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Pathlength-dependent jet quenching in the
quark—gluon plasma at ALICE

Caitie Beattie
2023

At extremely high temperatures, the quarks and gluons that compose the funda-
mental building blocks of our universe undergo a phase transition from stable hadronic
matter to become a deconfined quark—gluon plasma (QGP). One way to study this
medium is through collisions of heavy ions, where extraordinarily high energy densi-
ties produce just such a deconfined state. Of particular interest are jets, collimated
showers of hadrons that originate early in the collision and undergo modification
as they traverse the QGP, thus probing the medium’s properties and enabling the
study of quantum chromodynamics at multiple scales. Notably, jets lose energy as
they propagate through the medium, the pathlength dependence of which remains an
open question. The answer is of significant interest, however, given that quantitative
constraints on this dependence are closely related to the underlying mechanisms that
drive jet quenching phenomena. This thesis will discuss the first measurement of jets
using a technique known as event-shape engineering (ESE), a measurement made in
an effort to constrain the pathlength dependence of jet energy loss.

For this thesis, charged jets were measured in Pb—Pb collisions using the ALICE
detector at the CERN Large Hadron Collider. These jets were then classified ac-
cording to their angle with respect to the event plane, as well as the shape of the
event that they traversed. No sensitivity of the jet spectra to the event shape was
observed; however, the yields were seen to be dependent on the event-plane angle.
Moreover, this dependence was stronger for highly-elliptical events and weaker for
highly-isotropic events. Such results are consistent with descriptions of pathlength
distributions that were studied in Trajectum and the assumption that jets lose en-
ergy in a pathlength-dependent manner. Further theoretical models are required to

extract quantitative constraints from this study.
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“We cross our bridges when we come to them and burn them behind us, with
nothing to show for our progress except a memory of the smell of smoke, and a
presumption that once our eyes watered.”

-Tom Stoppard
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“and this 1s the wonder that’s keeping the stars apart”

— e.e. cummings
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“If I could remember the names of all these particles,

I'd be a botanist.”
— Enrico Fermi

Chapter 1

Introduction

Quark-gluon plasma (QGP) is the deconfined state of quarks and gluons that exists
at extremely high temperatures when hadronic matter undergoes a phase transition
to become partonic matter. The QGP comprised the state of the universe in the
microseconds following the Big Bang, and can be produced in the laboratory by
colliding heavy ions at ultrarelativistic speeds to create “little bangs”. The partonic
matter produced in these collisions possesses a host of interesting properties that span
the scales of quantum chromodynamics (QCD), from asymptotically free scatterings
to collective behavior and emergent phenomena. Study of these properties is proposed
as a way to understand many aspects of the universe, giving us insight into questions
as diverse as those regarding our origins to those concerning far-away neutron stars.

This chapter will first cover the theory of the Standard Model, with particular
attention given to QCD. It will then address the physics of heavy-ion collisions and
provide an overview of the fundamental experimental knowledge required to interpret
studies of heavy ions. Next, this chapter will discuss the quark-gluon plasma, its
properties, and the various ways we are able to study it. Finally, it will give an
introduction to jet measurements using event-shape engineering, providing a brief

overview of the unique contributions made in this thesis.



1.1 The Standard Model

The Standard Model of Particle Physics is an SU(3) x SU(2) x U(1) theory charac-
terizing the elementary particles that make up the observable universe. It includes
descriptions of their interactions via the strong, weak, and electromagnetic forces.
These particles can be grouped into fermions (leptons and quarks) and bosons (scalar

and gauge), as depicted in Fig. whose interactions are governed by the Lagrangian:

Lsm = _%LF,WF’“’ + i DY + Yiyiid + hoc. + |Dyo* — V() (1.1)

where F' is the field strength, 1) is the fermion multiplet, D is the covariant derivative,
y is the Yukawa matrix, ¢ is the Higgs field (and h.c. here represents the hermitian
conjugate of the previous term), and V is the potential of the Higgs ﬁeldﬂ

Fermions Bosons
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Figure 1.1: The Standard Model of Particle Physics. Note that all masses are ap-
proximate and only reported to one significant digit.
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The Standard Model is one of the greatest achievements of modern physics, hav-

1See [1] for a tidy explanation of the terms of the Standard Model Lagrangian.



ing predicted the existence and masses of several particle species before experimental
evidence of their being was available, as well as accurately describing production
cross-sections across 10 orders of magnitude [2]. Despite the great success of this
theory, several open questions remain, such as the conspicuous absence of a descrip-
tion of gravity. In addition, there are aspects of the Standard Model that cannot be
calculated analytically from first principles, such as the behavior of quantum chro-
modynamics (the theory of the strong force) in the high temperature regime. This
particular deficiency has in large part motivated the development of the field of heavy-

ion physics, and is responsible for the existence of this thesis.

1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a Yang-Mills theory [3] symmetric under SU(3)
transformations] The Yang-Mills Lagrangian, which provides a generic description

for non-Abelian gauge theories belonging to SU(NN) groups, can be written as:

L=~ (FL) + 96D — m)y (12

where F' is the field strength, D is the covariant derivative, and v represents the
fermion multiplet in the theory. For the specific case of QCD, the Lagrangian be-

comes:

T 1 a7 a
/;QCD = @/)(Za — m)@/) — Z(@Aﬁ — 8VAZ)2 + gAluwaﬂt 77[)

1
. gfabc(a#Az)AubAuc o Zgz(feabAZAl;)(feCdAucAyd) (13)

where the A represent the gluon fields, v the Dirac y-matrices, t the generator matrices
of the symmetry, f¥* the structure constants (derived from the commutators of the
generators), and ¢ the gauge coupling. From this Lagrangian, one can derive the

interaction vertices shown in Fig. 1.2

2A detailed derivation of the equations found in this section can be found in Peskin and Schroeder
Chapters 16 and 17 [4].



Figure 1.2: Interaction vertices arising from the QCD Lagrangian. Squiggly lines
represent gluons and straight lines represent fermions.

This gauge coupling g is related to the strong coupling g according to the following
relationship:

g° =4m - oy (1.4)

It should here be noted that «g is not a constant, but rather depends on the momen-
tum scale of the interaction between the participating fields according to the following

formula:
27

(11— Zng) log (Q/A)

where ng is the number of fermion species and ) = \/EEI A, an important quantity

as(Q) = (1.5)

that is sometimes denoted as Aqcp, is the fundamental energy scale of QCD. It has an
approximate value of 200 MeV, and marks a rough division between the perturbative
and non-perturbative regimes of QCD/[]]

The inverse dependence of the strength of the coupling on the scale of the interac-
tion (? is often referred to as the “running” of the coupling constant. This dependence
is shown in Fig.[I.3] Two physical consequences of the nature of the coupling are phe-
nomena known as “confinement” and “asymptotic freedom”. Confinement describes
the fact that, at normal temperatures and energy densities, partons remain bound
within hadrons. This phenomenon is necessary for the stability of our universe. Con-
versely, asymptotic freedom refers to the effect that at very high energies and very

close distance scales, partons become deconfined from these bound states and behave

3Here s is the Mandelstam variable, equal to the square of the sum of the incoming 4-momenta

[51-
“Note that Aqcp is not a natural constant but rather takes on a value depending on the renor-
malization of the theory. Quotes for this value therefore often vary, see e.g. [0l [7].



independently of each other.
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Figure 1.3: Calculations of the coupling constant oy and its dependence on the
strength of the interaction @), along with various experimental measurements of these
values. Here, My refers to the mass of the Z boson [§].

The search for such a deconfined state of matter motivated early heavy-ion physi-
cists in their quest for an asymptotically free quark-gluon plasma. It was believed that
the energy densities produced in heavy-ion collisions would be sufficient to achieve
such a state. Experimental studies have revealed, however, emergent properties of
the QGP that are well described by hydrodynamics, indicating that the medium is
in fact better understood as a strongly-coupled liquid. This observation is some-
times referred to as the “strong” coupling of the plasma (not to be confused with the
strong force), and serves as the basis for a field of study that is much richer and more

complicated than could have ever been predicted from knowledge of o, alone.



1.3 Scales of QCD

In the limit of high energy interactions, s approaches 0. This behavior allows for
the use of perturbative QCD (pQCD) to calculate a wide range of phenomena arising
from large momentum transfers in a collision (sometimes termed “hard” interactions).
One such phenomenon of interest is jet production.

Jets are high transverse momentum sprays of particles that originate from hard-
scattered partons. When a parent parton undergoes a high-Q? interaction, it assumes
a high Virtuality.ﬂ It then proceeds to radiate quarks and gluons to shed this virtu-
ality. Eventually, as these particles return on-shell and ag increases, the jet becomes
governed by non-perturbative behavior. Its daughter partons will cluster together
into bound hadrons in a process known as hadronizationﬁ The processes of jet evo-
lution, ranging from hard scattering to hadronization, make it such that jet behavior
is influenced by QCD dynamics at many scales.

Because jet production is a multi-scale process that spans the perturbative to non-
perturbative regimes of QCD, it can be described using a factorization approach [9].
In this approach, the different scales are treated separately to produce the final cross-
section. This is described in the following equation, which gives the cross-section for

creating a high-pr hadron, here taken as a proxy for a jet:

dolisl,, = A B - fup(2,Q%) @ fopp(x, Q%) @ dopi™l, @ Desy(z, Q%) (1.6)

where f are the parton distribution functions, o4,_,. are the perturbatively calculable
cross sections of the incoming partons, D is the fragmentation function, and A and
B are the scaling factors for the nuclear collision.

Parton distribution functions (PDFs) refer to the density of the various parton
species as a function of their momentum fraction = pparton/Pnucieon- 10t the factorized

approach, PDFs are how we quantify the pre-collision state of the incoming nuclei.

5Here, a virtual parton refers to one that is off-shell, such that E? # p? + m?2.

SWhile there are two main models that are often used to describe the process of hadronization in
event generators (the string-breaking model and the clusterization model), in general the underlying
mechanisms of hadronization are not well-understood.



Experimentally determined values of these functions can be seen in Fig.[I.4, The data

*_nucleon collisions. To this

used to constrain these curves historically comes from e
end, exploration of the low-x regime of the PDFs and the search for gluon saturation

is a main motivation for the construction of the Electron Ion Collider [10].
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Figure 1.4: Parton distribution functions. Figure taken from [11].

Notably, when looking at the PDFs, it can be seen that they evolve with (2.
The necessary computational machinery to calculate this evolution can be found in
the DGLAP equations [12] 13|, [14], from which the parton splitting functions can be
extracted. These splitting functions give the probabilities of gluon radiation from a

parent parton, and are defined as:

R (L7)
Pyrs(2) = O 2 L) 18)

2(1—z)
where Cg is the color factor (3 for gluons and 4/3 for quarks) and z = w/E is the
energy fraction carried by the radiated gluon.

The fragmentation functions (FFs) give the probability of a parton hadronizing in
a particular way [15]. In contrast to the PDFs, which provide information about the

initial state, the FFs can be used to quantify the late stage aspects of jet production.



The FFs are, however, comparable to the PDF's in that they are not perturbatively
calculable. The DGLAP equations must therefore also be used to evolve them through
Q.

The factorizable nature of jet production makes the study of jets an excellent
test of the theory of QCD when studied in clean (i.e. eTe’) collision environments.
Additionally, when studied in the heavy-ion environment, jets have the ability to
reveal information to us about the interactions of QCD across scales in a way that is

not easily calculable.

1.4 Heavy-Ion Collisions

Experimentally, we are able to study high-temperature QCD by colliding heavy-ions
at ultrarelativistic energies. This is the only known way to produce the QGP phase
in the laboratory. Various aspects of heavy-ion collisions will therefore be discussed

here.

1.4.1 Stages of a Collision

A heavy-ion collision is a multi-stage process. First, the two incoming nuclei collide
and enter a pre-equilibrium phase. This stage, referred to as the initial state, ex-
hibits far-from-equilibrium behavior. Shortly after the initial collision the medium
“hydrodynamizes”, meaning that its behavior can be described using hydrodynam-
ics. At LHC energies, this occurs at approximately 0.2-0.6 fm/c. After the onset of
hydrodynamization, the medium expands and cools down according to the pressure
gradients introduced by anisotropies in the initial state. The next stage is known
as “thermalization” and is characterized by a locally isotropic medium, which occurs
at about 6 fm/c. Eventually, the medium hadronizes, achieving chemical freeze-out
when the hadronic species are fixed at about 8 fm/c. Finally, after a period of light
elastic scattering, kinetic freeze-out is achieved when the paticles’ kinematic prop-
erties become fixed. These particles are what are measured in our detector. These

processes are summarized in Fig[L.5]
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Figure 1.5: Stages of a heavy-ion collision.

1.4.2 Centrality

Centrality is a phenomenological observable that is often used as a proxy for a colli-

sion’s impact parameter. Experimentally it is defined as [16]:

Cn b /OO 7 4, (1.9)
OAA JNTHR dNg,
where o represents the hadronic cross-section and N, is the charged-particle multi-
plicity. It is typically reported as a percentile, with smaller values of centrality corre-
sponding to smaller impact parameters. Centrality definitions make use of Glauber
modeling, where events are simulated and the charged multiplicities are correlated
with the average impact parameters that produce these multiplicities. In ALICE, the
designation “central” corresponds to 0-10%, “semicentral” to 30-50%, and “periph-
eral” to 60-80%. A plot of the multiplicities measured in ALICE and their corre-

sponding centralities is shown in Fig. [1.6]
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Figure 1.6: Centrality determination using the VOM summed amplitude. See Section
2.2.4 for more details on the VO Detectors. Figure taken from [16].

1.4.3 General Coordinates

The set of coordinates frequently used when describing a particle’s location in the
lab-frame of a detector are the azimuthal angle ¢ and the rapidity y. Rapidity is a

Lorentz-invariant quantity that can be defined as:
1 E 4 cpy,
=—-In{ =——— 1.10
y=3 ( Een (1.10)
where F' is a particle’s energy, py, is its longitudinal momentum, and c is the speed

of light. Alternatively, one can consider a particle’s pseudorapidity n. The pseudora-

pidity provides a convenient proxy for the rapidity, and is defined as:

- fon (2)] am

where 6 is the polar angle from the beamline. While psuedorapidity is not a Lorentz-
invariant quantity, it is often used due to the fact that one need not know (or make

assumptions about) a particle’s mass to calculate this variable, as compared to the

10



rapidity y. Pseudorapidities close to zero are described as “mid-rapidity”, while large
pseudorapidity values are referred to as “forward”. Additional detector coordinates
include the radius r from the beamline and the distance z along the beam axis. A

schematic of these coordinates can be seen in Fig. [1.7]

n = -In[tan(6/2)]
S

0.5 1.0 15

0

Figure 1.7: Left: A schematic of detector coordinates ¢, 6, n, and z. Right: the
relationship between 7 and 6.

1.4.4 Reaction Plane

The reaction plane is defined as the plane that contains the vector of a collision’s
impact parameter and the z (beamline) vector, as seen in Fig. [L.§ (left). This is
distinct from the participant plane, which arises from fluctuations in the positions of
the participant nuclei and is shown in Fig. [1.8] (right). These are also both distinct
from the event plane 1, which is the experimental approximation of the reaction
plane. Differences between the reaction plane and the event plane arise due to fluc-
tuations in the medium’s hydrodynamic expansion, and imprecisions in the detectors
used to measure this quantity. These terms are sometimes used interchangeably, as
experimentalists only have access to the event plane and, as such, there is generally
no ambiguity in the concept to which one is referring. It is important, however, to
keep these distinctions in mind so as to avoid making undue generalizations about

the initial state from experimental data.

11



Figure 1.8: Left: Schematic of a heavy-ion collision’s reaction plane. Right: Diagram
showing the difference between the participant plane Wpp and reaction plane Wgp.
Image taken from [17].

1.5 Signatures of the QGP

While the asymptotically free QGP imagined by early heavy-ion physicists does not
describe our experimental measurements, there is ample evidence that the medium
produced in heavy-ion collisions consists of deconfined quarks and gluons. This section

will discuss some of the experimental signatures of deconfinement.

1.5.1 Jet Quenching

Jets in vacuum, as described above, provide excellent precision tests of QCD. When
studied in heavy-ion collisions, however, the picture becomes more complicated. It is
expected that jets will interact with the medium produced in such collisions as they
traverse it, although the precise nature of these interactions is difficult to establish
from first principles. The observation of jet quenching, a general term used to describe
any modification that occurs to a jet due to its interactions with the medium, is thus
considered a signature of QGP formation [I8]. Jet quenching effects can be broadly
grouped into the categories of (1) energy loss, (2) substructure modification, and
(3) jet deflection. There are many observables that can probe these effects, but the
first observation of quenching was made by STAR in 2003 when they studied the

azimuthal production of high transverse-momentum hadrons. In this study, high pr

12



triggers were used as proxies for jets. STAR observed a disappearing peak of said
hadrons recoiling from a trigger, indicating suppression by the plasma [19)].

Today, techniques for measuring jets have evolved significantly. Typically, such
measurements involve using infrared and collinear (IRC) safe reclustering algorithms
to capture the full radiation of the jet, in addition to a background subtraction
procedure to ensure the signal is appropriately distinguished from the medium.ﬂ Using
such procedures, a host of observables can be measured, the most standard of which

is the nuclear modification factor:

d2N
1 1 dndpr |AA

(Tan) Ne

Raa = (1.12)

vent. 3992 |pp
where (Txa) is the average nuclear thickness [16].

The nuclear modification factor compares the jet spectrum in heavy-ion colli-
sions to the expected spectrum from the same number of superimposed pp collisions.
An Rap below 1 indicates a modification to the jet spectrum owing to some addi-
tional interaction present in heavy-ion collisions, and so is interpreted as evidence
for the presence of a QGP. The nuclear modification factors measured by the LHC
experiments are shown in Fig. E| From these measurements, it can be seen that
jet yields are suppressed in heavy-ion collisions at LHC energies across the entire

experimentally-accessible pt range.

"See Section Jets for more details about modern jet measurement techniques.
8Note that while the R 5 is discussed here in the context of jet measurements, it can be used to
study any particle or collection of particles that can be measured by a detector. See e.g. Fig. [[.11}
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Figure 1.9: Shown are measurements of the full jet nuclear modification factor made
by ALICE [20], ATLAS [21], 22], and CMS [23] in central Pb—Pb collisions.

