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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 pT. In order to perform low pT 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

√
sNN = 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-kT
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 pT 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 Phänomene 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) durchgeführt.
Eine einzigartige Möglichkeit 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 verändert. Eine
große Schwierigkeit bei der Messung von Jets in Schwerionenkollisionen ist die
große Menge an Hintergrundteilchen, welche die Jet Messungen oft auf hohe pT
beschränken. Um auch die Jets mit niedrigem pT, deren Wechselwirkung mit
dem QGP groß war, messen zu können, 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

√
sNN = 5.02 TeV und mit einer

Zentralität von 0-10 % mit ALICE aufgenommene Datensatz wird analysiert. Die
Rekonstruktion geladener Jets wird mit dem anti-kT Algorithmus durchgeführt,
wobei Jet-Radien von 0.2 bis 0.4 verwendet werden. Die Beschreibung des Un-
tergrunds durch Mixed Events ermöglicht zum ersten Mal eine Jet Messung auch
bei sehr niedrigen pT. Zum ersten Mal ist es möglich, bei diesen hohen Energien,
inklusive jet Messungen bis zu niedrigstem pT durchzuführen, ohne ausschließlich
Jets mit hohen Energien auszuwählen.
Die Produktion der Mixed Events sowie deren Eigenschaften, wie die
Abhängigkeit 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. Für 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 für
die korrelierte quasi-inklusive Jet Verteilung durchgeführt.
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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 β-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
αs [1]. The strength of the coupling constant αs of the strong interaction depends
on the momentum transfer Q2 of the interaction and is not constant [4]. Mea-
surements of the coupling constant as function of momentum transfer are shown in
figure 1.1. In addition the comparison to QCD calculations is shown, which are in
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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].

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

In the following a 2→ 2 process with large momentum transfer is discussed. High
momentum processes as qq̄ → qq̄ occur in hadron collisions. The initial production
of the two partons takes place via a high-Q2 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 1.2 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 qq̄ 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 [1]. As consequence the
energy between two quarks increases linearly with the distance and they can never
be fully separated. Figure 1.3 shows the non-relativistic QCD color potential where
the linear rise is visible at separations between the quarks above 0.25 fm with κ = 1
GeV/fm. At smaller distances the potential is proportional to 1/r, where r is the
distance between the quarks.

Figure 1.3.: Non-relativistic QCD potential between a qq̄ pair. The short range
potential between the qq̄ 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 [1].

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.
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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
[6]. 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.

Figure 1.4.: Schematic representation of the QCD phase diagram. Figure taken from
[7].

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 µB ≈ 0 the
baryon to anti-baryon ratio is one [5]. 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 [8] is shown. At non-vanishing chemical potential a finite order phase
transition is predicted [2]. 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 [5]. 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 [2]. 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 T 4 dependence.
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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 1.1 for the bosons.

ε =
π2

30
gDOFT

4 (1.1)

The energy density depends on the temperature of the system and the degrees of
freedom described by gDOF. For the fermions the same T 4 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.

Figure 1.5.: Dependence of the energy density ε normalized by T 4 on the tempera-
ture calculated by lattice QCD. Figure taken from [11].

The running of the coupling constant αs, shown in figure 1.1, 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 1.5 shows a lattice QCD
calculation of a QGP with nf = 2 + 1 quark flavors, two light (u, d) quarks and one
intermediate-mass (s) quark, at chemical potential µB = 0. The figure shows the
energy density normalized by T 4 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 1.4, 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 ε/T 4

becomes smaller, and slow convergence is observed. While eventual convergence to
the non-interacting Stefan-Boltzmann limit (indicated by the arrow) is indicated, it
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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

√
sNN = 5.02 TeV. Initial temperatures of more than

600 MeV and densities of about 14 GeV/fm3 are reached at the LHC [10], which
clearly exceeds the critical energy density of 0.6 to 1 GeV/fm3 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/fm3 [5].

Figure 1.6 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 = z = 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 Tc ≈ 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 Tch ≈
Tc. 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 Tfo ≈ 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 3.

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 [15].

addition the number of spectactor nucleons can be used to obtain information about
the geometry of the collision [2]. 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 [16]. The number of nucleons which participate in at least one inelastic
collision Npart and the number of binary inelastic collisions Ncoll 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 [17]. 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 1.7 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 v2 which is the second fourier coefficient in the fourier
decomposition of the azimuthal particle distribution in equation 1.2 [18].

dN

dφ
∝ 1 + 2

∑∞

n=1
vn(pT) cos(nφ) (1.2)

The angle φ is the angle relative to the reaction plane, which is defined by the
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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 flow 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 η/s was estimated, which is
consistent with η/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
1.8 the elliptic flow data measured at

√
sNN = 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 v2 data at low pT is obtained with the model. At higher transverse momenta
the elliptic flow reduces due to the arising jet contribution. Jets as high pT objects
are introduced in more detail in the next section 2 where particles from the bulk
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play an important role in the background.

Figure 1.8.: Measurement of the elliptic flow at
√
sNN = 2.76 TeV and simultaneous

blast wave fit results (solid lines) and predictions (dashed lines) of fits
to v2 and dN/dpT. 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 pT and their mass m. The transverse momentum is given by equation 1.3,
where the beam direction is defined by the z-axis.

pT =
√
p2x + p2y (1.3)

The position in the detector is described by the azimuthal angle φ and the pseudo
rapidity η defined in equation 1.4. The angle θ is the angle relative to the beam
direction. The pseudo rapidity can be treated as approximation of the rapidity
y = 1

2
ln(E + pz/E − pz) 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].

η = − ln tan(θ/2) (1.4)
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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 2.1 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.

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 [33]. 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].

Figure 2.2.: Schematic representation of the factorization theorem. Figure taken
from [10].

The factorized expression of the differential cross-section for inclusive hadron pro-
duction, AB → hX, is shown in equation 2.1 [5]. In this example two partons a
and b with momentum fraction x1 and x2 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.

dσhard
AB→h = fa/A(x1, Q

2)⊗ fb/B(x2, Q
2)⊗ dσhard

ab→c(x1, x2, Q
2)⊗Dc→h(z,Q2) (2.1)

The three individual factorized components of the cross-section are schematically
represented in figure 2.2: The parton distribution functions (PDF) fa/A(x1, Q

2) and
fb/B(x2, Q

2), the cross-section dσhard
ab→c(x1, x2, Q

2) of the two scattered partons a and
b and the fragmentation function (FF) Dc→h(z,Q2).

All components depend on the momentum transfer Q2 of the process. As discussed
in section 1.1 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 Q2)
parton-parton collision is calculable in pQCD as a convergent series in αs, since
αs(Q

2 →∞)→ 0 in high energy processes [5]. The PDF fa/A(x1, Q
2) (fb/B(x2, Q

2))
gives the probability that a parton a (b) with momentum fraction x1 (x2) of the
incoming nucleon participates in the collision while the FF Dc→h(z,Q2) represents
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the probability that a hadron h 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 Q2 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 2.3 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.

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 ∆E 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 2.4. In this case the fast parton radiates a
gluon with energy ∆E as result of inelastic scattering.

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 ∆E depends on the nature of the medium as its
temperature T , the coupling strength α and the dimension L [5]. Other important
variables are the mean free path λ of the particle in the medium and the number of
scattering centers N = L/λ. These parameters are used in models like the BDMPS
(Baier, Dokshitzer, Müller, Peigné, and Schiffer) model [5], which is one example of
a theory formulation where multiple soft scatterings are assumed.

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

q̂ =
µ2

λ
(2.2)

If a quark or gluon scatters with a particle from the medium, the medium transfers
a momentum µ to the scattered particle.This momentum transfer µ is the inverse
of the screening length, the Debye mass [5] µ ∝ √αsT .

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

zc '
ω

k2T
(2.3)

If the scattered particle passes nc scattering centers during the emission of a
gluon, the obtained transverse momentum of the gluon is given by k2T ' ncµ

2,
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where nc = zc/λ 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 µ2/λ is expressed as the transport coefficient q̂ [2].

zc '

√
λ

µ2
ω =

√
ω

q̂
(2.4)

One distinguishes incoherent scattering, where λ > zc, and coherent scattering
with λ < zc. In the case of coherent scattering destructive interference leads to
a reduction of ∆E 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 ωc = 1/2q̂L2 [5]. The energy loss for the two cases are described by equa-
tion 2.5 and 2.6 where CR are the color factors. They describe the coupling strengths
between the different QCD vertices. For a quark which radiates a gluon q → gq
the coupling strength is proportional to αsCF, where CF = (N2

c − 1)/(2Nc) = 4/3
with Nc = 3 are the three colors. For the gluon vertex g → gg it is αsCA with
CA = Nc = 3. This results in a larger multiplicity for gluon jets than for quark jets
because the average number of radiated gluons is CA/CF = 9/4 times larger for glu-
ons than for quarks [5]. At the same time the pT 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 θ = M/E, with respect
to the flight direction, where M is the mass of the quark and E its energy. This
effect is known as the dead cone effect [5].

∆Erad ≈ αsCRq̂L
2 (ω < ωc) (2.5)

∆Erad ≈ αsCRq̂L
2 ln (E/(q̂L2)) (ω > ωc) (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
pT [38] and the azimuthal distribution of jet production [39, 40, 41]. The measured
nuclear modification factor RAA as given in equation 2.7 provided evidence for jet
quenching.

