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Abstract:

Within heavy-ion collisions QCD matter is studied at very high temperatures and
densities, where quarks and gluons are deconfined and new physics phenomena
emerge. At the LHC (Large Hadron Collider) measurements of heavy-ion colli-
sions, where the Quark-Gluon Plasma (QGP) is produced, are performed with
the ALICE (A Large Ion Collider Experiment) experiment.

Unique probes of the nature of the QGP in the experiment are the measurements
of jets. The energy and structure of the jets, which are high pt objects, is
modified due to their interaction with the QGP. A major difficulty in heavy-ion
jet measurements is the huge amount of background particles which often limited
the jet measurements to high pr. In order to perform low pr jet measurements,
where the jets interact strongly with the QGP, a novel mixed-event technique is
exploited.

Mixed events are used in this thesis as a new approach to describe the uncor-
related background in heavy-ion jet measurements at ALICE. The 2018 Pb+Pb
data set measured at /syn = 5.02 TeV with the ALICE detector at a centrality
of 0-10 % is used. A charged jet reconstruction is carried out with the anti-kr
algorithm with jet radii between 0.2 and 0.4. The description of the uncorrelated
background by mixed events enables for the first time inclusive jet measurements
down to low pr at such high energies. In particular no cuts on the reconstructed
jet energies are necessary.

The production of the mixed events is reported in this thesis and several sys-
tematic studies, as the dependence of the mixed events on the elliptic flow, are
presented. They are done in order to obtain a precise and stable description of
the uncorrelated background by the mixed events. The uncorrelated background
in inclusive, quasi-inclusive and h-jet distributions is described with the mixed
events. For the quasi-inclusive jet distributions a cut on the leading tracks of
the jets of 2-5 GeV/c is applied. A correction for background and detector ef-
fects is carried out by an unfolding procedure of the correlated quasi-inclusive jet
distribution leading to a particle-level jet spectrum.
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Kurzfassung:

In Schwerionenkollisionen wird die QCD-Materie bei sehr hohen Temperaturen
und Dichten untersucht, bei denen Quarks und Gluonen entkoppeln und neue
physikalische Phénomene auftauchen. Am LHC (Large Hadron Collider) wer-
den Messungen von Schwerionenkollisionen, bei denen das Quark-Gluon Plasma
(QGP) erzeugt wird, mit dem ALICE Experiment (A Large Ion Collider Exper-
iment) durchgefiihrt.

Eine einzigartige Moglichkeit um die Eigenschaften des QGP im Experiment zu
untersuchen, ist durch die Messungen von Jets gegeben. Die Energie und Struk-
tur der Jets, bei denen es sich um Objekte mit hohem transversalen Impuls
handelt, wird aufgrund ihrer Wechselwirkung mit dem QGP verédndert. Eine
grofe Schwierigkeit bei der Messung von Jets in Schwerionenkollisionen ist die
groe Menge an Hintergrundteilchen, welche die Jet Messungen oft auf hohe pr
beschranken. Um auch die Jets mit niedrigem pr, deren Wechselwirkung mit
dem QGP grofl war, messen zu konnen, wird eine neuartige Mixed-Event Tech-
nik ausgenutzt.

Mixed Events werden in dieser Masterarbeit als ein neuer Ansatz genutzt, um
den unkorrelierten Untergrund in Jet Messungen in Schwerionenkollisionen zu
bestimmen. Der 2018 in Pb+Pb Kollisionen bei /syny = 5.02 TeV und mit einer
Zentralitat von 0-10 % mit ALICE aufgenommene Datensatz wird analysiert. Die
Rekonstruktion geladener Jets wird mit dem anti-kt Algorithmus durchgefiihrt,
wobei Jet-Radien von 0.2 bis 0.4 verwendet werden. Die Beschreibung des Un-
tergrunds durch Mixed Events ermoglicht zum ersten Mal eine Jet Messung auch
bei sehr niedrigen pr. Zum ersten Mal ist es moglich, bei diesen hohen Energien,
inklusive jet Messungen bis zu niedrigstem pt durchzufiihren, ohne ausschliellich
Jets mit hohen Energien auszuwahlen.

Die Produktion der Mixed Events sowie deren FKigenschaften, wie die
Abhangigkeit vom elliptischen Fluss, werden systematisch untersucht, um eine
optimale Beschreibung des unkorrelierten Untergrundes zu erhalten.

Der unkorrelierte Untergrund wird in inklusiven, quasi-inklusiven und Hadron-
Jet Verteilungen analysiert. Fiir die quasi-inklusiven Jet Verteilungen wird ein
Teilchen im Jet mit einem transversalen Impuls von 2-5 GeV/c vorausgesetzt.
Die Korrektur von Untergrund und Detektor Effekten wird durch Unfolding fiir
die korrelierte quasi-inklusive Jet Verteilung durchgefiihrt.
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1. Introduction

In the first section the Standard Model of particle physics is introduced. The focus
is on Quantum Chromodynamics (QCD), the field theory of the strong force, which
describes the interactions between quarks and gluons [1]. The Quark-Gluon Plasma
(QGP) is introduced as a state of QCD matter, and studies of the emergent prop-
erties of this many-body system of quarks and gluons using heavy-ion collisions are
discussed [2]. Section [2| discusses the concept of QCD jets and their application as
a unique and inclusive probe of the behavior of the QGP.