1.5.2 Quarkonia Suppression

Another signature of deconfinement is the suppression of quarkonia yields, where
quarkonia are a class of mesons consisting of a heavy-flavor quark and the correspond-
ing anti-quark [24]. Due to the multitude of free color charges within the medium,
heavy quarks experience a Debye screening effect, resulting in the “melting” of quarko-
nia states. Additionally, as heavy quarks are primarily produced early in the collision,
these quarks undergo many of the same phenomena as jets and are thus expected to
lose energy while traversing the medium. This combination of effects results in a
suppression of yields in heavy-ion collisions that can be seen in Fig. for two cc
states, the J/¢ and the ¢(2S). In addition to signaling the presence of a deconfined
medium, the sequential suppression of excited quarkonia states can be used to illumi-

nate various thermodynamic properties of the QGP, acting as a sort of thermometer

14



for the medium. Sequential suppression here refers to the fact that loosely-bound
excited states (in this case, the 1(2S)) are expected to melt more readily than their
more tightly-bound counterparts. The transport models that describe the differences
in melting rate are sensitive to various thermodynamic inputs, thus enabling better

characterization of the QGP.
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Figure 1.10: Nuclear modification factors for J/¢ and 1(2S) mesons as measured by
ALICE [25] and CMS [26].

1.5.3 Strangeness Enhancement

Strangeness enhancement refers to the excess production of (multi-)strange hadrons
observed in heavy-ion collisions relative to their non-strange counterparts [27], as seen
in Fig.|1.11} This phenomenon can be understood by considering the processes that
contribute to strangeness production. While there are no strange valence quarks in
the colliding nuclei, they are light enough (95 MeV/c?) to be produced in abundance
throughout the collision. These produced quarks eventually hadronize with the rest
of the medium, leading to the above-described excess. Notably, similar signatures
have been observed in small systems [28], raising the possibility that strangeness

enhancement is a multiplicity-dependent phenomenon rather than a true signature
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of QGP formation. Alternatively, these results can be interpreted as evidence of

deconfinement in small systems.
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Figure 1.11: Nuclear modification factors of light hadrons for central (left) and pe-
ripheral (right) Pb—Pb collisions. Note that the kaon yields (green) are less suppressed
than their non-strange pion counterparts (blue) [29].

1.5.4 Hydrodynamic Flow

A final signature of QGP formation is the presence of collective behavior, as measured
by azimuthal anisotropies in the final-state particle spectra. This collectivity is often
referred to as “flow” because it can be well-described by hydrodynamic theories. The
relevance of hydrodynamics to heavy-ion collisions may not be immediately apparent,
but can be understood by considering the overlap region of the collision. For all but
the most central events, this region is anisotropic, having a rough almond shapeﬂ
If a deconfined medium is achieved, this asymmetry will result in pressure gradients
throughout that medium. The initial-state spatial anisotropies will thus be trans-
formed into final-state momentum anisotropies. This evolution of the system from
initial- to final-state follows a hydrodynamic expansion where energy and momentum

conservation are imposed:

9Note that even in ultra-central collisions, fluctuations often produce significant anisotropies.
However, the simplified picture of the almond overlap is helpful for understanding the origin of
hydrodynamic behavior.
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0,T" =0 (1.13)

with T" being the energy-momentum tensor. It can be written as:

T" = eutu” — (P + II)(¢" — uw'u”) + 7t (1.14)

where ¢ is the energy density, u are the fluid velocity fields, P is the pressure, II is
the bulk dissipative term, g" is the metric tensor, and 7#" is the shear stress tensor.

Experimentally, this hydrodynamic evolution can be observed in the distribution
of particles that appears in the detector. These final-state particles can be described
using a Fourier decomposition in momentum-space:

PN 1

11 2v, n 1.15
e T LD DL (L) (1.15)

where ¢ is the azimuthal angle and 1, is the n'® order reaction plane, defined as:

_ L [ ()
N =] 10

The v,, are important observables often referred to as the low harmonics. A geometric
depiction of these harmonics can be seen in Fig. [1.12] (left), with a summary of values
measured by ALICE shown in Fig. (right).

1.6 QGP Properties

The top left corner of the QCD phase diagram (shown in Fig. [1.13]), where tempera-
tures are high and baryo-chemical potentials (up) are low, is the region of phase space
uniquely accessible to ion colliders. Most matter along this low ppg axis is consigned
to exist in a bound hadronic state; it is only at extremely high temperatures (above

~155 MeV, corresponding to ~10'2 K [33] [[) that this bound state undergoes a

10These calculations were performed using lattice QCD. While a detailed discussion of lattice is
beyond the scope of this thesis, see [34] for an introduction to the topic.
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Figure 1.12: Left: Geometric depictions of harmonics 2-6. Image taken from [30].
Right: Measurements of vy-vy made by ALICE. Figure taken from [31], with hy-
drodymanics predictions from [32].

crossover transition to become deconfined partonic matter. Due to the extreme con-
ditions required to escape the hadronic phase, many open questions remain regarding
the QCD phase diagram. For example, is there a critical point, and if so, where is
it? In the bottom right of the diagram, where baryo-chemical potentials are high
and temperatures are low (a region occupied by e.g. neutron stars), is there decon-
fined matter mirroring the QGP? The extreme conditions required to explore these
questions pose great challenges to experimentalists seeking to study the QQCD phase
diagram. With the use of heavy-ion colliders, however, the field has made substantial
progress in characterizing the QGP of the top left corner. A brief summary of these

characteristics will be discussed in this section.
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Figure 1.13: Phase diagram of QCD. QGPs produced at the LHC occupy the region
around the upper y-axis. Figure taken from [35].

1.6.1 Temperature

The temperature of the QGP is a difficult concept to define, due to inhomogeneities
in the initial state. It is also difficult to measure, given that any QGP produced at
a collider undergoes an evolution as it cools down from its peak temperature and
approaches freeze-out. There are, however, several key temperatures that can be
associated with the various phases of a heavy-ion collision. The first is the critical
temperature T, where hadronic matter undergoes a phase transition to deconfined
partonic matter. This value is ~155 MeV. There is also the effective temperature,
T, which is a time-averaged quantity that can be measured using thermal photons.
See Fig. m (left) for a summary of these temperatures and their constraints based

on ALICE measurements.
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1.6.2 Shear and Bulk Viscosity

A fluid’s viscosity is a measure of how well it resists flow. In the context of relativistic
hydrodynamics, there are two types of viscosity: shear and bulk. Shear viscosity 7
can be thought of as a fluid’s resistance to deformation, and reduces the conversion
efficiency from spatial anisotropies to final-state momentum anisotropies [36]. A
fluid’s bulk velocity ¢ can be thought of as its resistance to expansion. The QGP
has the lowest shear viscosity to entropy ratio ever measured, earning it the moniker
of the “perfect liquid”. Fig. [1.14] (right) shows these viscosity to entropy ratios as a

function of temperature.
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Figure 1.14: Left: Summary of relevant temperatures in a heavy-ion collision. Right:
n/s and (/s as a function of temperature. Figures taken from [37].

1.7 Multiscale Studies

As described in this chapter, the field of heavy ions has provided many unique insights
into the nature of high-temperature QCD. There remains much to be understood,
however, about the interplay of QCD objects at varying scales. For example, the
mechanisms that underlie jet interactions with the QGP are the subject of significant
ongoing studies. While it is generally accepted that jets lose energy as they traverse
the QGP, the details of how and why this happens remain unclear. This section
will discuss the motivation for studying the pathlength dependence of jet quenching

and how such knowledge would allow us to better understand QCD interactions at
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multiple scales. It will then provide an overview of the work done in this thesis to

contribute to our understanding of pathlength-dependent energy loss.

1.7.1 Pathlength Dependence of Jet Quenching

As jets traverse the QGP medium, they are expected to lose energy in a pathlength-
dependent manner:

where AE/FE is the fraction of energy lost, L is the pathlength traversed, and b is
the dependence parameter. Constraining the dependence parameter b is of particular
interest, given that it is related to the microscopic mechanisms by which this energy
loss occurs. Assuming a static medium, collisional mechanisms are expected to cor-
respond to b = 1, with radiative mechanisms corresponding to b = 2. Additionally,
non-perturbative processes can be calculated using AdS/CFT, which corresponds to
b= 3E-] Pictorial representations of these processes are illustrated in Fig. F_Q] In
reality, multiple of these mechanisms are expected to contribute to the phenomenol-
ogy of jet quenching, with their relative fractions being pr-dependent. Providing
experimental constraints to the pathlength dependence of jet quenching will thus al-
low us to better understand how jet energy loss occurs, and is therefore of general
interest to the field.

Despite the strong theoretical motivation for pursuing these studies, there are
significant experimental challenges that have thus far prevented an explicit charac-
terization of b. These challenges primarily arise from the fact that we only have access
to final-state particles, and are thus unable to identify the properties possessed by
any given jet before it traversed the medium. For example, it is impossible to specify
a jet’s spatial origin, making it impossible to identify the path it followed through the

QGP. Even if this could be done, inhomogeneities in the medium (i.e. hot spots of

HUNote that the L? dependence is commonly quoted, but likely only valid in a fairly restricted
phase space. See Section Models for more details.

12Note that these integer parameters are a simplification, but are useful for thinking about the
relative contributions in a simplified system.
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Figure 1.15: Feynman diagrams for collisional (left) and radiative (middle) jet energy
loss for quark-initiated jets. A visual representation of energy loss from AdS/CFT
processes (right). The cones represent the final-state hadrons. See Section: [3.1.1}
Mechanisms for more details on these mechanisms.

high entropy density) make it difficult to unambiguously define the concept of path-
length in geometric terms. Finally, interactions between the parton shower and the
medium are probabilistic, thus smearing out the distribution of energy loss that any
given parton could undergo. Creative methods must therefore be used to circumvent
these problems and extract physics from our dataB In this thesis, we use a technique
known as Event-Shape Engineering (ESE) [38] to reduce medium fluctuations in our

sample and provide further constraints to pathlength-dependent quenching.

1.7.2 An Introduction to Event-Shape Engineering

As discussed in the section above, medium fluctuations pose a difficulty to constrain-
ing the length of QGP that any given jet traverses. ESE, a technique that allows

for one to select samples of events based on their shapes in addition to their central-

13Tt should be noted here that extracting such constraints requires input from both theory and
experiment. One of the most promising ways to make this bridge can be found in software packages
that describe heavy-ion behavior using Bayesian inference, where experimental measurements are
used as inputs to extract relevant physics parameters.
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ities, is one approach that can be used to reduce these fluctuations. This method
relies on the fact that centrality and shape are related, but independent, concepts.
As described in Section [1.4.2: Centrality, centrality is a proxy for the impact
parameter. Due to the geometry of the overlap region, central events tend to be more
circular while peripheral events tend the be more elliptical. Experimentally, however,
centrality is determined using the multiplicity measured in the forward scintillating
detectors. This value is insensitive to fluctuations in the spatial positions of incoming
nucleons. Given this, event shape can be more directly measured by quantifying the
harmonics described in Section [1.5.4f Hydrodynamic Flow. Experimentally, we
find that when holding centrality constant, we are able to see significant variations in

these harmonics. A sketch of this concept can be seen in Fig. [I.16]

Figure 1.16: Sketch of a semicentral event. Such events, being defined by their for-
ward multiplicity, can vary significantly in their spatial anisotropies. In this diagram,
¢2 refers to the magnitude of the reduced second-harmonic flow vector. See Sec-
tion [4.2.2; Event Ellipticity for more details.

While shape fluctuations may initially seem a nuisance, they provide experimen-
talists an additional dial by which to study the behavior of the QGP. In the case
of jet energy loss studies, they enable us to further constrain the pathlengths that
jet populations traverse. Consider that, by applying an additional shape cut, one is
able to select events that are more circular or more elliptical than the average of the

inclusive sample. By applying further differential cuts, such as, e.g. in the jet angle
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relative to 15, one is able to more precisely constrain the amount of medium that is
available for a jet to pass through. This can be understood by remembering that in-
plane pathlengths are, on average, shorter than out-of-plane pathlengths, a difference
that is enhanced in elliptical events and suppressed in isotropic events. To the extent
that jet energy loss depends significantly on the pathlength traversed, out-of-plane
jets are therefore likely to be relatively more suppressed that in-plane jets in elliptical
events than in isotropic events. Studying these differences thus has the possibility to
provide more insight into the pathlength dependence of jet quenching than studying
in-plane and out-of-plane spectra for inclusive events. The phenomenological justifi-
cations for these claims will be discussed in more detail in Section Trajectum
- A Case Study. In the meantime, this intuitive picture is useful for constructing

observables that will inform us beyond those that have already been measured.
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“If we knew what it was we were doing, it would not

be called research, would it?”
— Albert Einstein

Chapter 2

The Experiment

Quantum chromodynamics is responsible for phenomena as fundamental as the sta-
bility of the atoms that compose us, yet studying the high-temperature frontiers of
QCD can only be done in the laboratory by way of heavy-ion collisions. This research
requires a coordinated system of accelerators, detectors, and computing infrastruc-
ture, thus necessitating the collective effort of large groups of people. Experimental
collaborations of this variety are typically composed of thousands of scientists, engi-
neers, and technicians. Currently, the scale of these efforts is such that relativistic
heavy-ion experiments only occur at two locations on the planet: the Large Hadron
Collider (LHC) in Switzerland and the Relativistic Heavy Ion Collider (RHIC) on
Long Island.

This chapter will discuss the Large Hadron Collider and the facilities used for
generating heavy-ion beams. Next, it will introduce the ALICE detector, covering
the specific sub-detector systems of interest to this thesis. Some upgrades for Run
3, and the specific contributions of the Yale group, will also be discussed. Finally, a

brief discussion of triggering and data selection will be had.
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2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a 27-kilometer circumference ring that is buried
approximately 100m underground along the border of Switzerland and France. At
the LHC, charged nuclei are accelerated to near light-speed and collided at designated
crossing points along the beam. There are four such collision points, each of which
is home to a major experiment: ALICE (A Large Ion Collider Experiment) [39],
LHCb (Large Hadron Collider-beauty) [40], CMS (Compact Muon Solenoid) [41], and
ATLAS (A Toroidal LHC Apparatus) [42]. While the bulk of the LHC program is
dedicated to colliding protons, the accelerator system is configured for approximately
one month per year to add Pb ions into the rotation[] These so-called heavy-ion
collisions are the subject of a rich and diverse field of physics, as well as the subject
of this thesis.

Several facilities are required to prepare the ions for injection into the main ring of
the LHC [43]. The heavy-ion beam begins at Linear Accelerator 3 (LINAC3), where
ions are generated by an Electron Cyclotron Resonance (ECR) source, separated into
long bunches, and accelerated to low energies of about 4 MeV. From here, they enter
the Low Energy lon Ring (LEIR), where the long pulses are compressed into shorter
bunches and accelerated to an energy of 72 MeV [44]. Next, ions are fed to the Proton
Synchrotron (PS) [45], which can accelerate particles up to 26 GeV [46]. After the PS,
ions are passed to the 7 km circumference Super Proton Sycnhrotron (SPS), which
can achieve beam energies of up to 450 GeV [47]E] Upon exiting the SPS, the ions
are finally ready to be injected into the LHC. A schematic of this complex can be
seen in Fig.

Once inside the LHC, the ions enter two vacuum tubes in which they rotate in
opposite directions, only crossing at designated points. The LHC ring itself consists

of eight arcs separated by eight insertions. These arcs are composed of 154 dipole

!Note that the LHC heavy-ion program is not limited to Pb. For example, a Xe-Xe run occurred
in 2017, and there are plans for an O—O run in Run 3. However, Pb—Pb collisions form the most
significant part of this program.

2The top energies quoted here for the PS and SPS were achieved with pp beams; typical heavy-ion
energies are considerably lower.
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Figure 2.1: Schematic of the accelerator complex at CERN. See text for details.
Figure taken from [4§].

magnets each and generate a magnetic field of up to 8.3 T. This design allows the LHC
to achieve top collision energies of /s = 14 TeV for proton beamsﬂ and /syn = 5.02

TeV for Pb-ion beams, with a nominal luminosity of £ = 103* cm=2s7L.

2.2 ALICE

The ALICE detector is a multi-component particle detector designed to perform well
in the chaotic heavy-ion environment, where thousands of particles are generated per
collision [37]. A schematic of the various detector components can be seen in Fig. 2.2]
Of particular note are the Time Projection Chamber (TPC) and Inner Tracking Sys-

3Note that this has not yet been achieved, with the highest energy pp collisions to date clocking
in at /s = 13.6 TeV!
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tem (ITS), which together form the Central Barrel used for charged particle tracking.
Additionally, the VO detectors allow for the measurement of charged particles at for-
ward rapidities, thus enabling centrality and event-plane angle determinations. These
sub-detectors, being necessary for the analysis presented in this thesis, will be dis-

cussed here in more detail.
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Figure 2.2: The ALICE apparatus as configured for Run 2. Numbers indicate loca-
tions of the various sub-detector systems. The central barrel (1 and 3) and forward
scintillators (2) are particularly important for this thesis. Figure taken from [49].

2.2.1 Time Projection Chamber
General Information

The TPC, a gaseous detector that allows for the reconstruction of charged-particle
tracks, is the prized detector of the ALICE experiment [50]. It provides high resolution
tracking of charged particles in the low- to intermediate-pr range. This enables the
extensive and innovative correlation and flow-type studies that are performed using
ALICE data, as well as state-of-the-art measurements of jet substructure [51}, 52]. For

the purposes of this thesis, the ability to combine soft information with the inclusive
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jet spectrum is of highest importance.

The mechanism of a TPC is as follows. When a collision occurs in the beam-pipe,
a multitude of particles propagates outward. A magnetic field generated by ALICE’s
solenoid magnet is applied throughout the detector, altering the trajectories of any
charged particles produced by the collision such that they take a curved path through
the TPC volume. These charged particles ionize the detector gas molecules along their
trajectories, leaving tracks of liberated electrons in their wake. An electric field is
applied throughout the TPC, directing these electrons from the center of the detector
toward its end-caps. Here, the electrons undergo avalanche multiplication until they
are of sufficient magnitude to form a detectable signal, which is then processed by the
front-end electronics and converted to a digital signal. A schematic of this process

can be seen in Fig. [2.3|

OUTER FIELD

READOUT
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CENTRAL HV
ELECTRODE

ENDPLATE

INNER FIELD
CAGE

Figure 2.3: Schematic of the ALICE TPC. Note that for Run 2 and earlier, the
endplates were composed of gating grids. For Run 3, they have been upgraded to
quad-GEM structures. Sketch modified from the Upgrade TDR [50].

