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Abstract

The goal of this thesis was to investigate the path-length dependence of jet suppres-
sion for jets propagating through a medium known as the quark-gluon plasma
(QGP). The QGP is formed in collisions between two lead (Pb) ions, where the
overlap region consists of participant nucleons distributed in an approximately el-
liptical geometry. Simulations of jet quenching in these collisions were performed
using JEWEL together with the Glauber and Trajectum models. The former was
used to describe the initial state, while the latter described the final state. Events
containing jets were categorized according to their initial-state eccentricity e, and
their final-state elliptic flow, quantified by the parameter g,. The jets were then
further separated into in-plane and out-of-plane groups with respect to the short
axis of the elliptical collision region. Across both models, out-of-plane jets were ob-
served to be more suppressed than in-plane jets. This thesis successfully reproduced
ameasurement previously performed by the ALICE Collaboration at CERN. Fur-
thermore, the results suggest that the observed path-length dependence is indepen-
dent of the choice of models used, further validating its existence.
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Chapter 1

Introduction and Background

1.1 Overview

When two heavy ions collide, the resulting energy causes the creation of a hot, dense medium called
quark-gluon plasma (QGP) as well as particles with high momenta that spray in collimated beams
called jets. Using data gained from Pb-Pb collisions, the ALICE collaboration released a study inves-
tigating path-length dependence for jets moving through the QGP [1]. Thereby, it becomes vital to
simulate this phenomenon and attempt to investigate it. To this end, the goal of this paper is to use
JEWEL, a Monte-Carlo event-generator, to analyze differences between jets traveling different path-
lengths under varying factors that affect the geometry of the QGP, such as eccentricity.

This section begins with an introduction to Quantum Chromodynamics (QCD) and quarks,
then moves on to jet formation. Afterwards, jet suppression is described, followed by an account
of in-plane and out-of-plane jets and an overview of JEWEL. Next, the different models used in this
thesis are presented. Chapter 2 details the parameters used in the analysis and the general strategy for
evaluating the plots based on different factors such as eccentricity. A thorough analysis and discussion
of these simulated results are provided in Chapter 3. Finally, Chapter 4 concludes with a summary
of the project and provides an outlook on further investigations into path-length dependence in jet
suppression.

1.2 Jet Production and Suppression

Quarks are considered to be point-like constituent particles that compose matter in the universe. They
are governed by quantum chromodynamics (QCD) that give quarks two fundamental properties:
asymptotic freedom and confinement. At high energy scales (short distances), quarks behave as if
they are free and at low energy scales (long distances) they are confined. This is shown in Figure 1.1.
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Figure 1.1: Asymptotic freedom (left) and confinement (right)

Using the analogy of a rubber band, when the quark and anti-quark (connected by gluons) are
close to one another, the rubber is unstretched and loose, thereby the quark and anti-quark could
move “freely” within those bounds.

But as shown on the right in Figure 1.1, when the band is stretched, they are constricted and
therefore confined. Athigh energies in heavy-ion collisions, the quarks and gluons behave quasi-freely
and become deconfined, thereby forming the QGP [6].

Early in the collision, hard scatterings produce high momentum quarks and gluons (collectively
called partons). In a vacuum, these high energy partons would fragment into collimated sprays of
hadrons, known as jets. But, in the case of the QGP acting as the medium, these energetic partons
would interact with the medium and undergo elastic and inelastic scattering, and lose energy before
fragmenting into hadrons [9]. This is known as jet quenching, and it can be used to investigate the
QGP [6]. Furthermore, suppression is observed by obtaining the nuclear modification factor (R4 1),
which is a ratio between jet measurements in proton-proton and heavy-ion (HI) collisions [11]:

dNAA /de

Ryq = 1.2.1
Ad <Ncoll> dep/de’ ( )

where dNA4 /dp, ANPF dp represents the number of jets as a function of their transverse momentum
pr>in Pb-Pb collisions, and proton-proton collisions respectively, and (N, ) is the number of nucleon-
nucleon collisions for a given centrality class [6]. We can note that suppression is observed when R4 4
is less than 1, as there would be fewer jets in the Pb-Pb collision compared with an equivalent number
of proton-proton collisions.