1.1. QCD in the Standard Model

The Standard Model of particle physics describes almost all of the properties of
the known fundamental particles and their interactions between them [1]. The
known fundamental particles are assigned to three generations of leptons and quarks,
the fermions, which form the building blocks of matter, together with the force-
carrying bosons. As the last missing part of the Standard Model the Higgs boson
was discovered in 2012 at the LHC [3]. The interaction between the particles and
the Higgs field was predicted in 1964 as the mechanism which gives the particles
their masses.

The electromagnetic force describes the interaction between particles with electric
charges [1]. The interaction is exchanged by photons which are massless neutral
particles. The weak force is responsible for nuclear decays, including the §-decay of
a neutron into a proton via the emission of an electron and neutrino [1]. This decay
is mediated by the massive charged W boson. In addition, there are neutral weak
interactions mediated by the neutral Z boson.

Quantum Chromodynamics (QCD) is the field theory of the strong interaction.
It describes the interaction between colored objects, the quarks and gluons |1]. The
color charge is the QCD analogue of electrical charge in Quantum Electrodynamics
(QED). There are three colors described as red, green and blue and the corresponding
anti-colors. The gluons are the force-carrying particles of the strong interaction. In
comparison to the electromagnetic force, with the neutral photon as exchanged
particle, the gluons themselves carry color charge. There are six “flavors” of quarks,
three up-type quarks (up, charm, top) with a charge of 2/3 and three down-type
(down, strange, bottom) quarks with a charge of —1/3 of the electron charge.

The distinguishing characteristic of QCD is the running of the coupling constant
as [1]. The strength of the coupling constant ay of the strong interaction depends
on the momentum transfer Q* of the interaction and is not constant [4]. Mea-
surements of the coupling constant as function of momentum transfer are shown in
figure [I.I} In addition the comparison to QCD calculations is shown, which are in



excellent agreement with the measurements. The strength of the coupling in QCD
is decreasing with increasing momentum transfer, in contrast to QED.

In the high energy range where the coupling constant is small, the interaction
between quarks and gluons is weak and they can be treated as asymptotically free
particles. This is the case for the initial hard scattering of quarks and gluons in
hadron collisions. Perturbation theory can be applied for the calculation of those
high energy processes [1]. In contrast, for small momentum transfer the coupling
constant becomes very large. As a consequence, low-energy quarks and gluons can-
not propagate freely but are bound (“confined”) into colorless bound states, the
baryons and mesons. The baryons with three quarks and mesons with a quark and
anti-quark can propagate freely and can be observed in experiments [1]. The fact
that gluons carry color charge allows for gluon-gluon self interactions which are the
reason for the color confinement [1].

0.35 L LR L | LR L LR
[ T decay (N°LO) F=— ]
3 low Q2 cont. (N°LO) e -
ol L HERA jets (NNLO) ++ ]
Tl Heavy Quarkonia (NNLO)
ete jets/shapes (NNLO+res) i ]
pp/pp (jets NLO) =
0.25 I EW precision fit (N°LO) Fe— 7]
pp (top, NNLO) — 1
€ 07
=4 r
0.15
0.1 F L
F==ayM;%)=0.1179 £ 0.0009
0.05- el i el
1 10 100 1000
August 2021 Q [GeV]

Figure 1.1.: Measurement of the coupling constant «g. Figure taken from [4].

In the following a 2 — 2 process with large momentum transfer is discussed. High
momentum processes as gqg — ¢q occur in hadron collisions. The initial production
of the two partons takes place via a high-Q? interaction, which is calculable in
perturbative QCD (pQCD) [5]. As a result of the color confinement jets of hadrons
are observed in the detector instead of the two initially produced partons. The jet
production is explained in more detail in section [2|

In addition particle production from soft interaction is possible. In figure the
interaction between a quark and anti-quark pair (i) is depicted in a specific picture
[1]. A quark and anti-quark are separated (ii) and the energy density between
them increases with increasing distance. Finally the production of a new ¢q pair
is energetically preferred (iii). This process is repeated (iv) until the energy is low
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Figure 1.2.: Schematic representation of the hadronization process. Figure taken

from |[1].

enough and the quarks and anti-quarks combine into hadrons (v). As described in
step (ii) it is expected that the exchange of virtual gluons between two quarks leads
to constant energy density between them at large distances . As consequence the
energy between two quarks increases linearly with the distance and they can never
be fully separated. Figure shows the non-relativistic QCD color potential where
the linear rise is visible at separations between the quarks above 0.25 fm with k = 1
GeV/fm. At smaller distances the potential is proportional to 1/r, where 7 is the
distance between the quarks.
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Figure 1.3.: Non-relativistic QCD potential between a qgq pair. The short range
potential between the ¢g pair is shown in the lower curve (dashed line)
while the linear long range term was added in the upper curve (solid
line) which dominates at r above 0.25 fm. Figure taken from .