The ALICE TPC is 5.1 m in length and covers 27 in azimuth for a pseudorapidity
range of || < 0.9. For Run 2, the gas mixture used in the drift volume consisted of Ar
and COq (88-12) [53], with charged tracks in the volume being subject to a magnetic

field of 0.5 T. The readout plane used a gating grid to minimize ion backflow and
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the resulting space-charge distortions. For Run 3, the gating grid has been replaced
with a quad-GEM structure to allow for continuous readout in the high-luminosity

environment [54].

Micro-Pattern Gaseous Detectors

Micro-Pattern Gaseous Detectors (MPGDs) are a class of detectors that can be used
to collect signal at a TPC’s readout plane. As the name implies, these detectors are
small gaseous devices with intricate electronics, and include technologies such as the
Gas Electron Multiplier (GEM) [54] and the MicroMegas [55]. They are typically
designed to optimize for energy resolution and ion-backflow (IBF). Here, IBF refers
to a phenomenon resulting from avalanche multiplication, where each new electron
leaves behind a positive ion that can drift back into the detector volume and cause
space-charge distortions (SCD). These distortions can alter the trajectories of tracks,
thus degrading the data quality. The structural design of MPGDs allows them to
excel at high-interaction rate data acquisition due to their ability to block ions in an
untriggered manner.

As part of the upgrades made during the Long Shutdown preceding Run 3, ALICE
has moved to using GEMs in place of a gating grid. GEMs are thin polymer foils
with copper coatings. These sheets are perforated with channels for electrons to
pass through. An electric field is applied across the channels to induce avalanche
multiplication of the passing electrons. This field also induces escaping ions to collect
on the surface of the GEM (as opposed to moving back into the drift chamber). A
schematic of a GEM can be seen in Fig. 2.4] (left).
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GEM 2 (LP); AV=230 V f £ 23500 V/em 2 mm
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Readout pads

Figure 2.4: Left: A diagram of a GEM. Figure taken from [50]. Right: Schematic of
the quad-GEM structure used for ALICE’s Run 3. Figure taken from [56].
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The specific devices employed by ALICE are quad-GEM structures consisting of
four layers of GEM sheets with offset perforations. This design has been shown in
R&D studies to achieve a gain of ~2000 while keeping IBF below 1%. A schematic of
this structure with the operating conditions to be used in Run 3 can be seen in Fig.
(right). Note that the performance of such an MPGD system depends heavily on the
operating conditions employed. For example, using different voltages, pitches, and foil
widths can all impact the performance. Moreover, optimizing for IBF usually comes
with a trade-off in energy resolution, and vice versa. A study of energy resolution vs.
IBF as a function of various voltages can be seen in Fig. [2.5| (left). A separate study
as a function of different gas mixtures can be seen in Fig. [2.5] (right) (note that this
study was performed by Yale RHIG members [57]). Generally, curves that sit in the
lower left corner are considered to have the best optimization, and guide the choices

of operating conditions for the experiment.
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Figure 2.5: Left: Resolution vs. IBF for different voltage configurations, taken from
[58]. Right: Resolution vs. ion back-flow for various gas configurations. Studies
performed by Yale RHIG members in collaboration with colleagues from BNL [57].

Calibrations

While quad-GEM structures are capable of suppressing IBF in high-interaction rate
environments, such environments still generate sufficient IBF to induce significant

space-charge distortions (SCD). These distortions require that tracks be calibrated in
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order to preserve the quality of the data. One method proposed to address the SCD
in Run 3 and perform the necessary track calibrations involves the use of machine
learning. The method works as follows. First, the TPC signal is converted into 1D
Integrated Direct Currents (IDCs) by integrating over r and . This produces a z-
dependent function, where one IDC value is available per time-step. These IDCs are
then transformed into a series of coefficients using a Fourier decomposition. The use
of Fourier decomposition allows for an initial reduction in the data size, as only the
first several coefficients are required to reasonably reproduce the data.

After performing the Fourier decomposition, machine learning techniques can be
applied to correct the 1D IDCs for distortions. In this case, a Random Forest [59]
was chosen to study the effectiveness of using machine learning models to correct for
the distortions. Tests performed on simulated TPC “maps” allowed the performance
of the Random Forest to be evaluated by comparing this technique to the “true”

correction. An example of this comparison is shown in Fig. [2.6] (left).

0.08

o
35
2
&

deltaSC

0.06 I0.04

0.04 5

W Depth6

o
3
&

Depth 9
A Depth12

1 4 Depth1s
0.02

0023 gyt )

0041 T
1°- -0.04
b T

100 150 200 250
r(cm)

falgs PR R HEEETEE L
ISR AR AR

predicted corrections — corrections (cm)
o

........... t
100 150 200 250
r(cm)

o
I
Std. Dev. (predicted corrections — corrections ) (cm)

Figure 2.6: Left: Performance of machine learning corrections of TPC space-charge
distortions using simulations. The difference between the correction predicted by
the machine learning and the actual correction is shown as a function of the TPC
r direction. The difference is on the order of 100s of microns. Right: Performance
of the corrections for different reference depths. Larger reference depths improve the
performance up to a value of about 12, at which point improvements begin to level
off.

Studies to optimize the machine learning parameters for correcting SCD in the
TPC were done as part of this thesis. These included varying the number of Fourier

coefficients used in the training, the depth of the Random Forest, and the ion drift
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time. Fig. m (right) shows an example of a depth study done to optimize the
calibrations. Future studies in ALICE will examine these concepts further, and in
particular will consider alternatives to the Random Forest approach. Ultimately, SCD

corrections should achieve a precision on the order of 100 pm [53].

2.2.2 Inner Tracking System

The Inner Tracking System (ITS), pictured in Fig. , is also critical for measuring
charged tracks [60]. Tracks measured in the ITS can be matched with TPC tracks,
thus allowing for better momentum parameterization and improving ALICE’s overall
tracking resolution. In addition, the ITS is used for locating primary vertices and
reconstructing secondary vertices from heavy decays. It is a six-layered silicon de-
tector coaxial with the beam pipe, covering pseudorapidity |n| < 0.9 (see Detector
1 in Fig. 2.2). The inner two layers are Silicon Pixel Detectors (SPD), the middle
two are Silicon Drift Detecors (SDD), and the outer two are Silicon micro-Strip De-
tectors (SSD). In addition to the enhanced tracking capabilities enabled by the ITS,

information from ITS clusters can be used for rejecting pileup events.

SPD

SDD

87.2 cm

Figure 2.7: Schematic of the ITS. This detector is composed of six concentric layers
of silicon material. Image taken from [60].

33



2.2.3 VO Detectors

The VO detectors are scintillating detectors in the forward region used primarily for
charged multiplicity and event-plane angle determination [61]. The VOA (ATLAS-
Side) is located at pseudorapidity 2.8 < n < 5.1 and the VOC (CMS-Side) is located
at —3.7 < n < —1.7. Together these detectors form the VOM. Each detector is
divided into four concentric rings and eight azimuthal slices, as shown in Figure [2.8
The design of the VO does not allow for the measurement of the kinematic details of
the charged particles that strike the detector. However, it is adept at recording the
overall multiplicity as well as the spatial distribution of these particles.

VZERO-A
VZERO-C

Figure 2.8: Schematic of the ALICE VOA and VOC detectors.

Centrality determination by the VO is done by considering the summed amplitudes
of the VOA and VOC, as seen in Fig. [1.6] [16]. Event-plane angle information can
also be determined by considering the amplitudes of the azimuthal sections in the
individual detectors. These values are then summed with an appropriate weighting

determined by the resolution of the detector.

2.2.4 Triggering and Data Selection

Due to the high luminosities present at the LHC and data storage limitations, trig-
gering systems are in place to select for data that is both “good” and “interesting”

[62]. In ALICE, these triggering decisions are made by the Central Trigger Processor
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(CTP) [63]. Good events are selected using a Minimum Bias trigger, which requires
simultaneous signals in the VOA, VOC, and ITS detectors to reduce contamination
from unwanted processes, e.g. beam-gas interactions. Rare processes are selected us-
ing the various interesting triggers. These include, for example, the High Multiplicity
trigger (HM) and EMCal triggers (EJE, EGA, etc.) [64]. For the purposes of this
thesis, the SemiCentral trigger was used to acquire a sample of events with increased
statistics for 30-50% centrality taken during the 2018 Pb-Pb run.

After triggering, events need to pass appropriate selection criteria before being in-
cluded in a measurement. First, events are typically required to have a primary vertex
within |z| <10 c¢m of the nominal interaction point. Additionally, a cut requiring a
correlation between the hits in the I'TS and TPC can be made to remove out-of-bunch
pileup; this cut can be varied to remove pileup with various levels of efficiency. This
cut removed approximately 30% of events from the analysis performed for this thesis.
These cuts are intended to suppress out-of-bunch pileup, ensuring that the recorded

event is associated with a true collision.

35



“All models are wrong, but some are useful.”

— George Box

Chapter 3

Phenomenology

In the world of collider physics, relativistic heavy ions is a somewhat unique sub-
field with respect to the status of and relationship between theory and experiment.
Because many of high-temperature QCD’s open questions cannot be solved analyti-
cally, numerical methods are crucial for theoretical advancement. For example, lattice
QCD, a technique that simulates partons on a large grid, has been used to study the
thermodynamic properties of the QGP medium. More recently, Bayesian methods
have been leveraged to constrain similar properties by extracting the likeliest values
from existing experimental data. One common drawback of these approaches is that
they require immense computing power, therefore limiting the questions they are able
to address and the precision with which they are able to do so. It is consequently an
exciting time to be working in heavy-ion research, where theoretical and experimental
progress drive each other in tandem.

This chapter will provide a brief overview to the status of heavy-ion theory as it
relates to the studies performed in this thesis. First, we will discuss the phenomenol-
ogy of jet—medium interactions. Next, we will discuss simulations of the underlying
event. Finally, we will give a detailed description of the Trajectum studies that have
been done as a part of this thesis to investigate the use of event—shape engineering to

study jet production.
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3.1 Jet Quenching

As discussed in Section [1.5.1} Jet Quenching, jets are an important experimental
signature of a deconfined medium. While medium-induced modification of the jet
spectra is a generally accepted consequence of the deconfined state, the phenomenol-
ogy of how and why this occurs is quite complex. In this section, we will discuss some
of the common theoretical formalisms of jet quenching, the implementation of these

formalisms into models, and the experimental consequences of these processes.

3.1.1 Mechanisms

There are several mechanisms by which jets can interact with the QGP medium.
Perturbative QCD includes descriptions for both collisional and radiative mechanisms
of energy loss. In addition to these processes, AdS/CFT (anti-de Sitter/conformal
field theory) correspondence provides a description of quenching phenomena in the
non-perturbative regime. The different mechanisms of jet—-medium interactions and
their predicted influences on the final-state jet will be described here in more detail.

Collisional energy loss refers to elastic in-medium scatterings. Most commonly,
these scatterings are relatively soft, resulting in small momentum transfers. This
results in an effect known as momentum broadening, where the hard fragmentation
pattern of a jet softens and widens. In more rare instances, a jet parton may ex-
perience a hard “kick” from a medium particle, resulting in a significant wide-angle
deflection of the incident parton. This is known as Moliere scattering [65], and can be
studied using observables such as the dijet acoplanarityﬂ or the groomed kr E] So far,
no definitive evidence of Moliere scattering has been found. Visual representations of
momentum broadening and Moliere scattering can be seen in Fig. [3.1]

Radiative energy loss refers to inelastic parton emissions that are induced by

the medium. It is generally expected that collinear emissions of gluons will dominate

! Acoplanarity studies consider the Ay distributions of dijets, with large deviations from Ay =
0 or 7 being seen as evidence of in-medium scattering.

2The groomed kr, also called the kt 4 considers the hardness of splittings in a jet. Here, kr is
defined as kr = pr2sin(AR).
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momentum broadening Moliere scattering

Figure 3.1: Examples of the effects of collisional energy loss. Momentum broadening
(left) refers to a softening and broadening of the jet fragmentation pattern. Moliere
scattering refers to large, wide-angle kicks that a parton may undergo as it traverses
the QGP. Diagrams taken from [66].

energy loss phenomena at high-pr. In addition to this collinear radiation, the medium
may induce wide-angle parton emissions. As in the case of collisional energy loss, these
radiative processes can result in momentum broadening of the jet. Additionally,
wide-angle radiations at sufficiently high momenta can generate separate jets that
the medium is able to resolve independently from the original parton. The resolution
length of the medium, i.e. the distance two partons must be apart from each other
in order for the medium to “see” them as separate objects, is an open question in
heavy-ion physics.

While collisional and radiative energy loss mechanisms are useful descriptions for
understanding the ways in which energetic partons interact with the medium, they
are incomplete. Notably, the mechanisms described above are perturbative in nature.
In order for these descriptions to be valid, the relevant momentum exchanges must
be sufficiently high and «g correspondingly low. For this reason, we often say that
collisional and radiative descriptions of jet-medium interactions are limited to the
weakly-coupled limit. It is not unreasonable, however to expect that some energy

loss processes are very soft, or occur after the parton has lost a significant amount of
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virtuality. Because «y is large, jet energy loss in this strongly-coupled limit is very
difficult to calculate using traditional methods. In the absence of reliable traditional
models, one alternative approach involves using AdS/CFT correspondenceﬂ The
basic principle is that, in the appropriate limits, QCD can be considered equivalent
to a dual gravity theory. Using this correspondence, one can perform calculations
that are difficult in QCD by exploiting the simpler computational machinery of the
dual gravity. This results in a calculational setup that effectively treats the medium
as exerting a drag force on the passing parton. See Fig. for a visual representation

of this correspondence.

Gauge Theory

DGLAP

\

Induced
Vertex

\ Horizon

Figure 3.2: A visual representation of the AdS/CFT correspondence. The strongly
coupled gauge theory is represented on the white plane above. Its correspondence to
the dual gravity is shown in the higher dimensional portion below. Figure taken from

[63).

In the case of simplified conditions, the mechanisms described above can be linked
to explicit pathlength dependences of energy loss. These links provide a strong mo-
tivation for studying this dependence in experiment, as such can be directly mapped
back to the theory of jet energy loss. Assuming a static medium, the collisional energy

loss mechanism has a linear dependence on pathlength, whereas radiative energy loss

3See [67] for a description of AdS/CFT and its relevance to jet studies.
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depends quadratically on pathlength. We know, however, that the medium is not
static but instead undergoes a dynamical evolution. In these circumstances, it is
theorized that radiative energy loss is more realistically described by a linear depen-
dence [69]. Generally speaking, the evolution of the medium and the hard parton
over a large interval of scales complicates the simple picture. Therefore, the mecha-
nisms described in this subsection can be more realistically incorporated into rigorous

theoretical formalisms, which will be discussed below.

3.1.2 Formalisms

Modeling jet-medium interactions from first principles is a difficult task. With the
mechanisms described above, one must keep in mind several complicating factors,
e.g. that the parton is continuously losing virtuality and that the medium is simul-
taneously evolving. For this reason, there are several theoretical formulations of jet
quenching that provide a more complete picture. Four such formalisms of jet energy
loss are BDMPS [70], GLV [71], AMY [72], and Higher Twist [73].

The Baier-Dokshitzer-Mueller-Peigne-Schiff (BDMPS) formalism provides a de-
scription of jet-energy loss due to medium-induced gluon radiations at high-pp. It
does this by treating the QGP as multiple scattering centers, and finds that such

energy loss goes as:
AE = (,Cr/8)(1/A) > In(L/Ay) (3.1)

where a is the strong coupling, Cr is the color factor, A, is the gluon mean-free-path,
1 is the Debye screening mass, and L is the length of plasma traversed.

The Gyulassy—Levai-Vitev (GLV) approach is similar to BDMPS in its treatment
of the QGP. However, instead of considering soft gluon radiations, it begins from a

single hard radiation of the jet. This approach finds that energy loss should go as:

_ Crag L2 2

SE=NE T,

log(E/ 1) (3.2)
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where N(F) is a numerically determined scaling factor that accounts for kinematic
constraints.

The Higher Twist and Arnold-Moore-Yaffe (AMY) formalisms take an alternate
approach to BDMPS and GLV. Instead of directly predicting the total energy lost
by an initiating parton, they describe jet modification in terms of the modified frag-
mentation of said parton. Higher Twist, originally derived for e—A collisions systems,
considers multiple scatterings of the hard parton by considering “higher twist” cor-
rections to the leading twist diagram. AMY also considers multiple scatterings in
its implementation of jet quenching. In this formalism, the temperature is assumed
to be very high, resulting in small ag and the applicability of pQCD. However, this
assumption limits the general applicability of the AMY formalism.

3.1.3 Models

The above section details some of the commonly used formalisms for describing jet
energy loss in the medium. To compare theoretical predictions with experimental
data, these formalisms are often implemented in Monte Carlo simulation packages
[74]. There are many advantages to these implementations, such as the ability to
tune parameters to data, the capacity to extrapolate to new observables, and the
increased accessibility to experimentalists. Some of the frequently used jet quenching
Monte Carlos will be presented here.

PYTHIA [75, [76] is an event generator that is commonly used to simulate pp
collisions. While it does not model jet energy loss, it is nearly ubiquitously used
for the vacuum parton shower, and so merits discussion here. Concerning jets, it
has a well-validated approach for simulating both initial- and final-state radiations in
vacuum. PYTHIA evolves these showers according to the initiating parton’s virtuality

by using the following expression:

19 0@) 5

dP.(Q?%) =
Pa(Q) Q2 or (@)

Py spe(2)dz (3.3)

where dP,(Q?) is the infinitesimal branching probability. Here, P,_,.(z) refer to the
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DGLAP splitting functions, for which PYTHIA uses:

Pyosag(2) = %1114;2 (3.4)
Pyrge(2) = 3(1 251(1_2)2» (3.5)
Paaal?) = 52+ (1= 2)?) (3.

where z is the momentum fraction of the outgoing partonﬁ Notably, PYTHIA also
includes a probability for a no-splitting event. This is known as the Sudakov factor

[r1): ”
[1,(Q7, Q3) = exp (— / 1d7>a(Q2)> (3.7)

Q3
The Sudakov expression results from taking the infinitesimal no-splitting probabilities
(1—dP,(Q?%)) and multiplying each contribution as the parton increments in virtuality.
Once the parton shower has finished, hadronization is modeled using the Lund string
model [7§].

