield®omined = ST (3.22)
lzl g’?

For the charged particles, the v, values are measured in centrality intervals 0-5%,
5-10% and 30-40%, 40-50%. The wv,, for these intervals are combined to match the
analysis centrality by obtaining spectra-weighted average. The vy and v3 distributions

are shown for charged particles in Figs. 3.15 and 3.16.

- o1 (Vh x yield?)
combined 1=1\"2
Yn §}i_1yield’ ( )

The measured statistical and systematic errors from the v, measurements are
combined in quadrature and are combined following a similar spectra-weighted aver-

age.

Sici (o8t x yield")
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n
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Figure 3.15: The pr distribution of charged particle vy (left) and v3 (right) shown for
the 0-10% centrality percentile.
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Figure 3.16: The pr distribution of charged particle vy (left) and w3 (right) shown
for the 30-50% centrality percentiles. Notice the larger magnitude of v, for this
centrality.

Both the vy and v3 for all p% intervals are shown in Figs. 3.17 and 3.18.
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Figure 3.17: The flow coefficients vy (left) and the vs (right), calculated for the three
trigger p ranges studied in this analysis using a statistically-weighted average in the
0-10% centrality class.
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Figure 3.18: The flow coefficients v, (left) and the vs (right), calculated for the three
trigger p5 ranges studied in this analysis using a statistically-weighted average in the
30-50% centrality class.
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Tables 3.5 through 3.8 report the final v,, values used in the analysis along with

the corresponding uncertainty.

Table 3.5: Values for v, used in baseline function in 0-10% centrality.

Particle pr range (GeV/c) Vg Error

HF hadron decay electron 4—12 0.03176  +/ —0.00303
HF hadron decay electron 4 -7 0.032163 +/ — 0.00305
HF hadron decay electron 7—16 0.02188 +/ — 0.00266
Charged particle 1-2 0.05918 +/ —0.00276
Charged particle 2-3 0.08269 +/ —0.00287
Charged particle 3—4 0.09207 +/ — 0.00531
Charged particle 4—5 0.07773  +/ —0.00639
Charged particle 5—17 0.05970  +/ — 0.01060

Table 3.6: Values for v5 used in baseline function in 30-50% centrality.

Particle pr range (GeV/c) Vg Error

HF hadron decay electron 4—12 0.07820 +/ — 0.00576
HF hadron decay electron 4 -7 0.07913 +/ — 0.00581
HF hadron decay electron 7—16 0.05923 4/ —0.00474
Charged particle 1-2 0.16839 +/ — 0.00363
Charged particle 2-3 0.22720 +/ —0.00383
Charged particle 3—4 0.23105 +/ —0.00583
Charged particle 4-5 0.20037 +/ — 0.00756
Charged particle 5—17 0.16031 +/ —0.01082
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Table 3.7: Values for vz used in baseline function in 0-10% centrality.

Particle pr range (GeV/c) U3 Error

HF hadron decay electron 4—12 0.04367 +/ —0.003803
HF hadron decay electron 4-7 0.02070 4/ — 0.00321
HF hadron decay electron 7—16 0.01063 4/ — 0.00310
Charged particle 1-2 0.043567 +/ — 0.003803
Charged particle 2-—3 0.07495 +/ — 0.004040
Charged particle 3—4 0.09068 +/ — 0.006163
Charged particle 4—-5 0.08680 +/ —0.007807
Charged particle 5—17 0.04463 +/ —0.011987

Table 3.8: Values for v3 used in baseline function in 30-50% centrality.

Particle pr range (GeV/c) U3 Error

HF hadron decay electron 4—12 0.02128 +/ — 0.00500
HF hadron decay electron 4 -7 0.02190 +/ —0.00501
HEF hadron decay electron 7—16 0.06341 +/ —0.00418
Charged particle 1-2 0.06341 +/ —0.00418
Charged particle 2-3 0.09577 +/ —0.00572
Charged particle 3—4 0.10462 +/ — 0.00854
Charged particle 4—-5 0.08691 +/ —0.01058
Charged particle 5—17 0.07206 4/ —0.01667
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3.8.2 Pedestal parameter Estimation

There are different approaches to estimating the pedestal parameter (b) of the baseline
function 3.21 for the purpose of removing the uncorrelated background. A common
method performed in correlation analyses is to fit and characterize the correlation
peaks with probability density functions (PDFs) with the baseline simultaneously
[135], [170]. Another approach is to make a zero yield at minimum assumption,
which involves fitting only the transverse region of the correlation distribution with
a baseline function, leaving only the correlation peaks, from which the peak yields
can be obtained [70]. Some of the challenges with the pedestal parameter estimation

procedure in this analysis include:

Correlation background is not flat

asSsocC.

e Large background in some pf intervals affect the stability of fitting algo-
rithms
e Fluctuations in the correlation distribution, which particularly affect the trans-

verse region

Broad or sometimes nonexistent away-side peak is difficult to fit with some

probability density functions

In the remainder of this section, an overview of how to characterize correlation
distribution peaks is discussed, different methods to estimate the baseline and how
those may or may not work in this analysis due to these difficulties, followed by the

final method used to estimate the baseline pedestal parameter.

3.8.2.1 Probability density functions

As mentioned in section 1.6.0.5 of the introduction, the azimuthal correlation dis-
tribution is characterized by at least one, or most often two peaks, with means (u)
at 0 and w. Barring fluctuations in the distribution, these peaks are assumed to be
symmetric about their means and can be characterized by probability density func-
tions. By fitting the correlation peaks with PDFs, both the distribution peak yields
and peak widths become observables from the correlation which can be compared

to model simulations. Since these observables are affected by the underlying physics
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of jet fragmentation, PDFs offer a quantitative way to characterize the distribution
peaks.

The normal or Gaussian distribution [171] is used in some correlation analyses
[172] to characterize the peaks. This is a continuous probability distribution, which
is described by a PDF in the form:

fx) = e 207 . (3.25)
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Figure 3.19: Gaussian distributions with different mean (u) and standard deviation
(o) values [171].

Where the variable o, or square root of the variance, is used to characterize the
peak width. Given that the Gaussian PDF is normalized, such that the integral of
the function from (—o0, c0) outputs a value of 1, the Gaussian distribution can be

modified to include an amplitude term Yje.x such that the modified PDF becomes,

Ypeak _ (=)
T) = e 207 | 3.26
fla) = 2 (3.20)

Where the amplitude Y,k quantifies the per-trigger yield of the correlation peak.

However, one cannot assume that the azimuthal correlation peaks exhibit a purely
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Gaussian shape. An alternative PDF is the generalized normal/generalized Gaussian

distribution, with a characteristic function:

() = me%%“'ﬁ (3.27)
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Figure 3.20: Generalized Gaussian distribution with different g values.

The generalized Gaussian [173] offers more degrees of freedom with the o and
variables, which makes the PDF more adaptable to a larger number of correlation

peak shapes. Like the Gaussian PDF, this function can be modified to include a yield

term,
Ypeak/B _(M)/@
= (o3 . 2
The peak width from the generalized Gaussian PDF is o = ay/I'(3/3)/T(1/83).

This has been used to characterize the near-side peak in D-meson correlation stud-

ies [172]. However, the variables a and 8 are not known a priori, and they can
have a range of values which could be similarly valid to describe the peak width.
These two variables contribute a possible source of systematic uncertainty via this

characterization method.
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One of the difficulties with using the Gaussian and generalized Gaussian PDFs
is the periodic nature of the correlation distribution. Because the distribution is on
the full circular azimuth, it repeats such that, C(-%) = C (%”) The characteristic
function of the distribution must also express this same periodicity. When using
the Gaussian or generalized Gaussian PDFs to fit the distribution, the characteristic
function must impose an artificial periodicity to fulfill this criteria. This issue can be
addressed by utilizing a periodic probability density function.

One such example of a periodic PDF is the von Mises distribution, which is a
continuous probability distribution on a circle. The distribution originates from the
field of directional statistics, which focuses on circular data, with examples such as
wind or wave directions, or a 24-hour time cycle [174]. The von Mises distribution is
generally characterized as the normal distribution on the circle, with a PDF of the

following form,

el cos (z—p)
Jlw) = 2rlo(k)
Where I is the modified Bessel function of the first kind of order 0 evaluated

at k. The variable k is a measure of concentration, where 1/x is analogous to the

variance 2. This distribution has the benefit of being directly applicable to the

periodic domain of the correlation distribution, and thus fulfills the C(—%) = C(2F)

requirement. In the range of (—m, ), the distribution sums to unity. Therefore, like

(3.29)

the other PDF's, the von Mises function can be modified to account for the peak yield:

K cos (z—p)

Y,

peak€
T ===

(3.30)
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Figure 3.21: von Mises distribution with different s values.

The von Mises PDF has been successfully implemented to characterize the cor-
relation distributions of electrons from heavy-flavor hadron decays in pp and p—Pb

[135]. The corresponding width from this PDF is given by,

(k)
Io(k)
Where [;(x) is the first-order modified Bessel function evaluated at . Like the

Gaussian distribution, the von Mises PDF has only one unknown variable to consider

o= 4/—2log (3.31)

when fitting the distribution. For this analysis, the von Mises PDF will be used for

characterizing the azimuthal distribution.