RAA =
(dN/dpT)AA

Ncoll(dN/dpT)pp
(2.7)
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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 Ncoll 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 RAA by a factor 5
for the π yield [38, 42] as shown in figure 2.5. As reference the photon spectra were
used, where RAA ≈ 1 for pT > 3 GeV was found.

The measured suppression of the inclusive hadron yield is a result of a shift in
the pT 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.

Figure 2.5.: Measurement of RAA at
√
sNN = 200 GeV for π0, η and direct photons

for comparison. Figure taken from [2].

Measurements of jet-hadron or di-hadron correlations are done by selecting a high
pT trigger hadron or jet and measuring the associated particles at ∆φ = φ− φtrigger

and ∆η = η−ηtrigger [39, 43]. In p+p collisions two back-to-back jets in the azimuthal
direction at φ (near-side) and φ+ 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 pT is shifted to lower energies and in addition the
jet is deflected by an angle ∆φ 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 pT 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 2.1 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 i, 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 kT algorithm is a common example for a sequential recombination algorithm.
The distance measure dji between particles i and j is defined in equation 2.8 with
the transverse momentum pTi of particle i.

dij = dji = min(p2Ti, p
2
Tj)

∆R2
ij

R2
(2.8)
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The distance is calculated as the minimum of the squared transverse momenta of
particle i and j times ∆R2

ij = (yi − yj)2 + (φi − φj)
2 which is the sum of the squared

differences between the rapidities yi and yj and the azimuthal angles φi and φj of
particle i and j. 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(N2) 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 ∆Rij for a given particle
i. Different aspects reduces the computation time, as the fact that if i and k are
near and j and k are near particles then particles i 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 kT algorithm but with inverse momentum as shown in equation 2.9. The
distance between a particle i and the beam is defined as diB = p−2Ti .

dij = dji = min(1/p2Ti, 1/p
2
Tj)

∆R2
ij

R2
(2.9)

If the smallest distance dij between particles i 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 diB is the smallest, particle i 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 pT and fiducial cut. The jet
area is the spatial distribution of the jet in the y− φ 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
∝ 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 ρ, the median of the pT/A distribution as shown in equation 2.10, where A
is the area of the jet.

ρ = median

{
praw,iT,jet

Aijet

}
(2.10)

The obtained ρ is subtracted from the raw jet pT of jet i by scaling it with the
appropriate jet area Ai

jet.

preco,iT,jet = praw,iT,jet − ρ · A
i
jet (2.11)

However, ρ 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 pT are applied. For example in [47] the ALICE collaboration
presented a jet measurement in Pb+Pb collisions at

√
sNN = 2.76 TeV. In order

to suppress the uncorrelated background, only jets with 40 < pT < 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 pT 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 pT charged trigger hadron are used
which implies the selection of high pT processes. A schematic representation of such
a process is shown in figure 2.6, where a recoiling jet at ∆φ with respect to the
trigger hadron is depicted. No cut on the pT 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 < pT < 50 GeV/c are used for the signal
distribution and jets recoiling from hadrons with 8 < pT < 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].

Figure 2.6.: Schematic representation of the recoiling jet at ∆φ from a high pT trigger
hadron. Figure taken from [49].

In [45] a unique and purely statistical approach to identify lower pT jets was pre-
sented by STAR in 2017. They investigated the jet quenching effect in

√
sNN = 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 pT 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 < pT < 30 GeV. If the trigger
hadron is emitted at φtrigger = 0, jets in the recoil acceptance with 3

4
π < φjet <

5
4
π

are used. The event selection is carried out by this requirement of a trigger hadron
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in the pT interval. Background fluctuations, resulting in pT smearing as well as
detector effects are corrected with an unfolding procedure.

As mentioned above the uncorrelated background is obtained by the mixed events
which are composed of particles each from a different real event. The same jet
reconstruction is carried out for the produced mixed event as for the real events
which results in the reconstruction of only uncorrelated background jets.

Figure 2.7.: Distribution of preco,chT,jet of the recoiling jets from a 9 < pT < 30 GeV/c
trigger hadron. The jets are reconstructed with the anti-kT algorithm
with R = 0.3 and an area cut of Ajet > 0.2. The SE distribution
is represented by red stars, the ME as black shaded region and the
normalization region is depicted in blue. The lower panel shows the
ratio SE/ME. Figure taken from [45].

Figure 2.7 shows the raw distribution of the reconstructed charged jet preco,chT,jet for
the data, labeled with SE (red) and the ME (black) as presented in [45]. The blue
shaded region is the normalization region. In the lower panel the ratio SE/ME is
depicted. They found a very good agreement of the ME with the SE at preco,chT,jet < 0,
where the reconstructed jets are expected to be combinatorial fake jets.

In [45] the corrected recoil jet yield measured in central and peripheral collisions
was compared and a strong suppression in central collisions was found. The sup-
pression decreases for increasing jet radius R, which indicates a transport of pT to
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regions outside the jet radius in central collisions, due to the interaction of the jet
with the medium. Indications for intra-jet broadening were not found by compar-
ing the recoil jet yields for different jet radii R. The quasi-particle nature of the
medium could be investigated by the recoil jet azimuthal distribution. An increase
at large angles with respect to the jet axis might be an indication for large-angle
Molière scattering [50]. They found an 90 % statistical confidence upper limit of
50± 30(sys)%.

2.4. Overview

Jets are introduced above as unique probes of the QGP. For the measurement of
jets in p+p and heavy-ion collisions, the anti-kT algorithm has been established
as tool for the jet reconstruction. However, in the reconstruction of jets in heavy-
ion collisions, the signal-to-background ratio is very small for low and moderate
pT jets. The huge amount of background particles leads to the reconstruction of a
large fraction of uncorrelated background jets. This combinatorial background often
limited the jet measurements to high pT. Cuts on the reconstructed jets or other
biases were applied, in order to reduce the background. However, there are many
low pT jets which are allowed in QCD and which aren’t studied yet. In addition the
jets, which interact strongly with the QGP may no longer be high pT objects, but
rather disappeared in the background.

In this thesis the technical limitation of the jet measurements due to the large
uncorrelated background is addressed. A novel mixed event technique, which was
successfully used in [45] for the h-jet measurement, is applied for the first time to a
measurement at higher LHC energies. The purpose of the studies presented in this
thesis is an unbiased jet measurement down to very low pT. The limits of pQCD
could be tested by studying the correlations above the low pT background.

In the following the ALICE detector is described in section 3 and the used data
set with the applied track selection follows in section 4. In section 5 the analysis
strategy is presented where the focus is on the mixed event technique. It turns
out that several aspects of the mixed event technique have to be improved for the
applicability to jet measurements at ALICE, which are presented in this thesis.
Different systematic studies are carried out in the following section 6. The raw
uncorrected jet distributions are presented in section 7 and the unfolding procedure
which is used for the correction of the raw distributions follows in section 8. In the
last section a brief summary and outlook of the presented studies are reported 9.
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3. The ALICE Experiment at LHC

ALICE (A Large Ion Collider Experiment) is one of the four large experiments at
the LHC at CERN [12]. The European Organization for Nuclear Research (CERN)
is located near Geneva and was founded in the beginning of the 1950s [51]. Today
it is one of the largest physics laboratories in the world. CERN has about 2500
staff members from 23 different states and about 13000 scientists from 70 different
countries which participate in research [52].

In 1959 protons were accelerated up to an energy of 28 GeV for the first time by the
Proton Synchrotron (PS) [53]. About 15 years later the Super Proton Synchrotron
(SPS) went into operation. This was the first underground accelerator in 40 m
depth at CERN with a circumference of 7 km. Protons and later antiprotons were
accelerated up to

√
sNN = 540 GeV which made the first measurement of the W

and Z bosons possible [54]. In 1986 the investigation of heavy ion collisions began
by accelerating ions as oxygen, sulphur and later lead with the SPS. Today the SPS
is used as a pre-accelerator before the proton or lead-ions are induced to the LHC.

The LHC was build within the Large Electron Positron Collider (LEP) tunnel
which was used until 2000 to accelerate electrons and positrons. It has a circum-
ference of 27 km and is placed 100 m in underground [55]. The LHC is the largest
and most powerful particle accelerator in the world. Energies of

√
sNN = 13 TeV

in proton-proton collisions and
√
sNN = 5.02 TeV in Pb+Pb collisions are reached.

The particle beams have nearly speed of light when they brought into collision. A
luminosity of 1034s−1cm−2 is reached for the proton collisions [55]. The product of
the cross-section and the integrated luminosity, which depends on the number of
particles within a bunch and their frequency, defines the number of interactions [1].

To keep the beams on their circular track 1232 superconducting dipole magnets
are used [12]. In addition there are 392 quadrupole magnets to focus the beams, in
particular just before the collision takes place. For the cooling of the superconduct-
ing magnets to temperatures of 1.9 K, liquid helium is used and within the beam
pipes a ultrahigh vacuum is produced.

The LHC went into operation in 2008 [53]. The first data taking period (Run 1)
was from 2009 to 2013 and the data of Run 2 was taken between 2015 and 2018.
After a long shutdown the third run of the LHC is starting in 2022.