JEWEL (Jet Evolution With Energy Loss) [79] is a Monte Carlo framework that
can model the parton shower in vacuum (as does PYTHIA) as well as in medium.
The medium-modified spectrum is produced by first simulating PYTHIA-like jets, and
subsequently calculating their energy loss via collisional and radiative mechanisms.
Hadronization is then implemented using the Lund string model. One drawback of
JEWEL (as concerns this thesis) is that its centrality definition is equivalent to a col-
lision’s impact parameter, and thus does not account for event-by-event fluctuations.

The Hybrid Model [80], as the name implies, combines multiple formalisms to
model jet-medium interactions. First, the hard scattering and parton shower are
modeled using pQCD. The interactions between the partons and the medium are then

prescribed using AdS/CFT correspondence, where the medium is hydrodynamically

4Note that these are the same DGLAP splitting functions described in Section Scales of
QCD. Any apparent discrepancy between these equations arises from the final-state parton which
is chosen for tracking, as z — z — 1 in the cases where the selection is switched.

42



evolving. The energy loss of the hard parton is given by the following equation:

1 dFE 4 z? 1
== (3.8)
Ey, dx T Titop 9C§top 2

where Ej, is the initial energy of the hard parton, x is the thickness of the “slab” of
QGP, and x4, is the parton’s stopping distance. Note that the pathlength depen-
dence of energy loss described here depends on the size of x relative to zsop, Which

is defined as: Ry
Tstop = /f_sc# (3.9)
where kg¢ is a dimensionless constant. The Hybrid Model shows reasonable (although
imperfect) agreement with results such as the jet Rya and dijet asymmetry.
JETSCAPE [81] is a modern event generation software package that is intended
to construct a coherent picture from the disparate efforts to understand jet quench-
ing. A modular framework with which a complete heavy-ion event can be simulated,
JETSCAPE allows the user to designate which physics implementations are of in-
terest for the observable at hand. The jet energy loss component of JETSCAPE
considers the modification of PYTHIA-like jets, where the user can choose from a
variety of energy loss mechanisms, such as MARTINI [82] (an implementation based
on AMY), the Hybrid Model (based on AdS/CFT), and others. While JETSCAPE
is a promising software package that may eventually allow for precision comparisons
of theoretical models with data, computational limitations prevent it from being par-

ticularly useful for the work done in this thesis.

3.2 Modeling the Underlying Event

The progression of a heavy-ion collision can be broken into approximately three
phases: the initial state, hydrodynamic evolution, and freeze-out. Models of the
underlying event generally focus on one of these stages, and can be linked together to
simulate a fully realistic collision. Because jet quenching behavior is intimately cou-

pled to the evolution of the medium, we will here discuss various details of modeling
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the initial state and hydrodynamic evolution.

3.2.1 Initial State

The initial state is the first step in the chain of a heavy-ion simulation, with initial
state models addressing the pre-equilibrium phase of a collision. These models assign
energy density distributions to the overlap region, forming the basis from which hy-
drodynamics can further evolve. This is generally done by considering some aspect of
the colliding nuclei to be the degrees of freedom through which inhomogeneities can
be introduced, as summarized in Fig. 3.3l One of the most traditional initial state
models is the Glauber model [83], which considers incoming ions as collections of
independent nucleons distributed according to some realistic density function. This
is commonly done using a Woods-Saxon distribution [84], which can be written as:

1

p(r) = Pom (3.10)

where p is the nucleon density (with py being a normalization factor), r is the distance
from the center of the nucleus, R is the radius of the nucleus, and a is a thickness
parameter. Notably, such models don’t account for the effects of the nuclear binding
energies. For this reason, Glauber simulations are often used as a baseline with which
to compare heavy-ion collisions, where observed differences between the two are seen
as indicative of QGP effects.

While Glauber models are frequently used due to their simplicity, there are many
other models available, several of which simulate the deconfined state. IP-Glasma
[86] is one such example. Instead of considering the incoming nucleons, this model
treats the incoming gluons as the primary degrees of freedom. This is implemented
by using an effective field theory known as the Color Glass Condensate (CGC) [&7].
Another more recently developed example is TRENTO [88], which models the initial
state by depositing entropy according to a “reduced thickness” function derived from
the distribution of nucleons within the colliding nuclei. Here, the nucleons are the

aforementioned degrees of freedom. Given that many different types of initial-state
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Figure 3.3: A summary of the degrees of freedom that can be considered when mod-
eling the initial state of a heavy-ion collision. Figure taken from [85].

models with widely varying physical bases are able to reproduce experimental data,

the true nature of the initial state remains an open question in the field.

3.2.2 Hydrodynamic Evolution

Successfully modeling the expansion of the medium is in some regards a more straight-
forward task, given that the widely-used relativistic fluid dynamics equations have
had such success in describing final-state particle distributions for heavy-ion collisions.
There are currently several available packages that model this stage of the collision,

all of which solve Equation [1.14] rewritten here for convenience:

T" = euru” — (P + II)(g"" — ufu”) + 7t (3.11)

Note that, while in the case of an isolated hydrodynamic system, 9,7"" = 0, we
must include a source term if we are to account for the jet—medium interaction. This

constraint then becomes:

0, = J” (3.12)
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Some examples of models that can be used to reproduce the hydrodynamic behavior of
heavy-ion collisions are MUSIC [89] and VISHNU [90] | These models differ primarily
in the approximations they use to solve the relevant differential equations and in the

number of space-time dimensions they are adept at describing (i.e. 241D v. 3+1D).

3.2.3 Event-Shape Engineering

At this point, it may be apparent to the reader that event-by-event fluctuations are
important considerations for describing the underlying eventﬂ While these fluctua-
tions can take many forms, one particular variety of interest occurs in the form of
the event shape. As shown in Fig. [3.4] events can embody a large range of elliptic-
ities. Moreover, these differences can be observed even within very small centrality
windows. This is all to say that centrality, which is experimentally determined by
multiplicity (as explained in Section Centrality), is only a very rough proxy
for the event shape. Asserting precise knowledge of the event shape from centrality

information alone is therefore an oversimplification.

Y [fm]
Y [fm]

10 B 10
X [fm] X [fm] X [fm]

Figure 3.4: Spatial representation of the energy deposition from a heavy-ion collision
using a Glauber model. Note that all plots are from the same centrality class. Figure
taken from [91].

Here, the concept of Event-Shape Engineering (ESE) [38] becomes useful. ESE

is a technique that allows one to select events based on their anisotropies using a

®Note that VISHNU is a hybrid model (not to be confused with The Hybrid Model) that simu-
lates the hydrodynamic evolution in conjunction with a hadronic cascade.
6Tf this is not the case, I would encourage you to consider this now.
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reduced harmonic flow vector[| This selection is made within a centrality class so
as to maximally constrain thermodynamic properties of the medium. ESE has been
proposed as a way to study physics ranging from the Chiral Magnetic Effect [92] to
femtoscopy [93], and offers a unique way to study jet energy loss.

To understand the application of ESE to jets, consider that one of the current
limits to constraining the pathlength dependence of energy loss is the presence of
medium fluctuations. These make it difficult to identify the pathlength that any given
jet traverses. By using ESE, however, one can convert this weakness into a strength.
Selecting events according to their shapes enables the geometry of the medium to be
known with relative precision. By then considering the event-plane angles of the jets,
the analyzer is able to put tighter constraints on the pathlengths traversed by those

jets. The validity of this supposition will be discussed in the following section.

3.3 Trajectum: A Case Study

For the purposes of this thesis, the Trajectum framework [94] has proven to be a
useful phenomenological tool. Trajectum is a heavy-ion simulation software that uses
state of the art Bayesian inference to model collision properties. Even though it does
not currently have a mechanism for modeling parton showers, its realistic description
of the underlying event allows for it to be used to provide a better understanding
of the pathlength distributions that jets can traverse. A study to contextualize the
event—shape engineering measurement that is presented later in this thesis was done
using Trajectum and will be discussed here in detail [95]

This study was performed by simulating 2.2 - 10° Pb-Pb collisions at /syy =
5.02 TeV using a TRENTO initial state model with Cooper Frye freeze-out [96]. To
measure the pathlength distributions of interest, non-interacting hard probes were

simulated by generating back-to-back lines and propagating them outwards from each

“In the analysis performed for this thesis, we consider the second order harmonic flow vector.
We are therefore selecting events based on the anisotropies between the semi-major and semi-minor
axes of the elliptical overlap region. This sorts events by how elliptical or spherical they are.

8This study was performed in collaboration with Govert Nijs, Mike Sas, and Wilke van der
Schee.
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collision at the speed of light. Using these lines, various proxies for the pathlengths
of the non-interacting probes were calculated. The consideration of multiple distinct
proxies was motivated by the fact that “pathlength” is not an unambiguously defined
quantity in a dynamic medium. For example, including weightings for the entropy
density hotspots in the QGP results in different pathlength outputs than the use of
purely geometric definitions.

The pathlength distributions for several of these definitions are shown in Fig. [3.5
(left). The first (red) is simply defined as the geometric length traversed by a non-
interacting probe. The second (green) is a pathlength proxy, given by the probe’s
inner product with the movement of the fluid cell. This accounts for whether the
probe is traveling with or against the medium. The last definition (purple) is similar
to the previous, but it also accounts for the Lorentz factor 7. Note that including the
movement of the fluid cell in the computation shifts the pathlength distributions to
the left, reflecting a reduction in the average amount of medium that is “seen” by the
probe. This effect is also observed in Fig. |3.5| (right), where the average pathlengths
(and proxies) are reported as a function of centrality. This figure shows that, across
the full centrality range, the average pathlengths are reduced when they are defined to
include the fluid cell movement. More importantly, the average pathlength traversed
by a non-interacting probe decreases as centrality increases (i.e. as the event becomes
more peripheral). This result is naively expected, given that the size of the medium

is directly correlated with the centrality of the collision.
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Figure 3.5: Left: Pathlength distributions calculated in Trajectum using various
proxies for the length that a non-interacting hard probe would traverse. Accounting

for the movement of the fluid cell shifts the pathlength distribution leftward. Right:
Distribution of average pathlengths as a function of centrality. It can be seen that

average pathlengths decrease as events become more peripheral. Figure taken from
[95].

The results described above are for an inclusive sample of events. At this point,

however, it becomes informative to incorporate ESE classes. Practically, this is done

by considering the magnitudes of the harmonic flow vectors:

M
Q=Y e
i=1

where n is the relevant order harmonic.

(3.13)

To minimize any centrality bias, we can
consider the reduced form of this vector:

|@nl

dn = \/M (3.14)

Because the simulations discussed here do not include any hard-scale physics, the sum
in Equation is performed over charged particles at mid—rapidityﬂ The average
¢» (and g3) values are shown in Fig. as a function of centrality. It can be seen
that, even after normalizing for the number of particles, ¢, depends considerably

on centrality. By contrast, g3 remains relatively flat. This is intuitively reasonable,

given that vy is strongly correlated with the geometry of the system, whereas v3 arises

9In experiments, these sums are typically performed at forward rapidities to reduce potential
auto-correlations between jets and the g determination.
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mainly from fluctuations in the initial state.
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Figure 3.6: Average ¢2 (¢3) as a function of centrality. Figure taken from [95].

If we look closer, however, we can see that collision geometry alone does not tell
the full story. In Fig. 3.7 the probability distributions for ¢, (and ¢3) are given,
separated by different centrality classes. The curves are not narrowly peaked, but
instead have significant widths. In particular, the 20-30% centrality class, which
has the highest average g¢» of the classes shown here, also has the most significant
width in ¢o. These results emphasize that a very wide distribution of anisotropies is
experimentally accessible, even within a narrow centrality class. Said another way, an
event’s anisotropy is not determined by collision geometry alone, but is also influenced
significantly by fluctuations in the initial state.

Incorporating this information into our study of pathlength, we can consider how
the average pathlength of a distribution changes for different ESE classes. Fig.
depicts the average pathlength as a function of centrality for multiple ESE classes.
In this figure, the red curve represents inclusive events, the green curve represents
go—small events (isotropic), and the purple curve represents go—large events (ellipti-
cal). It can be seen that, while the average pathlength depends strongly on centrality,

it exhibits almost no dependence on the ESE class. This suggests that any differences
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Figure 3.7: Probability of an event having a given g2 (g3) value for central (red),
semicentral (green), and peripheral (purple) events. Figure taken from [95].

that may be observed in jet spectra between gs—small events and ¢, —large events are
not due to differences in pathlength traversed by those jets. We must therefore con-
sider more discriminative observables if we want to study the pathlength dependence
of jet energy loss.

One such approach is to look more differentially at our ESE samples by considering
the relative angle of the probe with respect to the event-plane. This is done in Fig. (3.9
for a combination of centralities. Intuitively, one expects that the in-plane axis will
be shorter than the out-of-plane axis, given the almond-shaped overlap region of the
collision. This assumption indeed forms the basis of many searches for azimuthally-
dependent jet quenching. Experimentally, however, we only have access to final-state
particles. We can therefore use Trajectum to study this phenomenon and verify our
expectation that the initial state anisotropies indeed propagate to the measurement
of the final state. Fig. [3.9] shows the results of this study, in which the pathlengths
traversed by the non-interacting probes approximate the QGP axis lengths. It can
be seen that the pathlength distributions for in-plane (solid line) probes are generally
less than those for out-of-plane (dashed line) probes. Notably, this effect is more

significant for more peripheral collisions, whereas for central collisions there is only
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Figure 3.8: Right: Average pathlength as a function of centrality for central (green),
peripheral (purple), and inclusive (red) events. Figure taken from [95].

a small shift in the distribution. Also note that this study only includes jets with
Ap < 22°) where Ap = |¥y — @jet] for in-plane jets and Ap = |77 — pje| for out-
of-plane jets (here, 7 is the vector perpendicular to Wy). The observed difference
supports the intuitive picture of an overlap region that was previously discussed.

Returning to the ESE classes, it is expected that more isotropic events will have
smaller differences between in- and out-of-plane pathlengths than more elliptical
events. This was also studied in Trajectum, the results of which are presented in
Fig. In Fig. (left), the pathlength distributions for ga—small events are
shown. These same distributions are shown for ga—large events in Fig. |3.10| (right).
The same general effect can be observed as in the inclusive case, where pathlength
distributions are more similar in central events than they are in peripheral. What
is new here, however, is that for each centrality class, the in-plane and out-of-plane
distributions are more similar in gs—small events than in the ¢g;—large events.

To make these observations more quantitative, one can consider the ratios of the

average in- and out-of-plane pathlengths for the different ESE samples, as can be seen

in Fig. and Fig.[3.12] For the purely geometric case (Fig.|3.11)), the in-plane/out-
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Figure 3.9: Pathlength distributions for in- and out-of-plane non-interacting probes.
Distributions are presented for inclusive events. In this case, the pathlength definition
includes the movement of the fluid cell. It can be seen that in-plane distributions are
shorter than out-of-plane pathlengths, with a more pronounced difference in periph-
eral events. Figure taken from [95].

of-plane ratios are very similar for all centralities below about 50%. For peripheral
collisions, a slight deviation begins to emerge, but the difference between the g —small
and go—large curves is still not more than ~5% at 60% centrality (if Ap < 422°).
While this may or may not be significant enough of a difference to be experimentally
measurable, the situation improves when one accounts for the movement of the fluid
cell. In this case (Fig. [3.12]left), the difference between ratios for different ESE classes
is significant at all centralities. Considering the semicentral region, the separation
between the ratios for the g;—small and go—large samples (again with Ay < 422°)
is about 14% at 30% centrality, and increases to 21% at 50% centrality["”] If one then
includes a temperature weighting to account for hot spots in the plasma (Fig. [3.12
right), this separation is slightly reduced. However, it is still significant, ranging from

~9% to ~14% over the 30-50% centrality interval.

1ONote that the 30-50% centrality region is of particular interest due to the ALICE experimental
triggers that enable measurements on a higher statistics data-set in this region.
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Figure 3.10: Pathlength distributions for in- and out-of-plane non-interacting probes
in event-shape engineered samples. Distributions are presented for gg-small (left),
and go-large (right) event classes. Distributions are for the pathlength proxy in which
the motion of the fluid cell is included. Figure taken from [95].
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Figure 3.11: Ratios of average out-of-plane to in-plane pathlengths traversed by non-
interacting probes for different ¢y classes. Here, pathlength is defined geometrically
for an expanding medium. Figure taken from [95].

While the benefits of using ESE are clearly apparent from this study, there are a
few details regarding how best to design the relevant observables that can be influ-

enced by the calculations shown here. One such choice regards the selection of angles
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Figure 3.12: Ratios of average out-of-plane to in-plane pathlengths traversed by non-
interacting probes for different ¢y classes. Left: The inner product of the probe and
the fluid cell is considered when calculating the pathlength. Right: The inner product
of the probe and the fluid cell, as well as a local temperature weighting, is considered
when calculating the pathlength. Figure taken from [95].

to consider when assigning jets as in- or out-of-plane. Note that the dotted, dashed,
and solid lines represent the restriction on Ag. By this, we mean that any probes
within the designated angle of Uy are considered in-plane, and probes within that
angle of n are considered out-of-plane. So for example, in the dotted case where the
designation is 45°, all jets are classified as either in- or out-of-plane. This maximizes
statistics, but minimizes potential signal, as can be seen in the figure. When Ay
is then restricted to 22°, this improves the signal considerably. In Fig. (left),
for example, the ¢go—small and ¢u—large curves move from 12% apart to 17% apart
at 40% centrality, simply by making this Ay cut. Note that, however, one receives
diminishing returns when imposing further restrictions on Ay. For example, after
changing the designation to 11°, the resulting gain in signal is not considerable. The
results of this study indicate that further angle restrictions past 22°, while signifi-

cantly reducing the available statistics, do not optimize the potential signal.
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“Let’s hope the heavy-ion guys didn’t mess up.”

— Unnamed Scientist, Angels and Demons

Chapter 4

The Measurement

There are several challenges to constraining the pathlength dependence of jet quench-
ing that arise from the experimental reality of only having access to final-state par-
ticles. For example, it is impossible to identify the spatial origin of a jet within a
heavy-ion collision, prohibiting the extraction of the pathlength that any given jet
traverses. Further, even if one were able to measure this quantity directly, fluctua-
tions in jet-medium interactions result in a probabilistic distribution of energy loss
values that a parton could undergo. While these realities have thus far prevented
an explicit determination of the pathlength dependence of jet energy loss, ongoing
experimental work is continuously improving our knowledge of the subject.