3.8.2.2 Methods to estimate the correlation distribution baseline

In previous correlation measurements within the heavy-flavor sector, such as electrons
from heavy-flavor hadron decays in pp and p—Pb [135], the D-meson [170], [172],
[175], and the A, [176], all analyses fit both the correlation peaks and the underlying
background of the distribution. This is given by the following general form of the

distribution characteristic function,
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f(Ap) = PDF(NS) + PDF(AS) + b. (3.32)

Where the PDF is one of the previously mentioned probability density functions
which are used to characterize the near- and away-side peaks. The pedestal param-
eter b functions the same in this analysis, such that this represents the uncorrelated
background. However, since there is no assumed modulated flow component to the
background, the standalone b in the function represents a flat line. This is a valid
assumption in pp and p—Pb analyses, but not in Pb—Pb where a nonzero flow contri-
bution to the background has been experimentally measured in the centrality classes
used in this analysis. Since in this analysis we are considering both the v, and v3 flow
coefficients for the trigger and associated particles, the characteristic function takes

the general form of,

f(Ap) = PDF(NS)+PDF(AS)+b(1+2usFe v cos (2A¢p) + 20 g cos (3Ap)).
(3.33)
When attempting to fit this function on the correlation distributions in this anal-
ysis, a reoccurring issue would appear in several p§™°¢ intervals in both centrality
classes, shown in Fig. 3.22. When fitting the near- and away-side peaks as a com-
bined function such as Eq. 3.33, the resulting baseline B(A¢) would be placed either
unphysically too low or high from the correlation distribution. This issue would occur
when using different PDF configurations for the peaks. The pi¥°“ intervals where
this occurred were often the intervals with the largest background contribution, but

this was not exclusive to those correlations.
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Figure 3.22: Correlation distribution in the lowest p3**°“ interval for the most-central
collisions. The solid red line is only the near-side peak fitted with a von Mises
PDF, and the dotted line is the corresponding baseline. The blue solid line is the
characterization function using the von Mises PDF for both peaks . The blue dotted
line represents the resulting baseline from the fit, which is unphysical.

The unphysical baseline occurred due to the fit instability of the characteristic
function Eq. 3.33. Most of the difficulty with obtaining a stable fit was due to
the away-side peak. In some piP°¢ intervals, the peak width was so wide that it
overlapped into the near-side peak region, resulting in an unstable fit (such as what
is seen in Fig. 3.22). In other p§¥°® intervals, the AS peak was either non-existent
or undetectable within the correlation fluctuations, which could not be accurately
characterized by a PDF. For these reasons, a reasonable pedestal parameter b could
not be consistently obtained from this method. Although this method of fitting
the distribution with a full characteristic function was not used in the final analysis
procedure, the cross-checks performed on this method demonstrated that the near-
side peak was well-defined in all p$ and p§°°¢ intervals. Such that it is consistently
well-described by a von Mises function.

An alternative to fitting the entire distribution to obtain the b parameter is to fit
only the baseline function (B(Ay)) in the parts of the distribution where there are no
peaks, the transverse region. This part of the correlation distribution is approximately

around Ap ~ T and Ap ~ —F 37” (depending on the peak width). With this method,
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one assumes the absence of the jet in the transverse regions of the distribution, or
that there is zero peak yield at the minimum of the distribution (ZYAM method)
[177]. This approach has been used successfully in A, K, and hadron correlation
analyses [70]. There are two primary issues with the ZYAM method: When the
correlations peaks are relatively large in width, it can be difficult to define exactly
where the transverse region ends and the peak begins, and vice versa. Additionally,
the statistical uncertainty on the pedestal parameter b increases when fewer points
of the distribution are fitted.

3.8.2.3 Analysis characterization function

For this analysis, the value of the pedestal parameter b was estimated by a combi-
nation of the aforementioned methods. Because the near-side peak is consistently
well-defined in all correlations, this was fit with a von Mises PDF, while the away-
side was not fit with any function. The transverse region of the distribution was fit
with the baseline function B(Ay), which was informed by the ZYAM method. This

is done with the final characterization function,

e cos (Ag)

f(Ap) = B(Ap) + (3.34)

2rlo(rys)

The resulting function Eq. 3.34 fits both the transverse region of the distribution
and near-side peak. This approach minimizes some of the issues with the other
methods: The near-side peak is fully characterized, which allows for the extraction of
the peak width, and one method to obtain the near-side peak yield. This also serves to
“anchor” the b parameter, so that the baseline function is not significantly influenced
by the fluctuations in the transverse region. A maximum number of distribution
points are included when fitting Eq. 3.34 on the near-side peak and transverse region,
resulting in the smallest uncertainty on the parameter b as possible. Because this
method involves assumptions about where exactly the transverse region resides, a
systematic study was performed to determine the total uncertainty of the baseline
estimation, which is described in the next chapter in section 4.3.6.

The B(Ayp) placement obtained from the fit is subtracted from the correlation
C*(Ap)¥ which is then used to obtain the final correlation distribution. This is
shown in Fig. 3.23:
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Figure 3.23: Correlation distribution in the 0-10% centrality class. The left figure

shows the distribution fitted with B(Ay) before subtraction. The right shows the
distribution after B(Ag) subtraction.
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Chapter Four: Systematic Uncertainties

Every measurement taken with the ALICE detector, or similarly, any measurement
taken with an experimental apparatus in the realm of particle or nuclear physics or
beyond, has an uncertainty associated with the measurement. There are multiple
sources of this uncertainty: For a collider measurement, an uncertainty arises in the
form of the Poisson variance due to measuring several million independent discrete
events. There is also an uncertainty associated with the confluence of a detector
imprecision and the experimenter’s limited knowledge of the system.

For example, to measure the pr spectra of electrons produced in a pp collision, the
electrons are isolated using well-known cuts in the TOF or TPC and EMCal. Some of
the particles in this signal are pions or kaons misidentified as electrons because their
signals overlap in the detector. There are also electrons which do not originate from
the collision itself but from the decay of direct photons interacting with the detector.
These are background electrons which must be removed from the signal. Additionally,
some electrons are lost due to the tracking selections or the limited acceptance of the
detector, therefore affecting the total number of electrons measured. To address these
problems, multiple assumptions about the analysis must be made, which include but

are not limited to:
e The E/p cut fully removes the hadron contamination

e The background electrons are well-described by Monte Carlo, such that their

simulated spectra can be subtracted from the total measured electron spectra

e The Monte Carlo simulation used to correct for lost electrons correctly recreates

the correct proportion lost in reconstruction

All of these assumptions listed carry with them a degree of uncertainty. Effects
such as these necessitate that results are expressed as both the measured values and
error bars which encapsulate the total uncertainty of those measured values. The un-
certainties related to the measurement of this analysis are distinguished by two types:
Statistical and systematic. To describe in simple terms, the statistical component of

the uncertainty is as it sounds, the uncertainty as a consequence of measuring a large
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finite sample of events. The uncertainty due to an event occurring with Poissonian
probability is a statistical uncertainty. The uncertainty “associated with the nature
of the measurement apparatus, assumptions made by the experimenter, or the model
used to make inferences based on the observed data” [178] such as the uncertainties
associated with the direct electron identification are systematic uncertainties. Put
another way, the systematic uncertainty is the uncertainty resulting from how the
measurement is performed, the assumptions made in the measurement process, and
the limited knowledge of the measurement process. However, the systematic uncer-
tainty is linked to the statistical, in that statistical fluctuations or the finite number
of events influence the magnitude of the systematic uncertainties. Understanding and
estimating the uncertainty due to systematic effects is fundamentally different from
determining the statistical uncertainty, and requires a careful approach to quantify.
The focus of this chapter is to detail the systematic uncertainties associated with
this analysis. First, the systematic sources for these uncertainties are listed and how
they are expected to affect the observables. Next, the procedure to estimate the
systematic uncertainties are described. Finally, the estimation procedure for these

systematic uncertainties are shown, and the final estimated uncertainty tables.

4.1 Systematic Sources

In the previous section, the systematic uncertainty was defined as the degree of un-
certainty attributed to the choice imposed on the measurement procedure. In every
step of the analysis, from the correlation distribution corrections to the tracking, etc.,
these choices contribute to the overall uncertainty of the measurement. The following

list contains the sources of systematic uncertainties in this analysis:

1. Electron track selection

2. Electron identification

3. Associated particle track selection

4. Non-HF hadron decay electron identification

5. Mixed event correction
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6. Baseline estimation

These systematic sources affect the following observables:
e Ay correlation distribution

e The peak widths

e Near-side per-trigger associated yield (Yxs)

e Away-side per-trigger associated yield (Yag)

In the following sections, the estimation procedure is discussed as well as the effects
of these sources on the analysis and their estimated uncertainty on the distribution

and yields.

4.2 Systematic Uncertainty Estimation

Disentangling the systematic uncertainty from the statistical is an art as much as it
is a science. The process for determining the uncertainty for all systematic sources
(with the exception of the uncertainty due to the estimation of the baseline, discussed

in section 4.3.6) is as follows:

1. Select a reasonable variation of the selection criteria (or “cut”) for a systematic

source.
2. Perform the analysis procedure using the variation.

3. Take the ratio of the observable (A distribution or yield) using the“default”
cut described in the analysis chapter to the observable identified with the vari-

ational cut. This is performed for one variation at a time.
4. Repeat with additional reasonable variations related to the systematic source.

5. After evaluating the cut variation ratios and other checks, assign an uncertainty

value to the systematic source.
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What constitutes a “reasonable” variation is inherently subjective and relies on the
knowledge of how each selection in the analysis procedure affects the measurement,
which will be elaborated in the following sections.

A detail of note: The baseline estimation is a significant source of uncertainty
of the analysis. However, the baseline must be subtracted to obtain the per-trigger
yields. To minimize the effect of the baseline uncertainty on the yields, a flat back-
ground is subtracted from the correlation distributions for all different systematic

cuts. An example is shown in Fig. 4.1.

2<Hp <3 GeV/c
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Figure 4.1: Ay Correlation distribution of inclusive electrons with charged particles
in the p5¥°* interval of 2 - 3 GeV/c. The average of three values of the distribution
around =%, 7, and 37” are used to obtain the flat pedestal b, which is subtracted from
the distribution. This is performed for the distributions the default and variation

cuts before the systematic estimation.

Subtracting a flat background from the distribution minimizes the effect of the

118



distribution fluctuations which would be amplified by subtracting the full baseline
function B(Ay). This decision is made with the assumption that the correlated flow
in the N distribution is the same as the correlated flow in the V' distributions. By
taking the ratio of the distributions and yields after a flat background subtraction,
the effect of the flow should cancel, leaving only the effect of the systematic source
determined by the choice of the varied cut.

When evaluating the ratios of the correlation distributions, the transverse re-
gion is subject to larger fluctuations than the distribution peaks, making it difficult
the ascertain the systematic effect on the distribution. Therefore, only the regions
corresponding to the signal (distribution peaks) are considered when estimating the
uncertainty.