There are four large experiments, ALICE, ATLAS, CMS and LHCb at the four
collision points of the LHC. The LHCb detector was build for precision measure-
ments to search for physics beyond the Standard Model [56]. In 2012 the Higgs
Boson was detected for the first time by ATLAS and CMS [3]. This confirmed the
Higgs mechanism and the Nobel Prize was awarded one year later to Peter Higgs
und François Englert [57]. The ALICE detector is designed for the measurement of
heavy-ion collisions [58]. Due to the high energy and density in heavy-ion collisions,
where temperatures 100000 times hotter than the sun are reached, the QGP can be
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produced. Studying the behavior of the new state of QCD matter and gaining infor-
mation about the properties of the QGP is the main aim of the ALICE experiment.
The hadrons which are produced after the freeze-out of the QGP are measured with
the large detector system of ALICE. In the following section the ALICE detector is
described in more detail.

3.1. ALICE detector system

The ALICE detector is constructed for the investigation of the QGP produced in
Pb+Pb collisions at energies up to

√
sNN = 5.02 TeV. Therefore it is necessary

to identify and reconstruct thousands of particles produced in the hadronization
process of one event. In order to achieve this, the ALICE detector is composed of
many sub-detectors which are used for tracking and particle identification.

A schematic representation of the detector system is shown in figure 3.1. The
whole detector is 26 m long, 16 m high and 16 m wide with a weight of 10000
tons [55]. It can be categorized into the central-barrel detectors, forward detectors
and the MUON spectrometer [59]. The forward detectors are mainly used for the
event categorization, as the determination of the centrality and for triggering. The
central-barrel detector system is surrounded by a magnet with a magnetic field of
up to 0.5 T. It allows the identification of charged particles and the measurement
of their transverse momenta between 0.15 and 100 GeV/c with resolutions of 1.5 %
up to 10 GeV/c [59]. In the following the main tracking and particle identification
detectors are described.

Figure 3.1.: ALICE detector system. Main central-barrel detectors used for tracking
and particle identification: ITS (green), TPC (blue), TRD (yellow),
TOF (orange) and EMCal (grey). They are placed inside a solenoidal
magnet (red). Figure taken from [60].
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3.1.1. ITS

The most inner detector, shown in green in figure 3.1, is the Inner Tracking System
(ITS) which is 3.9 cm away from the collision point in the center. The described ITS
was used during Run 2, which is replaced by a new ITS in the meantime for Run
3. The six cylindrical layers of the ITS are the two from the Silicon Pixel Detector
(SPD) and two each of the Silicon Drift Detector (SDD) and Silicon Strip Detector
(SSD) [61]. It is mainly used for the reconstruction of primary and secondary vertices
with resolutions better than 10 (100) micrometer for the primary (secondary) vertex
[62]. In addition the momentum resolution of the TPC (Time Projection Chamber)
reconstructed tracks can be improved and low momentum particles with pT < 100
MeV/c can be measured with the ITS [61].

3.1.2. TPC

The TPC, depicted in blue, follows as next detector around the ITS. The TPC is
designed for the tracking of charged particles and particle identification [63]. It has
a length of 500 cm in beam direction and an inner and outer radius of 80 and 250
cm. The acceptance of the TPC is |η| < 0.9. A schematic representation of the
TPC is shown in figure 3.2. The TPC is filled with gas (neon or argon mixed with
CO2) which is ionized when a charged particle travels through the volume. The free
electrons along the track drift to the readout chambers at the end of the cylinder due
to an electric field of 400 V/cm, produced by a high voltage of 100 kV at a central
electrode. For the readout, multiwire proportional chambers were used [64] in Run
2. As explained later they are replaced by new Gas Electron Multiplier (GEM) foils
for Run 3. In azimuthal direction the readout system is divided into 18 segments of
chambers, each used for the measurement within an angle of 20◦. Each segment is
divided into an inner and outer part in radial direction due to the radial dependence
of the track density. The x-y position can be measured directly with the multiwire
proportional chambers while the z-component is determined from the drift velocity
and time of the electron. Its drift velocity stays constant because the acceleration
due to the electric field and the energy loss due to the scattering are assumed to be
in balance. The energy loss of the particle is proportional to the measured signal
and thus the identity of the particle can be estimated by exploiting the Bethe-Bloch
formula [1]. The magnetic field enables the determination of the particles momenta
and charges by measuring the radius of the track.

3.1.3. TRD

The Transition Radiation detector (TRD) is shown in yellow in figure 3.1 next to
the TPC. It has an inner and outer radius of 290 to 368 cm [65]. The working
principle is based on the electromagnetic radiation which is emitted when a highly
relativistic charged particle travels through layers with different dielectric constants
(radiators). This transition radiation depends on the Lorentz factor γ of the particle
which enables the discrimination of lighter and heavier particles. After the radiator
region the particle in the TRD enters a drift region which is filled with a xenon-
based gas mixture. The radiated photon from the transition of the radiator is
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Figure 3.2.: Sketch of the ALICE Time Projection Chamber. Figure taken from
[63].

absorbed at the beginning, while the particle travels through the drift region where
ionization takes place. Multiwire proportional chambers are used for the readout in
the TRD similar as in the TPC. The measured signal is used for tracking and can
be matched with the reconstructed tracks in the ITS and TPC. The signal from the
absorbed transition radiation photon appears later and is used for the discrimination
of electrons/positrons and heavier particles as pions.

3.1.4. TOF

At a distance between 370 and 399 cm from the collision point, the Time Of Flight
detector (TOF) follows as next sub-detector [59], depicted in orange in Figure 3.1.
The TOF detector is used for the particle identification by measuring the time-of-
flight of the particles with resolutions better than 50 ps [66]. Together with the track
length, the velocity of the particle can be calculated which enables the determination
of the mass of the particle if the momentum is known from tracking detectors. The
TOF detector is composed of many Multigap Resistive Plate Chambers (MRPCs).
They are made of resisitve plates with gaps filled with gas in between which is
ionized by the passing charged particles. The resulting free electrons drift to the
electrode where a high voltage is applied which in addition amplifies the signal.

3.1.5. EMCal

The electromagnetic calorimeter (EMCal) is installed next to the TOF detector,
shown in grey in figure 3.1. The EMCal is used for the measurement of high pT jets
and for the identification of neutral particles as photons and π0 but also electrons
[67]. The acceptance in azimuth is limited to 80 < φ < 187 and |η| < 0.7 due to
constraints caused by other detectors as the Photon Spectrometer (PHOS) in the
opposite φ direction [68]. A sketch of the EMCal is depicted in figure 3.3 where
the different super modules are shown. They are divided into 3072 modules where
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each represents a separate detector unit. Their working principle is based on a Pb-
scintillator sampling calorimeter. 76 layers of lead and 77 scintillating layers are
installed alternately. The incoming particles shower in the lead absorber and the
resulting electrons and photons are measured with the scintillators in between. Up
to pT = 30 GeV/c a distinction between γ and π0 is possible [67].

Concerning jet measurements the EMCal enables the reconstruction of full jets
with charged and neutral particles. In addition measurements of γ-jet correlations
can be performed with the EMCal. The dominant process for γ-jet production is
the QCD Compton process qg → qγ [5]. The quarks and photons are produced
back-to-back. These processes are of particular interest because the photon has no
color charge and do not interact with the QGP. The measured photon energy thus
corresponds to the full jet energy at the production and provides a clean probe for
the jet measurement.

Figure 3.3.: Sketch of the ALICE EMCal. Figure taken from [68].

3.1.6. V0

The V0 detector system shown in grey in figure 3.1 (labeled with 2) is a forward
detector, where V0A and V0C are mounted at opposite z-directions [69]. The ac-
ceptance is 2.8 < η < 5.1 for V0A and −3.7 < η < −1.7 for V0C. They consist
of plastic scintillators and are mainly used for triggering, the identification of back-
ground events as well as the measurement of the luminosity. In addition it is used
for the measurement of the multiplicity and azimuthal distribution which can be
used to determine the reaction plane.
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3.2. Upgrades of the ALICE detector for Run 3

During the shutdown of the LHC between 2018 and 2021 several upgrades of the
ALICE detector were installed for Run 3. In Run 3 Pb+Pb collisions will be per-
formed with increased interaction rates from 1 kHz to 50 kHz at the LHC. This
high interaction rate requires a continuous read out which is realised in the ALICE
upgrade. A new ITS detector was installed which can deal with interaction rates up
to 100 kHz for Pb+Pb collisions in comparison to the previous ITS where the limit
is reached at 1 kHz. In addition the impact parameter resolution for secondary
vertices is improved by a factor 3 [70]. For this, a new ITS with seven layers of
silicon detectors based on Monolithic Active Pixel Sensors (MAPS) was installed.
The material budget could be reduced by a factor 7 [70].

The readout in the TPC with the multiwire proportional chambers caused dead
times of 280 µs which significantly limited the measured interaction rate [63]. In
order to achieve continuous read out new Gas Electron Multiplier (GEM) foils were
installed in the TPC. GEMs consist of thin insulating foils. The electron avalanche
is triggered by high voltages produced inside small holes in the GEM foils instead
of the wires in the multiwire proportional chambers.