This section will discuss previous experimental attempts to determine the path-
length dependence of energy loss, highlighting various techniques that have been
developed to overcome the aforementioned difficulties. It will then cover the jet
measurement that has been done for this thesis, discussing the consequences and
implications of these results. Finally, ideas for additional measurements that may
further clarify our collective understanding of pathlength-dependent energy loss will

be considered.
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4.1 Previous Results

As the pathlength dependence of jet-quenching is an important quantity that allows
one to better understand the underlying jet-medium interactions, there have been
many experimental efforts to constrain this value. A summary of those efforts is

included here.

4.1.1 Dijet Asymmetry

One of the most traditional observables to study the pathlength dependence of jet
quenching is the dijet asymmetry. This observable considers the momentum differ-
ences between back-to-back dijets, with the assumption that an imbalance will arise
due to increased quenching of the jet that travels the longer distance through the

plasma. The observable x;, defined as:

subleading
p

leading
Py

: leadi bleadi
can be used for this purpose. Here, pp""® and p7" " refer to the transverse

momenta of the highest-pr and second highest-pr jets in an event, respectively. Re-
sults measured by ATLAS show significant deviation between pp and Pb—Pb values,
as shown in Fig. [1.1] (left) [97]. Alternatively, one can consider the observable Ay,
defined as:

leading subleading
P — P

__ T T
AJ o prl;ading +ps{;1bleading (42)

as was done by CMS [99], shown in Fig. [4.1| (right). While differences between pp and

Pb-Pb results are suggestive of medium influence, they can be reproduced by consid-
ering only fluctuations in jet-medium interactions [98]. Therefore, this observable is

not sufficient for constraining an explicit pathlength dependence.
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Figure 4.1: Left: The dijet asymmetry zj, as measured by ATLAS. While significant
differences in asymmetry are seen between pp and Pb—Pb collisions, these differences
can be explained by fluctuations in jet-medium interactions. Figure taken from [97].
Right: The dijet asymmetry as measured by CMS, compared to JEWEL. Figure
taken from [08].

4.1.2 Azimuthal Anisotropy

Another traditional approach to this question is to consider the azimuthal anisotropy
of jet production using an observable known as the jet-v,. In ALICE, this measure-

ment uses the event-plane technique to compare in- and out-of-plane jet yields, with:

1 7TNin - Nout

= DT out 43
R24Nin+N0ut ( )

V2

where Ny, (Nout) are the yields of in-plane (out-of-plane) jets, and R, is the event-
plane resolution.Eﬂ Because the in-plane axis is shorter than the out-of-plane axis, it is
expected that out-of-plane jets will undergo more energy loss and therefore be more
suppressed if pathlength dependence is a significant contributor to their behavior.
Such would result in a positive jet vy, as has been measured by ALICE [100] and
ATLAS [101] at 2.76 TeV in central and semi-central collisions.

In addition to the traditional jet-vy study, one can consider the azimuthal anisotropy

of jet constituents. This novel observable, termed the jet-particle vy, has recently

!'Note that this equation is only valid for in-plane and out-of-plane definitions at +45° from the
second order event-plane.
2The calculation of Ry is discussed in more detail in Section Event-Plane Angles.
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been measured at ALICE using 5.02 TeV data [102]. This analysis shows that jet
constituents have a vy of a similar magnitude to that of fully reconstructed jets. In-
terestingly, a finite jet-particle v, is also observed in p—Pb collisions, obscuring the
interpretation of the results obtained in Pb—Pb. A summary of the various high-pr

vy measurements performed by ALICE is shown in Fig. [4.2]

N 0.25( ALICE, p-Pb {5, =5.02 TeV, 0-10% ALICE, Pb-Pb |s,, = 5.02 TeV, 20-60%
e Inc. charged-particle v, (o] Inc. charged-particle v, (x 0.6)

[ Jet-particle v, Jet-particle v, (x 0.6)
0.2—pm p=** > 05 GeVlc A p™°>2.0GeVic
B pe>1.0 GeVic e p3°°>3.0 GeVic
0.15 - = pfs‘m > 1.5 GeV/c o pfs“ > 5.0 GeV/c
YR ALICE, Pb-Pb /s = 2.76 TeV, 30-50%
N 0S¥ Phys. Lett. B 753 (2016) 511-525
- & .
0.1— g -, o | vt (x 0.6)

0.05 ?*—f +JF*;L¢ :_r-il::HH— S

1 10 10?
[ (GeV/c)

Figure 4.2: A summary of high-pt v9 measurements in p—Pb and Pb—Pb collisions
using ALICE data. Figure taken from [102].

4.1.3 Event-Shape Engineering

While Event-Shape Engineering (ESE) has never been used before in data to study
jet quenching, it has been used for various soft sector [103] and heavy-flavor [104]
[105] measurements up to a pr of 24 GeV/c. These heavy-flavor measurements are
particularly interesting for contextualizing jet studies, as heavy-flavor partons are
influenced by both the underlying flow of an event and quenching effects. In Fig. |4.3

(left) are shown the event-shape engineered yield ratios for prompt D-mesons. It can
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be seen that these ratios are generally compatible with unity, with possible hints of a
deviation for semicentral events. The D-meson v, can also be studied using ESE, as
shown in Fig. (right). These results demonstrate a correlation between the flow
of the underlying event and that of the D-mesons, and provide interesting context for

the jet measurement described later in this chapter.
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Figure 4.3: Left: Ratio of per-event D-meson yields for ESE-selected to unbiased event
classes. Agreement with both LIDO [106] and POWLANG 1QCD models within un-
certainties makes difficult the extraction of the interplay between flow and quenching
effects. Right: Ratio of D-meson vy values for large and small ESE classes as com-
pared to the inclusive sample. Ratios agree well with most models. Figure originally
appearing in [105].

4.2 Methodology

4.2.1 Jets

In rare instances, quarks and gluons will undergo large exchanges of transverse mo-
mentum early in a collision, resulting in high virtuality partons that scatter outward
and fragment into sprays of hadrons known as jets. Due to the high Q% associated
with this phenomenon, jet behavior is directly calculable, making jets excellent probes
of pQCD. There are several difficulties, however, to performing precise experimen-

tal measurements that can be compared directly with theoretical predictions. These
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challenges are further complicated in a heavy-ion environment, where the large and
fluctuating background must be carefully considered. This section will address these

difficulties, and their solutions, in the context of this analysis.

Reconstruction

While jets originate from high energy

partons, hadrons (and leptons (and pho-

tons)) are what appear in a detector. [ Start with a list of preclusters ]
2
To collect all the particles that originate For each precluster, calculate d; = py?

For each pair of preclusters, calculate
(vi-vj) 2+ (<Pi—<ﬂj)2
R 2

from the chosen parton, a reconstruc- .
dij = mln(pT,i'pT,j)

tion algorithm must be applied. Sev- .

eral types of reconstruction algorithms Identify d,,,, the minimum of
all the d; and d;
are available, each possessing their own
Remove
advantages. One necessary quality of a preclusters i and
| and replace them
modern jet-finder is that it be infrared with a new,

merged precluster
and collinear (IRC) safe. This means

Remove precluster i from the list of ]

that soft and collinear radiations of the [preclusters and add it to the list of jets

initiating parton should not impact the
yes

final jet definition. The field standard Do any

preclusters remain
on the list?

IRC-safe jet-finder is the anti-kr algo-
rithm [108], which clusters particles by

first considering all tracks in the detec-

tor as “preclusters” (these are sometimes Figure 4.4: A flow diagram of the anti-kr

jet-finding algorithm. Figure taken from

also referred to as “pseudo-jets”). The
[107].

preclusters are then iteratively compared
with each other. If these preclusters ap-
pear correlated according to criteria defined by the algorithm, they are merged. For
anti-kt jets, this merging condition is determined using a “distance” quantity dj,

defined as:
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(v —u)* + (o1 — ¢5)?
R2

dij = min(pizi,pi%) (4.4)

where 7 and j are indices of the pseudo-jets. Additionally, every pseudo-jet is assigned
a “self-distance” d;, defined as:

di = p"f?i (4.5)

If d;; is a minimum amongst all the distances and self-distances in the event, the
preclusters ¢ and j are deemed correlated and merged with each other. If, instead, d;
is a minimum, the precluster 7 is removed from the list. This process is repeated until
all pseudo-jets are merged or rejected, as outlined in Fig[4.4] The anti-kt algorithm
is IRC safe, and typically defines jets in relatively conical shapes.

In addition to the different types of reconstruction algorithms available, jets are
defined by several parameters. These include the recombination scheme, the resolu-
tion parameter (R), and the leading track bias. The recombination scheme refers to
the prescription for merging pseudo-jets during the clustering process. Two popular
recombination schemes are E-scheme and pp-scheme. FE-scheme refers to a proce-
dure where the 4-vectors of the pseudo-jets are summed normally. For pp-scheme,
the pr of the preclusters are summed after rescaling the energy if applicable. All
else being equal, F-scheme is typically preferred given that one retains full kinematic
information during merging. In ALICE, however, we lack a hadronic calorimeter,
thus requiring one to make assumptions about the masses of the constituents in order
to use E-scheme. For this analysis, we therefore use pr-scheme recombination. A
detailed description of the recombination schemes can be found in [109].

The next parameter to consider is the resolution parameter R. It is defined as:

R=/(BoP + (An)? (4.6)

and is roughly equal to the radius of the jet. Note that R defines the region of phase
space in which a jet-finder searches for correlated preclusters, and is not an intrinsic

property of the jet. For this reason, it is theoretically advantageous to measure
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large-R jets, given that these are more likely to capture the full radiation pattern of
the parent parton. Experimentally, however, large-R jets collect more uncorrelated
soft background during reconstruction than their small- R counterparts, making them
more difficult to correct. The choice of R then often depends on various aspects
and sensitivities of the observable one seeks to measure, and requires the analyzer to
strike a balance between extracting maximum physics and being pragmatic. For this
analysis, we measure both R = 0.2 and R = 0.4 jets.

The next input for the definition of a jet-finder is the leading track bias. A
leading track bias refers to a pr requirement imposed on the leading hadron, where
jets without a sufficiently high-pr track are discarded. Application of a leading track
bias increases the probability that the jet is associated with a hard scattering, and is
thus advantageous for reducing contamination from combinatorial jets (objects that
are reconstructed by a jet finder, but do not originate from a hard scattering). This

analysis considers jets with a leading track bias of 5 GeV/c < pr < 100 GeV/c.

Signal and Noise

In small collision systems (pp and p—Pb) with clean backgrounds, jet-finders are capa-
ble of providing reasonable jet definitions that serve as good proxies for the initiating
parton. In heavy-ion collisions, this picture becomes more complicated due to the
large and fluctuating nature of the underlying event. During the clustering process,
jet-finders are susceptible to excluding signal particles while including background
particles. Additionally, the jet and medium are not decoupled systems, and the pres-
ence of a jet provokes a medium response. This provides a further conceptual difficulty
in defining which particles truly belong to the jet, and which are more appropriately
classified as background.

In practice, these difficulties are managed with a straightforward background sub-
traction procedure. In ALICE, the standard method for performing this subtraction
is to use what is known as the pedestal method [110], where the background-corrected
jet pr is defined as:

'Tet _ 'Tet,rec — . Aletree (4.7)
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where p represents the average momentum density per unit area, and A is the jet
area. In this analysis, we determine p using a kr jet—ﬁnderﬂ with R = 0.4 to cluster
all particles in the event into jets. The two highest pr jets are then excluded, and
an average momentum density is calculated from the remainder of the kt jets. The
jet area A is measured by applying a uniform density of massless “ghost” particles
throughout the event and considering the proportion that are clustered into the jet.
This quantity is required to be greater than 0.6mR?. The jet area cut serves the
purpose of reducing contamination from combinatorial jets, which tend to have more

irregular shapes than signal jets.

Embedding and the Response

While the background subtraction described above is an important first step for cor-
recting the jet transverse momentum, it does not account for, say, whether or not
a jet was in- or out-of-plane. Furthermore, it does not remove combinatorial jets
with perfect efficiency or purity, or account for smearing due to inefficiencies in the
detector. To address these issues, an unfolding procedure is applied.

Unfolding is the process by which we create a mapping from a reconstructed
spectrum back to what that spectrum looked like before it passed through a detector.
As we are only able to measured reconstruction-level quantities, however, we must

approach this problem backwards. First consider:

P = Ry (43)

where pie© is the reconstructed spectrum, p*® is the truth-level spectrum, and R is

the response matrix. We can generate p"® with Monte Carlo simulations and we

rec

can measure p¢ experimentally. The question then becomes, how do we produce R?

3The kr algorithm follows the same set of steps as the anti-kr algorithm described in Sec-
tion Reconstruction. These algorithms differ only in the definition of dj; (see Equa‘cion7
where p1.° is replaced with p% for kt jets. This produces jets with more irregular shapes.
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Figure 4.5: Truth-level (left), detector-level (middle), and hybrid-level (right) jet
spectra for R = 0.2 (top) and R = 0.4 (bottom). Different colors correspond to
different phard-bins.

Experimentally, R can be generated using what’s known as an embedding pro-
cedure. This is done by first generating PYTHIAS [76] jets and processing them
using GEANT3 [I11]. The GEANT jets are then inserted into a Pb—Pb background.
We use the term “truth-level” to refer to the PYTHIA spectrum because it is the
most foundational level of Monte Carlo and is directly comparable to theory. We
use “detector-level” to refer to the spectrum after it has been processed by GEANT,
because this stage reproduces how our detectors measure the PYTHIA jets. Finally,
we use “‘hybrid-level” to refer to the spectra that have been embedded in Pb—Pb data,
because this level accounts for effects from both the detector and the combinatorial
background. The spectra processed at these three levels can be seen in Fig. for R
= 0.2 and R = 0.4 jets.

There are a few technical details of the embedding that one must keep in mind
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to ensure the generation of a sufficiently high-quality sample. First, consider that
PYTHIA jet yields are produced in a realistic manner, such that the jet cross-section
is steeply falling with pr. This poses the difficulty that high-pr jets are not generated
at significant rates, thus limiting the precision with which we can simulate the high-pr
regime. To circumvent this, we use “pia™d bins” to artificially increase our statistics.
These bins refer to constraints imposed on the highest Q2 process in a PYTHIA event,
such that the simulation is forced to include a parton scattering of the desired scale[]]

For this analysis, we use 20 pi™d bins spanning the pr range that can be measured

in ALICE. After being generated, the jets from these phard

bins must be down-scaled.
This leaves us with a smooth and realistic spectrum with high statistics throughout
the entire pr range.

While the usage of ph*d-bins allows for sufficient statistics at high-pr, it also intro-
duces an excess of statistics at low-p. This in principle would not be an issue, except
that our analysis is limited by the merging capabilities of the CERN grid and the com-
putational space available on local computers to do the final processing. To handle
this problem, we use what are known as extractor bins. Extractor bins down-sample
jets at hybrid-level by randomly rejecting a predetermined fraction of jets based on
their pr. The spectrum is then scaled to account for the down-sampling introduced
by these bins. The extractor bins used in this analysis are listed in Table

In addition to the proper scaling for the pi®d and extractor bins, some additional

cuts must be applied. One beneficial requirement is to apply a cutoff of pf'e > 10
GeV/c. This helps ensure the smoothness of the spectra by preventing low-pr truth-
level jets that sit on top of high-pr data jets from being upweighted and introducing
spikes at hybrid-level. Additionally, the pi®¢ = 1 bin has been removed from the R
= 0.4 spectra. This improves the stability of the closure by removing outliers in the
same way as the pit*® > 10 GeV/c cut described above. Here, it is worth remembering
that these cuts are analysis specific. Ultimately, the analyzer should seek to balance

the need for closure of the unfolding with the desire to use the least restrictive cuts

on the Monte Carlo.

4These constraints are equivalent to the ptHat class that is sometimes used in PYTHIA.

66



Privbria (GeV/e) | pRf e (GeV/e) | Extraction Percentage
10 20 1%
20 30 4%
30 40 15%
40 60 25%
60 80 35%
80 100 35%
100 140 15%
140 200 5%

Table 4.1: Details of the extractor bins used in this analysis.

After the embedding has been performed and its quality has been verified, the
hybrid-level jets are matched back to their truth-level counterparts, thus populating
the entries of R. To perform this matching, the hybrid- and truth-level jets are
required to be within Ryatching = 0.79 - Rjer, where R is the resolution parameter.
They are also required to have a shared pr fraction of 0.5. These requirements help
minimize the entry of combinatorial jets into the matching. Sample response matrices
for this analysis are shown in Fig. [£.6] Note that we fill the response for both jet-pr
and Ay, where Ay is the relative angle between the jet and the event-plane. This
choice will be explained in more detail in Section Unfolding.

120 10° '

hybrid

01 02 03 04 05 06 07 08 09 1

)true

2%0 30 40 50 60 70 80 90 1Q0, 110 120
Pl (GeV/c) Icos(Ap

Figure 4.6: Projections of the response matrix for R = 0.2 jets. Left: Correlations
between truth-level and hybrid-level jet pr. Right: Correlations between truth-level
and hybrid-level Ap.
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Performance

Now that we have constructed our response, we are almost ready to unfold. Before
we can proceed, however, we must consider several metrics to assess the quality of
the embedding and how difficult the unfolding problem will be. These metrics are
collectively referred to as the jet performance. We can begin the process of evaluating
the jet performance by first considering the 2-dimensional distributions known as the

residuals. The residuals are defined as:

PTrec — PT true _ d2N
pT,true dxdy

R(ZL‘ = PT,true; Y = (49)

Residuals for the spectra used in this analysis can be seen in Fig. [£.7 Note that
we separate the contributions to R by the three spectra levels described in Sec-
tion [4.2.1: Embedding and the Response. This is done so that the source of
any abnormalities can be more easily identified.

To make practical use of the residuals, we can consider various projections of R
and the corresponding statistical information associated with these plots. The first

such metric is the Jet Energy Scale (JES), which is defined as:

JES — <pT,rec - pT,true> (41())

PT true

This is equivalent to the mean of R as a function of prue. The JES can be used
to determine if there is any systematic over- or under-subtraction of the background,
with a JES of 0 indicating that the background subtraction is, on average, correct.
Plots of the JES can be seen for various ESE classes in Fig[4.8] separated by the dif-
ferent spectra levels. Here, “Detector” refers to the contribution from detector effects
(PYTHIA <> GEANT), “Fluctuations” the contribution from background (GEANT
<> hybrid), and “Overall” the combined effect (PYTHIA < hybrid). Note that for
R = 0.4 jets, the contribution due to fluctuations is worse than it is for R = 0.2.
This is because R = 0.4 jets are more susceptible to the inclusion of soft background

particles. This observation will prove important for determining the lower limits of
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Figure 4.7: Residual plots for R = 0.2 (top) and R = 0.4 (bottom). These residuals
are for jets from an inclusive sample of 30-50% Pb-Pb events.

the unfolding for the different samples of jets.