In section 2.3 of the ALICE detector chapter, a brief overview of the LEGO train
and wagon system are discussed. A consequence of studying Pb—Pb collisions is the
large computational and memory demand for these high-multiplicity environments.
For this reason, all of the variations for the most-central events are reconstructed in
separate wagons, and in semicentral events some of the variations are reconstructed
in the same wagons. Additionally, the variations in the semicentral events are per-
formed on both the LHC18q_pass3 and LHC18r_pass3 datasets, where the most-
central events are only evaluated on the LHC18r_pass3 dataset. This was done to
minimize the computational requirements of this analysis. As a result, statistical fluc-
tuations unrelated to the systematic effects appear in the systematic checks. These

must be accounted for when assigning the uncertainty values.

4.3 Systematic studies

In the following subsections, the effect of each systematic source is determined from
the estimation procedure, and the effect of that source on the measurement observ-

ables is discussed.

4.3.1 Electron tracking

Particle tracks must first pass quality selection criteria before applying electron iden-
tification cuts to find electron candidates. When the potential electron track reaches

the TPC, the nominal requirement is that track must interact with at least 70 readout
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pads in the detector. The particle track is highly unlikely to be detected by every pad
row in the TPC so this requirement ensures a high-quality track without removing all
track signals. The 0.8 ratio of the number of crossed TPC pad rows over the number
of clusters found of also ensures track quality. “Tighter” cuts than the nominal 70
crossed rows or 0.8 crossed rows over findable clusters result in higher-quality tracks
being analyzed, but this will inevitably remove some of the signal-resulting in fewer
electron candidates considered for the analysis. However, a looser cut can result in
selecting a track which does not reach the EMCal. Because the EMCal cluster match-
ing is required for electron candidates, this wastes computational resources on tracks
which won’t be used in the correlation. These nominal cuts are informed by previous
successful measurements of heavy-flavor hadron decay electrons [135] and the effects
of these cuts are reproducible in Monte Carlo simulations of the detector, but the
cost to benefit for these track selection cuts has a level of subjectivity. Reasonably
tighter or looser cuts could have also been valid selections for this analysis. For this
reason, the following variations were used to determine the systematic effect of the

electron tracking:

Table 4.1: Electron tracking systematic uncertainties

Minimum number of TPC crossed rows required for the track
60
80

TPC crossed row over findable clusters
0.9
0.7

Because the electron track selections affect all electrons equally, regardless of their
source, the systematic study on the electron tracking is performed at the inclusive
electron level. This avoids the fluctuations introduced from subtracting the non-
heavy-flavor electron distributions. The cut to default ratios of the inclusive-electron
Ay correlation distribution for electrons in the trigger interval 4 < pg < 12 GeV/c
are shown in Fig. 4.2, and the per-trigger yields are shown in Fig. 4.3.

120



0-10%

1<Hp, <2GeVic 2<Hp <3GeVic 3<Hp <4GeVic

SL‘ T
8 08l

1.08|

1.04)

+NCRows = 60
»  «NCRows =80

L
3

T 0

30-50% This thesis

1<Hp, <2GeVic 2<Hp, <3GeVic 3<Hp <4 GeVlc +RCRows =0.7
+RCRows =0.9

12 4

gt
.08

1.06}

1.04|

Figure 4.2: Electron tracking systematic uncertainty estimation on the Ay correlation
distribution, measured in the 0-10% centrality class (top) and the 30-50% centrality
class (bottom).
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Figure 4.3: Electron tracking systematic uncertainty estimation on the per-trigger
yields, measured in the 0-10% centrality class (left) and the 30-50% centrality class
(right).

Comparing first the two centrality classes, there is an obvious difference in the
spread of the variations when they are included in the same wagon vs when they are in
separate wagons. This discrepancy gives an idea of how the fluctuations might affect
the other systematic sources. Additionally, the electron tracking is not expected

to differ significantly between centrality classes, so the semicentral ratios can be
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used to inform the uncertainty values for the most-central events. The ratio values
for the Ay distributions was obtained by fitting the distribution ratios with a flat
line in —0.4 < Ay < 04 and 2.2 < Ap < 3.8 (which is repeated for the other
systematic sources described later). To aid in quantifying the systematic uncertainty,
the root mean square and the standard deviation of the variation ratios were computed
for the systematic sources. The ratios are assumed to follow a continuous uniform

distribution, such that the standard deviation is calculated as:

MaximumV ariation — MinimumV ariation

V12

One standard deviation % = |( 1)x100|

(4.1)

After considering the distribution and yield ratios, as well as the RMS and oy val-

ues, the estimated relative systematic uncertainty in the central (semicentral) events

for this electron trigger interval is 5% (2%) for the near-side peak, and 5% (3%) for

the away-side peak. Accounting for the added fluctuations, in the most-central col-

lisions the uncertainty due to the electron track is estimated to be 5% (2%) for the
Ay distribution.

The systematic estimation procedure was repeated for the 4 < p5 < 7 GeV/c and

7 < ps < 16 GeV/e. The ratios for these trigger intervals follow a similar behavior

as the 4 < p} < 12 GeV/c, and their values are reported in the tables in section 4.4.

4.3.2 Electron identification

For a track to be considered an electron candidate, the track must exhibit an energy
loss in the TPC within a certain number of standard deviations from the expected
electron signal. This corresponds to the asymmetric cut of —1 < o2F¢ < 3, which
captures the electron signal while removing a significant portion of the hadron con-
tamination. A tighter selection of the negative value is expected to increase the
overall purity of the electron sample, with the drawback of removing more of the true
electron candidates. A looser selection has the opposite effect.

This track must also reach the EMCal, where it deposits its remaining energy into
the detector material and generates an identifiable cluster. This energy taken with
the momentum produces an F//p ratio around 1. The nominal cut of 0.8 < E/p < 1.2

captures the electron signal, but a systematic study tests if this is the “optimum”
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value for this analysis. The nominal interval of 0.25 < E/p < 0.5 used to scale
down the hadron E/p signal was selected because it is sufficiently displaced from the
electron signal, however this is not the only interval which could have been used.
Additionally, a geometric selection is imposed on the cluster shape in the EMCal to
increase the purity of the electron signal.

The following variations were selected to estimate the systematic effect of the

electron identification procedure:

Table 4.2: Electron identification systematic uncertainties

O.TPC

—0.75 < olPC < 3
—1.25 < olPC <3
E/p

0.75 < E/p < 1.2
0.85 < E/p<1.2

09< FE/p<12

Shower shape long-axis (M02)
0.02 < M02 < 0.8

0.02 < M02 < 0.95

E /p-scale change
(0.4, 0.65)

This systematic study was performed at the inclusive electron level. The un-
certainty observed for the correlation distribution in the most-central (semicentral)
collisions is 3% (1%), 3% (2%) for the near-side yield and 4% (2%) for the away-side
yield.

4.3.3 Background electron identification

As described in the methodology section 3.6, the non-heavy flavor background of the
electron samples are attributed primarily to electrons from Dalitz decays and photon
conversions in the detector material (collectively referred to as “photonic” electrons).
Electron candidates are matched with partner electrons and reconstructed to obtain
an invariant mass distribution. This invariant mass distribution is cut at a threshold

of 140 MeV/c? to select the electrons originating from the photonic background. In
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the process of estimating the photonic background, there are two systematic sources

which contribute to the uncertainty of the photonic background estimation:

e The partner electron tracking

e The reconstruction selections

In regards to the electron tracking, partner electrons are selected with tracking
cuts similar to the associated charged particles to maximize the number of candidates.
The corresponding systematic uncertainty can be estimated similarly, by increasing
the minimum number of crossed pad rows from the nominal 60 value, and requiring
a larger minimum ratio of pad rows to findable clusters from the nominal 0.6 value.
The uncertainty arising from the reconstruction selections depend on the choices made
regarding the pr cutoff of the partner electron and the precise value of the invariant
mass cut. To investigate the effect of the tracking and reconstruction choices, the
following variations were made regarding the photonic electron estimation in order

to estimate the corresponding systematic uncertainty:

Table 4.3: Background electron systematic uncertainties

Electron invariant mass threshold (MeV/c?)
130
150

Minimum partner electron pr (MeV/c)
100
200
400

Minimum number of crossed pad rows in TPC
70
80

Minimum crossed TPC pad rows over findable clusters
0.7
0.8

An important note for this estimation, is that in order to estimate the photonic
background uncertainty, the correlation distributions must be compared at the heavy-
flavor decay electron correlation level. So in contrast to the other systematic esti-

mations which could be performed at the inclusive electron level, this systematic
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estimation is prone to a larger number of statistical fluctuations. Additionally, for all
the variations listed for the photonic electron systematic estimation, a corresponding
tagging efficiency was generated using these cut variations so that the correct effi-
ciency could be applied to the distributions. This compensates for the effect these
cuts would have on the tagging efficiency.

The ratios of the correlation distributions and the yields are presented in Figs.
4.4 and 4.5. For the 0-10% (30-50%) centrality class, systematic uncertainties of
5% (3%) are assigned for the Ay correlation distribution. For the near-side yield,
uncertainties of 5% (3%) are assigned and 5% (4%) for the away-side yield.

0-10%

1<Hp, <2 GeVic 2<Hp <3 GeVic 3<Hp, <4 GeVic

#NCRows =70

= NCRows = 80

» » %  elnvmass = 130 MeV/c?
30-50% This thesis @ Invmass = 150 MeV/c?
3<Hp <4 GeVic PE pT>0.1
ePEpT>0.2
PEpT>0.4
oRCRows =0.7
»RCRows =0.8

L
3

1<Hp, <2GeVic

Figure 4.4: Photonic electron systematic uncertainty estimation on the Ay correlation
distribution, measured in the 0-10% centrality class (top) and 30-50% centrality class
(bottom).
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Figure 4.5: Photonic electron systematic uncertainty estimation on the near-side per-
trigger yields, measured in the 0-10% centrality class (left) and 30-50% centrality
class (right).