In the next section the Quark-Gluon Plasma is introduced as a thermalized system
of many quarks and gluons. In this many-body system new physics phenomena
emerge. The exploration of these emergent features of QCD is the aim of heavy-ion
physics.



1.2. Quark-Gluon Plasma

With the Standard Model of particle physics single particles and their interactions
can be described. However, it turns out that the behavior of systems of many par-
ticles at macroscopic scales can not be predicted from their elementary interactions
ﬂ@]. In particular with QCD the behavior of single quarks and gluons and the in-
teractions between them are described. However, new physics phenomena appear if
many of these quanta are put together. One example are phase transitions where
emergent features of many-body systems appear.

300

The Phases of QCD

250
Quark-Gluon Plasma
200

150

100

Temperature (MeV)

50

Nuclear

Vacuum Matter
0 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I \OI I 1 1

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p (MeV)

Figure 1.4.: Schematic representation of the QCD phase diagram. Figure taken from
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Figure 1.4 shows a sketch of the phase diagram of QCD matter based on paramet-
ric arguments [7]. The temperature is shown on the y-axis and the baryon chemical
potential on the x-axis which quantifies the net-baryon content. At ug =~ 0 the
baryon to anti-baryon ratio is one . At low temperatures and densities the QCD
matter is in the phase of a hadron gas. By increasing the temperature at vanish-
ing chemical potential, a cross-over transition to the QGP at temperatures around
155 MeV is shown. At non-vanishing chemical potential a finite order phase
transition is predicted . The cross-over from the QGP to the hadron gas at low
chemical potential is expected as transition which happened in the early universe.
The universe was in the state of decoupled quarks and gluons a few microseconds
after the big bang [9). In heavy-ion collisions this transition, as it happened in the
early universe, can be reproduced in the laboratory . In the following a lattice
QCD calculation of the QGP at vanishing chemical potential is discussed.

A system of many non-interacting particles can be described by relativistic ther-
modynamics . In order to describe a specific state of the system the relations
between the state variables, the equations of states, have to be derived. In relativis-
tic thermodynamics an ideal gas of identical point-like particles can be described
with the Boltzmann statistics [2]. The energy density is described by the Stefan-
Boltzmann law with the characteristic 7 dependence.



In the case of quarks and gluons the Bose and Fermi-Dirac statistics are exploited
[10]. From this an equation of the energy density of the system in dependence of
the temperature can be derived as shown in equation for the bosons.

7.[.2
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The energy density depends on the temperature of the system and the degrees of
freedom described by gpor. For the fermions the same 7% dependence but with an
additional factor is obtained. The degrees of freedom describe the different spin and
color states and in the case of quarks the different flavor states.
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Figure 1.5.: Dependence of the energy density € normalized by 7% on the tempera-
ture calculated by lattice QCD. Figure taken from [11].

The running of the coupling constant «g, shown in figure [I.T] implies that a QGP
with temperature T below several GeV will be dominated by interactions in which
the coupling is large. Therefore pQCD tools cannot be applied in this regime for
the calculation of the QCD equation of state. They must be carried out using
lattice QCD where space and time are discretized and the non-linear nature of the
gluon self-interaction is fully accounted for [2, 8]. Figure shows a lattice QCD
calculation of a QGP with ny = 2+ 1 quark flavors, two light (u, d) quarks and one
intermediate-mass (s) quark, at chemical potential ug = 0. The figure shows the
energy density normalized by 7% as a function of temperature of the system [11].
The different curves correspond to different choices of temporal discretization. At
temperatures around 150 MeV a smooth cross-over is observed, as indicated in the
sketch of figure from a hadron gas to a new phase with more colored degrees
of freedom. A large increase in the energy density is observed with a small change
of the temperature, indicating a rapid transition in the nature of the degrees of
freedom in the plasma. Above the transition region the rate of increase in ¢/T*
becomes smaller, and slow convergence is observed. While eventual convergence to
the non-interacting Stefan-Boltzmann limit (indicated by the arrow) is indicated, it



clearly will not be achieved until very high temperature, far beyond the range shown
in the figure. At temperatures up to 1 GeV, a striking difference of about 15% is
observed between the lattice calculations and the Stefan-Boltzmann limit. This
indicates that the predominant degrees of freedom of the QGP in this temperature
range are not freely-propagating quarks and gluons, but rather more complex bound
states.

In heavy-ion collisions this system of many quarks and gluons, the QGP, can be
produced. Studying this many-body QCD system, which can exhibit novel emergent
behavior is the focus of heavy-ion physics. In heavy-ion collisions at the LHC (Large
Hadron Collider) at CERN [12] or with RHIC (Relativistic Heavy Ion Collider)
at the Brookhaven National Laboratory (BNL) [13] the QGP can be produced in
the laboratory. Because the QGP itself is not directly measurable one has to find
alternative ways of exploring its collective behavior, the temperature, density or
viscosity and other properties. Observables as the radial and elliptic flow, photons
and dileptons, as well as quarkonia can be used to get information about the QGP
[2]. One possibility to study the behavior of the QGP is the measurement of jets in
heavy-ion collisions as described in section [2 In the next section the formation of
the QGP in the experiment is introduced.