The next performance metric is the Jet Energy Resolution (JER), which can be
thought of as the width of the residual distribution as a function of pr yye. It is
defined as:

JER = o(ZRee — Plirue, (4.11)

DT true
JER distributions for this analysis can be seen in Fig. Note that at low-p, JER
values are considerably worse for R = 0.4, again driven by the fluctuations. This is,
as in the case of the JES, due to the fact that R = 0.4 jets cluster more combinatorial

background.
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Figure 4.8: Top: JES plots for R = 0.2. Bottom: JES plots for R = 0.4. Here,
Fluctuations (red) refer to contributions from the background, Detector (blue) to
contributions from detector imprecisions, and Overall (black) to the combined effect.

Finally, our last jet performance metric is the dpr:

dN
d (pT,rec - pT,true)

Spr = (4.12)

which can be seen in Fig. [£.10] Note that here we do not consider the distributions
separately for the different spectra levels, but instead are seeking to evaluate the
overall accuracy of the reconstructed spectra. The dpr is an important quantity
because the width of this distribution can help to determine the lower bound of the

measured range to be used in the unfolding, where we choose a value of:

5-0(8pr) (4.13)

Values lower than this are likely to produce significant non-closures. A full set of

performance plots for this analysis can be found in Appendix B.

70



@ OSETTTTTTTTI T @ OSpTTTITT T @ OSpTTTTITTT Ty
| E 3 w E 3 w E E
— 0455 . - — 045 —— - — 0455 —— =
E Overall ] 0-30%q, Overall ] £ 70100%4q, Overall E

0.4 i . = 0.4 . = 0.4 . =

£ Inclusive —— Fluctuations ] E —— Fluctuations ] E —— Fluctuations 3
0.35F | 0.35F | 0.35F 3

E —— Detector E £ —— Detector E E —— Detector E

03F E 03F E 03F E
0.25F- — 0.25F — 0.25F . ——

E —_— El 3 —_— 3 E — E
0ofer== | 0.2peg—— | R = E|

m k| j k| mag ]
0155 E 0155 E 0155 3

E ] 0.1 E 0.1 o E

R B E [ g — |

0.05) — 0.05)- E

I I U T NN U PR P (S N EEE FURTN PR P N R (U Y FEE P N P TR SR P

50 60 70 80 90 100 110 120 % 40 50 60 70 80 90 100 110 120 % 20 50 60 70 80 90 100 110 120

pie (Gevic) pie (Gevic) pi* (GeVic)

x RARREARERAREs s s e @ OSpTTTTTTTT T T @ OSpTTTTTTTTTT T
o E Wt E W ot E
—— Overall E 0-30% q, —— Overall E 70-100% q, —— Overall E

. — 0.4 . 0.4 . —

—— Fluctuations E —— Fluctuations E —— Fluctuations 7

3 0.35F 0.35F 3

—— Detector E| E —— Detector E —— Detector E

E 03F E 03F E

E 0.25: 025}+ E

e . et ?++ B e S E e ——

I e— = 02:++ A — b= 02;+ e 3

3 Ee 3 Lo E|

= 0.15 - = 0.15 =

3 E —— 3 E - E

* — 3 0.1 R . E 0.1 _— =

E 0.05f E 0.05 E

P P I R P e S N EEE FURTN PR P N ST Eovn ool bencdbon o b d

70 80 90 100 110 120 % 40 50 60 70 80 90 100 110 120 %0 40 50 60 70 80 90 100 110 120

pi® (Gevlc) pie (Gevic) pi (GeVic)

Figure 4.9: JER plots for R = 0.2 (top) and R = 0.4 (bottom) charged anti-kt jets

with a leading track bias of p/g®® > 5 GeV/c. These performance plots are for jets

from inclusive (left), go—small (middle), and go—large (right) events recorded for 30—
50% Pb—Pb collisions.

Unfolding

To obtain the true spectrum from the reconstructed spectrum, we must now invert
the response matrix using an unfolding procedure, where Equation is rearranged
to give:

P =R (4.14)

This inversion is most straightforward in the case of a diagonal matrix. Such a
luxury is not, however, always (ever) afforded when studying heavy-ion collisions.
We must therefore employ numerical methods to approximate R, a process known
as unfolding.

Bayesian unfolding is one such method [I12]. It uses Bayes’s theorem to estimate

the truth-level spectrum, which can be done by approximating R in the following
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Figure 4.10: Plots of dpr for inclusive (left), go-small (middle), and go-large (right)
classes. Note that the dpr distributions are wider and more offset from 0 for R = 0.4
jets than for R = 0.2 jets.

way:

P(A|B) — P(B|A)P(A> — R—l Rji : P(Ci)

P(B) ~ Y R P(Gy)

where P(C) is (ideally) the truth-level distribution. At this point, however, we only

(4.15)

have access to the measured spectrum and to the response, so we substitute P(C)
with our “prior”. In this context, a prior refers to the first guess at p“““hﬂ For the
purposes of this analysis, we choose the PYTHIA-level Monte-Carlo spectrum to be
used as our prior. While this provides a first calculation of R, we would ultimately
like to extract the truth-level distribution corresponding to our measured distribution.

We can thus plug Equation [4.15| into Equation and attempt to solve iteratively:

RJI P(C,
X Pt 4.16
Z Ry P Ck)n 1< Pr ( )

where n represents the iteration (here n is an index, not a power). After a sufficient
number of iterations, the result should remain stable when further incrementing. At
this point, we claim to have unfolded the spectrum and take the chosen iteration as

our nominal result:

5While the unfolding should be relatively insensitive to the details of the prior, the robustness of
this procedure must be tested. For this analysis, variations of the prior are considered as a systematic
uncertainty.
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P(Cy)" = pg™® (4.17)

Note that here, we use the pr spectrum as our sample observable, but we are free
to use any observable when unfolding. Further, it is possible to unfold multiple
observables simultaneously up to an arbitrarily high number of dimensions. Currently,
the maximum number of dimensions that have been unfolded using the Bayesian
technique is 3, but new techniques such as OmniFold [I13] are pushing this boundary.

For this analysis, we choose a 2D Bayesian procedure where the axes of unfolding
are the jet-pr and |cos(Ap)|, where Ay is the relative angle between the jet and
the event plane 15 in the r — ¢ plane. To understand the choice of performing a
2D unfolding, consider that our background subtraction procedure is independent
of the event-plane angle. Therefore, in-plane jets will, on average, experience an
undersubtraction of the underlying event. Conversely, out-of-plane jets will be sub-
ject to oversubtraction. A 2D response allows us to account for these phenomena.
Additionally, as jets undergo bin migration in pr, they may also undergo a corre-
sponding bin migration in Ay. Using 2D unfolding allows for the correction of any
such simultaneous migration.

After performing the unfolding using RooUnfold [114], the number of iterations
was chosen to be 6. The validity of this result was then assessed by evaluating several
stability and closure checks. For the stability checks, we considered how much the
final result changed by changing the number of iterations. For the closure tests, we
checked how internally consistent the result was. For the simulated samples, this
entailed looking at how well the unfolded spectra agreed with their Monte-Carlo level
values. For our measured data, this involved refolding the unfolded spectra and seeing
how well the refolded results agreed with the raw data. These checks will be described
here in more detail.

The first check we performed is the so-called trivial test. This test uses the full
embedded sample to build a response and a complementary pseudo-data spectrum.

This pseudo-data spectrum is then unfolded using said response. Because the pseudo-
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data is composed of the same jets used in the response, it is expected that the closure
should be near-perfect. Any non-closures in the trivial test indicate a serious issue
with the measurement, such as a significant off-diagonal band that “confuses” RooUn-

fold. A sample trivial check for this analysis can be seen in Fig [£.11] For the full set

of trivial tests, see Appendix B.
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Figure 4.11: Trivial test for R = 0.2 jets from go-large events. Left: Unfolded results
up to 15 iterations. Bottom panel shows the ratio of each iteration to the chosen
iteration (6). Right: Comparison of unfolded and truth-level spectra. Bottom panel
shows the ratio of these results, demonstrating the necessary closure.

The next check is the Monte Carlo split test, which is used to assess the statistical
stability of the procedure. Here the embedding spectra are randomly divided into two
samples, where 70% of the matched jets are used to construct the response, and 30%
are used to create the pseudo-data spectrum (compare this with the trivial test, where
100% of the matched jets are used to construct the response, and the same 100% are
used to generate the pseudo-data). This pseudo-data is then unfolded, the results
of which are compared to the truth-level values of said spectrum. Non-closures that
arise during the split test likely point to outliers in the response due to insufficient
statistics. A sample split test for this analysis can be seen in Fig. [£.12] A complete
set of split tests studied in this analysis can be found in Appendix B.

Finally, we can assess the closure of the data using a refolding test. For our data
sample, we do not know what the corresponding truth-level spectrum looks like, so we

cannot compare our output to a Monte Carlo. Instead, we unfold the data and refold
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Figure 4.12: Monte Carlo split test for R = 0.2 jets from g¢o-large events. Left:
Unfolded results up to 15 iterations. Right: Closure test for the 6th iteration.

the spectrum by reapplying the response matrix. The resulting spectrum has thus
been “refolded”, and should agree well with the raw spectrum. A sample refolding

test can be seen in Fig. [£.13] Full refolding results can be found in Appendix B[]
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Figure 4.13: Refolding test for R = 0.2 jets from g¢o-large events. Left: Unfolded
results up to 15 iterations. Right: Refolding test for the 6th iteration.

6A nice analogy for refolding is the use of an online translation service. Consider receiving a
text in a language you do not speak (for example, Welsh), and translating it to English online. The
English seems reasonable, but this alone is not enough to confirm that the translation is good. By
then using the translation service to convert the English text back to Welsh, you can compare the
original and final Welsh transcripts. This is perhaps not sufficient to verify the translation, but it
does give the user confidence that the system is internally consistent.
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Corrections

After unfolding, there are two efficiency corrections that must be applied to the jet
spectra. The first of these is to account for the reconstruction efficiency, which is

defined as:
Nmatched
natched 4.18
Ntruth ( )

€ =
where Ny is the number of PYTHIA jets embedded into a pp event and Natched
is the number of those jets that are eventually reconstructed and matched back to

a truth-level counterpart. This correction accounts for the jets that are lost due to

detector effects. The values of the reconstruction efficiencies used in this analysis can

be seen in Fig. [4.14}
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Figure 4.14: Reconstruction efficiency plots for R = 0.2 (left) and R = 0.4 (right).

The next correction is known as the kinematic efficiency. This correction accounts
for jets that are measured outside of the unfolded range, but whose true pr is within
those bounds, as these jets are subsequently “lost” during unfolding. For example, a
jet that is 35 GeV/c at truth-level but 25 GeV/ ¢ at hybrid-level would not be included
in the final spectrum if the lower bound of the measured range were 30 GeV/c. To
correct for this, we calculate pp-dependent kinematic efficiencies for each event-plane
angle class when filling the response matrix. We then scale the final spectra by these

values. An efficiency of at least 75% is required for reporting the final value. The
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kinematic efficiencies used are shown in Fig.
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Figure 4.15: Kinematic efficiency plots for R = 0.2 (top) and R = 0.4 (bottom).
Efficiency values are calculated in 2 dimensions (pr and Ay; here they are projected
onto the pr axis for in-plane and out-of-plane jets. Note that in-plane efficiencies are
generally equivalent to or higher than out-of-plane efficiencies. This can be attributed
to the pedestal subtraction, which has a tendency to over-subtract in the out-of-plane
direction.)

4.2.2 Flow
Event Ellipticity

A strength of using ESE is that it allows us to study the correlations between phe-
nomena at different scales. For this analysis, we are interested in understanding the
relationship between event-shape and jet behavior. To study an event’s shape, then,
we look to quantify its ellipticity. Experimentally, this is done by measuring the ¢,
defined as:

¢ = |Qul/VM, (4.19)
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where M is the charged-particle multiplicity and Q5 is the second order flow vector.

Qg is defined as:
M M
Q, = (Z w; cos(2¢p;), Z w; sin(2¢p;)). (4.20)
i=1 i=1

where the sums are performed over all charged tracks in the chosen detector. Here, w;
correspond to the signal weights, calibrated for the specific detector systemﬂ Small
values of ¢o correspond to rounder events, whereas large values of ¢y correspond to
more almond-shaped events. In this analysis, go was measured using charged hits in
the VOC. This detector was chosen because it is sufficiently far forward (—3.7 <7 <
—1.7) to minimize auto-correlations with jets in the TPC, but still lower in rapidity
than the VOA. This enables a wider distribution of ¢, values and better discrimination
of the event-shape than could be achieved by using the VOA. Note that the correlation
between ¢, values in the VOC and VOA is not particularly strong, as shown in Fig. [4.16]
Ideally, information from both forward and backward rapidities would be used to
determine the event shape. Due to the limited number of ALICE sub-detectors and
the requirement of using independent sub-detectors for each calculation to avoid auto-

correlations, this is not currently preferred.

8 10 12 14,
qz

Figure 4.16: Left: Correlations between ¢y °* and ¢y ™. Middle: Correlations between

¢ % and ¢y®™. Right: Correlations between ¢y °* and gy °C.

The measured ¢ distribution is shown in Fig. as a function of collision cen-
trality. Events with the 30% smallest and 30% largest ¢y values (henceforth referred

to as go-small and g¢o-large) are demarcated by the red lines. Note that these per-

"The ¢y calibrations used in this analysis were generously provided to the author by the CF
working group.
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centiles are determined in bins of 1% centrality, which was done to avoid introducing
a trivial bias. From this plot, it can be seen that events have a wide distribution of

anisotropies, even within a centrality class, as is predicted by Glauber modelingﬂ

& 0 T T o
g ALICE Performance, Pb-Pb |/s, = 5.02TeV 4 —[6000

- —30"and 70" q, percentiles .
e — 4 —5000

— —
i — —{4000

%O 32 34 36 38 40 42 44 46 48 50 0

Centrality (%)

Figure 4.17: Measured ¢y°C distribution as a function of collision centrality. Red
lines demarcate the 30" and 70" percentiles, which were measured in 1%-wide bins
of centrality. A significant distribution of anisotropies can be seen for all reported
centrality values.

Event-Plane Angles

In addition to knowing the event ellipticity, we are interested in knowing the event-
plane angle for any given collision. The second-order event-plane angle 1, has been

measured using the VOA detector and is given by the direction of @)3. The VOA was

8See Section Initial State for more details regarding Glauber models.
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chosen for this measurement due to it’s being opposite in rapidity from the VOC, thus
minimizing the impact of auto-correlations. Event-plane distributions as measured

by the various ALICE subdetectors can be seen in Fig. [4.18|

« 0.006 " » 0.006[ "
g f ] - ]
o N ] o N ]
1] 0.005 fae i e {1 0.005F -
© r b © r b
o g 1 o) g 1
2 0.004F . = 0.004F .
© L ] © L ]
£ | | E ¢ f
o L - ; o r -~ N
S 0.003; VOM ] S 0.003] Full TPC ]
i —VO0A ] 5 — Positive TPC ]

0.002¢ ~VoC E 0.00217 ~Negative TPC
0.001 -] 0.001 -]
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0 05 1 15 2 25 3 0 05 1 15 2 25 3
LIJZ qJZ

Figure 4.18: Top: Event-plane angle distributions for the VO detectors (left) and
TPC segments (right). Note that, after applying calibrations, the VO distributions
exhibit a non-flatness of 4%. This is consistent with that observed in other published
ALICE analyses, e.g. [105].

Knowing the event-plane angles of our events allows us to establish the relative
angle of the jets in our sample, from which we can calculate the v,. This technique is
known as the “event-plane method”, and is what was used for the previous ALICE
measurement described in Section [£.1.2] [I00]. For this analysis, we define in-plane
as being within £30° of W5, and out-of-plane as being within +30° of 7 (the vector
perpendicular to W,). Using these definitions, the relationship between the v, and the
in- and out-of-plane yields can be derived from the Fourier expansion of the azimuthal

distribution of the event:

dN G
——— o1+ Y 20 cos[n(Ap, 4.21
T 1+ 2o conin ) (a21)
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From this expression, one can define in- and out-of-plane yields as:

71'/6 dN 77T/6 dN
Ny, :/ d(A —|—/ d(A 4.99
e dBp) O | GagyUA) (4.22)

2m/3 AN 5m/3 N
Nowt = —d(A +/ ———d(A 4.23
t /m PTIS R ) AR NS e (4.23)

where the limits of the integrals are assigned based on the angles we restrict on for our
in- and out-of-plane choices.ﬂ Evaluating these integrals and considering the ratio,

we find:
Ny 242305

Nout B 2% — 2\/§Ugbs

(4.24)

This gives us an explicit relationship between the relative in- and out-of-plane yields

and the vs. We can thus invert this equation to get an explicit expression for the wvs:

observed T Nin B Nout

2 N 3\/§Nin+Nout

Note, however, that this expression is only for v5"**d as we have not yet accounted

(4.25)

for the event-plane resolution. Here, we refer to a phenomenon where imprecisions
in the detector used for event-plane determination result in an under-measurement
of the vy. A sketch of this concept can be seen in Fig. (left). To intuitively
understand this, consider a completely imprecise detector that produces effectively
random angles. In this case, v5”™¥d would be 0, even though the true v, might be

some finite value. We account for this smearing, then, by incorporating a value known

as Ry, where:
true ivobserved _ 7 1 Nin — Nout

(Y = = -—_—
2 R2 2 3\/§ RQ ]Vin + Nout

Ry is effectively a measurement of how imprecise the detector is, and can be

(4.26)

9The choice to define in-plane jets as being within £30° of v, and out-of-plane as being +30°
of the perpendicular axis was done to maximize signal while minimizing loss of statistics. See
Section Trajectum for more details.
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calculated using a technique known as the “three sub-event method” [115], where:

o [leostug —v§)) (eoslog — 05)
= \/ (eos2(0F —U5))) 20

Here, A, B, and C represent 3 independent sub-detectors that have been chosen to
measure the event-plane angle. Note that the values of Ry degrade for highly spherical
events, as the concept of an event-plane angle becomes more ambiguous. Values of
Ry for various detector combinations are shown in Fig. 4.19| (right) as a function
of qo. For the detector combination used in this analysis (VOC for ¢, and VOA for

event-plane angles), Ry = 0.68 for go-large samples and 0.55 for gg-small samples.