4.3.4 Associated particle tracking

Selections of at least 60 crossed TPC pad rows, and a ratio of 0.6 crossed rows over
findable clusters were required for the associated particle tracks. Additionally, a
pseudorapidity selection of |n| < 0.8 was imposed on the associated particle tracks.
Because the charged associated particles are not required to reach the EMCal, the
associated particle track cuts are looser relative to the same type of selections for the
electron tracks. Recall that the TPC covers a pseudorapidity of || < 0.9, while the
EMCal covers |n| < 0.7. This wider range in pseudorapidity allows for the selection of
associated particles in a larger 7 region than the electrons. However, the looser TPC
selection requirements could result in low-quality reconstructed tracks. As a system-
atic check, tighter TPC selection cuts are applied to the associated charged particles.
Both looser and a tighter cuts are applied to the pseudorapidity to determine the

systematic uncertainty associated with the 7 requirement.
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Table 4.4: Associated particle tracking systematic uncertainties

Minimum number of TPC crossed rows required for the track
70
80
90

TPC crossed row over findable clusters
0.7
0.8
0.9

7 cut
In| < 0.7
In| < 0.85

The uncertainties related to the associated particle tracking were evaluated to be

assocC.

5% in Ay for all pa¥°c intervals for the most-central collisions, and 3% for semicen-
tral collisions. The per-trigger yields were similarly valued, with the uncertainties
valuated at 5% (3%) for the near-side yield and 5% (3%) for the away-side yield for
the most-central (semicentral) collisions.

Because the associated particle tracking efficiency is applied as a flat value to the
final correlation distribution, all points in the resulting distribution change by the
same magnitude. Because of this, the associated particle tracking uncertainty is an

uncertainty that is correlated in Ay.

4.3.5 Mixed-event correction

Events selected for mixing to create the mixed-event correlation distributions are
matched via similar Z-vertex and centrality class. This is done by creating event
mixing pools of specific bin sizes. The choice to divide the pools for the nominal
selection was done to achieve a balance of maximizing the statistics for each bin while
remaining differential. A variation for the binning of the Z-vertex and centrality pools
was created to determine the systematic effect.

The nominal binning of the Z-vertex mixed event pools is:
e (-10,-5), (-5,-2), (-2,0.5), (0.5,3), (3,6), (6,10)

For the systematic check, the Z-vertex bins were changed to:
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e (-10,-5), (-5,-2.5), (-2.5,0), (0,2.5), (2.5,5), (5,10)

The nominal binning of the 0-10% centrality class mixed event pools is:

e (0,1), (1,2), (2,3), (3,5), (5,7.5), (7.5,10)

The variation binning becomes:

e (0,2.5), (2.5,5), (5,7.5), (7.5,10)

Similarly for the 30-50% centrality class events, the original centrality binning is:
e (30,32), (32,35), (35,38), (38,41), (41,45), (45,50)

And the variation is:

e (30,34), (34,39), (39,44), (44,50)

In addition to the event mixing pool variation, the method to estimate the nor-
malization factor § was modified. Recall that § is used to scale the mixed-event
distribution before the distribution can be used to correct for the detector and accep-
tance effects of the same-event distribution. The normalization factor for the nominal

method is:

B = Average(Ap ~ 0, An ~ 0)

For the full variation, the entire n range is considered:

S = Average(Ap =~ 0,|An| < 1)

After considering both variational methods to estimate the mixed event systematic
effect, the total systematic uncertainty due to the mixed-event correction for the
three measured pS interval for both centrality classes is given as a flat 2% in all
associated particle pr intervals for the 4-12 p5 ranges in both centrality classes.
This 2% value was observed in both the Ay distribution and the per-trigger yields.
Performing this same check on the 4-7 p% interval yielded similar results. Whereas

assoc.

in the 7-16 p% interval, the systematic uncertainty was observed to be 2% in p&
< 3 GeV/e, and 5% > 3 GeV/c. Overall, the uncertainty due to the mixed-event
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correction amounts to a smaller contribution compared to the previously discussed
systematic sources. In addition, the mixed-event systematic uncertainty affects the
entire the correlation distribution equally. Similar to the associated particle tracking
uncertainty, the mixed-event systematic uncertainty is a correlated uncertainty. The
contribution of the correlated uncertainties are reported in the final Ay correlation

distribution results.

4.3.6 Baseline estimation

The largest source of systematic uncertainty in this analysis originates from the esti-
mation of the baseline of the correlation distribution.

Recall that the baseline function takes the form:

B(Ap) =b(1 + 2U§F€1/20hp‘”"t cos (2Ap) + 2V§1F6y30hpa” cos (3Ag)) (4.2)

Where the flow coefficients (v,,) of the baseline function are taken from previous
studies of heavy-flavor hadron decay muons [166] and charged particles [168]. The
parameter b is a free parameter which is not known a priori, and must be determined
experimentally. Both the flow coefficients and the b value are sources of systematic
uncertainty. These systematic sources are examined separately and then compared
to determine if one contribution dominates the total baseline uncertainty or if both
should be equally considered.

In the following sections, studies to estimate the systematic effect of the flow

coeflicients and b are shown.

4.3.6.1 “Pedestal” parameter b

As described in the analysis procedure section 3.8, the high-multiplicity environment
and the potential jet-medium interactions change the shape and background contri-
bution of the Pb—Pb correlation distribution with respect to pp collisions. In both
collision centrality classes measured, statistical fluctuations plague the distribution,

aSsSOC.

particularly in the transverse region. At low pi*°“ in the most-central collisions, or
high p$°“ in the semicentral collisions, the away-side peaks cannot be fully fit by
a Gaussian or Generalized Gaussian distributions simultaneously with the near-side

peak and transverse region. Additionally, there are no away-side peaks in some pi*>°*
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intervals. Perhaps the peaks themselves are nonexistent due to jet-quenching or other
effects, or the fluctuations of the measurement drown out what is potentially a small
signal peak. Whatever the physics reason, no assumptions can be made regarding
the shape of the away-side peak itself, so the method of fitting both peaks with the

background done in the conventional manner seen in Refs. [70], [170] is not performed.

— HFe, ChPart HFe. ChPart efiNs cos (Ayp)
f(Ap) = b(1 + 2vy" " vy cos (2Ap) + 2v5" " v cos (3Ayp)) +

27Tfo(/€N5) '
(4.3)
The distribution is fitted with Eq. 4.3 in the ranges (=%, 5+ 0.4) and (37”— 0.4,

3r
2

a combined von Mises + zero-yield-at-minimum (ZYAM) approach. As a systematic

) radians, which fits the well-defined near-side peak and the transverse region as

check, a conventional ZYAM approach is used to create additional baseline variations.
This is done by fitting only the transverse region with the baseline function B(Agp),
creating a first variation (2 - 4 - 2) by fitting the same transverse region as Eq. 4.3.
This fit is symmetric, such that this variation covers the four points centered around
5, the two points to the right of —7 and the two points to the left of 37” to mirror the
four center points. Additional baseline variations were created by slightly varying the
fitting regions by +0.2 radians to create a total of 4 ZYAM variations. The ranges
for the variations are listed as:

1.2-4-2 (=2, —2404), (204, T+04) and (¥ — 0.4, 21)

2.3-6-3: (=%, =5 +0.6), (5 —0.6, 5 +0.6) and (3 — 0.6, )

3.2-2-2 (=T, —T404), (2 —-02,T+02) and (3T — 0.4, 1)

4.3-3-2 (=2, -240.6), (£—10.6, Z) and (3 — 0.4, %)

Variation 4 (3 - 3 - 2) was motivated by the shape of the distributions, which
overall among p7°°“ appears to have a narrow near-side peak compared to the away-
side (when the away-side peak is visible), hence the slight asymmetry of the fit.

Much of the difficulty with the b value estimation is the effect the statistical
fluctuations have on the baseline fits. The aforementioned ZYAM variations are made
with the assumption that the true b value must lie within the range of the variations.

However, fluctuations have strong effects on the fits, such as driving the fits either
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upwards or downwards with respect the nominal fit, and this is compounded when
fitting a smaller number of points. This fact coincides with the assumption that the
nominal b taken from the von Mises + ZYAM method is likely the closest to the
“true” b value since that method fits the most points in the distribution and has the
smallest statistical uncertainty of all the fits. However, whether the nominal b value
is the closest to the true value is unknown. Taken altogether, there is an intrinsic
statistical-dependence on the systematic estimation of the b parameter.

To take into account the inherent uncertainty of the b parameter using the nominal
method, two more variations were created. This is done by creating two baseline
functions where the b value is assigned the new value b + b0, Where be,por is the
error taken from the parameter of the nominal fit.

The list of seven systematic b variations of the baseline are thus:

1. ZYAM 2-4-2
2. ZYAM 3-6-3
3. ZYAM 2-2-2
4. ZYAM 3 -3 -2
5. by + berror

6. bN - berror
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Figure 4.6: Six b parameter variations in the 4 < p$ < 12 GeV/c trigger interval for
the most-central collision events.
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Figure 4.7: Six b parameter variations in the 4 < p$ < 12 GeV/c trigger interval for
the semicentral collision events.

In Figs.4.6 and 4.7, all seven b variations are shown together (and will be referred
to by their number in the list). In both centrality classes, the variations 5 and 6
appear to capture all of the other variations in almost every pi®*°“ intervals. Since
the error on the b parameter is dependent on the number of points fitted and the
size of the error bars, this indicates that the statistical uncertainty of the b value
overwhelms the systematic uncertainty, but there is a high likelihood that the true
baseline b value is within variations 5 and 6. In Figs. 4.8 and 4.9, the highest and
lowest baseline in each p§°“ interval is subtracted from the correlation distribution
(to obtain the “global” variation distributions) and are plotted with the nominal
distribution. Figs. 4.10 and 4.11 illustrate the ratios of the per-trigger yield using

the “maximum” and “minimum” correlation distributions.
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Figure 4.8: Ay correlation distributions after subtracting the highest and lowest
baseline in all p§°“ intervals. Shown for the most-central collision events.
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Figure 4.9: Ay correlation distributions after subtracting the highest and lowest
baseline in all p7*°“ intervals. Shown for semicentral collision events

After subtracting the highest and lowest baselines, the points in the resulting
distributions are well-within the uncertainty of the nominal distribution. However,
for points which fluctuate around 0, subtracting the highest baseline drives these
points further downwards. This is especially apparent in the intervals where the

away-side peaks are non-existent.
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Figure 4.10: Ratios of the per-trigger yields of the b parameter variations to the
nominal yields in the 0-10% centrality class.
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Figure 4.11: Ratios of the per-trigger yields of the b parameter variations to the
nominal yields in the 30-50% centrality class.