Several other upgrades of the readout in other detectors were installed [59]. In
addition a new software, O2, was developed to handle the huge amount of produced
data in the continuous read out. The main challenge of the large interaction rate
will be a huge track density and overlapping events which complicate the track
reconstruction.

3.3. Tracking

In this section the track reconstruction is briefly introduced. Tracking is challenging
in heavy-ion collisions due to the huge amount of particles which are produced in
one event. The produced particles stream to the detectors where they interact and
lose energy. From these measured signals within the different detectors, the tracks
have to be reconstructed and the particles identified.

A crossing particle produces signals in different cells of the detectors. Groups
of adjacent detector cells, where a signal is measured, are called clusters [71]. The
clusters are characterized by their signal strength, the amplitude and time, their
positions and shapes. They are identified within every detector and are used as
input for the track reconstruction [59]. However, the identification of the clusters
might be difficult due to the overlapping of clusters from different tracks [72].

The full track reconstruction is performed by using a Kalman filter approach [59].
Kalman filtering is a general approach developed to estimate the best approximation
of an unknown variable [73]. By using some prior approximation, the estimation is
updated in several steps by using a weighted average at each step, between the
current measurement and the prediction. The updated estimation goes into the
algorithm as new prior. A detailed description of the Kalman filter is given in [73].

As a first step for the tracking the primary interaction vertex is identified within
the SPD by searching for pairs of clusters pointing to the same interaction vertex
[59]. Overlapping pileup events can be identified as their particles point to a different
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interaction vertex. Pileup events are discussed in more detail in 4.3.
After that a track seed is searched in the outer radius of the TPC where less

clusters per volume element are measured. The seed is identified by searching two
TPC clusters and by using the vertex which was found in the SPD. In a first step
additional clusters are added from the outer to the inner radius of the TPC by
using the Kalman filtering method. In addition ITS clusters are identified until
the primary vertex is reached. After that the procedure is repeated in the outward
direction to update the tracks. If possible clusters from the TRD and TOF detectors
are added. In a final step a refit is done in the inward direction where the best track
parameters are estimated.

There are several advantages of the Kalman filter approach as the simultaneous
track identification and fitting, the rejection of incorrect clusters and the extension
of the tracks between the different detectors [72]. Disadvantages of the Kalman
filter approach are the dependence on the initially determined clusters and seeds. A
detailed description of the tracking procedure is given in [72] and [59].

In the next section the data set which is used for the jet analysis and in particular
the applied track selection and cuts are described.
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4. Data set and track selection

For the jet analysis the 2018 Pb+Pb data set is used which was recorded at a center
of mass energy of

√
sNN = 5.02 TeV and a centrality of 0-10% with the ALICE

detector at the LHC. The first 90 out of 136 runs of the LHC18q run list with
central barrel tracking are used. While the years of data taking at the LHC with
specific sets of detectors are called Run 1 (2009-2013) and Run 2 (2015-2018), the
periods are subdivided further. The run list LHC18q refers to a specific data taking
period of about three weeks with a magnetic field of B = 0.5 T and an interaction
rate of 7.5 kHz. This setup is not changed during the runs of one run list, where
one single run from the list is a period of several hours of data taking.

The used data set includes about 35 million events after all cuts are applied. In
the following sections the data preparation as well as the track and event selections
are described. All information about the data structure or the so called hybrid track
cuts are taken from internal ALICE pages and [71].

4.1. Data preparation

The first step is the production of TTrees where the data from AOD files (Analysis
Object Data) is used as input. The AODs are products from the ESD files (Event
Summary Data) which in turn are produced from raw data. They contain the full
event information while for the AODs a subset of information was selected.

A TTree is a ROOT object which was developed for the storage of huge amounts of
data, as millions of events with several thousands of tracks [74]. The advantages are
reduced storage space, faster access to the saved objects and the possible hierarchical
data structure.

The TTree described in the following was developed within the scope of this
thesis in particular for the jet analysis. In order to produce the TTrees all relevant
information about the events and tracks from the AODs are stored. In particular
the AODs and not the ESDs are used because a variable associated to the track
length was only available for AODs. The variables of the tracks which are kept, are
listed in table 4.1 together with some applied pre-selection.

As a charged particle jet reconstruction will be carried out, most of the information
are related to the ITS and TPC. In addition, information from the EMCal is stored
which could be used to perform a jet reconstruction including neutral particles or
γ-jet measurements. The DCA (distance of closest approach) to the primary vertex
in x-y and z-direction, the TPC χ2 and dE/dx as well as the number of TPC cluster,
the TOF signal, the track length and the particle momentum (px, py, pz) are stored.
For the jet reconstruction only the momenta of the particles are necessary. However,
some additional information is kept in order to perform a track and event selection.
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In addition a particle identification could be done later. The variables and the cuts
which are applied will be explained in more detail later.

An additional status variable is used where the different bits are set from 0 to 1
for a hit in the different ITS layers (bits 0-5), the ITS refit (bit 6) and the different
filter bits 32, 64, 128, 256 and 512 (bits 7-11). The status variable is later used to
check the properties of the tracks mentioned above. The different filter bits are sets
of cuts which can be applied to the AODs for the track selection. For example filter
bit 128 contains only TPC track cuts. Further investigations are carried out for the
hybrid track cuts, which are a combination of filter bit 256 and 512, as described in
section 4.2.

Table 4.1.: Overview of the variables stored in the TTrees with the applied pre-
selection.

Variable Selection

|DCA x-y & z| < 1 cm
η < 1

TPC refit true
Number of TPC cluster > 50

TPC χ2 / cluster < 8
TPC dE/dx -
TOF signal -
track length -
px, py, pz -

Hits in ITS layer 0-5 -
ITS refit -

Filter bits 32, 64, 128, 256, 512 -

In addition, different event information is stored in the TTrees. The x-, y- and
z-vertex positions of the events are kept. In addition, the number of TOF hits,
TRD tracklets and V0 hits are saved. They will be used later for the identification
of pileup events. This is explained in more detail in section 4.3. In addition, the
run IDs of the events are saved to be able to assigned the events in time later.

To reduce the file size of the TTrees, an internal conversion of the variables into
data types with smaller size are introduced. The six float values (DCA x-y and
z, TPC χ2, TPC dE/dx, TOF signal, track length) are converted into six short
variables. This reduces the size of the variables from 6 × 32 bits to 6 × 16 bits
[75]. The conversion is done by multiplying the floats with a factor depending on
the needed resolution, for example 100 to keep two decimal places. If the functions
to get the stored variables are called the values are internally converted back into
floats by dividing the shorts with the same factor. It turns out that for the particle
momentum a resolution of 5 MeV/c, which is the maximum reached with the short
variables, is not enough. Instead of three shorts finally one ULong64 (64 bit) is used
and all three momentum values (px, py, pz) are saved in this one variable by setting
every bit separately. In the first 21 bits px is stored, py follows in bits 21-41 and pz
in bits 42-62. For each value the first bit is used for the sign and the remaining 20
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bits for the value itself. A resolution of 167 keV/c is obtained and 1/3 of the storage
space can be saved compared to three float values which would need 96 bits.

The size of one TTree is reduced from about 700 to 400 MB by the conversion
described above. Producing the TTrees and doing the internal conversion of the data
types results in very compact objects which can be easily used for the jet analysis.
In the next section the track cuts are described which will be used for the analysis.

4.2. Track selection

Cuts are applied to the reconstructed tracks in order to obtain a clean data set
depending on the particular analysis.

In this section different sets of cuts for the event and track selection are compared.
In particular for the tracks the hybrid track cuts are compared to a basic selection
of cuts without any filter bits. Different properties as the multiplicity of the event
or the η−φ distribution of the tracks are studied. All information about the hybrid
track cuts are taken from internal ALICE pages.

Table 4.2.: Overview of the different hybrid track cuts and the individual selection
of basic cuts.

Basic selection Hybrid track cuts (filter bit 256+512)

|DCA xy & z| < 0.5 cm SetMinNCrossedRowsTPC(70)
|η| < 0.9 SetMinRatioCrossedRowsOverFindableClustersTPC(0.8)

TPC refit = true SetMaxChi2PerClusterTPC(4)
TPC cluster > 50 SetAcceptKinkDaughters(kFALSE)

TPC χ2 < 300 SetRequireTPCRefit(kTRUE)
pT > 150 MeV SetRequireITSRefit(kTRUE)

SetClusterRequirementITS(kSPD, kAny)
SetRequireSigmaToVertex(kFALSE)

SetMaxChi2PerClusterITS(36)
SetMaxChi2TPCConstrainedGlobal(36)

SetMaxDCAToVertexXY(2.4)
SetMaxDCAToVertexZ(3.2)

SetMaxFractionSharedTPCClusters(0.4)

(only for filter bit 512)
SetClusterRequirementITS(kSPD, kOff)

For the jet measurement charged particles which are reconstructed with the ITS
and TPC are used. A basic set of quality cuts is listed in the first column of table
4.2.

The DCA (distance of closest approach), which describes the impact parameter
of the track to the primary vertex, in x-y and z-direction is required to be smaller
than 0.5 cm. This cut is applied to reject secondary particles which are produced for
example in interaction processes of primary particles with the detector material or
in the decay of V 0 particles like Λ→ p+ π. For the jet measurement only primary
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particles which are produced in the collision should be included. By cutting on the
DCA the rate of secondary particles can be reduced.