R VOA VoA
0.3 _._R\ZIOA (q\zloc) R, (q2 )
¥, 0.2 Ry (@Y%)
— RYOC (VoA
0.1 P s )*R\Z/OM (q\z/om)

0 1 2 3 4 5 6 7 8 9

o
N R
o

Figure 4.19: Left: Sketch of the 15 smearing that occurs in a detector. Right: R,
distributions as a function of ¢y. Different colors represent different detector choices
for both ¢ and R».

We now have a way to correct the vy. This analysis is not, however, reporting the
vg, but rather is reporting a yield comparison. To correct the yields, we must take
an additional step. The procedure is as follows. First, we measure the uncorrected
Nout/Nin ratio Rmeasured “\We then calculate the vy from this ratio, corrected for the
event-plane resolution as described above. Finally, we perform the inverse to recover
Reomected - here assuming Ry = 1. This gives the yield ratios we would expect to

measure in the case of a perfect detector, and produces a correction ranging from
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5-25%. The impact of the resolution correction on the final ratios can be see for R =

0.2 jets in Fig. 4.20
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Figure 4.20: Impact of the Ry correction for R = 0.2 jets from g¢o-small (left) and
¢o-large (right) events. Uncorrected points are lighter in color, with corrected points
being darker. Note that this correction is not pr dependent, but instead depends
on the value of the uncorrected point, always pulling the out-of-plane/in-plane ratio
away from unity.

From the corrected ratio Re™e**d we can also obtain the corrected spectra. We
do this by applying the constraint:

measured measured __ corrected corrected
NI + N, = N + N, (4.28)

out out

This constraint gives us a system of two equations and two unknowns. We can thus
solve for these unknowns and fix the yield points as:
S

N.corrected — 4.29
n R corrected +1 ( )

correcte S
N out ted = corrected
1+ (1/R )

(4.30)

where § = Nmeasured  pmeasured — The final difference between the corrected and

uncorrected spectra is very small relative to the amount of code required to implement
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it (on average, 6% for R = 0.2 and 7% for R = 0.4, with a maximum difference of

16% for two points), but this is why we have grad students.

4.2.3 Uncertainties

This analysis is impacted by both statistical and systematic uncertainties. The sta-
tistical uncertainties are determined by RooUnfold using a covariance matriXEG] The
systematic uncertainties are determined separately by repeating the analysis while
varying relevant parameters. There are five major sources of systematic uncertainty
in this measurement. The first general class relates to the unfolding, and consists of
those arising from the number of iterations chosen for the unfolding procedure, the
truncation of the lower limit of the measured range that enters into the unfolding, and
the weighting of the prior. Next, there is the uncertainty arising from the tracking
inefficiency. Finally, there is that associated with the event-plane resolution.

When one unfolds a spectrum, there are several choices one must make. Many of
these choices could, in principle, produce fully-closing spectra, so we study the changes
to the final results that arise from varying these parameters in a reasonable way. The
first such choice is the number of iterations used for the Bayesian procedure. We vary
this number by 1 and compare the result to the nominal number of iterations. The
second choice arises from where we truncate the lower bound of the reconstructed
jets that enter into the unfolding. This value is also a best-guess based on the jet
performance parameters and closure constraints, so we vary this value by £5 GeV/c.
Finally, we consider how we weight the prior estimate that we use. For our nominal
unfolding, our prior estimate is simply the truth-level spectrum from the embedding.
However, there is the possibility that this might bias the final output. For this final
unfolding systematic, we reweight our prior by the ratio of the Monte Carlo to the
data and scale the response accordingly.

The next major source of uncertainty is derived from our tracking precision. The
tracking efficiency in Pb—Pb is nominally assumed to be 2% worse than that in pp
collisions based on HIJING+GEANT studies [116]. Experimentally, this 2% loss of

10This corresponds to using the errorTreatment = RooUnfold::kCovariance option.
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R=02 R=04
@o—small qo2—large qo—small qo—large
in-plane out-of-plane in-plane out-of-plane | in-plane out-of-plane in-plane out-of-plane
Tracking efficiency 6-15 6-12 8-10 6-16 4-15 6-15 6-20 < 1-17
Unfolding iterations <1 < 1-1 < 1-1 < 1-1 < 1-2 <14 1-3 <13
Unfolding prior <13 < 1-2 <12 <12 2-6 < 15 < 1-8 2-5
Unfolding truncation <1 <1 <1 <1 < 1-10 < 1-7 1-13 < 19
Event-plane determination <1 <1 <1 <1 <1 <1 <1 <1
Total 6-15 6-12 8-10 6-16 8-16 6-16 12-21 9-17

Table 4.2: Summary of systematic uncertainties for differential spectra (reported in
percentages). Reported ranges reflect the minimum and maximum uncertainty values
across the pr spectrum. For these differentiated yields, the uncertainties are generally
dominated by the tracking efficiency.

efficiency is applied to the PYTHIA tracks that are used for embedding. To assess the
uncertainty that this assumption introduces, we redo the embedding after lowering
the tracking efficiency by an additional 4%. The data is then unfolded with this new
response and compared to the original spectrum.

The last source of uncertainty considered in this analysis is that pertaining to our
calculation of the event-plane resolution. To quantify this, we vary the resolution by
2% and repeat the analysis, as was done in the procedure for the Chiral Magnetic
Effect analysis [117]. In this study, it was determined that using the y* method
(as opposed to the three-subevent method) to calculate Ry produces a variation of
less than 2%, thus motivating the variation done here. A summary of systematic
uncertainty values for the ESE-sorted spectra is shown in Table [£.2]

The above methods describe how the uncertainties were calculated for the var-
ious spectra. For the ratios considered in this analysis, however, several of these
uncertainties can be reduced by considering the correlations present. To treat these
correlations, we instead use the ratios as our degrees of freedom. This is to say that
the nominal ratio is first computed and then the systematic variations are applied to
this curve (as opposed to computing the nominal spectra and propagating the uncer-
tainties in the normal way). The differences between these ratios are then used to
compute the systematic uncertainty. In general, the uncertainties in this analysis are
highly correlated, so considering ratios allows us to greatly improve our sensitivity

to signal. Systematic uncertainties for the ratios are summarized in Table [£.3] For a
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R=02 R=04
small (out/in) large (out/in) large/small | small (out/in) large (out/in) large/small
Tracking efficiency <1-2 <1-5 1-3 4-9 1-9 1-3
Unfolding iterations <1-1 <1-1 <1 <1-6 2-6 <1
Unfolding prior <1-2 <1-3 <1-3 1-5 <1-12 <1-3
Unfolding truncation <1 <1 <1 1-18 1-21 <1-3
Event-plane determination <1 <1 N/A <1-1 <1-1 N/A
Total 2-3 1-5 1-4 5-21 4-25 1-5

Table 4.3: Summary of systematic uncertainties for ratios (reported as percentages).
Reported ranges reflect the minimum and maximum uncertainty values across the pr
spectrum.

complete set of uncertainties, see Appendix C.

4.3 Results

The charged-jet spectra sorted by ESE class and event-plane angle are presented in
Fig. for R = 0.2 (left) and R = 0.4 (right) anti-kr jets with a leading track
bias of 5 GeV/c. These measurements were performed in 30-50% Pb—Pb collisions
at \/syn = 5.02 TeV. For R = 0.2, results are reported from 35 < pr < 120 GeV /e,
whereas for R = 0.4 they are reported from 40 < pr < 120 GeV/c. Note that the
R = 0.4 result is more restricted in pr due to details of the kinematic efficiency
and the stability of the unfolding, as described in Section: These spectra
are all steeply falling, as expected. An initial separation between the in-plane (blue
+ purple) and out-of-plane (orange + pink) yields can already be observed, as is
consistent with expectations from the jet-v,. However, the systematic uncertainties

preclude any further conclusions from being drawn about the differences between the

spectra based on the event-shape class.
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Figure 4.21: Spectra for R = 0.2 (left) and R = 0.4 (right) charged jets in 30-50%
Pb—Pb collisions, reported differentially by ESE class and event-plane angle. Note
that out-of-plane yields (orange + pink) appear suppressed relative to in-plane yields
(blue + purple) throughout the pr range, consistent with expectations from the jet-
v measurement. Large systematic uncertainties obscure any further intrepretation
about the impact of the event shape.

The ratio of charged jet yields from g¢o-large events to go-small events is shown
in Fig. 4.22, These results are compatible with unity for both R = 0.2 (indigo)
and R = 0.4 (pink), with a hint of a deviation at low-pr. This data is consistent
with the Trajectum calculations showing that the average pathlength traversed by a
hard probe does not change significantly with the event shape (see Fig[3.8)). These
results also suggest that the jet measurements performed for this analysis are insen-
sitive to the shape of the underlying event, providing evidence for the robustness
of the background subtraction used. This compares well with, for example, earlier
ESE measurements made in the heavy-flavor sector. Similarly, these results show no
meaningful sensitivity of D-meson production to the underlying flow (see left panel
of Fig. .

Looking more differentially, a comparison of the ratios of out-of-plane to in-plane

jets between go-large and go-small classes can be seen in Fig. and Fig. for R
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Figure 4.22: Ratio of charged jets from go-large events to go-small events for R =
0.2 (indigo) and R = 0.4 (pink). Results are compatible with unity, indicated no
dependence of inclusive charged jet production to the underlying event shape.

= 0.2 and R = 0.4, respectively. For both sets of results, a suppression from unity is
observed, indicating a non-zero azimuthal anisotropy of jet quenching. In addition to
the overall anisotropy, a significant deviation between the go-small and go-large curves
can be seen at pr < 50 GeV/c for R = 0.2. For R = 0.4, no significant difference can

be seen between the curves.

4.4 Discussion

As noted in the Results section, the out-of-plane vs. in-plane ratios show significant
suppression from unity for R = 0.2 and R = 0.4 jets in both go—small and ¢;—large
event classes. To compare the magnitude of this suppression with that seen in previous

measurements, the data used for this analysis was used to reproduce the jet-vy. To
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Figure 4.23: Ratio of out-of-plane to in-plane R = 0.2 jets for ¢o-small (pink) and
¢o-large (blue) events. Both results are suppressed from unity over the full pr range.
A significant deviation between these curves can be seen at pr < 50 GeV/¢, where
there is more relative suppression in the elliptical events than in the isotropic events.
This is consistent with expectations of increased energy loss for jets traveling greater
distances through the QGP.

allow for a more direct comparison with the vy values published by ALICE, out-
of-plane and in-plane definitions were relaxed to +45° around W, (as opposed to
+30°). These comparisons can be seen in Fig. [4.25| For R = 0.2, the results from
this analysis are consistent with the published ALICE results. The R = 0.4 results
are also consistent within uncertainties, although the nominal points show a slight
enhancement. Note that there are several analysis-level differences between the results
from this analysis and the published results. For example, this analysis imposes a
leading track bias of 5 GeV/c, whereas the published result only requires a leading
track of 3 GeV/c. Additionally, this analysis was performed for data with a collision
energy of \/syn = 5.02 TeV, whereas the published result was for |/sxy = 2.76 TeV.
Despite these differences, the agreement indicates that the azimuthal dependence of

quenching is consistent between systems. The slight enhancement of the R = 0.4
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Figure 4.24: Ratio of out-of-plane to in-plane R = 0.4 jets for ¢x-small (pink) and
¢o-large (blue) events. Both results are suppressed from unity over the full pr range.
No significant deviation between these curves can be seen.

points does provoke some interest. This would be consistent with the R-dependence
of the R 44, which indicated that larger-R jets are more quenched. It would therefore
follow that they also more sensitive to the pathlength they traverse. One should,
however, be careful not to over-interpret the data, as the vy uncertainties (particularly
for R = 0.4) are quite large.

While the vy provides an interesting comparison to existing measurements, the
novel contribution of this analysis regards the results for different ESE classes. For
the R = 0.2 study (see Fig. 4.23)), a deviation between the out-of-plane/in-plane
ratios is observed between the large-¢; and small-g; samples below 50 GeV/c. To
assess the significance of this deviation, one can consider a double ratio of the large-
¢2 to small-gs single-ratios. This was done by first unfolding the differentiated spectra
in the usual way (see Section [4.2.1; Unfolding), and then merging the first two
bins to account for any correlations between them. The single ratios and systematic

uncertainties were then computed in the same way to produce a rebinned version of

90



~N 035 T T T T T T T T T T T T T T T T T
>

0.3 PLB 2016 This Thesis

—— R =0.2(2.76 TeV) —*-R=0.2(5.02 TeV)
—- R =0.4(5.02 TeV)

0.25

0.2

0.15

S
——

0.1

-
-
—

L H e

0.05

—-0.05

_0.1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

Figure 4.25: Comparison of published v, results with the results derived in this anal-
ysis. While there are several differences between the published analysis and this
analysis (i.e. collision energy, leading track bias, etc.), the R = 0.2 results are com-
patible. The R = 0.4 results show a slight deviation in the nominal values, but are
consistent within reported uncertainties.

Fig. [£.23] The systematic uncertainties were then added in quadrature, assuming
no correlation between the large-g, and small-¢, classes. The same was done for the
statistical uncertainties. The results of this study can be seen in Fig. 4.26|

For the lowest bin, the nominal value is 1.32, with a 1o systematic uncertainty of
0.0364 (fractional value of 2.8%) and a 1o statistical uncertainty of 0.044 (fractional
value of 3.3%). Summing these values in quadrature gives a total uncertainty of 0.056
(fractional value of 4.3%). This puts the nominal value at 5.70 away from unity.

While such a result seems to be a clear signal of pathlength dependent suppression,
it is not yet apparent why this separation does not extend to higher pr. Intuitively,
this is not entirely unexpected, given that the Ras increases with pr and the jet-

vy decreases with pr. These results indicate that jets are relatively less quenched
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Figure 4.26: Double ratio of the single-ratios reported in Fig. [4.23] The lowest two
bins have been merged to account for correlations between them. The nominal values
in the lowest bin are approximately 5.70 away from unity.

at higher pr. It therefore seems plausible that jets would be less sensitive to slight
differences in pathlength at higher pr. One must be careful not to overinterpet
the high-pt regime of this measurement, however, given that significant statistical
uncertainties dominate in that regime. It is therefore unclear if the agreement is due
to a true physics effect or due to the fact that we are not experimentally sensitive to
the differences in that regime. For this reason, future studies with improved statistics

will be highly beneficial for understanding the kinematics of this dependence.
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“Always look on the bright side of life.”

— Eric Idle, Life of Brian

Chapter 5

Outlook

The current ALICE measurement of jets with event-shape engineering is an exciting
step towards constraining the pathlength dependence of jet energy loss. However, this
is just the beginning! Hope springs eternal, and there is cause for optimism that model
comparisons will enable the current qualitative observations to be transformed into
quantitative constraints. Additionally, new observables will become experimentally
accessible with upcoming data-taking periods and the installation of next-generation
detectors. There are many new avenues of physics waiting to be explored; answers
to our enduring questions appear within reach, and will likely beget new questions to
accompany these answers.

This chapter will discuss some future prospects for learning more about jet quench-
ing’s pathlength dependence. These include new ideas for observables, as well as
proposals for old observables that can be studied in new ways. A brief introduction
to various new experiments on the horizon, and what we can hope to gain from these
facilities, will also be given. Finally, this chapter will summarize the work presented

in this thesis and what has been learned from these studies.
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5.1 Future Directions

This thesis includes the first measurement of jets using ESE, opening a new avenue
with which to study jet quenching phenomena. Several imminent developments in the
experimental landscape will allow for extensions of this measurement. This section
will present some possible future avenues with which ESE can be used in the high-pr
sector. Additionally, other ideas to study the pathlength dependence of jet quenching

will be discussed.

5.1.1 Increased Statistics

After the end of Long Shutdown 2 [56] in 2022, the long-anticipated pp data-taking
period has begun at the LHC. With the first heavy-ion run scheduled for later this
year, ALICE is looking forward to increased Pb—Pb luminosities. In LHC Runs 3 and
4, ALICE is expecting to record 50-100 times more Pb—Pb events than were collected
for the minimum bias data-set during Run 2 [37]. These statistics will greatly improve
the ESE measurement presented here in the following ways.

First, for the current ESE measurement of R = 0.2 jets, ratios of out-of-plane to
in-plane jets for go-large and go-small events (Fig. are consistent within their
uncertainties at high-pr. Note, however, that the measurement uncertainty is domi-
nated by statistics beginning at 50 GeV/c. This makes it impossible to distinguish if
this agreement is the result of an insufficient sample size, or rather if it is the man-
ifestation of a true physics effect. Increased statistics should enable this distinction
to be made. Additionally, a larger sample will make more differential measurements
in both the event-shape and the event-plane angle possible. These advancements
will allow us to make progress towards studying the evolution of jet suppression as a

continuous function of event-shape quantities.

5.1.2 Substructure and ESE

As the field of jet substructure develops, ESE offers a promising avenue to further

contextualize existing measurements. For example, consider the groomed jet radius
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R,, which quantifies the distance between the two leading prongs of a jet (a schematic
can be seen in Fig. [5.1). The R, is an interesting observable with which to study
jet quenching due to the modification observed between pp and Pb—Pb, in which a
relative narrowing is seen in heavy-ion collisions [52]. By considering the R, of jets
with respect to the event-plane angle, one could assess the pathlength dependence of
this narrowing. Further, constraining the medium fluctuations using ESE would allow
for a more differential study of this effect, just as was done with the pr spectrum. An
additional benefit of using ESE in this context would be to minimize interpretation
uncertainties due to the survivor bias. Here, we refer to the loss of information
introduced by jets that are so suppressed in the QGP that they are never measured.
ESE can help here given that the relative difference between events with different

shapes is considerably smaller than the difference between Pb—Pb and pp.

P T,subleading

p T,leading +p T,subleading

\/Ay2+Ag02

Figure 5.1: The R, quantifies the distance between a jet’s two leading prongs. Figure
taken from Ref. [52].

Performing such a measurement will require a significant increase in statistics
to allow for 3D unfolding. It will therefore be interesting to see if this is possible
in ALICE with Run 3 data, and if so, what we can learn about the evolution of

substructure with pathlength.
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5.1.3 Dijet Asymmetry

As was discussed in Section 4.1 Previous Results, azimuthal anisotropy is not
the only way to study pathlength-dependent energy loss. The dijet asymmetry, while
incomplete, does augment our understanding of this process[l] Unfortunately, ALICE
does not currently have such a measurement. While, due to the limited fiducial
coverage of the ALICE calorimeters, such a measurement is all but prohibited with
full jets, it could still be studied using charged jets. The interpretation of such an
observable is indeed more complicated, given that uncertainties surrounding charge-
to-neutral fluctuations obscure expectations for the results.