A centrality class is defined by the impact parameter b [8], which is a vector connecting the centers
of the two colliding nuclei as shown in Figure 1.2. The geometry of the impact region when two Pb
ions collide can be determined by the centrality and eccentricity of the collision. It can be seen that
the smaller b is in magnitude, the more central the collision is and vice versa.




1.3 IN-PLANE AND OUT-OF-PLANE JETS

Figure 1.2: b in a more peripheral event (top left) and a more central event
(bottom right), shown in the perspective of the plane transverse to the beam-
line.

1.3 In-Plane and Out-of-Plane Jets

B
Participant Plane
2\
|UI Reaction Plane

Figure 1.3: Sketch of in-plane (blue) and out-of-plane (red) jets. a repre-
sents an in-plane angle where « < 71/6 or 571/6 < a and B describes an out-
of-plane angle where g < 271/3 and B > 7/3. Note that 0 < a, 8 < 7. The
nucleons inside the green ellipse are called participants, and those outside are

called spectators.

As the colliding Pb nuclei produce an elliptical overlap region as shown in Figure 1.3, the QGP is
anisotropic meaning that observations are dependent on the direction of measurement. Jets produced
in the participant region include in-plane jets which are jets that mostly align with the participant plane
or the event-plane (for the final state), thereby are near the minor axis of the green ellipse in Figure 1.3.
Asan example one could see that this is the case for the blue jets in Figure 1.3. Out-of-plane jetslie close
to the major axis of the green ellipse and are almost perpendicular to the participant plane. Therefore,

)
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it is expected that out-of-plane jets would traverse a longer path-length in the medium, than in-plane
jets, leading to more jet quenching, which would then depend on the angle of the jet axis with respect
to the participant plane.

For the initial state, in-plane and out-of-plane jets can be defined from the angular difference ¢j.. —
Ypp> Where ¢y, is the azimuthal angle of the jet axis and ¢,,, is the angle of the participant plane. For
the final state, the angular difference becomes ¢je. — ., Where ¢,,, is the angle of the event plane.

This angular difference, for example for the initial state, can be rotated such that -7 < ¢jec— 9, <
7. Next, using symmetry, we can simply take the positive angular difference and reduce our angular
range such that 0 < Piec — Yppl < 7. Thereby, we can separate in-plane and out-of-plane jets such
that if Piec = Pppl < TT/6 0T |Pjer — Pppl > 57/6 We have in-plane jets. We can have out-of-plane jets if
|Pier — Pppl > 7/3 and |jer — Pppl < 271/3.

But conducting a jet spectra analysis only based on in- and out-of-plane definitions, produces a
minor difference between the spectra. Therefore, highly elliptical events can be selected in order to use
the anisotropy and demonstrate a difference in in- and out-of-plane jet spectra. For the initial state,
eccentricity €, is the variable used to define the ellipticity of the QGP, which is calculated using the
polar coordinates of the participant nucleons, r and ¢;;,;, as follows:

=P, (1.3.1)

Pinicial = ArCtan (%) , (1.3.2)

\/(72 COSQPipiga))” + (12 SIN Qi)
€y = <r2> , (133)
where (... ) represents an average over the number of participant nucleons [2].
For the final state, the geometry of the QGP is described by a variable called g,, known as the
reduced flow vector [1]. This is found as follows:

(91
o = —, (1 . 34)
vPr
where Pr is the sum of transverse momenta of final state particles, and Q, is the second harmonic flow

vector which using the individual transverse momenta p; and individual azimuthal angles ¢; is defined

to be [1]:
Q, = (Zpi cos2¢;, Zpi sin2¢i) . (1.3.5)

We can use pr in analysing jet suppression by looking at the number of jets produced that s plotted
against their pr for example as shown in the sketch Figure 1.4a. If a path-length dependency does exist,
then it is expected that there would be fewer out-of-plane jets than in-plane jets but this difference is
not always clear and evident. If the shape is largely elliptical with high g, then we would obtain Figure
1.4a, but if the shape were more circular (low g, ), we would obtain Figure 1.4b.