1.3. Heavy-ion collisions

In heavy-ion collisions densities and temperatures high enough to generate decon-
fined strongly interacting matter are reached [14]. At the LHC at CERN lead nuclei
are collided with energies up to \/syy = 5.02 TeV. Initial temperatures of more than
600 MeV and densities of about 14 GeV/fm® are reached at the LHC [10], which
clearly exceeds the critical energy density of 0.6 to 1 GeV/ fm® predicted by lattice
QCD calculations [5]. The critical energy density is about four times larger than
the density of normal nuclear matter which is 0.15 GeV /fm® [5).

Figure shows a schematic representation of the space-time evolution from the
collision to the production of hadrons in a heavy-ion collision [15]. At t =2z =0
the two nuclei collide and initial interactions of the partons and hard scatterings
take place. After a formation time of 1-2 fm/c the thermalization of the QGP
is achieved [2]. This thermalized system expands and cools. The hadronization
begins after about 10 fm/c, when the critical temperature of T, &~ 150 - 160 MeV
is reached, and quarks and gluons combine into hadrons. Inelastic collisions are
possible until the temperature falls below the chemical freeze-out temperature Tg,, ~
T.. After that only elastic scattering takes place among the hadrons, which change
their momenta but not their identity. Their momentum is only fixed when the
so called kinetic freeze-out temperature T3, =~ 100 MeV is reached. The particles
stream to the detectors, where their momenta are measured and they are identified,
which is described in more detail in section [Bl

The collision of two nuclei is called one event. The properties of the resulting
fireball depend on the initial geometry of the collision [5]. The offset between the
two colliding nuclei is called the impact parameter. The impact parameter can not
be observed directly but can be inferred from global observables of the collision, for
instance from the resulting multiplicity of the event or the transverse energy [5]. In
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Figure 1.6.: Space-time evolution of a heavy-ion collision. Figure taken from .

addition the number of spectactor nucleons can be used to obtain information about
the geometry of the collision . These event properties are correlated in heavy-
ion collisions and are generically called the centrality of the event. A centrality of
0-5% corresponds to the most central head-on events, where the impact parameter
between the two nuclei is close to zero. In central collisions thousands of particles
are produced within one event.

The geometry of the collision of the two nuclei can be described with the Glauber
model . The number of nucleons which participate in at least one inelastic
collision Npayy and the number of binary inelastic collisions N in dependence of
the impact parameter are calculated with this model.

1.3.1. Flow

Flow is discussed in this section as an emergent property of the QGP, which de-
scribes the collective behavior and expansion of the medium . The azimuthally
symmetric component of the collective flow is called radial flow. In non-central col-
lisions the system does not expand isotropically. The expansion is influenced by the
elliptic flow, another flow component, described in the following in more detail.

In figure two colliding nuclei are depicted in a non-central collision along the
z-axis. Their almond shaped overlap region is shown in the middle. The spatial
anisotropy leads to azimuthal differences in the pressure gradient which results in a
momentum anisotropy, depicted in the lower part of the figure. More particles are
emitted in the reaction plane than out of the plane. This anisotropic behavior is
quantified as the elliptic flow v, which is the second fourier coefficient in the fourier
decomposition of the azimuthal particle distribution in equation 118].

dN o0
v o1+ 2anlvn(prf) cos(ne) (1.2)

The angle ¢ is the angle relative to the reaction plane, which is defined by the



impact parameter vector of the colliding nuclei and the beam axis [19]. In the
estimation of the reaction plane only a finite number of particles can be used [20].
This estimated reaction plane with a finite resolution is called event plane.

Figure 1.7.: Non-central collision of two colliding nuclei (upper) with the resulting
momentum anisotropy in the transverse x-y plane (lower). Spatial (up-

per) and momentum (lower) coordinates are shown. Figure taken from
[21].

By connecting experimental measurements of low with models, information about
the collective behavior of the QGP can be obtained. Such comparisons show that
the dynamics of the QGP are well described by hydrodynamic models, which require
a local thermodynamic equilibrium [22]. This requires that the free path length is
small compared to the considered cell in the system, which is direct evidence that
the constituents of the system are strongly-interacting [22]. The best description
of the collective behavior and transport properties of the medium is obtained with
viscous hydrodynamics [22]. By comparison with the measurement of the elliptic
flow a small shear viscosity to entropy density ratio n/s was estimated, which is
consistent with 7/s for a strongly-coupled system [23], [17].