In addition a cut on the detector acceptance is applied. As TPC reconstructed
particles are used for the analysis a cut on |η| < 0.9 is used which corresponds to
the TPC acceptance for full tracks. As described in section 3.3, one TPC cluster
is a group of adjacent detector cells which are firing at the same time if a signal is
detected. The number of TPC clusters is required to be larger than 50 in order to
reject short tracks. In addition the TPC refit is requested and at least the TPC χ2

has to be smaller than 300. These requirements are used to reduce the noise and to
obtain only good quality tracks.

Only tracks with pT > 150 MeV/c are accepted because smaller momenta can
not be measured reliably. In addition a cut on the z-vertex of the events of 8 cm is
applied, which will be explained in the following. It should be pointed out that in
the basic selection of cuts no requirements for the ITS are used.

The hybrid track cuts are a combination of filter bit 256 and 512. The functions
which are connected to the different cuts and the used requirements are listed in the
second column of table 4.2. The TPC related cuts are a minimum number of 70 for
the crossed rows, which are the number of clusters used for the fit. They should be at
least 80 % of the number of crossed pad rows (findable clusters) and the χ2/cluster
should not be larger than 4. In addition the charged daughter particles, which are
decay products from charged particles (kinks) which decay into one charged and one
neutral daughter particle, are not accepted. The TPC and ITS refit is requested.
For the filter bit 256 all tracks with hits in any of the two SPD layers are accepted
while the filter bit 512 requires all tracks without hits in the first or second layer of
the ITS. Those complementary tracks were introduced to compensate missing tracks
due to a hole in the SPD. This is shown in the φ distribution in figure 4.5 which is
discussed later.

A maximum χ2 / cluster is set to 36 for the ITS. For the rejection of bad quality
primary tracks, the χ2 between TPC and global tracks is constrained to 36. Values
of 2.4 cm and 3.2 cm are used as cuts for the DCA to the primary vertex in x-y
and z-direction and the maximum fraction of shared TPC clusters is set to 40%. In
addition to the filter bits 256 and 512 the basic cuts described above are applied,
in particular only tracks with pT > 150 MeV are used for the hybrid track selection
and the DCA in x-y and z-direction is further constrained to 0.5 cm.

For the comparison of the different sets of cuts, the multiplicities of the events
are considered. The upper plot in figure 4.1 shows the multiplicity distribution for
the hybrid tracks on the x-axis and for the basic selection on the y-axis without
any additional requirements on the events. The tail in the particle multiplicity
distribution of the hybrid tracks at low multiplicity arises due to the small size of
the ITS. The hybrid tracks require a hit in the first or second layer of the ITS, the
SPD. The first layer of the SPD has an inner radius of 3.9 cm and the η acceptance
is η < 1.98 (θ = 15.72 deg.) [70]. This corresponds to an extension of 13.85 cm in
the positive and negative z-direction. If the z-vertex of the event is slightly moved
to the positive or negative side, not all particles can be detected by the first layer
of the ITS anymore which results in the low multiplicity tail.

This effect is also observed in figure 4.2. Here the z-vertex is shown on the x-axis
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Figure 4.1.: Multiplicity distribution of hybrid tracks Nhybrid on the x-axis and tracks
which passes the basic selection Nbasic on the y-axis. Without a z-vertex
cut (upper) and with |z-vertex| < 8 cm (lower).

and the number of particles which have at least three hits in the ITS on the y-axis.
The wings on the left and right side at z-vertex distances above 8 cm (indicated by
the red dashed lines) are a result of the small acceptance of the ITS as described
above. The tail at low multiplicities disappears if a cut on the z-vertex is applied.
This is shown in the lower plot of figure 4.1 where only events with |z-vertex| < 8
cm are used. For the following analysis this cut on the z-vertex of 8 cm is applied.
The additional cuts in the hybrid tracks, for example the requirements on the ITS,
clean the track distribution even more.

The two corresponding multiplicity distributions for the hybrid track cuts (red)
and the basic selection (black) are shown in figure 4.3. A shift of about 200 is visible
between the two distributions and in addition the distribution of the multiplicity
becomes narrower if the hybrid track cuts are applied.

For further investigations of the behavior of the ITS, the η − φ distribution of
the tracks are studied. In order to do this, only the tracks which passes the basic
selection and the additional requirement that there are at least 3 hits in the ITS in
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Figure 4.2.: Multiplicity distribution in dependence of the z-vertex position of the
event. Ntracks are all tracks which passed the basic track selection and
the requirement of at least three hits in the ITS. The red lines indicate
the cuts at ±8 cm which are applied to the z-vertex.

Figure 4.3.: Multiplicity distributions with the basic track selection (black) and hy-
brid track cuts (red). Only events with |z-vertex| < 8 cm are used.
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any of the six layers are used. In addition always one of the six layers of the ITS
is excluded. The resulting distributions are inefficiency plots of the layer which is
required to be without a hit. In the left panel of figure 4.4 layer 0 of the ITS is
excluded. The yellow region around φ = 130◦ is an inefficient region of this layer.
The same is observed for layer 1 which is shown in the right panel of figure 4.4.
In the case of perfect layers, there would be no entry in any of those distributions
because every layer would have a hit for every particle. Due to the inefficient region
around φ = 130◦ the hybrid tracks will be used in the following for the analysis
because complementary tracks were added to compensate the missing tracks. This
is studied in the following φ distribution.

Figure 4.4.: η-φ distribution of tracks which passed the basic cuts and have at least
three hits in the ITS. The three hits are not restricted to specific layers.
Layer 0 (left) or layer 1 (right) is excluded. In addition only events with
|z-vertex| < 2 cm are used.

Figure 4.5 shows the φ distributions for the different sets of cuts. The distribution
for the basic cuts is shown in black and the hybrid tracks in blue. In addition the two
different filter bits which corresponds to the hybrid track cuts are used separately.
The gap which is observed between φ = 120◦ and φ = 140◦ for the tracks which
passes filter bit 256 (red) is filled by the complementary tracks of filter bit 512
(green). This results in the relatively flat distribution of the hybrid tracks (blue).
The same effect of the missing particles around φ = 130◦ is shown above in figure
4.4, where an excess of tracks was observed in this region if layer 0 or 1 of the ITS
are excluded. The peak around φ = 130◦ for the basic selection might be a result
of some double counting of the tracks. A rejection of about 15% of the tracks by
applying the hybrid tracks cuts is observed.

As an additional check, three different runs were used for the investigations de-
scribed above where no significant differences between the runs were found regarding
the multiplicity or other parameters.

In the following analysis the hybrid track cuts are used. Because no selection of
cuts were done before the production of the TTrees, it is possible to easily change
the applied cuts for the jet analysis. In addition, only tracks with pT > 150 MeV/c
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Figure 4.5.: φ distribution of the tracks which fulfill the basic selection (black), the
hybrid track cuts (blue), filter bit 256 (red) and filter bit 512 (green).

are used as well as tracks with |η| < 0.9 and |DCA xy & z| < 0.5 cm. For the event
selection the requirement of |z-vertex| < 8 cm is used. Unless otherwise stated all
studies in section 5 and 6 are done with this selection of events and tracks. In the
next section the cuts which are applied to reject pileup events are presented.

4.3. Pileup rejection

In this section, the rejection of pileup events is presented which turned out to be
necessary at a later stage of the analysis. Therefore the studies presented in this
section are done with the data set used for the production of the mixed events, where
cuts on the edges of the multiplicity distribution were applied. This is explained in
more detail in section 5.3. All other cuts are the same as described above.

The collision of two lead nuclei is described by one event. The produced particles
of an event stream to the detectors where they are measured. During the readout
time of the detectors it is possible that one or more additional events take place
which are overlapping with the first event. The additional collisions are called pileup
events. The produced particles from pileup events are possibly assigned to the first
collision which leads to a mixture of the events.

One distinguishes same-bunch-crossing pileup events and out-of-bunch pileup [71].
In the first case two or more events take place in the same bunch crossing. The
collision points are separated in beam direction but they happen very close in time.
Lots of those pileup events are rejected by identifying the tracks which point to
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the different interaction vertices. However, if two or more collisions take place very
close to each other with a very small vertex separation, they can not be distinguished
which leads to an increase in the multiplicity. Out of bunch pileup events are from
collisions of different bunch crossings. They are separated in time which leads to a
spatial shift between the measured tracks as they are produced at different times.
Depending on the readout time the detectors are differently affected by the pileup
events.

Figure 4.6.: Number of TOF hits (upper left panel), online TRD tracklets (lower
left panel), V0A (upper right panel) and V0C (lower right panel) hits
in dependence of the charged particle multiplicity for the hybrid track
cuts Nhybrid. All events above the red line are rejected to reduce the
contribution of pileup events.