When comparing the near-side yields for the 0-10% centrality class, the ratios
appear to be confined within a < 20% deviation from the nominal value. This dif-

ference of 20% is only seen in the lowest p5°® interval after subtracting the highest

global baseline, and the difference between the nominal decreases at the higher pf*°*

intervals. The 30-50% centrality class follows a similar behavior and shows a clearly

assocC.

decreasing trend as a function of pj¥°<.

However, the ratio for the away-side yield is not-well defined in most p§*°“ inter-

asSsocC.

vals, because there is a small to non-existent away-side peak in several p3¥*°“ intervals

after the baseline subtraction. When a higher baseline is subtracted, more of the
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away-side is removed, resulting in a ratio between two numbers very close to zero.
Therefore, the ratio blows up to a large value, or the variational yield was negatively
valued, resulting in a negative ratio. This indicates that the ratio method cannot

quantify the uncertainty associated with the away-side peak.

4.3.6.2 Anisotropic Flow contribution

The baseline function B(Ay) uses the central values of the flow coefficients (after
determining the weighted values using the particle spectra), but does not take into
account the associated statistical and systematic uncertainties of the measurements.
Following the same procedure to determine the central values of v, described in
section 3.8.1, the statistical and systematic errors for the coefficients reweighted for
the p} and piP°°“ intervals are determined as reported in tables 3.5 through 3.8 in the
analysis methodology section.

For the systematic study of the flow coefficients, the statistical and systematic un-
certainties associated with v,, are combined in quadrature to obtain a total systematic

uncertainty o, ,

71 =\ (G2 + (010 (1.4

The systematic study for the v, contribution makes two assumptions:

e The true value of v, for the heavy-flavor hadron decay electrons and the charged

particles is within 1 x o,,,.

e Of the four separate flow coefficient values used in the baseline function, one or

two of the true o, values at a time is 1 x o, from the central value.

Using these assumptions, 16 variations of the baseline were created, using the
same b parameter taken from the nominal baseline function used in the analysis.
Eight variations change only one value of v, to v, £ 0,,, and the remaining eight
variations change two values of v,, to v, = o,,. This results in the following baseline

variations:

HFe HFe HFe
Lovy™ = vy + oy,

HFe HFe HFe
2. 037 2 vyt — 0y,
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HFe HFe HFe
3. v37° =37 + 0y,

HFe HFe HFe
4. v37° = v37° — 0y,

5. ,Ugh.Part. - Ugh.Part. + O.(()]Qh.Part.

Ch.Part. Ch.Part. Ch.Part.
6. U2 % 1)2 - O-’UQ

7. ,USCh.Part. — Ug}h,Part. + Uq%h.Part.

Ch.Part. Ch.Part. Ch.Part.
8. vy — Uy — 0,

HFe HFe HFe Ch.Part. Ch.Part. Ch.Part.

9. v = vy " 40, Vg — Uy + o,
HFe HFe HFe Ch.Part. Ch.Part. Ch.Part.

10. v = vy ° — 0, vy — Vg — 0,

HFe HFe HFe Ch.Part. Ch.Part. Ch.Part.
IT. 037 = v + 0y, ¢, v3 — U3 + o,

HFe HFe HFe Ch.Part. Ch.Part. Ch.Part.

HFe HFe HFe Ch.Part. Ch.Part. Ch.Part.
13 0™ = vy +0,,% vy — Uy — 0,

HFe HFe HFe Ch.Part. Ch.Part. Ch.Part.
14, v3™® = vy ° — 0, vy — Vg + oy,

HFe HFe HFe Ch.Part. Ch.Part. Ch.Part.
15, 037 = vg3 ° + 0, ¢, v3 — Vs — 0y

HFe HFe HFe Ch.Part. Ch.Part. Ch.Part.
16. v37° = 037 — 0,7, v3 — Vg + o,

Figures 4.12 and 4.13 illustrate the the 16 different baselines created by the flow
coefficient variations. In both centrality classes, the variations appear to differ in
the lowest p3®°“ interval, with the greatest difference seen in the troughs and peaks
near —7, 0, 7, around 7, and 37“ As p§#°° increases, the variations all appear to
approach the same shape to a near flat line at the highest interval. This follows the
expectations of the behavior, given that the b parameter affects the magnitude of
the modulation, and a larger background (therefore larger b) would result in a more

dramatic flow contribution.
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Figure 4.12: 16 separate baseline variations made from the v, variations in the 4 <
PS5 < 12 GeV /e trigger interval for the most-central collision events.
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To check the systematic effect of the v, variations, the per-trigger yields were
obtained for these 16 baseline variations and compared to the per-trigger yields from
the 6 b parameter variations after taking the ratio to the nominal yields. These are
shown for Figs. 4.14 and 4.15 with the corresponding legend in Fig. 4.16, where the

closed circles represent the v, variations the open circles represent the b parameter

variations.
Near-Side Yield Ratio: Variation/von Mises Away-Side Yield Ratio: Variation/von Mises
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Figure 4.14: Ratios of the per-trigger yields of the baseline variations to the nominal
yields in the 0-10% centrality class.
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Figure 4.15: Ratios of the per-trigger yields of the baseline variations to the nominal
yields in the 30-50% centrality class.
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Figure 4.16: List of the 16 v, variations and the 6 b parameter variations for the
systematic baseline study.

On the near-side, the baselines corresponding to the v,, variations deviate from
the nominal yield by a maximum of 8%, with this difference in the lowest pj¥°®
interval, and decreasing to < 1% at the highest interval. On the away-side yields,
some of the adjusted v,, values cause the yield to be negatively-valued (which are not
shown in the figures). The positively-valued ratios are well-constrained under 10%
relative to the nominal yield. By comparison, the b parameter variations encapsulate
the v,, variations by a wide margin for both the near- and away-side yields, averaging
to about 20% relative uncertainty, indicating that the uncertainty attributed to the

baseline is determined overwhelmingly by the b value uncertainty.
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4.3.6.3 Baseline Uncertainty Expression

Following the baseline systematic studies focusing on the contribution of the b value
and the flow coefficients, the magnitude of the baseline systematic uncertainty is
determined by the uncertainty of the b parameter. However, much of this uncertainty
is attributed to the statistical fluctuations in the distributions, making the b value
estimation difficult using conventional means. Because the systematic uncertainties
from other sources such as the electron and associated particle tracking, photonic
electron background, etc., are well-defined, these systematic uncertainties can be
grouped together conventionally. Therefore, the decision was made to separate the
baseline uncertainty into its own error bar for the final results. Instead of plotting
the baseline uncertainty as a percentage of the total yield, it was instead reported
as % the difference between the absolute value of the maximum or minimum of the
variations. This was repeated for the correlations in the other p5 ranges.

For the correlation distribution, the baseline uncertainty is conveyed by a band

along Ay (see Fig. 4.17). This band is created by determining the following:
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Figure 4.17: Baseline uncertainty represented with a red band along Ay, taken from
the b variations. Shown is the correlation distribution for 0-10% centrality collisions
in the 1 < p§°® < 2 GeV/c interval.

Where this is performed for every p3®*°“ interval.

To convey the baseline uncertainty of the per-trigger yields, the maximum and

minimum yields from the correlation distributions shown in the section 4.3.6.1 (the
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distributions resulting from subtracting the highest and lowest baselines in every

PS¢ interval) and taking the difference between them. This done as:
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Figure 4.18: Baseline uncertainty represented with an open box, taken from the b
variations. Shown is the correlation distribution for 0-10% centrality collisions.

All of these systematic values are reported in the updated systematic tables in

section 4.4.

4.4 Final Systematic Tables

The final systematic values determined in the analysis are reported in Tables 4.5
through 4.22. All uncertainties except for those which relate to the baseline are

conveyed as solid error bars in the final results.

144



Table 4.5: Ay Systematic Relative Error for 4 < p#° < 12'in 0 - 10%
T

Systematic phin GeV/c

0-10% Ap 1-2 2-3 3-4 4-5 5-7
Associate Tracking 5% 5% 5% 5% 5%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 5% 5% 5% 5% 5%
EID 3% 3% 3% 3% 3%
Photonic Ele 5% 5% 5% 5% 5%

Max - Default baseline 0.0609 0.0248 0.0088 0.0032 0.0013
Min - Default baseline -0.0699 -0.0248 -0.0121 -0.0032 -0.0020

Table 4.6: Near Side Yield Systematic Relative Error for 4 < pi*9° < 12'in 0 - 10%

Systematic P in GeV/c

0 - 10% NS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 5% 5% 5% 5% 5%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 5% 5% 5% 5% 5%
EID 3% 3% 3% 3% 3%
Photonic Ele 5% 5% 5% 5% 5%

(Max Yield - Min Yield)/2 0.1543 0.0391 0.0165 0.0038 0.0019

Table 4.7: Away Side Yield Systematic Relative Error for 4 < p49¢ < 12 in 0 - 10%
T

Systematic P in GeV/c

0 - 10% AS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 5% 5% 5% 5% 5%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 5% 5% 5% 5% 5%
EID 4% 4% 4% 4% 4%
Photonic Ele 5% 5% 5% 5% 5%