Spectra and elliptic flow data can be also described by the blast wave model [24].
A fully thermalized system and the freeze-out of all hadrons at the same time is
assumed. In [25] a blast wave model with four free parameters was presented, which
is used to simultaneously fit spectra and elliptic flow data. The spatial anisotropy
is included in this blast wave model with an elliptical freeze out surface. In figure
the elliptic flow data measured at \/syy = 2.76 TeV with ALICE [26, 27, 28, 29
are depicted. The solid lines are the results from a fit with the blast wave model
presented in [25]. The dashed lines are fit predictions. A very good description of
the v, data at low pr is obtained with the model. At higher transverse momenta
the elliptic flow reduces due to the arising jet contribution. Jets as high pr objects
are introduced in more detail in the next section [2| where particles from the bulk



play an important role in the background.
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Figure 1.8.: Measurement of the elliptic flow at /syy = 2.76 TeV and simultaneous
blast wave fit results (solid lines) and predictions (dashed lines) of fits
to vy and dN/dpr. Figure taken from [30].

1.3.2. Kinematic variables

The measured hadrons in heavy-ion and hadron collisions are usually characterized
by the following variables [1]. The particles are described by their transverse mo-
mentum pr and their mass m. The transverse momentum is given by equation [1.3]
where the beam direction is defined by the z-axis.

pr = /D + P2 (1.3)

The position in the detector is described by the azimuthal angle ¢ and the pseudo
rapidity 7 defined in equation [I.4f The angle 6 is the angle relative to the beam
direction. The pseudo rapidity can be treated as approximation of the rapidity
Yy = %ln(E + p,/E — p,) at high energies where p > m. The rapidity is a useful
variable due to the boost invariance of rapidity differences along the beam direction
[1].

n = —Intan(0/2) (1.4)



2. Jets in heavy-ion collisions

This section discusses the jet production in hadronic collisions. The description
of jets in heavy-ion collisions follows, where jets are introduced as unique probes
of the microscopic structure of the QGP. In addition experimental approaches for
the heavy-ion jet measurement are discussed. This thesis focuses on the primary
challenge of such measurements, the large uncorrelated background.

2.1. Jet production

In hadron collisions jets are produced in the initial hard scattering of partons, the
quarks and gluons, from the projectiles [2]. The resulting objects are highly vir-
tual [31], which means they are off-shell and temporarily violate the Einstein en-
ergy—momentum relation [1]. They lose their virtuality through radiation in a gluon
shower (“fragmentation”) until the gluons become very soft [31]. The gluon shower
terminates and their combination into hadrons starts. This process is known as
hadronization.

In figure a sketch of the different phases of jet production in a proton-proton
collision is depicted. The production of the energetic parton in the p+p collision is
shown on the left side. Next to the collision the fragmentation process of the parton
due to the successive radiation of gluons is depicted. The hadronization follows as
last stage before the hadrons are detected.

- , - \ A
AL
- Detection
~ Hadronlzatlon
Fragmentation hadrons @
partons @oo

Figure 2.1.: Schematic representation of jet production in a p+p collision. Figure
taken from [32].
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2.1.1. Factorization

The description of jets as distinct objects in the final state of the hard scattering of
two partons is based on the factorization theorem . The initial state, the hard
scattering of the partons, and the final state are independent without quantum
mechanical interference. Thus the calculation of the production rate of a certain
process can be carried out by multiplying the probabilities and not the amplitudes

[31].

"-~""Fragmentation
(non-perturbative)

Hard Scatter !

(perturbative) ; Parton Distribution

in nucleon
(non-perturbative)

"
L

Figure 2.2.: Schematic representation of the factorization theorem. Figure taken

from )

The factorized expression of the differential cross-section for inclusive hadron pro-
duction, AB — h.X, is shown in equation . In this example two partons a
and b with momentum fraction x; and x5 from the incoming nuclei A and B with
momentum P and —P scatter and produce an outgoing parton c¢. The hadron h
carries momentum fraction z of the full jet momentum.

da}ﬁ‘gih = fa/A(xla Q2> ® fb/B(iUQ; Qz) ® daggfc(xhxb Q2) & Dc%h(za Q2) (2-1)

The three individual factorized components of the cross-section are schematically
represented in figure The parton distribution functions (PDF) f,/a (21, Q*) and
fo/(22, Q?), the cross-section dol™d (z1, 22, Q) of the two scattered partons a and
b and the fragmentation function (FF) D._y(z, Q?).

All components depend on the momentum transfer Q2 of the process. As discussed
in section the coupling strength depends on the energy scale and determines if
a process is calculable in pQCD or not. The cross-section of a hard (high Q?)
parton-parton collision is calculable in pQCD as a convergent series in ay, since
as(Q* — 00) — 0 in high energy processes . The PDF fo/a(z1, Q%) (foyp(z2, Q%))
gives the probability that a parton a (b) with momentum fraction x; (x2) of the
incoming nucleon participates in the collision while the FF D, (2, Q?) represents
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the probability that a hadron A with momentum fraction z of the momentum from
the produced parton c is created. The PDF and FF are sensitive to low Q2 physics
which is non-perturbative, whereas the hard cross-section has high @Q? and can
therefore be calculated perturbatively [5].

While the absolute magnitude of the PDF and FF must therefore be extracted
from data, their evolution obeys the linear DGLAP (Dokshitzer—Gribov-Lipatov—
Altarelli-Parisi) equations [31]. Due to their dependence on the energy scale they
have to be measured at one certain scale, and are universal functions independent
of the scattering process [34, 35]. The PDF can be measured for example in deep
inelastic scatterings while the FF is measured in e*-e~ collisions [5].