As the sketch in Figure 1.4b shows, the number of jets in-plane and out-of-plane are almost the
same due to circular symmetry meaning that the jets traverse equidistant paths within the medium.
But in the sketch Figure 1.4a, the in-plane jet moves across a shorter path than the out-of-plane jet,
thereby leading to lower in-plane jet suppression. Therefore, by observing the extreme ends of the
geometry, through event-shape engineering, we expect to observe a path-length dependency effect on
jet suppression. The ALICE collaboration in CERN has conducted this analysis based on Run2 data,
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log(Njets/event) log(Njets/event)
—— In-Plane —— In-Plane
—— QOut-of-Plane —— QOut-of-Plane
pr [GeV 1] pr [GeVel]
(a) Sketch of jet suppression with high g, (b) Sketch of jet suppression with low g,

Figure 1.4: Comparison of in-plane and out-of-plane jets with (left) high

and (right) low g,. High g, events may show a larger difference in in-plane
and out-of-plane suppression than low g, events.

and produced Figure 1.5 [1]. But no model comparison was performed, to show path-length depen-
dence, which presents the main goal of this thesis.
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Figure 1.5: Charged particle jets for large and small g, classes for in-plane
and out-of-plane jets found by the ALICE collaboration [1]

Now in order to conduct the model comparison, we first need to simulate heavy ion collisions

using a Monte-Carlo (MC) event generator.
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1.4 JEWEL

Jet Evolution With Energy Losses (JEWEL) is a MC event generator that simulates the evolution of
a di-jet system using our understanding of particle interactions in heavy-ion collisions [16]. Further-
more, it describes the progression of jets in both a vacuum and a medium [15]. In order to model
jet quenching in a medium, JEWEL views the medium as a collection of partons where we would ob-
serve scattering events that result in energy loss and basically modifies the intermediate parton shower
where the interactions are believed to occur [16] [11].

There are two varieties of energy loss caused by a medium, collisional and radiative [3]. Collisional
energy loss occurs when high energy partons interact with the medium but do not cause the emission
of additional partons and radiative energy loss happens when these extra partonic emissions occur [16].
In a partonic shower, the hardness of the emitted partons are characterized by their transverse momen-
tum, which decreases in the final state [3]. The initial state depends on the shape of the collision, and
JEWEL firstly describes this initial geometry by using for instance the impact parameter b specified
by the model used, and the jet creation point from the density of binary nucleon-nucleon collisions
[16]. Then PYTHIA, a general purpose event generator, is incorporated in JEWEL, that provides the
initial state parton shower which simulates the evolution of hard scattering processes [4][16].

Next, the final parton shower is generated by JEWEL which includes the two kinds of partonic
energy loss discussed previously [16]. Afterwards, this event is sent back to PYTHIA to undergo
hadronization, which is the process by which the final-state partons produced in hard scattering, form
hadrons [16][14].

All these events are the result of jets interacting with the QGP, which we are interested in, and
JEWEL enables us to conduct simulations that could be directly compared with experimental data.
This makes it a great tool to study path-length dependence on jet suppression and analyse QGP, as it
can be inserted into different models representing the initial and final states of the collision.

1.5 The Simple Model

................................... Reaction Plane

Figure 1.6: Simple model, where the collision region of two Pb nuclei is
static, and ¢y, is the azimuthal angle of the jet axis with respect to the reaction
plane.




1.6 THE GLAUBER MODEL

The simple model provides a simplified perspective of the initial state by assuming that the region
of collision is smooth, meaning that there are no fluctuations in the continuous nucleon distribu-
tion [3]. Furthermore the position of a jet creation point depends on the density of binary nucleon-
nucleon collisions [3]. Additionally, to show the time evolution of the QGP, the energy density de-
creases in proportion to 7~%/3, where 7 is the proper time [3]. JEWEL by default uses the simple
model but since the eccentricity remains fixed, it is not useful for the goals of this thesis. Therefore, to
simulate a more realistic model with shifting nucleons and varying eccentricities, the Glauber model

should be used [3].