(Max Yield - Min Yield)/2 0.2056 0.0778 0.0328 0.0100 0.0051

145



Table 4.8: Ay Systematic Relative Error for 4 < p/i"9¢ < 12 in 30 - 50%
T

Systematic P in GeV/c

30 - 50% Ap 1-2 2-3 3-4 4-5 5-7
Associate Tracking 3% 3% 3% 3% 3%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 2% 2% 2% 2% 2%
EID 1% 1% 1% 1% 1%
Photonic Ele 3% 3% 3% 3% 3%
Max - Default baseline 0.0366 0.0136  0.0057 0.0023 0.0017%
Min - Default baseline -0.0366 -0.0136 -0.0057 -0.0028 -0.0011
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Table 4.9: Near Side Yield Systematic Relative Error for 4 < pi*9¢ < 12 in 30 - 50%

Systematic P in GeV/c

30 - 50% NS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 3% 3% 3% 3% 3%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 2% 2% 2% 2% 2%
EID 2% 2% 2% 2% 2%
Photonic Ele 3% 3% 3% 3% 3%

(Max Yield - Min Yield)/2 0.0870 0.0219 0.0092 0.0031 0.0016

Table 4.10: Away Side Yield Systematic Relative Error for 4 < p4*9° < 12 in 30 -
50%

Systematic prin GeV/c

30 - 50% AS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 3% 3% 3% 3% 3%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 3% 3% 3% 3% 3%
EID 2% 2% 2% 2% 2%
Photonic Ele 4% 4% 4% 4% 4%

(Max Yield - Min Yield)/2 0.1152 0.0428 0.0179 0.0080 0.0043

Table 4.11: Ay Systematic Relative Error for 4 < pi*9° < 7'in 0 - 10%

Systematic P in GeV/c

0-10% Ay 1-2 2-3 3-4 4-5 5-17
Associate Tracking 5% 5% 5% 5% 5%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 5% 5% 5% 5% 5%
EID 6% 6% 6% 6% 6%
Photonic Ele 5% 5% 5% 5% 5%

Max - Default baseline 0.0679 0.0270  0.0098 0.0035 0.0016
Min - Default baseline -0.0679 -0.0270 -0.0098 -0.0035 -0.0011
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Table 4.12: Near-Side Yield Systematic Relative Error for 4 < pi*° < 7in 0 - 10%

Systematic P in GeV/c

0 - 10% NS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 5% 5% 5% 5% 5%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 5% 5% 5% 5% 5%
EID 5% 5% 5% 5% 5%
Photonic Ele 5% 5% 5% 5% 5%

(Max Yield - Min Yield)/2 0.1602 0.0426 0.0155 0.0041 0.0016
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Table 4.13: Away-Side Yield Systematic Relative Error for 4 < p’"¢ < 7in 0 - 10%
T

Systematic P in GeV/c

0 - 10% AS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 5% 5% 5% 5% 5%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 5% 5% 5% 5% 5%
EID 7% 7% 7% 7% 7%
Photonic Ele 5% 5% 5% 5% 5%

(Max Yield - Min Yield)/2 0.2134 0.0849 0.0308 0.0109 0.0042

Table 4.14: Ay Systematic Relative Error for 4 < pi*¢ < 7 in 30 - 50%

Systematic P in GeV/c

0-10% Ap 1-2 2-3 3-4 4-5 5-7
Associate Tracking 4% 4% 4% 4% 4%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 2% 2% 2% 2% 2%
EID 2% 2% 2% 5% 5%
Photonic Ele 4% 4% 4% 4% 4%

Max - Default baseline 0.0491 0.0248 0.0081 0.0031 0.0014
Min - Default baseline -0.0491 -0.0195 -0.0081 -0.0036 -0.0011

Table 4.15: Near-Side Yield Systematic Relative Error for 4 < p4*¢ < 7 in 30 - 50%

Systematic P in GeV/c

0 - 10% NS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 4% 4% 4% 4% 4%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 2% 2% 2% 2% 2%
EID 2% 2% 2% 2% 2%
Photonic Ele 3% 3% 3% 3% 3%

(Max Yield - Min Yield)/2 0.1165 0.0356 0.0130 0.0040 0.0015
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Table 4.16: Away-Side Yield Systematic Relative Error for 4 < pi*9® < 7 in 30 - 50%

Systematic P in GeV/c

0 - 10% AS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 4% 4% 4% 4% 4%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 3% 3% 3% 3% 3%
EID 4% 4% 4% 4% 4%
Photonic Ele 4% 4% 4% 4% 4%

(Max Yield - Min Yield)/2 0.1542 0.0696 0.0254 0.0104 0.0038
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Table 4.17: A Systematic Relative Error for 7 < pi9* < 16 in 0 - 10%
' T

Systematic P in GeV/c

0-10% Ap -2 2-3 3-4 4-5 5-7
Associate Tracking 5% 5% 5% 5% 5%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 5% 5% 5% 5% 5%
EID 6% 6% 6% 6% 6%
Photonic Ele 5% 5% 5% 5% 5%

Max - Default baseline 0.1231 0.0523 0.0186 0.0079  0.0050
Min - Default baseline -0.1231 -0.0725 -0.0209 -0.0080 -0.0095

Table 4.18: Near-Side Yield Systematic Relative Error for 7 < p4*¢ < 16 in 0 - 10%

Systematic P in GeV/c

0 - 10% NS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 5% 5% 5% 5% 5%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 5% 5% 5% 5% 5%
EID 5% 5% 5% 5% 5%
Photonic Ele 5% 5% 5% 5% 5%

(Max Yield - Min Yield)/2 0.2902 0.0983 0.0311 0.0093 0.0086

Table 4.19: Away-Side Yield Systematic Relative Error for 7 < p/r¢ < 16 in 0 - 10%
T

Systematic P in GeV/c

0 - 10% AS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 5% 5% 5% 5% 5%
Mixed Event 2% 2% 2% 2% 2%
Electron Tracking 5% 5% 5% 5% 5%
EID 7% 7% 7% 7% 7%
Photonic Ele 5% 5% 5% 5% 5%

(Max Yield - Min Yield)/2 ~ 0.3868  0.1961 0.0621 0.0248 0.0228
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Table 4.20: Ag Systematic Relative Error for 7 < pi¥° < 16 in 30 - 50%
T

Systematic P in GeV/c

0-10% Ap 1-2 2-3 3-4 4-5 5.7
Associate Tracking 4% 4% 4% 4% 4%
Mixed Event 2% 2% 5% 5% 5%
Electron Tracking 2% 2% 2% 2% 2%
EID 3% 3% 3% 3% 3%
Photonic Ele 3% 3% 3% 3% 3%

Max - Default baseline 0.1320 0.0338 0.0333 0.0070 0.0087
Min - Default baseline -0.1320 -0.0379 -0.0142 -0.0070 -0.0051
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Table 4.21: Near-Side Yield Systematic Relative Error for 7 < pi'9° < 16 in 30 - 50%

Systematic P in GeV/c

0 - 10% NS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 4% 4% 4% 4% 4%
Mixed Event 2% 2% 5% 5% 5%
Electron Tracking 2% 2% 2% 2% 2%
EID 2% 2% 2% 2% 2%
Photonic Ele 3% 3% 3% 3% 3%

(Max Yield - Min Yield)/2 0.3129 0.0573 0.0380 0.0084 0.0082

Table 4.22: Away-Side Yield Systematic Relative Error for 7 < pf*° < 16 in 30 -
50%

Systematic pin GeV/c

0 - 10% AS yield 1-2 2-3 3-4 4-5 5-7
Associate Tracking 4% 4% 4% 4% 4%
Mixed Event 2% 2% 5% 5% 5%
Electron Tracking 2% 2% 2% 2% 2%
EID 4% 4% 4% 4% 4%
Photonic Ele 4% 4% 4% 4% 4%

(Max Yield - Min Yield)/2 0.4149 0.1127 0.0746 0.0220 0.0217
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Chapter Five: Measurement Results

After following each step of the analysis procedure and estimating the systematic
uncertainties, the final results emerge. At this point, it is useful to review the moti-
vation for the analysis and discuss the published correlation measurement in pp and
p-Pb collisions [135], which is done in section 5.1. In section 5.2, the correlation
distributions of heavy-flavor hadron decay electrons with charged particles are shown
for Pb-Pb collisions measured in the 0-10% and 30-50% centrality classes at /sy =
5.02 TeV. The subsequent sections include the correlation distributions after the base-
line subtraction and the per-trigger associated particle yields, which are the first HF
azimuthal correlation measurements performed on Pb—Pb collisions measured by the
ALICE experiment. The distributions and yields for the near- and away-side peaks
are compared to the same measurements in pp collisions, first comparatively and
then directly through the ratio of the yields in the different collision systems. Next,
the correlation results are shown for two non-overlapping trigger electron pr ranges.
Finally, the correlation results are compared to light-flavor results to investigate the

flavor-dependence of the modification of the peak yields in Pb—Pb collisions.

5.1 Electron from HF hadron decay correlations
in pp and p—Pb

At leading order (LO), heavy quark pairs are produced 180° in azimuth in hard-
scattering processes. Given a sufficiently large momentum transfer, these quarks can
initiate back-to-back jets. The fragmentation pattern of the initiating heavy quark
determines the angular orientation of the jet parton shower. This heavy quark prefer-
entially hadronizes into the leading particle of the jet [62]. Because the hadrons in the
jet are produced in small angle relative to the parent partons [179], the final angular
orientation of hadrons with respect to the leading particle is primarily determined by
the parton shower phase of the heavy quark fragmentation [59]. Azimuthal correla-

tion measurements of electrons from the decay of heavy flavor hadrons in different

assocC.

PT>°¢ regions can be used to study the angular profile of particles correlated with
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the original HF quark as a function of pr. Although the decay of the HF hadron to
electron results in the electron deviating from the parent hadron axis, this electron
maintains its correlation with the heavy quark fragmentation products.

This measurement in proton-proton collisions provides the azimuthal distribution
of the particles associated with the electron in vacuum. This serves as the baseline
for comparison to the same analysis in p—Pb and Pb—Pb collisions, and is directly
comparable to different Monte Carlo event generators. Performing this measurement
in p—Pb collisions introduces cold-nuclear matter effects, which can affect the jet
fragmentation pattern in the initial state. In Fig. 5.1, the heavy-flavor decay electron

correlation distributions are shown for pp (black) and p—Pb (red) [135].
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Figure 5.1: Azimuthal-correlation distribution of heavy-flavor hadron decay electrons
and charged particles measured pp (black) and p-Pb collisions (red) at /sy = 5.02
TeV by ALICE [135]. The distributions are shown in the trigger range of 4 < p$. < 12
GeV/c and three p§°° intervals.