Remaining pileup events can be identified by comparing the number of TOF hits,
TRD tracklets or V0 hits with the TPC reconstructed track multiplicity. Due to the
faster readout time of the TOF (0.5 µs) and TRD (1 µs) detector in comparison to
the TPC (100 µs), particles from pileup events can be identified by comparing the
multiplicities measured in the different detectors. In figure 4.6 the number of TOF
hits (upper left), online TRD tracklets (lower left), the V0A (upper right) and V0C
(lower right) hits in dependence of the multiplicity are shown. The charged particle
multiplicity Nhybrid is the number of tracks which passes the hybrid track selection
which are based on ITS and TPC reconstructed tracks. In the upper left panel the
correlation between the TOF hits and the multiplicity is visible. In addition some
events have a large number of TOF hits while the hybrid track multiplicity stays the
same. These events are same bunch crossing pileup events. Due to a shift between
the vertices larger than the applied DCA cut of 0.5 cm, the tracks from the pileup
events are not or only partly within the hybrid tracks detected with the TPC. For
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distances smaller than the DCA cut, no distinction between the events would be
possible. The pileup events are observed on the right side too, where the V0A and
V0C signal is shown in dependence of the hybrid track multiplicity. The pileup is
visible for the TOF and V0 detectors as no restriction on the DCA of the tracks to
the primary vertex are applied for the particles measured in these detectors.

A small increase of the online TRD tracklets at lower multiplicities Nhybrid is
observed too in figure 4.6 (lower left). However, for the online TRD tracklets a con-
nection to the vertex is required and thus the tracks from pileup are not completely
visible.

Further investigations on pileup could be done by varying the DCA cut and study-
ing the behavior of the multiplicity.

In order to reject the pileup events, a two-dimensional cut is applied. As indicated
in the upper left panel all events with TOF hits above the red line are rejected. The
results of this cut are shown in figure 4.7. All events from pileup which lead to
an increase of the TOF multiplicity are rejected. In addition most of the V0A and
V0C entries of pileup events are discarded by the cut on the TOF multiplicity. For
the online TRD tracklets the effect of the cut is smaller due to reasons described
above. As there are still some pileup events in the TRD, V0A and V0C distributions
additional cuts are applied, as indicated by the red lines, in order to reject the
remaining pileup.

All additional cuts as described above to reject pileup events are applied for the
results presented in section 7. For the systematic studies as presented in 6 they are
not applied unless otherwise stated.
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Figure 4.7.: Number of TOF hits (upper left panel), online TRD tracklets (lower
left panel), V0A (upper right panel) and V0C (lower right panel) hits
in dependence of the charged particle multiplicity for the hybrid track
cuts Nhybrid after the cut on the TOF hits as shown in figure 4.6 was
applied. In addition all events above the red lines will be rejected to
reduce the remaining contribution of pileup events.
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5. Analysis strategy

In this chapter the analysis strategy for the jet measurement in heavy-ion collisions
at ALICE is presented. The focus is on the production of the mixed events which will
be used for the description of the uncorrelated background in the jet measurement.
In the first section the general setup for the jet reconstruction is described 5.1
followed by the event plane reconstruction 5.2 which is necessary for the further
proceedings.

After that the main idea of the analysis follows by the introduction of the mixed
events. The mixed events will be used as a new approach for the estimation of the
uncorrelated background as a solution to carry out jet measurements down to low
pT as presented in [45]. It enables jet measurements without high pT cuts on the
reconstructed objects. In section 5.3 the general production of the mixed events is
described. The used strategies to obtain a mixed event which gives a reasonable
description of the uncorrelated background in the real data are presented in 5.3.1.
Different modifications and systematic studies of the mixed event are shown in the
next section 6.

5.1. Jet reconstruction setup

In this section the setup which is applied for the reconstruction of the jets, is de-
scribed. The FastJet software package [44] as introduced in section 2.3.1 is used for
the analysis. A charged particle jet reconstruction is carried out where the anti-kT
algorithm is used for the jet reconstruction and the kT algorithm for the estimation
of the background. This is described later in more detail. The distance measures of
the two algorithms are given in equation2.8 and 2.9. As input for the clustering a
PseudoJet vector, which in principle is a Lorentz vector, is used. The momentum
components of the particles (px, py, pz) and their energy is used. The energy is cal-
culated with the mass of the pions [76] because they represent the largest fraction of
produced particles. However, this results in a systematic uncertainty. To avoid this,
a particle identification (PID) should be performed which is possible at ALICE. In
particular the relevant information for the PID are already stored in the TTrees.
The particles or fractions of jets before the full jet is found are called PseudoJet ob-
jects in the FastJet package [44]. All particles which passes the selections described
in chapter 4.2 are used for the jet reconstruction.

The jet radius R is given in equation 5.1 and is set to R = 0.3 as default value of
intermediate size [10].

R =
√

(∆φ)2 + (∆η)2 (5.1)

It is calculated from the extension in φ and η direction. However, in the FastJet
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package the rapidity y is used, as described in section 2.3.1, and thus the PID as
described above would be necessary. In the following the unit of the jet radius is set
to one. Different variations of the jet radius are presented in section 7.2.1.

For the clustering the standard recombination scheme (E−scheme) is used where
the 4-vectors of the particles are added. To guarantee that the whole jet is within
the detector acceptance a fiducial cut is used in the analysis. Only jets which are
within |η| < 0.9−R are accepted and all jets which are (partly) outside this region
are rejected. For the area estimation an active area is used, where ghost particles
with a ghost particle area of 0.01 are distributed over the acceptance, as described in
section 2.3.1. Although the jet area has the unit sr, it is set to one in the following.

In addition, any object which is reconstructed with the anti-kT algorithm is called
a “jet”, although lots of the reconstructed objects are only combinatorial background
and no true jets.

Figure 5.1.: Event display of reconstructed charged jets in η-φ. One event of the 2018
Pb+Pb data set at

√
sNN = 5.02 TeV with 0-10% centrality was used.

The jets are reconstructed with the anti-kT algorithm with R = 0.3.
The tracks are shown with filled circles and the ghost particles with
open circles. Tracks and ghost particles of one jet are represented by
the same color. The “x” indicates the centroid of the reconstructed jet.
The acceptance of |η| < 0.9 is shown and in addition the fiducial cut at
|η| < 0.6 is represented by the red shaded region.

In figure 5.1 an event display of the reconstructed jets within one event of the
2018 Pb+Pb data set at

√
sNN = 5.02 TeV with 0-10% centrality is shown. For the

reconstruction the anti-kT algorithm with R = 0.3 is used. The reconstructed jets
are shown in the η-φ plane. The constituents of each jet are depicted in a different
color, where the filled circles are the charged tracks and the open circles are the ghost
particles. The centroid of each jet is represented by the “x”. The full acceptance in
η and φ is shown and in addition the applied fiducial cut is represented by the red
shaded region.

In total 41 jet candidates are reconstructed in the event shown in figure 5.1.
However, lots of the reconstructed objects have a small area and jet pT and are
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expected to be combinatorial background. In order to reject these objects, which
contain only few particles an area cut is applied. For the jet radius of R = 0.3 only
jets with areas larger than 0.2 are accepted. The area distribution will be shown in
section 6.3. With the described setup for the jet finding on average 40 objects are
reconstructed within one event. Roughly one half of these objects are discarded after
the area cut was applied but there are still large contributions from uncorrelated
background.

Figure 5.2.: Reconstructed jet distribution of a subset of 10% of the full data set.
The anti-kT algorithm was used with R = 0.3 and the setup described
above. In the left panel the raw jet prawT,jet is shown. In the right panel the
reconstructed jet precoT,jet is shown where the event-to-event background
energy density ρ times Ajet was subtracted. Both distributions are nor-
malized by the number of used event Nevents.

A resulting raw jet distribution for a subset of the full data set is shown in the left
panel of figure 5.2. The jet reconstruction setup with R = 0.3 as described above
was used. However, in the jet reconstruction lots of underlying particles which do
not correspond to the real jet energy are used. This background can be reduced on
an event-by-event basis.

For the calculation of the event-to-event background energy density ρ, given by
equation 2.10, the kT algorithm is used for the reconstruction with a radius of
Rbckg = 0.3. Some reconstructed jets with the largest energy are removed in the
ρ estimation. As default value three jets are removed to carry out the background
estimation without true jets. For the mixed events zero jets will be removed later,
as no real jets are expected. Variations of these values are shown in 6.3.1. The
event-to-event background energy density ρ is described in the following with the
explicit unit of GeV/(c sr), following the convention used in [45].

The resulting jet distribution, where the event-to-event background energy den-
sity scaled with the jet area was subtracted, is shown in the right panel of figure 5.2.
On the x-axis precoT,jet is shown which is given by equation 2.11. After the background
subtraction the jet distribution gets narrower and has a maximum at precoT,jet = 0
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GeV/c. As expected, the jet distribution is broader due to the background fluctu-
ations, before the subtraction of the event-to-event background energy density was
done. In addition, entries at negative precoT,jet are observed after the subtraction of
ρAjet, which arise due to background fluctuations. Only an average value of the
event-to-event background energy density is subtracted for each event. However,
local fluctuations of this value lead to negative reconstructed jet energies. The fluc-
tuations in the background energy density are described by δpT given by equation
5.2. It is the difference between the reconstructed and the true jet pT.

δpT = precoT,jet − ptrueT (5.2)

The fluctuations can be calculated by the embedding of true jets, for example
generated with PYTHIA, into the real events. After the reconstruction the jets are
matched to the true jets. The difference between the reconstructed jets with the
embedded true jet and the true jet energy results in δpT. The embedding procedure
is described in more detail later in section 8.3, where the corrections of the raw jet
distributions are discussed.