1.6 The Glauber Model

Participant Plane

Reaction Plane

Figure 1.7: Glauber model where the collision of two Pb nuclei showcases
randomized nucleon positions. The participant plane lies on the minor axis
of the blueellipse. @, is the azimuthal angle between the jet and the reaction
plane and ,,, is the angle of the participant plane with respect to the reaction
plane.

The Monte-Carlo Glauber model begins by randomly generating the central positions of the nu-
cleons in each nucleus, and afterwards randomly choosing the impact parameter b [3]. The sketch
in Figure 1.7 shows nucleons within the blue elliptical region, which are called participants and those
outside are spectators. Participants are defined to be a pair of nucleons from each of the two Pb nuclei,
such that, during the collision, the distance between their centers is less than or equal to the diameter
of an individual nucleon [3]. The positions of these nucleon-nucleon interactions also provide jet
creation points as well [3]. Furthermore, the participating nucleon density is generated by plotting a
two-dimensional Gaussian distribution that changes from event to event. This produces a more real-
istic shape for the QGP than the one described by the simple model. Additionally, from the nucleon-
nucleon interactions, different observables can be computed, such as the participant plane angle Ppps
which is defined by first obtaining the x and y coordinates. Afterwards, for each participant, the az-
imuthal angle ¢;;.;, can be found, and ¢,,, can then be calculated as follows:

1 (s10 20, itiat) T
Py = —arctan(— + =, (1.6.1)
P2 (cOS 2iitial) 2

where (... ) represents an average over the number of participant nucleons. Using the Glauber model

9



I. INTRODUCTION AND BACKGROUND

changes the smooth continuous collision region (given in the previous simple case) to one with crests
and troughs, that better simulates experiments. But using this model alone would not give us a com-
plete picture of the final state because the QGP evolves as a fluid. Thereby, in order to properly encap-
sulate the medium environment, a model that includes hydrodynamic expansion is needed.

1.7 The Trajectum Model

As the QGP behaves as a fluid, it can be described by relativistic hydrodynamics which is valid when
the mean free path of the partons is much smaller than the system itself [3]. Furthermore, this is
permitted until just before the beginning of the hadronization stage [3]. Trajectum represents a model
that computes initial conditions, a prehydrodynamic phase, a hydrodynamic phase and particlization
[12].

The aforementioned Glauber model will be used as a basis for the initial state for Trajectum.
Thereby, the preliminary geometry can be obtained from these initial conditions and pressure gra-
dients that influence hydrodynamic expansion can be found [12]. Then during the prehydrodynamic
phase, the partons in the QGP flow without scattering for a certain time period. Next, the QGP ex-
pands in the hydrodynamic phase leading to particles being boosted due to flow velocity [10], and
Trajectum solves the relevant equations of motion during this period. Following the hydrodynamic
phase, particlization occurs which is a process where the fluid is converted to final particle distribu-
tions [10]. Finally, the hadrons are then sent to hadronic transport codes such as SMASH that will
look at consequent scatterings and decays [10].

Additionally, Trajectum provides the initial state eccentricity e, which can be used to compare
results with the Glauber model. Experimentally however, €, can not be measured, since we can only
observe the final state particles, and thereby the shape of the QGP is determined by ¢,. For the final
state, it is necessary to approximate the plane of symmetry, which is called the event plane. The event-
plane angle ¢, is found using the final state particles’ momenta, p, and p,, in the x and y directions

respectively:
Pfinal = arctan (ﬁ)/ (171)
_ 1 <Si1’1 2¢ﬁnal>
Yop = 5 arctan ( (o5 2pe) ) , (1.7.2)

where (... ) represents an average over the number of final-state particles. Trajectum is highly useful in
simulating experiments since it is a model that fully describes the evolution of the heavy-ion collision.

From these models, one can use the azimuthal jet angles ¢j.; (provided by JEWEL), participant
plane angles ¢, and event-plane angles ¢,,, to define in-plane and out-of-plane jets. Using these def-
initions, for high eccentric or g, events, one can look for a notable difference in the degree of in- and
out-of-plane jet suppression which is observed in experiments as given in Figure 1.5. Performing this
analysis provides greater insight into path-length dependence in jet quenching.