Observing the near-side peaks of the Ay correlation distributions in both collision
systems, it appears that for both pp and p—Pb, the overall peak heights decrease and
become more collimated as p3®*°“ increases. This behavior of the near-side peak
indicates that the higher-pt associated particles are closer to the jet axis of the
leading heavy-flavor hadron, which can be due to the high-pt emissions being more
collinear to the initiating heavy quark. As p§*°“ increases, the away-side peaks
generally decrease in size. The AS peaks can have multiple contributions, such as the
fragmentation of the opposite quark, or from particles originating from a recoil gluon,
or from other separate processes in the event. Generally, even in a pure back-to-back
process, the correlation of the trigger with associated particles in the away-side jet

is weaker than the correlation in the near-side jet. The shape and amplitude of the
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correlation distributions of pp and p—Pb appear consistent with each other within
uncertainties, indicating that cold-nuclear matter effects do not influence the heavy-

quark fragmentation in the pr ranges measured.
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Figure 5.2: Per-trigger associated yields and peak widths measured from heavy-flavor
hadron decay electron correlations in pp and p—Pb collisions at /sy = 5.02 TeV by
ALICE [135]. The distributions are shown in the trigger range of 4 < p§. < 12 GeV/c

and all p§¥°¢ intervals.

Figure 5.2 shows the direct comparison of the associated yield and width observ-
ables from the distribution. The peak yields are calculated by integrating within
30 of the peak mean. Both collision systems display a decreasing distribution of

associated yield as a function of p§¥°°“, which is observed for both peaks. Ratios of

156



the associated yields show that within uncertainty, the values for pp and p—Pb are
consistent. In terms of the peak widths, the pp and p—Pb widths both decrease with
P on the near-side peak, where both are close to 0.3 at 1 < p§*°* < 2 GeV/c,
decreasing to about 0.15 at 4 < p3®°“ < 7 GeV/c. For the away-side peak width,

there is no discernible trend due to the uncertainty of the measurements.
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Figure 5.3: Per-trigger associated yields and peak widths in pp compared to
PYTHIA8 Monash and EPOS3 in 4 < p$ < 12 GeV/c and all p§°° intervals at
V/Snn = 5.02 TeV measured by ALICE [135].

Figure 5.3 shows the pp yield and widths in comparison to the PYTHIAS with
Monash tune and EPOS3 event generators. PYTHIA is commonly used to describe
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high-energy proton-proton collisions with high accuracy. EPOS3 is primarily used
for heavy-ion collision simulation, which it does by using a core-corona model to
simulate the hydrodynamic behavior of the QGP. Both event generators describe
the overall trends of the observables, but PYTHIA provides a closer estimate to the
measured values. EPOS3 predicts the overall observable distributions, but it produces
less-accurate descriptions of the near-side widths than PYTHIA, and entirely under-

predicts the away-side peak.
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5.2 Ay Correlation Distributions in Pb—Pb
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Figure 5.4: Azimuthal-correlation distribution of heavy-flavor hadron decay electrons
and charged particles measured in 0-10% central Pb—Pb collisions before background
subtraction publicly available by ALICE [180]. The distributions are shown in the
trigger range of 4 < p§ < 12 GeV/c and all p§°° intervals. The near-side peak
and transverse range of the Ay distribution is fit with a von Mises function (solid
gray line), and the resulting baseline is shown with a solid black line. The statistical
(uncorrelated systematic) uncertainties are shown as vertical lines (filled boxes). The
uncertainties on the baseline are shown with the dotted lines.

Azimuthal correlation distributions of heavy-flavor hadron decay electrons with charged
particles measured in Pb—Pb collisions in both the 0-10% and 30-50% centrality

classes are shown in Figures 5.4 and 5.5.
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Figure 5.5: Azimuthal-correlation distribution of heavy-flavor hadron decay electrons
and charged particles measured in 30-50% central Pb—Pb collisions before background
subtraction publicly available by ALICE [180]. The distributions are shown in the
trigger range of 4 < p§ < 12 GeV/c and all p§¥°° intervals. The near-side peak
and transverse range of the Ay distribution is fit with a von Mises function (solid
gray line), and the resulting baseline is shown with a solid black line. The statistical
(uncorrelated systematic) uncertainties are shown as vertical lines (filled boxes). The
uncertainties on the baseline are shown with the dotted lines.

These distributions are shown before the uncorrelated background and anisotropic
flow contributions are subtracted. A solid black line indicates the function of the base-
line which separates the correlation peaks from the background. The uncertainty of
the baseline fit is shown with red and blue dotted lines. Immediately evident is
the magnitude of the background component increasing at decreasing p53**°¢. This is
expected, due to the larger number of low pr particles relative to high pr, but the
background number in the central collisions is roughly 4 x the background in semicen-

tral collisions in the lowest interval. This relative difference in background remains
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roughly the same in the 2 < p§%°°® < 3 interval and approximately 3x higher in the
highest p57°¢ interval. The variation in the background in different pj*°¢ intervals
and centrality classes is due to the different multiplicity in the collisions. Most parti-
cles measured in a heavy-ion collision will be low in pr, and so will contribute a larger
background as the p3™°“ interval decreases. The particle multiplicity has a centrality
dependence, such that the total number of particles produced in the central collisions
is larger than in semicentral collisions. This is seen when comparing the distributions
in the same p57°°“ intervals between the centrality classes, where the background in
0-10% events exceeds the background of 30-50% in all corresponding intervals.

The near-side peaks in both centrality classes become more collimated at increas-
ing p3¥°%, similar to what was seen in the pp and p—Pb distributions. This observation
will be discussed further upon direct comparison of the Pb—Pb distributions to pp.

A notable feature in the away-side distribution peaks is an opposing behavior
occurring in the two measured centrality classes. For the 0-10% distribution, there is
a visible away-side peak sitting on the background in the lowest p77°°¢ interval, but at
increasing p§°°“, the peak flattens and becomes indiscernible from the background.
For the 30-50% distribution, the shape of the background due to the flow (originating
primarily from vy) appears to entirely describe the away-side peak. However, as p3¥°®
increases, the away-side peak emerges and forms a noticeable peak.

An explanation for the away-side behavior in the 10% most-central collisions could
be that high-pr jets on the away-side experience jet-quenching, which would suppress
the peak. Alternatively, the near-side jet could impart energy on the QGP and cre-
ate a diffusion wake on the away-side, resulting in a suppression. However, because
the 30-50% centrality class collisions do not exhibit the same behavior, this could
indicate that there could be competing mechanisms occurring. Although, one must
consider that the QGP size between the two-classes of collisions would differ. How-
ever, at the time of this writing there are currently no models which would offer a
sufficient comparison to the Pb—Pb correlation distributions. This is due to the com-
putational demand of the extreme multiplicity environment of the collision system,
and the need for several million events of sufficiently high-pr heavy flavor mesons, as
well as the computational requirement of incorporating hydrodynamic effects. Direct
comparisons to pp and other correlation measurements may give further insight into

what could be occurring in these centrality classes.
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5.3 Ay Correlation Distributions in Pb—Pb and
pp
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Figure 5.6: Comparison of the azimuthal-correlation distribution of heavy flavor
hadron decay electrons with charged particles measured in 0-10% central Pb-Pb
collisions and in pp collisions publicly available by ALICE [180]. Uncorrelated
background has been subtracted (both), as well as flow contribution (Pb-Pb), for
4 < p$ < 12 GeV/c and different associated pr ranges. The statistical (uncorrelated
systematic) uncertainties are shown as vertical lines (filled boxes). The uncertainties
on the baseline estimation are shown as solid boxes at Ay ~ —2 and 5 rad.

The background from uncorrelated pairs and the flow are subtracted from the corre-
lation distributions in the two centrality classes, and they are compared directly to

pp distributions in Fig. 5.6 and Fig. 5.7.
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Figure 5.7: Comparison of the azimuthal-correlation distribution of heavy flavor
hadron decay electrons with charged particles measured in 30-50% central Pb—Pb
collisions and in pp collisions publicly available by ALICE [180]. Uncorrelated
background has been subtracted (both), as well as flow contribution (Pb-Pb), for
4 < pS < 12 GeV/c and different associated pr ranges. The statistical (uncorrelated
systematic) uncertainties are shown as vertical lines (filled boxes). The uncertainties
on the baseline estimation are shown as solid boxes at Ay ~ —2 and 5 rad.

Immediately, it is evident that the near-side peak shape is similar in pp and
Pb—Pb for both centrality classes. Focusing first on the 0-10% centrality, the near-
side peak in Pb—Pb appears to be slightly larger compared to pp in the lowest p§7>°*
interval, but as pj®°“ increases, the near-side peak in pp becomes similar in size and
shape to Pb—PDb. The differences between the two systems are more apparent on the
away-side peak. In Pb—Pb in the lowest p7°°“ interval, the peak is slightly wider,
although due to the fluctuations it is difficult to make a clear distinction. The size of
the away-side peak relative to pp clearly decreases with respect to p3:

When comparing the 30-50% Pb—Pb distribution to pp, as seen in Fig. 5.7, the

near-side peaks are generally consistent between both collision systems. However, the

assocC.

163



similar shape at the highest p4¥°® interval could indicate that the 30-50% collisions

experience less jet-quenching for high-pr particles compared to the 0-10% collisions.

5.4 Per-Trigger Associated Width

The peak width of a correlation distribution is dependent on multiple factors. NLO
effects such gluon radiation can broaden the near- and away-side peaks [181]. In Pb—
Pb collisions, this effect can be enhanced due to the presence of the medium inducing
large-gluon angle emission [182]. In the event of gluon splitting, heavy-quark pairs
can be produced with a small opening angle, causing the subsequent jets to produce
overlapping sprays of hadrons and influence the shape of the peaks [181].