2.2. Jet quenching

In heavy-ion collisions the QGP, a thermalized system of quarks and gluons, is
produced. In addition, jets are produced in the initial hard scatterings of partons.
The produced high energetic partons interact with the medium while the jet shower
evolves [31]. In figure a sketch of the jet production in p+p (left) and A+A
(right) collisions is shown. On the right side the modification of the jet by gluon
radiation in the medium is depicted. Due to the interaction with the medium, the
jet shower is modified, as discussed in the next section. Modifications in the jet
energy, the jet structure as well as the deflection of the jets are possible results of
the interaction with the medium. These effects are called jet quenching [31]. By
measuring the jet quenching, information about the structure and the dynamics of
the QGP could be derived.

[ //

- | «a | m—

q

7! 7

Figure 2.3.: Schematic representation of jet production in p+p (left) and A+A
(right) collisions, where the gluon radiation is indicated. Figure taken
from [10].

2.2.1. Theoretical considerations

In this section the different mechanisms for jet quenching are described. In the case
of a heavy-ion collision the scattered energetic partons undergo several interactions
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in the medium before they hadronize. There are two main interaction processes of
jets in the QGP, the collisional and radiative energy loss [31]. Similar to the energy
loss of a charged particle in ordinary nuclear matter, the dominant mechanism of the
energy loss of a parton in the QGP depends on the energy scale. Low momentum
particles mainly lose their energy in elastic collisions with the constituents of the
medium. As shown in the left sketch of figure[2.4) the four-vector AF is exchanged by
a gluon. Collisional energy loss was already described in 1982 by Bjorken [36]. The
dominating mechanism for high momentum particles is the radiative energy loss,
represented in the right sketch of figure 2.4l In this case the fast parton radiates a
gluon with energy AFE as result of inelastic scattering.

E E-AE

E ¥ AE

i
|
+ AE | E-AE
|
X
(medium)

Figure 2.4.: Collisional (left) and radiative (right) energy loss of a parton in the
QGP. Figure taken from [5].

In addition to the properties of the particle which experiences the energy loss
in the medium, the amount of AE depends on the nature of the medium as its
temperature T, the coupling strength o and the dimension L [5]. Other important
variables are the mean free path A of the particle in the medium and the number of
scattering centers N = L/\. These parameters are used in models like the BDMPS
(Baier, Dokshitzer, Miiller, Peigné, and Schiffer) model [5], which is one example of
a theory formulation where multiple soft scatterings are assumed.

The variable ¢, described by equation [2.2, is the transport coefficient of the
medium, which encounters for the medium modified radiation.

2
.
=5 2.2
Q=" (2.2)

If a quark or gluon scatters with a particle from the medium, the medium transfers
a momentum g to the scattered particle.This momentum transfer p is the inverse
of the screening length, the Debye mass [5] p o< /o, T.

The time for the emission of a gluon is given by the coherence time or length z,
which is approximately the energy of the gluon divided by its transverse momentum
squared [2]:

W
~ 3z

If the scattered particle passes n. scattering centers during the emission of a
gluon, the obtained transverse momentum of the gluon is given by k% ~ n.u?

(2.3)

Zc
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where n. = z./\ can be expressed as the coherence length divided by the mean free
path. This results in an expression of the coherence length given in equation [2.4]
where p?/) is expressed as the transport coefficient ¢ [2].

A w
Ze M| —mw=,/— 2.4
\ 2 V q (24)

One distinguishes incoherent scattering, where A > z., and coherent scattering
with A < z.. In the case of coherent scattering destructive interference leads to
a reduction of AE as described by the Landau-Pomeranchuk-Migdal (LPM) effect
[2]. The LPM effect is a general quantum effect that occurs if scattering centers are
dense, such that the mean distance between them is less that the time it takes for
the radiation.

The soft and hard radiation of a gluon depends on the characteristic gluon-
strahlung w, = 1/2¢L?* [5]. The energy loss for the two cases are described by equa-
tion [2.5|and [2.6| where Cg are the color factors. They describe the coupling strengths
between the different QCD vertices. For a quark which radiates a gluon ¢ — gq
the coupling strength is proportional to a;Cr, where Cp = (N2 —1)/(2Ny) = 4/3
with N, = 3 are the three colors. For the gluon vertex g — gg it is a,Cy with
Ca = N. = 3. This results in a larger multiplicity for gluon jets than for quark jets
because the average number of radiated gluons is Cy /Cr = 9/4 times larger for glu-
ons than for quarks [5]. At the same time the pr of the constituents is lower in the
gluon jets. The energy loss for charm and bottom quarks is expected to be smaller
than for the lighter up, down and strange quarks. The reason is the suppression of
gluon emission by a heavy quark within angles smaller than § = M/FE, with respect
to the flight direction, where M is the mass of the quark and F its energy. This
effect is known as the dead cone effect [5].