10



Chapter 2
Approach and Methodology

This section aims to provide a detailed description of the strategy used to reach the goal of the project.
Firstly, a description of the main simulation parameters used will be given. Secondly, for each of the
models, itis important to know what the bounds of certain parameters are. Such as, what are the limits
of high g, or low eccentricity? These can then be used to separate events according to different use-
cases. Finally, a discussion on connecting all the sections mentioned in this chapter will be conducted.

2.1 Glauber

Using JEWEL and the Glauber model, 1 x 10 Pb-Pb collision events were generated at a center-of-
mass energy of \[syy = 5,02TeV and a centrality class of 30-50% was considered to simulate the
experimental procedure conducted by the ALICE collaboration [1]. These events were stored in High
Energy Physics Monte Carlo (HepMC) files, which include particle-level information as summarized
in Table B.2 [7] and then were analysed using Rivet [5]. After plotting the eccentricity distribution as
shown in Figure 2.1, a Python program was used to calculate the bottom 20% and top 20% of events,
corresponding to low eccentricity and high eccentricity cuts, respectively.

11



2. APPROACH AND METHODOLOGY

Eccentricity Distribution with Event Shape Percentiles
4,000

= === 20-th percentile (e < 0,215)

= === 80-th percentile (€ > 0,477)

3,000

Counts
N
[=]
(=]
o

1,000

(Y e PP pe———

0.4 0.6 0.8

Eccentricity e

Figure 2.1: Eccentricity bounds found from taking the top 20 and bottom
20 percentiles for the Glauber model. High-eccentricity events have an eccen-
tricity above 0.477 and low-eccentricity events, an eccentricity below 0.215.

2.2 Trajectum

To model the final state, Trajectum was used to generate 4000 collision profiles containing information
about final-state particles. These profiles were filtered by using multiplicity percentiles of 70% and
50% to represent the 30 — 50% centrality class. The profiles were then filtered further to only include
final-state charged particles, with a pr cut of 0,2 GeV/c and a pseudo-rapidity cut || < 1. After this
filtration process, the remaining 762 profiles were reused multiple times with JEWEL, and 8 x 10°
collision events were produced, which were afterwards subjected to eccentricity and g, cuts as given
by Figures 2.2 and 2.3. The eccentricity cuts were performed similarly to the Glauber model, with
Python code used to identify the bottom 20% and top 20% of the eccentricity distribution shown in
Figure 2.2, representing low- and high-eccentricity events, respectively.

Eccentricity Distribution with Event Shape Percentiles

80 Y ¥
= === 20-th percentile (¢ < 0,336)
== == 80-th percentile (¢ > 0,564)
60
£ w0
o
O
20
0 =

0 0.2 0.4 0.6 0.8

Eccentricity €

Figure 2.2: Eccentricity bounds found from taking the top 20 and bottom
20 percentiles for Trajectum. Low eccentric events would have an eccentric-
ity lesser than 0.336 and high eccentric events would possess an eccentricity
greater than 0.564.

12



2.3 ANALYSIS SUMMARY

After plotting the g, distribution, the g, cuts were defined as shown in Figure 2.3, using a Python
program to determine the bottom 20% and top 20% of events, corresponding to low g, and high ¢,
events, respectively.

g> Distribution with Event Shape Percentiles

60 T T
1| =——- 20-th percentile (g, < 1,937)
y | ==== 80-th percentile (4, > 3,930)
1 H
1 )
1 | |
40 1 .
1 [
2 1 1
=t i :
—O‘ 1 1
O 1 :
'l '
20 nls i
'l i
1 I
'l H <
'l [
'l [
'l i
0 ﬂﬂ ‘ H : H_H‘H M
0 1 2 3 4 5 6
q2

Figure 2.3: g, bounds found from taking the top 20 and bottom 20 per-
centiles. High g, events have a g, value greater than 3.930 and low g, events
indicate a value lower than 1.937.