Since the near-side peaks in the Pb—Pb correlation distributions are clearly defined
in all p3™°°“ intervals, this peak was amenable to fitting to obtain the width. Recall
from the procedure section 3.8.2.3, the near-side peak is characterized by a von Mises
distribution,

ehNs cos (Ap)

NS(Ap) = (5.1)

271' IO(RNS) '
Where the kyg is the dependent variable which characterizes the peak width.

Also recall that the peak width is obtained from the kyg factor by,

oONg = \/—2logll(HNs). (5.2)

Io(kns)

This method to characterize the peak was done for the correlation distributions of
all three collision systems. The pp widths taken from Fig. 5.2 are compared directly
to the widths measured in the Pb—Pb system.
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5.4.1 Per-trigger Width Comparison to pp
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Figure 5.8: Near-side widths from Pb-Pb collisions in the central and semicentral

centrality classes compared to pp, for 4 < p5 < 12 GeV/c and all p§°° intervals
measured for this thesis. The systematic uncertainty was not determined for the Pb—
Pb width, so the largest uncertainty on the width in p—Pb collisions was used (11%).

In the comparison of the pp to p—Pb per-trigger widths, Fig. 5.2 shows that the
observable in the two collision systems is consistent with each other. In Fig. 5.8
above, the Pb—Pb widths in both centrality classes also appear consistent with pp,
and all points generally decrease as a function of pf7°°. The semicentral distribution
follows a very smooth trend and the central widths are almost identical in value
with the exception of the 2 < p§ < 3 point, which is likely an upwards fluctuation
(given the size of the statistical error bar). The pp widths follow the same overall
behavior as a function of p§¥°¢ and although the possibly fluctuating points between
2 and 4 GeV/c have a relatively small error bar, they are still consistent with the
Pb—Pb widths. The close values of the near-side widths suggest that the width of

the near-side jet is not significantly modified by the QGP. However, the correlation
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distributions are influenced by a surface bias [183], [184], such that the trigger particle
in the measurement originates from a heavy quark closer to the surface of the QGP,
resulting in a minimal path-length through the medium, which could potentially

minimize the effect of medium-induced modifications to the jet.

5.5 Per-Trigger Associated Yield

Associated particle yields are obtained by integrating the correlation distributions in

assocC.

Pr
analysis, the per-trigger yields were obtained from integrating +30 of the measured

ranges motivated from the pp and p—Pb measurements. In the pp correlation

o around the Ay distribution peaks. To maintain consistency with the pp and p—
Pb measurements, the yield was calculated in the same way for Pb—Pb. The yield

extraction for the near-side yields is as follows:

30nNs N

And similarly for the away-side yields:

T+3049 dN
YAS:/ mdﬁsﬁ (5.4)

Because there is a clear trend in the near-side o as a function of p°“ measured

—304s

in pp, the integration range varies per associated pr interval. The same sigma value
is used for all pi¥°“ ranges for the away-side peak. Table 5.1 provides the o values
used in the analysis, which were taken from the PYTHIA width predictions shown
in Fig. 5.3.

Table 5.1: ¢ values used for the yield integration. Associated yields are obtained by
integrating +3c0 from the mean peak values of 0 (near-side) and 7 (away-side)

P (GeV/c) near-side (radians) away-side (radians)

1 < pisoe < 2 0.33 0.5
2 < psoc < 3 0.25 0.5
3 < pc < 4 0.2 0.5
4 < pasoc < 5 0.175 0.5
b < pisoc < 7 0.15 0.5
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To ensure that the measurements from pp are directly comparable to Pb—Pb, the
yields shown for pp are not taken from the relevant analysis paper, but are instead
calculated again for this analysis. Therefore, all statements and physics conclusions
regarding the similarities or differences between collision systems pertains to obser-
vations are made on equal integration ranges. What this analysis is not accounting
for are the difference in the peak widths for the collision systems, due to the following

reasons:

e By constraining the Ay integration range parameter, we can make physics
observations about the correlation peaks that are not inherently dependent on

another measured observable (peak width)

e As discussed in the analysis procedure section (3.8.2.3), the away-side peak was
not fit with a characteristic function for the final results. Therefore, we could

not extract a definite peak width to compare to pp or p—Pb

5.5.1 Per-trigger Yield Comparison to pp

The near- and away-side per-trigger associated peak yields in Pb—Pb in both cen-
trality classes are compared to pp in Fig 5.9. Statistical errors are shown with a solid
line, systematic errors are shown with a shaded box, and the uncertainty due to the
baseline uncertainty estimation is shown as an open box. For ease of observation, the
30-50% values are shifted -0.2 GeV/c.

Observing first the near-side yields in Fig. 5.9, the values decrease with increasing

assocC.

Pr
deviation. The pp yield in the 4 — 5 GeV/c interval appears slightly higher than

The yields in Pb—Pb appear to be consistent with pp within 1 standard

Pb-Pb, although still within uncertainty. This is similar to what is seen in Fig.5.2
where the pp yield is just slightly higher than p—Pb in this interval. Additionally, in
Fig. 5.3 which shows the ratio of the measured pp yield to PYTHIA, the value of the
ratio is slightly < 1, suggesting that the pp yield in this interval is a fluctuation.
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Figure 5.9: Per-trigger associated yields of the near- (left) and away-side (right) peaks
for 4 < p§ < 12 GeV/c as a function of p&=°¢ in 0-10% and 30-50% central Pb—Pb
collisions compared to those obtained from pp collisions publicly available by ALICE

[180]. The statistical (systematic) uncertainties are shown as vertical lines (empty

boxes). In some p3#°“ intervals, the away-side yield is consistent with zero within one

standard deviation of statistical and systematic uncertainties added in quadrature.
For those intervals, upper limits on the yields for 68% (95%) confidence levels are
evaluated, and are shown with arrows (boxes).

The away-side yield values that are consistent with 0 within one standard devia-
tion (where statistical, systematic, and baseline systematic uncertainties are combined
in quadrature) are shown as upper-limit confidence intervals. This is to account for
small yield values relative to their measured uncertainty. The 68% and the 95% con-
fidence limits illustrate the intervals for (0, + 1lo| (arrow) and (0, u+ 20] (solid box)
respectively. Where p is the measured value of the yield and o is the total-combined
uncertainty. The Feldman-Cousins method [185] was also performed as an additional
check on the confidence limits, and was found to be consistent in value. Account-
ing for the confidence limits on the Pb—Pb yields, the pp yields are still within 1
to 2 standard deviations from the 95% upper limits, and all appear to decrease at

assocC.

increasing py

5.6 Per-Trigger Nuclear Modification Factor (/4)

Using the per-trigger associated yields in Fig. 5.9, the per-trigger nuclear modification
factor (Iaa) can be used to perform a more direct observation on the effect of the
QGP medium on the jets. This is defined as the ratio of the Pb—Pb associated yield
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to the pp yield. Similar to the Rya, a measurement of > 1 (< 1) of the I, indicates
an enhancement (suppression) of the yield. The 5, is sensitive to a change in the
initiating parton fragmentation function, the change of the quark/gluon jet ratio in
the final state, and any bias on the parton pr spectrum after energy loss from the
trigger particle selection [72]. Changes in the fragmentation function of the jet, or
a wake front in the medium [50], the jet depositing energy in the medium [51], or
kr-broadening would manifest as an enhancement on the near-side. A suppression
observed in the near- or away-side is likely due to jet-parton energy loss [35], [125],
[186] or from the depletion due to a diffusion wake [187].
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Figure 5.10: Per-trigger nuclear modification factor (Ixa) of near- (left) and away-side
(right) associated yields, for 4 < p§ < 12 GeV/c as a function of p§*°* in 0-10% and
30-50% central Pb-Pb collisions publicly available by ALICE [180]. The statistical

aSSOC.

(systematic) uncertainties are shown as vertical lines (empty boxes). In some p
intervals the away-side yield is consistent with zero within one standard deviation
of total uncertainty. For those intervals, upper limits on the Ixs for 68% (95%)
confidence levels are shown with arrows (boxes).

Figure 5.10 shows the near- and away-side a4, respectively, with both centrality
classes. For the 0-10% centrality, the near-side I o shows a slight enhancement at low
PP, with a significance of about 1.270, before approaching unity at higher p3*>°“.
The 30-50% centrality I, distribution overlaps with unity well within uncertainty.
For both centrality classes, the 4 —5 GeV /¢ interval does show a possible suppression,
but given what was previously seen with pp yield in this interval compared to p—Pb,
this is possibly due to an upwards fluctuation in pp. Because both centralities are

divided by this same value in pp, the same behavior occurs for both in this interval.
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The away-side 55 measurements in Fig. 5.10 do not tell a straight-forward story.
There is possibly an away-side enhancement at low p3*°“ for the 0-10% centrality
class, but due to the uncertainty that can’t be stated for certain. However, the second
interval’s consistency with unity followed by the remaining intervals overlapping with
zero point to a gradual suppression at higher associated pr, but again, due to the
uncertainties this is inconclusive. The 30-50% away-side x5 measurement appears
to fluctuate up to unity (in the 2 — 3 GeV/c interval) and down such that some
points are consistent with 0. Taken as a whole, the 30-50% away-side I5o points
to an overall suppression. A possible explanation could be that the QGP medium
in semicentral events is significant enough to induce jet-quenching throughout the
entire pr spectra, or that the higher-pr associated particles lost energy (similarly to
the central events) and that these now lower-pr jet constituents thermalized with the

medium.

5.6.1 Iyn measured in 20 intervals

To maintain consistency with the measurement in the pp and p—Pb collision systems,
the per-trigger yield was obtained by integrating within 3¢ in the Pb—Pb collision
system. However, the Pb—Pb correlation distributions have significant fluctuations
compared to the other two collision systems, particularly in the transverse region.
These fluctuations contribute to the statistical and baseline uncertainties, and these
uncertainties may be reduced by integrating in a smaller region. For this reason, the

per-trigger yields and Ix were obtained by integrating within 2o of the peak means.
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Figure 5.11: (Left) 30 integration region of the A correlation. (Right) 20 integration
region of the Ay correlation.
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