Even given this caveat, a charged-dijet asymmetry could serve as a useful com-
parison point for other efforts in ALICE, such as the ongoing photon-jet correlation
measurement [I18]. Because this analysis is limited to studying the correlations be-
tween photons and charged jets, it is not directly comparable to analyses from other
experiments, who prefer to boast their impressive calorimeters by measuring the corre-
lations between photons and full jets [119]. A charged-dijet asymmetry using ALICE
data would therefore provide interesting context.

In addition to providing a point of reference for other measurements, such an
analysis could prove an interesting study in its own right. For example, if this result
were to agree with what is seen for full jets at ATLAS [97], it could suggest that the
concern over charge fluctuations is unfounded. Conversely, if such a result disagreed
qualitatively with the existing literature, it could provide insight into the ways the
charged vs. neutral components of a jet lose energy to the medium.

Given the above motivations, the possibility of performing a charged-dijet asym-
metry measurement in ALICE has been briefly studied for the purpose of this thesis.
The embedded spectra at truth-, detector-, and hybrid-levels can be seen for leading
jets in Fig. 5.2l While the statistics shown in these results indicate that a full study
is likely feasible, a few considerations must be made. First, the use of extractor bins
is not practical for this measurement. This is because the current implementation

down-samples statistics on a jet-by-jet basis, as opposed to down-sampling event-by-

1See Section Dijet Asymmetry for more details on this observable.
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Figure 5.2: Truth- (left), detector- (middle), and hybrid-level (right) spectra for lead-
ing jets in the embedded sample.

eventE| This introduces the situation where a leading jet may be recorded, but the
subleading jet is not. In this case, a sub-sub-leading jet might be recorded in its place.
Alternatively, the leading jet may be discarded, resulting in the false identification of
a subleading jet as leading, and a sub-subleading jet as subleading. This is obviously
not desirable. Additionally, this introduces problems with scaling the input for the
response. See Fig. for a visual representation of this issue.

In addition to the use of extractor bins, the use of a leading track bias to suppress
combinatorial background poses difficulties for this measurement. This is because
the fragmentation patterns of the leading and subleading jets may be significantly
different. However, removing a leading track bias without further consideration am-
plifies contamination from combinatorial jets, as well as greatly increases the size of
the data output files. Some consideration must be given, therefore, to mitigate this

problem.

2See Section Embedding and the Response for more details on the use of extractor
bins.

97



= bin 1 bin 11
= bin 2 bin 12
== bin 3 == bin 13
- bin 14
==bin 15
==bin 16
== bin 17
== bin 18

bin 19
==bin 20

Charged Jets, R = 0.2, anti-k, |nje‘| <0.7
Subleading Jets

ALICE, Pb~Pb Y5 = 5.02 TeV, 30-50% 10

Embedding Spectra, P> 10 GeV/c

::. fﬁlﬁ it

AN | | R AN S T 1A A N
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
pi (Gevic) pyFreEr (Gevice)

ll‘fmr,\‘m

10 . 107
10°)- N -
10 j_-'ﬁl
4 -4 Lk
10 10 EJ]

140 1 180 200
pg}g"“ (Gevic)

aade Lol ML
100 120

- bin 1 bin 11

5 _ )
10° ALICE, Pb-Pb {5, = 5.02 TeV, 30-50% 10 Charged Jets, R = 0.2, antikr, I, | < 0.7 10° —bin2 bin 12
. " Subleading Jets —bin3 —bin 13
10° Embedding Spectra, p_ > 10 GeVic 10 10* bin 4 =—bin 14
T, true bin 5 == bin 15

10° bin 6 == bin 16

bin 7 ==bin 17

5 bin 8 == bin 18

10 == bin 9 bin 19

==bin 20

107 102
-3 -3
10
10 y_’ﬁ\.
4 =T
10 [] ,I

o 1

A | I RN EFATI N (P I T e A R A Sl
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
P p p.
X

10°° [}

"t (Gevic) je‘m' (GeVic) (GeVic)

Figure 5.3: Truth-, detector-, and hybrid-level spectra for embedded subleading jets.
Top: Jets are scaled using the same extractor bin as the leading jet. This intro-
duces discontinuities in the spectrum. Bottom: Jets are scaled using the extractor
bin corresponding to the subleading jet. This scaling produces smooth spectra, but
introduces ambiguity into how dijet pairs should be scaled when entered into the
response matrix.

5.1.4 New Experiments

Studies of pathlength dependence will benefit from the enhanced capabilities of next-
generation experiments. On the immediate horizon, sSPHENIX [120] will come online
at RHIC this year. It’s design has been optimized for the study of jets, and includes a
hadronic calorimeter. The combination of good tracking, neutral particle information,
and great statistics will enable sSPHENIX to make measurements of full jets that are
not currently possible at ALICE. Additionally, their focus as a heavy-ion detector
will allow them to measure soft behavior of the QGP in a way that is not possible at
e.g. CMS and ATLAS, thus providing new opportunities for the study of correlations

between soft- and hard-scale physics.
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In addition to sPHENIX, the poorly-named but well-designed ALICE 3 detector
[121] is intended to come online for the LHC’s Run 5. Much of the focus of its
design is geared towards measuring heavy-flavor hadrons, studies of which commonly
seek to understand the behavior of heavy-flavor partons in the medium. Because these
partons are too massive to be produced thermally, they are typically generated in hard
scatterings. Many heavy-flavor analyses would therefore benefit from considering the
complete jet so as to approximate the full kinematics of the initiating parton. For

this reason, jets will be an important part of the ALICE 3 physics program.

5.2 Conclusions

In this thesis, we have presented the first measurement of jets using event-shape
engineering. This newly developed method has shown that jet production is insen-
sitive to the shape of the underlying event in 30-50% Pb-Pb collisions. However,
when considering the azimuthal angle of the jets with respect to the event plane,
differences begin to emerge. These results reproduce the azimuthal anisotropy seen
in previous measurements, and build upon those studies by further constraining the
medium fluctuations, thus providing better knowledge of the pathlength distributions
that jet samples traverse. At pr < 50 GeV/c¢, a deviation is observed between ra-
tios of out-of-plane to in-plane jets from highly-elliptical and highly-spherical events.
While model predictions are required to extract explicit constraints from this mea-
surement, the qualitative effect agrees with the intuition that jet energy loss occurs
in a pathlength-dependent manner.

This is an important step towards constraining the pathlength dependence of jet
quenching, but in many ways, this is just the beginning. In Run 3, enhanced statis-
tics will allow for an improvement on this measurement by enabling higher precision
studies at high pr, as well as allowing for a more differential measurement in ¢, and
Ay. Additionally, increased statistics will allow for ESE to be used as a technique
to study more observables than just the jet-pr. For example, exploring substruc-

ture modification with ESE may provide a particularly rich path to studying jet—
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medium interactions. Finally, model comparisons will allow qualitative observations
of pathlength-dependent energy loss to be converted into quantitative constraints, en-
abling a better understanding of the fundamental mechanisms that drive jet energy

loss in the QGP.
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“My numbers mean more to me than my name.”

— Vera Rubin

Appendix A

Data Tables

This appendix includes the point values and associated uncertainties for the final

results.

Data associated with Fig. (Left)

R = 0.2, g—small, in-plane
pr range [GeV/c] | Nominal | Systematic [abs.(%)] | Statistical [abs. (%)]
35-40 3.555e-5 3.08953e-6 (8.69067) 7.47122e-7 (2.10161)
40-50 1.72207e-5 1.5369e-6 (8.92476) 4.15563e-7 (2.41316)
50-60 7.228e-6 4.35036e-7 (6.01876) 2.80085e-7 (3.875)
60-80 2.42924e-6 | 2.25844e-7 (9.29688) 1.15210e-7 (4.74262)
80-100 6.5727e-7 | 7.05783e-8 (10.7381) 6.13132¢-8 (9.32846)
100-120 2.01512e-7 | 2.95791e-8 (14.6786) 3.00509¢e-8 (14.9127)
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R = 0.2, g—small, out-of-plane

pr range [GeV/c] | Nominal | Systematic [abs.(%)] | Statistical [abs. (%)]
35-40 3.11962e-05 | 1.98594e-6 (6.36599) 7.41440e-7 (2.3767)

40-50 1.4667e-05 1.01948e-6 (6.95085) 3.78243e-7 (2.57887)

50-60 6.004660-06 | 4.94228¢-7 (8.23074) | 2.45942¢-7 (4.09586)

60-80 1.81153e-06 | 1.55523e-7 (8.5852) 9.28469e-8 (5.12533)
80-100 4.23813¢-07 | 5.25579e-8 (12.4012) | 4.44542¢-8 (10.4891)
100-120 1.481920-07 | 1.75431e-8 (11.8381) | 2.36709¢-8 (15.9731)

R = 0.2, ¢,—large, in-plane

pr range [GeV/c] | Nominal | Systematic [abs.(%)] | Statistical [abs. (%)]
35-40 4.40682e-05 | 3.57307e-6 (8.10805) 8.26874e-7 (1.87635)

40-50 1.92114e-05 | 1.79283e-6 (9.33212) 4.35219e-7 (2.26542)

50-60 6.74768e-06 | 5.99741e-7 (8.8881) 2.62728e-7 (3.89361)

60-80 2.31338¢-06 | 2.17755¢-7 (9.41285) | 1.11509¢-7 (4.82016)
80-100 7.16676e-07 | 6.41464e-8 (8.95055) 6.36389¢-8 (8.87973)
100-120 2.22272¢-07 | 2.35279-8 (10.5852) | 3.17876e-8 (14.3012)

R = 0.2, ¢;—large, out-of-plane

pr range [GeV/c] | Nominal | Systematic [abs.(%)] | Statistical [abs. (%)]
35-40 2.86149e-05 | 3.17539e-6 (11.097) 6.93496e-7 (2.42355)

40-50 1.26598¢-05 | 9.49086e-7 (7.49685) | 3.46121e-7 (2.73402)

50-60 5.57683e-06 | 3.61620e-7 (6.48432) 2.39815e-7 (4.30021)

60-80 1.75997e-06 | 1.69874e-7 (9.65208) 9.28080e-8 (5.27327)
80-100 4.56287e-07 | 4.88711e-8 (10.7106) 4.68278e-8 (10.2628)
100-120 1.38499¢-07 | 2.20903¢-8 (15.9498) | 2.24940e-8 (16.2413)

Data associated with Fig. (Right)
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R = 0.4, ¢g—small, in-plane

pr range [GeV/c] | Nominal | Systematic [abs.(%)] | Statistical [abs. (%)]
40-50 2.83444e-05 | 3.37712e-6 (11.9146) 5.32416e-7 (1.87838)
50-60 1.02372e-05 | 8.11907e-7 (7.93095) 2.96899¢-7 (2.9002)
60-80 3.444540-06 | 4.83851e-7 (14.0469) | 1.48796e-7 (4.31975)
80-100 9.43231e-07 | 1.06951e-7 (11.3388) 8.10705e-8 (8.59498)
100-120 2.893830-07 | 4.642800-8 (16.0438) | 4.23445¢-8 (14.6327)

R = 0.4, ¢—small, out-of-plane

pr range [GeV/c] | Nominal | Systematic [abs.(%)] | Statistical [abs. (%)]
40-50 2.13271e-05 | 3.18793e-6 (14.9478) 4.95420e-7 (2.32296)

50-60 8.12698¢e-06 | 1.12685e-6 (13.8656) 2.89202e-7 (3.55854)

60-80 2.90138e-06 | 1.78716e-7 (6.15969) 1.36400e-7 (4.70124)
80-100 5.23168e-07 8.52241e-8 (16.29) 5.28823e-8 (10.1081)
100-120 1.6278¢-07 | 1.86222¢-8 (11.4401) | 2.53648¢-8 (15.8894)

R = 0.4, ¢;—large, in-plane

pr range [GeV/c] | Nominal | Systematic [abs.(%)] | Statistical [abs. (%)]
40-50 3.22841e-05 | 5.33384e-6 (16.5216) 5.29046e-7 (1.63872)
50-60 1.09158¢-05 | 1.74052e-6 (15.945) | 2.83731e-7 (2.59927)
60-80 3.65850-06 | 4.847220-7 (13.2492) | 1.46031c-7 (3.99156)
80-100 1.03003e-06 | 1.25468e-7 (12.181) 8.03581e-8 (7.80153)
100-120 2.71655e-07 | 5.66344e-8 (20.8479) 3.92101e-8 (14.4338)
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R = 0.4, ¢;—large, out-of-plane

pr range [GeV/c] | Nominal | Systematic [abs.(%)] | Statistical [abs. (%)]
40-50 2.12367e-05 | 2.14796e-6 (10.1144) 4.99693e-7 (2.35297)
50-60 7.69497e-06 | 6.49025e-7 (8.43441) 2.85218e-7 (3.70655)
60-80 2.46135¢-06 | 3.09402¢-7 (12.5704) | 1.25204e-7 (5.08681)
80-100 5.65488e-07 | 9.59316e-8 (16.9644) 5.68479¢-8 (10.0529)
100-120 2.27711e-07 | 2.49400e-8 (10.9525) | 3.16284c-8 (13.8897)
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Data associated with Fig.

R = 0.2, ¢o—large/g;—small

pr range (GeV/c¢) | Nominal | Systematic [abs. (%)] | Statistical [abs. (%)]
35-40 1.08246 0.0157909 (1.4588) 0.0193057 (1.7835)
40-50 1.0056 0.00967784 (0.962395) 0.0203725 (2.02589)
50-60 0.983208 0.0162832 (1.65613) 0.0327464 (3.33057)
60-80 1.00948 0.0124436 (1.23267) 0.0410876 (4.07019)
80-100 1.04178 0.0142944 (1.37211) 0.081609 (7.83357)
100-120 1.11909 0.0442910 (3.95777) 0.140832 (12.5846)

R = 0.4, ¢o—large/g;—small

pr range (GeV/c) | Nominal | Systematic [abs. (%)] | Statistical [abs. (%)]
40-50 1.09023 0.0515809 (4.73119) 0.0179449 (1.64597)
20-60 1.0252 0.0335589 (3.2734) 0.0265149 (2.58633)
60-80 0.995436 0.0163073 (1.63821) 0.0371636 (3.7334)
80-100 1.04123 0.0130130 (1.24977) 0.0769269 (7.38806)
100-120 1.05941 |  0.0176339 (1.6645) 0.124718 (11.7724)
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Data for Fig.

R = 0.2, ¢o—large, out/in ratio

pr range [GeV/c] | Nominal | Systematic [abs.(%)] | Statistical [abs. (%)]
35-40 0.649334 0.0297518 (4.58189) 0.0199022 (3.06502)
40-50 0.658972 0.0161568 (2.45182) 0.0233977 (3.55063)
50-60 0.826481 0.0259281 (3.13717) 0.0479445 (5.80104)
60-80 0.76078 0.0111103 (1.46038) 0.0543526 (7.14433)
80-100 0.636671 0.0150335 (2.36126) 0.0864033 (13.5711)
100-120 0.623107 | 0.0330288 (5.30066) 0.134843 (21.6404)

R = 0.2, go—small, out/in ratio

pr range (GeV/c) | Nominal | Systematic [abs. (%)] | Statistical [abs. (%)]
35-40 0.877532 0.0200232 (2.28176) 0.0278407 (3.17261)
40-50 0.851707 0.0199458 (2.34186) 0.0300809 (3.53184)
50-60 0.830749 0.0233031 (2.80507) 0.0468410 (5.63841)
60-80 0.745717 0.0171392 (2.29835) 0.0520730 (6.98294)
80-100 0.644808 0.0140749 (2.18281) 0.0905130 (14.0372)
100-120 0.735402 0.0216091 (2.9384) 0.160704 (21.8525)
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Data for Fig.

R = 0.4, ¢o—large, out/in ratio

pr range (GeV/c¢) | Nominal | Systematic [abs. (%)] | Statistical [abs. (%)]
40-50 0.657806 0.167606 (25.4796) 0.0188618 (2.86738)
50-60 0704936 | 0.111488 (15.8154) | 0.0319132 (4.52711)
60-80 0.672776 0.0252031 (3.74613) 0.0435012 (6.46592)
80-100 0.549004 0.0482755 (8.79329) 0.0698608 (12.725)
100-120 0.838234 0.0796332 (9.50011) 0.167910 (20.0314)

R = 0.4, ¢g—small, out/in ratio

pr range (GeV/c) | Nominal | Systematic [abs. (%)] | Statistical [abs. (%)]
40-50 0.752428 0.157175 (20.889) 0.0224779 (2.98738)
20-60 0.793869 0.0623428 (7.85303) 0.0364441 (4.59069)
60-80 0.842314 0.0701434 (8.32746) 0.0537776 (6.38451)
80-100 0.554655 0.0465379 (8.39042) 0.0735933 (13.2683)
100-120 0.562508 0.0261877 (4.65552) 0.121506 (21.6007)
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“There is a misconception in America that women scientists are all

dowdy spinsters. This is the fault of men.”
— Chien-Shiung Wu

Appendix B

Performance Studies

This Appendix contains the full set of performance and unfolding studies done for

this thesis.
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Figure B.3: Scaled ph®d spectra for R = 0.2
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Figure B.5: Residual plots for R = 0.2 jets.
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Figure B.10: Jet Energy Scale (JES) plots for R = 0.4 jets.
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Figure B.11: Jet Energy Resolution (JER) plots for R = 0.2 jets.
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Figure B.12: Jet Energy Resolution (JER) plots for R = 0.4 jets.
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Unfolding

This section contains the full set of stability and closure tests for the unfolding.
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Figure B.19: Trivial unfolding tests for R = 0.2 jet sample.
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Figure B.20: Trivial unfolding tests for R = 0.4 jet sample.
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Figure B.21: Split unfolding tests for R = 0.2 jet sample.
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Figure B.23: Data unfolding tests for R
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Figure B.24: Data unfolding tests for R
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“Hope this helps, as I ate three portions of salmon last

week and was worried!”
— John Harris

Appendix C

Systematic Uncertainties

This appendix contains the full set of systematic uncertainties studied in this analysis.
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Figure C.1: Systematics for sorted spectra, R = 0.2.
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Figure C.3: Systematics for sorted spectra, R = 0.4.
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“Because this table was initially derived from published results and
many of those results were preliminary, as many as 64 of the
mesons in the following table may not exist or have the wrong mass

or quantum numbers.”
— Wikipedia, List of Mesons
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