2.3 Analysis Summary

To summarize, initially JEWEL along with the Glauber model was used to produce events, which
were then separated based on their eccentricities as given in Figure 2.1. Along with these eccentricity
bounds, in-plane and out-of-plane jets were isolated as described in Section 1.3. Thereby, a plot com-
paring high eccentric and low eccentric events for both in-plane and out-of-plane jets was made. Next,
a plot of in-plane versus out-of-plane jets was made, that was inclusive of both high and low eccentric-
ities. Afterwards, path-length dependence was tested by producing plots of in-plane and out-of-plane
jets under low and high eccentricities. The same was done for Trajectum, but with the eccentricity
bounds given in Figure 2.2.

Furthermore, we can note that if similar results are found for Trajectum as Glauber, based on
eccentricity, then it further validates path-length dependence in jet suppression. Next, a plot of the
jet spectra in high g, versus low g, events was made using Trajectum with the bounds described in
Figure 2.3, that was inclusive of both in-plane and out-of-plane jets. Following this, in-plane and out-
of-plane jets were plotted against each other, including both high and low g, events. Finally, in-plane
and out-of-plane jets were plotted under low and high g, ranges. These were used to show path-length
dependence in jet suppression for the final state.

13



2. APPROACH AND METHODOLOGY

&2 VS g3
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Figure 2.4: Plot of eccentricity (e,) vs 4, showing a linear correlation.

Additionally, it is to be expected that g, events, whether high or low in magnitude, are similar
to eccentric events of the same magnitudes, because, as shown in Figure 2.4, eccentricity and g, have
a linear relationship [13]. Therefore, for a high g, or eccentric event, one would expect more out-
of-plane suppression than in-plane, and for a low eccentric or g, event, in-plane and out-of-plane
suppression would be almost identical.

14



Chapter 3

Evaluation and Discussion

This section aims to provide a thorough analysis on the following comparisons that can be made for
each of the models that were used.

3.1 Glauber Analysis

Jet Spectra: 30-50% Centrality High vs Low Eccentricity (In-Plane and Out-of-Plane)

f— —— High Eccentricity
—— Low Eccentricity
—— Inclusive (Baseline)
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Figure 3.1: Plot of jet transverse momentum for events with high and low
eccentricity for the Glauber model.

Due to the elongation of the major axis in the collision region, there are slightly more jets in high
eccentric events than low eccentric events as shown in Figure 3.1, which is also the reason why the

histograms and the ratios in Figure 3.3b lie below the inclusive baseline. But this difference is small,
since both ratios are very close to 1.
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3. EVALUATION AND Di1sScUSSION

Jet Spectra: 30-50% Centrality In-Plane vs Out-of-Plane (High and Low Eccentricity)

—— In-Plane
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Figure 3.2: Plot of in-plane and out-of-plane jet spectra using the Glauber
model, for both high and low eccentric events. The baseline is scaled by one-

third to account for the selected angular region covered by in-plane and out-
of-plane jets.

The reason why Figure 3.2 shows that there are more in-plane jets than those out-of-plane would be
due to higher out-of-plane suppression. This is a direct consequence of path-length dependence, and
can be further explained using Figure 3.3a and 3.3b. Using the eccentricity bounds found in Chapter
2, Figure 3.3a and 3.3b show path-length dependence, and it can be seen that for low eccentric events,
the in-plane and out-of-plane jet spectra are nearly identical. This is to be expected as the collision
region is more spherical than elliptical, thereby the number of out-of-plane jets and in-plane jets are
almostidentical as shown in their ratios being quite close to 1. While, for high eccentric events as given
in Figure 3.3a, the reason for the larger difference lies in out-of-plane jets having to travel a much longer
distance than in-plane jets, thereby leading to greater suppression.
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3.2 TRAJECTUM ANALYSIS

Jet Spectra: 30-50% Centrality In-Plane vs Out-of-Plane with High Eccentricity Jet Spectra: 30-50% Centrality In-Plane vs Out-of-Plane with Low Eccentricity
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Figure 3.3: Comparison of in-plane and out-of-plane jets using the Glauber
model, with high and low eccentricity.

3.2 Trajectum Analysis

The jet spectra for high and low eccentricity events is shown in Figure 3.4.