Figure 5.3.: Probability distribution of δpT where one track with peT = 10 GeV/c is
embedded into the events.

An example of a resulting δpT distribution is shown in figure 5.3. In this example
only one track with pT = 10 GeV/c was embedded into the events, which represents
ptrueT . After the jet reconstruction the track is located within the constituents of the
jets in order to do the matching.

Only entries at δpT = 0 GeV/c would be visible if no fluctuations of ρ within the
events exist. However, only an average value of the background energy density is
estimated and subtracted from the raw jet pT. Thus the resulting δpT distribution
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has a finite width. In the extreme case fluctuations of almost ±40 GeV/c are
observed. For comparison, the δpT distribution is fitted with a Gaussian function,
where a mean value of 0.5 GeV/c and a width of 8.6 GeV/c is obtained. The
distribution is not exactly centered around δpT = 0 GeV/c, as more entries are
observed at positive δpT.

In the following the inclusive jet distribution, where no further cuts or constraints
are used and all objects which are reconstructed with the setup described above
are accepted, is studied. In addition the quasi-inclusive jet distribution is studied
where a small bias is applied to the jets. The leading track of the jets is required
to have a pT above some certain threshold pmin

T . Different values of pmin
T are used

in order to find the pT region where the small bias is negligible. The idea of quasi-
inclusive distributions with a small bias in comparison to the concept of inclusive jet
distributions is discussed in more detail in chapter 7. In addition to the inclusive jet
distributions the h-jet distribution is studied, where a trigger hadron with pT > ptrigT

is required and the recoiling jet distribution is used. This semi-inclusive distribution
was already used in the jet analysis in [45] and will be described in more detail in
section 7.3.

In the next section the event plane reconstruction is presented followed by the
mixed events which are introduced as solution to reject the reconstructed objects
of the large uncorrelated background. The procedure of the creation of the mixed
events as well as several properties are presented.

5.2. Event Plane reconstruction

In this section the event plane reconstruction is described which is a necessary step
for the production of the mixed events. In order to do the mixing of the events
properly, only events with similar event plane angles are used for one mixed event.
A detailed description of the mixed event production is described in the next section
5.3.

The event plane angle Ψ2 is calculated following the description in [20] where
equation 5.3 is proposed. The anisotropic flow as described in section 1.3 is used in
this approach for the calculation of the event plane. For our estimation the elliptic
flow is used and thus the second harmonic with n = 2.

Ψn =

(
tan−1

∑
iwicos(nφi)∑
iwisin(nφi)

)/
n (5.3)

In the calculation the transverse momentum of particle i is used for the weight
wi and φi is the azimuthal angle of the particle. Only particles with pT < 3 GeV/c
are used for the event plane estimation in order to exclude high pT particles from
jets which would bias the calculation. In addition Ψ2 is calculated for positive and
negative pseudo-rapidity 0.1 < |η| < 0.9 separately and merged afterwards.

The plots in figure 5.4 depict the calculated event plane angle for the full (red),
positive (green) and negative (blue) pseudo-rapidity. In the left plot the uncorrected
event plane distribution is depicted. Large differences between negative and positive
Ψ2 of 30% are visible and thus it is necessary to correct the event plane distribution,
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Figure 5.4.: Event plane angle Ψ2 over the full acceptance (Ψ2 full) and for posi-
tive (green) and negative (blue) η without corrections (left) and after
recentering (right).

where different methods are possible. The correction is done because a flat distri-
bution of the event plane angles are expected as no orientation of the event plane
should be favoured. Instrumental effects as broken sections in the detector could be
the reason for non-uniform distributions of the event plane angle.

The right plot in Figure 5.4 shows the event plane after the application of the
recentering method as used in [19]. For this correction the Q-vector components
Qx =

∑
iwicos(2φi) and Qy =

∑
iwisin(2φi) are stored for the uncorrected event

plane, for positive and negative η separately. The distributions should be centered
around zero in the case of a perfect detector. In case of any deviation, for example a
gap at one side of the detector, the distribution is slightly shifted. For the correction
this deviation from zero, the mean value of Qx and Qy, are subtracted from every
Q-vector in the calculation of the event plane. As shown in the right plot in figure
5.4, the result is an almost flat event plane distribution. The used Qx and Qy

distributions and the mean values are shown in the appendix A.1.
An inverse φ weight can be used as a different method for the correction [19].

An additional weight is applied which is extracted from the φ distribution of the
tracks. Each track which is used in the sum to calculate the Q-vectors is weighted
by the inverse of the bin content of the φ distribution for the current φ of the track.
This method produced a similar result as obtained by recentering. The results for
a subset of the data is shown in the appendix A.2. In the following the correction
with recentering is used in the analysis.

Due to the finite number of particles which are used in the event plane calculation
the resulting event plane angle has a limited resolution [20]. In figure 5.5 the event
plane for the positive and negative pseudo-rapidity range is depicted where the
correlation between the two values is visible. The event plane resolution can be
calculated by using the difference Ψη>0 − Ψη<0 [20]. In figure 5.6 the resulting
distribution of Ψη>0−Ψη<0 is shown. A fit of a Gaussian function is used to estimate
the width of the distribution. A value of σ = 18◦ was found which is divided by a
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Figure 5.5.: Correlation of the event plane angle Ψ2 between positive (y-axis) and
negative (x-axis) η.

Figure 5.6.: Distribution of the probability per event of the difference Ψη>0 − Ψη<0

and a fit of a Gaussian function (red) with a width of σ = 18◦.
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factor
√

2 in order to avoid the double counting and get the resolution of the full
event plane. A result of ∆Ψ2 = 12.73◦ is obtained for the resolution of the full event
plane. As described later in section 5.3 only events with similar event plane angles
are used for the mixed event, where a classification of the events into event plane
bins is done. A limit of this binning is represented by the event plane resolution.

As already mentioned in the introduction in section 2.2 the elliptic flow has great
impact on the background of jet measurements. Particle correlations due to the
anisotropic distribution of tracks have to be eliminated in jet correlation measure-
ments. The description of the uncorrelated background by the mixed events, which
consists mainly of particles from the bulk, is influenced by the elliptic flow too. This
effect is studied in more detail in section 6.4.1. In the next section the introduction
of the mixed event production follows.

5.3. Event mixing

The general concept of mixed events for the description of uncorrelated background
was already used successfully in several measurements. They are useful in correla-
tion measurements of observables where a large background arises due to the false
combination of uncorrelated objects within one event. This background can be es-
timated by using mixed events where only uncorrelated objects are assigned. By
construction no true correlated objects can be found in the mixed events.

One example is the reconstruction of J/Ψ mesons from the e+e− decay channel
as performed in [77]. The reconstructed J/Ψ candidates from combinatorial back-
ground are rejected by using uncorrelated electrons and positrons from different
events, the mixed events. The obtained invariant mass distribution of the mixed
electron positron pairs is subtracted from the measured distribution in order to ob-
tain the signal of real correlated pairs. In [78] and [79] mixed events are used for
the search of event-by-event fluctuations of the mean transverse momentum of the
particles within an event. The distribution of the mean transverse momentum is
well described with the distribution obtained from mixed events. This implies that
a large contribution arises from statistical fluctuations and dynamical fluctuations
are much less significant.

In the jet analysis mixed events will be used as a new approach to get a descrip-
tion of the uncorrelated background in jet measurements. The aim is to perform
unbiased jet measurements without cuts on the reconstructed jet energy down to
low pT. In this section the production of the mixed events as well as some charac-
teristics are described. The general procedure follows the description in [45] where
the mixed events were successfully used in the semi-inclusive h-jet measurement. In
the following the real events are called same events (SE) to distinguish them from
the mixed events (ME).

The aim of the ME is to describe the uncorrelated background of reconstructed
jets. Thus all jet like correlations have to be destroyed. This is done by selecting
tracks from different real events and put them together to one ME. In particular
only one track is used from every event. This guarantees the destruction of all
correlations between the particles. The ME used in J/Ψ measurements as described
above, is produced by assigning uncorrelated e+e− pairs from different events. In
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comparison, the full event is mixed for the jet measurements because jets are large
objects in space. In addition jets are multi-particle objects with an unknown number
of particles. In order to describe the uncorrelated background jets the same jet
reconstruction is carried out for the ME as it is done for the SE described in section
5.1.

Figure 5.7.: Raw SE (black) and ME (blue) jet pT distributions with a 4 GeV/c bias
as function of precoT,jet = pjetT − ρA. The range for the normalization of ME
to SE is indicated by the shaded region. The ratio SE/ME is depicted
in the lower panel. For the ME production randomly selected events
and multiplicities were used.

As a first approach the SE and ME jet distributions are studied by producing the
ME simply out of random tracks from different events, without a deeper look at
the event properties. Figure 5.7 shows the resulting jet distribution. A biased jet
population is shown where the transverse momentum of the leading track pleadT of
the jets is required to be larger than 4 GeV/c in the SE and ME. The bias is just
a choice which was made. Different values and a detailed discussion of the quasi-
inclusive jet distribution follows in section 7.2. In this section the focus is only on
the production of the ME background jet population.