AFB, 4 ~ a,CrqL? (W < we) (2.5)

AB g ~ a,CrgL?In (E/(GL?)) (w > we) (2.6)

In experiments several aspects which modify the description of energy loss as
described in this section have to be taken into account. For example the considered
medium is expanding and its properties as the Debye mass and transport coefficient
are dependent on the position. There are several models which try to deal with
those difficulties as presented in [31} |37].

2.2.2. Experimental evidence for jet quenching

The first measurement of jet quenching was the hadron yield suppression at high
pr |38] and the azimuthal distribution of jet production |39, |40, 41]. The measured
nuclear modification factor Raa as given in equation provided evidence for jet
quenching.

(AN/dpr)aa

Rar = 2.7
AA Ncoll(dN/de>pp ( )
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It is defined as the ratio between the yields of a certain particle species in the
medium (A+A) and in the vacuum (p+p) and measures the modification of the
inclusive hadron yield. Scaled by the number of collisions N, the ratio Raa is
expected to be unity in case of no modification in the medium. In measurements a
clear deviation from this was observed with a suppression of the Ras by a factor 5
for the 7 yield [38, 42| as shown in figure . As reference the photon spectra were
used, where Raa ~ 1 for pr > 3 GeV was found.

The measured suppression of the inclusive hadron yield is a result of a shift in
the pr distributions to lower values in the case of heavy-ion collisions. With the
measurement of the inclusive hadron suppression evidence for jet quenching was
found. However, only single particles are considered and different aspects of jet
quenching are neglected. In order to study jet quenching effects as the modification
of the jet structure or modifications in the jet energy, where a fraction of the energy
is transported away from the leading particle, the jet reconstruction is necessary.
This is discussed in the next section.

:cg Au+Au - 200 GeV (central collisions):
10 wo Direct v, v*
o 4 1% meson [PHENIX Collab.]
B @ 1 meson

101

i N 114}4\*%@%"&4444&%%%&% ‘ﬁ i&

cea b b b by b v v b by

0 2 4 6 8 10 12 14 16 18 20
P, (GeVi)e

Figure 2.5.: Measurement of Raa at «/syny = 200 GeV for 7%, n and direct photons
for comparison. Figure taken from [2].

Measurements of jet-hadron or di-hadron correlations are done by selecting a high
pr trigger hadron or jet and measuring the associated particles at Ap = ¢ — dpigger
and An = n—"yigger |39, 43]. In p+p collisions two back-to-back jets in the azimuthal
direction at ¢ (near-side) and ¢ + 180 deg. (away-side) are observed. In comparison
to that, the away side jet is suppressed in the case of Pb+Pb collisions, due to the
energy loss in the QGP. The jet pr is shifted to lower energies and in addition the
jet is deflected by an angle A¢ in the azimuthal direction as consequence of the
scattering. In addition to the jet correlations particle correlations can be a result of
the hydrodynamic flow [39]. Low pr particles participate in the collective behavior of
the medium. Particle correlations are induced by the elliptic flow due to anisotropies
in the collision, as described in the previous section.
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2.3. Experimental measurements of jets

In this section the measurement of jets with jet reconstruction algorithms are pre-
sented as well as the handling of uncorrelated background in heavy-ion jet mea-
surements. There are several different steps in the measurement of jets. They are
determined by the selected jet reconstruction algorithm, the background estimation
and the applied corrections [5].

The biggest issue of jet analysis in heavy-ion collisions, which distinguishes them
from p+p jet measurements, is the huge amount of background particles. The
general major difficulty is the high precision reconstruction of low energy jets.

In this section the FastJet package [44] as a tool which provides several jet re-
construction algorithms is introduced, as well as two different approaches of jet
measurements carried out by ALICE and STAR (Solenoidal Tracker at RHIC). In
particular a new approach for the estimation of the uncorrelated background, pre-
sented by STAR [45], is described in section [2.3.2]

2.3.1. Jet reconstruction with FastJet

In order to study jets and jet quenching effects, the jet reconstruction is performed
to recover the partonic kinematics. As shown in figure the resulting hadrons
from the fragmentation and hadronization process of the partons are measured in
the detectors. Jet algorithms were developed to assign the measured hadrons to
jets. In jet algorithms a setup for the clustering of jets is defined, which makes the
results reproducible [44]. In general the jet algorithms are required to be infrared
and collinear safe. This is necessary to ensure that the resulting jet, with its energy
and strucutre, is independent of the details of the hadronization. An algorithm is
infrared safe if an additional soft particle between two jets does not lead to the
reconstruction of one large jet [46]. A collinear safe algorithm is not sensitive to
the splitting of a 4-vector into smaller components. Thus the jet reconstruction and
the energy stays the same, even if a particle is split into two collinear objects which
together have the same energy as before.

The FastJet software package [44] provides several tools and jet finding algorithms.
Jet finding algorithms can be categorized into cone and sequential recombination
algorithms. In the first case all particle momenta within a cone of radius R around
a seed particle 7, for example the particle with the largest momentum, are summed
[5]. The resulting vector defines the new seed and the procedure is repeated until the
direction of the combined vector is fixed. For sequential recombination algorithms
a distance measure and a cut off are defined [44]. The particles with the smallest
distances according to the distance measure are combined as long as the criterion
for the abortion of the process is reached.