Jet Spectra: 30-50% Centrality Low vs High Eccentricity (In-Plane and Out-of-Plane)

—— High Eccentricity
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Figure 3.4: Comparison of jet pr spectra in high and low eccentricity events,
using Trajectum.

Conducting an analysis for Trajectum based on initial state eccentricity also gives a strong indica-
tion for jet suppression path-length dependence as shown in Figure 3.5. This effect can be highlighted
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further when considering Figures 3.6a and 3.6b.

Jet Spectra: 30-50% Centrality In-Plane vs Out-of-Plane (High and Low Eccentricity)
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Figure 3.5: Plot of in-plane and out-of-plane jet spectra, using Trajectum
for high and low eccentric events.

Now as done previously with the Glauber model, path-length dependence was tested as shown in
Figures 3.6a and 3.6b. Even taking the error bars into consideration, one could still note that there
exists path-length dependence in jet suppression. For high eccentric events, there are fewer out-of-
plane jets compared to in-plane ones, while for low eccentric events, the difference is unclear just as
for the Glauber model. This confirms that path-length dependency exists for Trajectum even in the
initial state, and further proves that this effect is independent of the model chosen.

Jet Spectra: 30-50% Centrality In-Plane vs Out-of-Plane with High Eccentricity Jet Spectra: 30-50% Centrality In-Plane vs Out-of-Plane with Low Eccentricity
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Figure 3.6: Comparison of in-plane and out-of-plane jets with high and low
eccentricity, using Trajectum.
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Jet Spectra: 30-50% Centrality Low g, vs High g> (In-Plane and Out-of-Plane)
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Figure 3.7: Jet transverse momentum spectra for low and high g, events,
using Trajectum.

As seen by the ratio plot in Figure 3.7, the ratios of both high and low ¢, jets are close to 1, meaning
that there are almost as many jets produced from high ¢, events as there are for low g,. The reason
for there being slightly fewer jets in high g, than low g, events could be because the simulations are
conducted in a centrality class of 30 —50%, and the low g, events seen possibly come from more central
collisions, but further investigation is required.

Jet Spectra: 30-50% Centrality In-Plane vs Out-of-Plane (High g, and Low g>)
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Figure 3.8: In-plane and out-of-plane jet spectra using Trajectum, for events
with high and low g,. The inclusive baseline is scaled by one-third to include
the selected angular region covered by in-plane and out-of-plane jets.

Figure 3.8 is as expected showing more out-of-plane jet suppression than in-plane, and as before
with eccentricity, this is a signal that indicates path-length dependence in jet quenching. To illustrate
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this effect further, Figures 3.9a and 3.9b directly demonstrate path-length dependence in jet suppres-
sion. High ¢, events provide a larger distance for out-of-plane jets to travel and thereby lead to more
suppression than for in-plane jets. For low g, events the jet spectra are more identical.

Jet Spectra: 30-50% Centrality In-Plane vs Out-of-Plane with High g, Jet Spectra: 30-50% Centrality In-Plane vs Out-of-Plane with Low g>
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Figure 3.9: Comparison of in-plane and out-of-plane jets using Trajectum
with high and low g,. The selected angular region covered by in-plane and

out-of-plane jets is taken into consideration by scaling the baseline by one-
third.

As a summary, observing Figures 3.4, 3.7, and 3.1 demonstrates the need to consider the orienta-
tion of jets, because all the aforementioned figures show almost the same number of jets, regardless of
the event’s eccentricity or g, magnitude. Figures 3.2, 3.8, and 3.5 show greater out-of-plane suppres-
sion than in-plane suppression, but these alone are not sufficient to demonstrate path-length depen-
dence because the difference in path length is still small. This is why Figures 3.6, 3.3, and 3.9 clearly
show path-length dependence in jet suppression, since we are selecting highly eccentric events. This
also means that JEWEL was successful in simulating this effect and reproducing Figure 1.5.
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Chapter 4

Conclusion and Outlook

This thesis aimed at examining path-length dependence for jet suppression in a medium known as
QGP, using JEWEL, a Monte-Carlo event generator. JEWEL was able to successfully simulate the
medium such that it was possible to qualitatively replicate the study done by the ALICE collaboration
as given in Figure 1.5 and also, gave valuable insights into the physics of jet suppression. The degree of
this suppression depends on how far the jet must travel through the medium. This distance depended
on either eccentricity or ¢,, which determined the geometric shape of the QGP. Both these factors
were shown to be proportional to one another.

Eccentricity was used to classify the shape of the initial state, while g, is calculated from the final
state and would require the momenta of the final state particles of the QGP after hydrodynamic ex-
pansion, which was not available in the Glauber model, as it was used to only simulate the initial state
of the QGP. The final state was covered by Trajectum, and in both models, it was observed that jets
moving out-of-plane were more suppressed than those moving in-plane. Furthermore, in order to
show that this effect was independent of the model selected, plots similar to those constructed using
events from the Glauber model were observed using events taken from Trajectum. Also, it is impor-
tant to note that the difference between in-plane and out-of-plane jets is small if we do not choose jets
based on eccentricity, which highlights the significance of considering the geometry of the QGP for
analysing jet suppression.

Additionally, a by-product of the correlation between g, and eccentricity was indicated by the fact
that the difference in suppression between out-of-plane and in-plane jets was larger for high g, and high
eccentricity than for low g, and low eccentricity, which directly shows a path-length dependency. It
was, however, curious to find that there were slightly fewer jets produced from high g, events than for
low g,. What would cause this to occur? Perhaps a more in-depth investigation is necessary. Finally,
as this thesis gives a qualitative analysis, a logical next step would be to expand this to a quantitative
study using experimental data.
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Appendix A
Code Repository

The source code for the data processing and analysis is available at the following repository: https:
//github.com/DMN564/Thesis



https://github.com/DMN564/Thesis
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Appendix B
Tables

Parameter Purpose

LOGFILE Provides log files for each run with JEWEL.
HEPMCFILE Provides path to HEPMC files.

PTMIN Provides minimum transverse momentum of jets.
PTMAX Provides maximum transverse momentum of jets.
ETAMAX Provides maximum rapidity.

SQRTS Provides the center of mass energy of the collision.
WEXPO Provides oversampling for weighted events.
NEVENT Provides the number of collisions.

KEEPRECOILS F
WRITESCATCEN F
WRITEDUMMIES F
CENTRMIN
CENTRMAX

Provides recoil effects.

Provides output for thermal momentum subtraction.
Provides dummy particles for 4-momentum subtraction.
Provides the minimum centrality

Provides the maximum centrality

Table B.1: Table detailing parameters that will be used

Quantity Purpose
Npart_proj Defines number of projectile participants.
Npart_targ Defines number of target participants.

impact_parameter
event_plane_angle
eccentricity

Defines b.
Defines azimuthal angle of event plane.
Defines eccentricity of particpants in the transverse plane.

Table B.2: Table detailing HEPMC parameters

if



Histogram Purpose

Ecc Eccentricity

Q2 72

P_t 50 Jets with 250 GeV pr cut

P_t_50_0Out_Plane
P_t_50_In_Plane
P_t_50_Low_Ecc
P_t_50_High Ecc
P_t_50_Out_Plane_Low_Ecc
P_t_50_Out_Plane_High Ecc
P_t_50_In_Plane_Low_Ecc
P_t 50_In_Plane_High Ecc
P_t_50_Low_Q2
P_t_50_High Q2
P_t_50_Out_Plane_Low_Q2
P_t_50_Out_Plane High Q2
P t 50 In Plane Low_ Q2
P_t_50_In_Plane_High Q2

Out-of-plane jets

In-plane jets

Jets with a 50 GeV pr cut with low eccentricity
Jets with a 50 GeV pr cut with high eccentricity
Out-of-plane jets with low eccentricity
Out-of-plane jets with high eccentricity
In-plane jets with low eccentricity

In-plane jets with high eccentricity

Jets with a 50 GeV pr cut with low g,

Jets with a 50 GeV pr cut with high g,
Out-of-plane jets with low g,

Out-of-plane jets with high g,

In-plane jets with low g,

In-plane jets with high g,

Table B.3: Table detailing the histograms that will be used
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