The kr algorithm is a common example for a sequential recombination algorithm.
The distance measure dj; between particles ¢ and j is defined in equation with
the transverse momentum pr; of particle 1.

ARZ

— (2.8)

dij = dji = mz’n(pgfi,p%j)
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The distance is calculated as the minimum of the squared transverse momenta of
particle i and j times ARE = (y; — 4;)* + (¢ — ¢;)* which is the sum of the squared
differences between the rapidities y; and y; and the azimuthal angles ¢; and ¢; of
particle ¢« and 7. The jet resolution parameter is defined by R, which is called the
jet radius.

One advantage of FastJet is the reduction of the computation time [44]. The
clustering needs to be done for millions of events which all have multiplicities of
a few thousand. For a multiplicity of N there are O(N?) distances and O(N)
iterations. To minimize the computational effort, the problem is reduced to the
search for the geometrical nearest particle j that minimizes AR;; for a given particle
1. Different aspects reduces the computation time, as the fact that if ¢ and k are
near and j and k are near particles then particles ¢ and j have to be near too.

Another common algorithm used for the jet finding in heavy-ion collisions is the
anti-kt algorithm. The distance measure of the anti-kt algorithm is similar to that
of the kr algorithm but with inverse momentum as shown in equation 2.9, The
distance between a particle ¢ and the beam is defined as dig = py?.

2

. AR
dyj = di = min(1/p;, 1/p%;) RZJ (2.9)

If the smallest distance dj; between particles ¢ and j are found the particles are
combined by adding the components of their 4-momenta. This default recombination
scheme is called E-scheme. Other schemes and possible settings are described in the
manual [44]. If the distance d;p is the smallest, particle 7 is identified as the final
jet.

In addition to the definition of the jet algorithms different cuts are provided in
FastJet which can be applied to the jets, for example a pr and fiducial cut. The jet
area is the spatial distribution of the jet in the y — ¢ plane. For an active area very
soft, randomly generated ghost particles are distributed over the full range. They
do not affect the reconstruction of the jets but can be a measure of the jet area (area
o number of ghosts). Other area definitions are described in the manual [44].

The major difficulty that arises for jet finding in heavy-ion collisions is the large
amount of background particles. A measure of the background on an event-by-event
basis is p, the median of the pr/A distribution as shown in equation , where A
is the area of the jet.

p= medicm{]%} (2.10)

jet
The obtained p is subtracted from the raw jet pr of jet ¢ by scaling it with the
appropriate jet area A}et.
P = Pl = P Ajes (2.11)
However, p is only a rough estimation of the background energy density, which
does not take into account local fluctuations. In the next section two approaches for

the measurement of the uncorrelated background presented by ALICE and STAR
are introduced.
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2.3.2. Heavy-ion jet analysis

As described in the previous section, jets can be reconstructed with several jet
algorithms. To account for the large combinatorial background, often cuts on the
reconstructed jet pr are applied. For example in [47] the ALICE collaboration
presented a jet measurement in Pb+Pb collisions at /sxy = 2.76 TeV. In order
to suppress the uncorrelated background, only jets with 40 < pr < 120 GeV/c
in central (0-10%) events were used, and in addition only jets with at least one
constituent with a momentum larger than 5 GeV/c are selected. The problem with
selecting those high pr processes is the bias against jets that have lost significant
energy due to quenching. These jets have experienced the greatest interaction in
the QGP and are of particular interest in the measurement of jet quenching.

One approach for the background estimation was presented by ALICE [48], where
the measurement of jet quenching with a semi-inclusive charged jet spectrum was
done. In the analysis jets recoiling from a high pr charged trigger hadron are used
which implies the selection of high pr processes. A schematic representation of such
a process is shown in figure [2.6] where a recoiling jet at A¢ with respect to the
trigger hadron is depicted. No cut on the pr of the selected recoil jets is applied.
To account for the combinatorial background, different trigger intervals are used.
Recoiling jets from trigger hadrons with 20 < pr < 50 GeV/c are used for the signal
distribution and jets recoiling from hadrons with 8 < pr < 9 GeV/c as reference
for the background which is subtracted from the signal. This method enables jet
measurements down to 20 GeV/c as reported in [48].

A

trigger
hadron

?recoil jet

Figure 2.6.: Schematic representation of the recoiling jet at A¢ from a high pr trigger
hadron. Figure taken from [49].

In [45] a unique and purely statistical approach to identify lower pr jets was pre-
sented by STAR in 2017. They investigated the jet quenching effect in \/syn = 200
GeV Au+Au data, measured with the STAR detector at RHIC. In this analysis
a mixed event technique was applied for the estimation of the uncorrelated back-
ground. This offers the possibility of jet measurements down to very low pr for the
first time. Similar to the analysis in [48] the semi-inclusive hadron-jet (h-jet) distri-
bution was measured with a trigger hadron within 9 < pr < 30 GeV. If the trigger
hadron is emitted at @gigeer = 0, jets in the recoil acceptance with %7? < Pjer < gﬂ'
are used. The event sele