The SE jet distribution is depicted in black and the ME distribution in blue. The
shaded region indicates the normalization region which is used to normalize the ME
to the SE. The normalization is done only up to −5 GeV/c which is a choice where
less jets are expected. The region which is used for the normalization is studied later
in more detail 6.2. In addition both distributions are normalized to the number of
used events in the jet reconstruction Nevents. The jet yield is shown as function
of precoT,jet which is given by the raw jet pT where the background energy density ρ
scaled by the jet area Ajet was subtracted as shown in equation 2.11. An area cut

47



of Ajet > 0.2 was used.
In order to produce the ME, different randomly selected real events are used. For

the multiplicity of the ME a random value from the middle of the SE multiplicity
distribution was used. This random selection of the events for the mixing results
in a large discrepancy between the SE and the ME distribution at low precoT,jet. In
the low precoT,jet region at the left side tail a similar distribution of SE and ME is
expected because all reconstructed objects in the SE are expected to be uncorrelated
background. The yield of the ME is too low in this region while it exceeds the SE
distribution between −5 and 10 GeV/c.

The particle distribution in the SE is influenced due to the elliptic flow or the z-
vertex position of the event which are not considered in the ME. All those additional
effects of the events are destroyed by the mixing procedure if one random track is
used in the mixing without a further specification of the real events. Thus no
reasonable description of the uncorrelated background in the SE by the ME can be
obtained by using events of all classes in the mixing procedure and by no further
definition of the ME multiplicity. As a solution to improve the description of the
uncorrelated background in the SE by the ME, the event categorization as presented
in [45] is introduced in the following.

5.3.1. Event categorization

For the description of the uncorrelated background in the SE jet distribution by the
ME a realistic reproduction of the SE properties is required. Therefore the event
categorization for the mixing is introduced in this section. In [45] it is proposed
that one ME should be only created out of real events which are similar within the
centrality, the event plane and the z-vertex position. In the following an overview
of the basic rules to produce the ME is presented:

• The multiplicity of the ME is sampled from the SE multiplicity

• One random track is used from N real events to produce a ME with N tracks

Only real events which have the same topology are used for the mixing. For one
ME N events which are similar in the

• centrality (10 multiplicity bins within the 0-10% bin)

• event plane angle (10 event plane bins, each of 18◦)

• z-vertex position (4 z-vertex bins, each of 4 cm)

are used. In the following the mixing procedure is described in more detail.
In order to do the mixing only among events with equal properties, it is necessary

to classify all events and divide them into different categories before the mixing is
done. In total 400 different categories are used. Four classes of events are created
for the different z-vertex positions. Due to the strong z-vertex dependence of the
ITS, as described in section 4.2, only events with |z-vertex| < 8 cm are used and the
events are separated into four different z-vertex bins each of 4 cm. For the analysis
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only the 0-10% centrality class is used but an additional splitting of the events into
10 multiplicity bins is applied. The bin width is chosen such that all bins contain
the same number of events. The multiplicity bins are listed in table 5.1 and shown
in the next section in figure 5.8. The events with smaller multiplicities than 1800
or larger multiplicities than 2986 are discarded because they are only a very small
fraction of the total events as shown in figure 4.1. The last categorization depends
on the event plane, where 10 bins each of 18 degrees are used. The estimation of
the event plane was already described in section 5.2.

Table 5.1.: Multiplicity bins used for the production of the ME.

Bin 0 1 2 3 4 5 6 7 8 9

Mult.
1800- 1962- 2046- 2126- 2210- 2298- 2390- 2490- 2598- 2722-
1961 2045 2125 2209 2297 2389 2489 2597 2721 2986

For each of the 400 categories a new TTree is created, which contains the same
information regarding the track parameters as the original produced TTrees, but
only a certain class of events as described above. In addition, the calculated event
plane angle as well as histograms with the multiplicity and z-vertex distributions are
stored. The advantage of the splitting into the different TTrees is explained later in
this section.

In the following the categorized TTrees are used for the jet analysis. In a loop
over the events the categorized TTrees are opened one after the other such that
only events within the same class are loaded at the same time. For each event the
category in terms of z-vertex bin, event plane bin and multiplicity bin is determined.
In addition a sub bin can be obtained for each z-vertex and event plane bin which
will be described later. The event number is kept for the appropriate category in
a multidimensional vector. As soon as more events of one category than the upper
edge of the corresponding multiplicity bin are loaded, the mixing starts.

A loop over all events of the current category starts again which is possible because
the event numbers are saved before. The cuts on the tracks as described in 4.2 are
applied and the remaining tracks of the events are stored in a TLorentzVector. After
that a random multiplicity is selected from the SE multiplicity distribution. As input
for the sampling of the multiplicity, histograms of the SE multiplicity distribution
for all 400 categories are used. As the multiplicity, event plane and z-vertex bin was
determined before, the appropriate histogram can be selected. The mixing starts
and one random track is taken from every event until the desired number is reached.
With this procedure all jet correlations between the particles are destroyed and
only uncorrelated tracks are left by construction which can be used to describe the
uncorrelated background. The mixed tracks are stored in a PseudoJet vector which
is used as input for the jet reconstruction with FastJet as described in section 5.1.

The jet reconstruction in the ME is done with the same setup as the reconstruction
in the SE which is described in section 2.3.1 and 5.1. The only difference between
SE and ME is the choice of removed jets for the ρ calculation. While for the SE
some jets with the largest energy are removed, to ensure no real jet goes into the
background calculation, no jet is removed for the ME. By construction all jets which
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are reconstructed with the anti-kT algorithm are uncorrelated background jets in the
ME but further studies are presented in 6.3.

There are three different possibilities how many ME can be produced from the
SE. In the following it is assumed that enough events of one category (upper edge
of the multiplicity bin) are loaded into the buffer. For example 1961 are enough for
the first multiplicity bin to start the mixing. In a first approach only one single ME
is produced because only one track is used from each event and the other tracks are
discarded. This would always result in much more SE (1961 events) than ME (only
1 event) in each mixing procedure. Alternatively each used track could be removed
from the events as soon as it was used in one ME. This guarantees again that each
track is only used once in all ME and would reproduce an amount of ME given by
the lower edge of the multiplicity bin (1800 events) in comparison to the upper edge
for the SE (1961 events). However, this method requires more computational effort.

In addition it is possible to produce an arbitrary number of ME out of the 1961
SE by using the events several times without removing the tracks. We repeat the
mixing procedure N times, where N is the average of the multiplicity bin (N = 1880
in the example of bin 0). The usage of the average of the multiplicity bin is one
choice and other values are possible too. Some tracks might be used twice, but on a
statistical level the ME are unique with this procedure. After the N iterations the
used events for the mixing are discarded and the loop over the same events continues.
The mixing starts again as soon as there are enough events of one category in the
buffer. While waiting for enough events to do the mixing, the SE jet reconstruction
is ongoing for each event.

Since the mixing should be done only among events which are within the same
class, one has to ensure that enough SE of the different classes are provided. Due
to technical limitations the splitting of the TTrees into the different categories was
necessary because the size of all root files, which contain the events, is about 2.5
TB. Therefore not all events can be loaded into the memory at the same time.
Alternatively one could jump on the disc from event to event, depending on which
one is needed for the mixing. However this procedure makes the process of creating
the mixed events very slow. As solution the TTrees are separated into the different
categories. With the classified TTrees the events are read in category by category
because they are ordered, which enables an earlier mixing and thus prevents the
loading of too many events at the same time.

At the end, the ME jet pT distribution as well as distributions of other properties
as ρ are normalized to the corresponding SE distribution by their integrals. This
is done for each category to ensure that there arises no differences due to different
amounts of SE and ME in the different classes. After that the histograms can be
merged for the different categories to obtain the full distribution.

In the next section the multiplicity and track distribution of the ME is studied in
more detail before the resulting jet distributions of the SE and ME with the event
categorization follow.
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5.3.2. Multiplicity and track distribution of the mixed events

For further comparison of the SE and ME their charged particle multiplicity and
track distributions are studied. Because the multiplicities for the ME are sampled
from the SE multiplicity distribution the same distribution is obtained as shown in
figure 5.8. The SE multiplicity distribution is depicted in blue (circles) and the ME
distribution in red. The dashed lines represent the edges of the different multiplicity
bins listed in table 5.1.

Figure 5.8.: Multiplicity distribution of SE (blue points) and ME (red) of the data
which was divided into the 400 categories. The black dashed lines indi-
cate the 10 multiplicity bins used for the mixing.

By producing exactly the same multiplicities in the ME distribution it is ensured
that no differences in the resulting jet energy distributions between ME and SE
arises due to different multiplicities. The only difference between SE and ME which
should be produced by the construction is the destruction of the jet correlations. For
the sampling separate input histograms of the SE multiplicity distribution for each
of the 400 categories are used. This is necessary because the multiplicity distribution
of the different multiplicity bins depends on the current z-vertex and event plane bin
too. Without this separation small differences between the SE and ME multiplicities
were observed.

For the event plane this exact reproduction of the SE distribution with the ME
is not possible. With a known event plane angle the tracks for the ME can not be
distributed in an explicit way corresponding to the given angle. Only events with
similar event plane angles can be used within the mixing to reproduce at least a
ME which is close to the real events regarding the event plane. In addition, the
limiting event plane resolution prevents an exact reproduction of the SE event plane
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this thesis

Figure 5.9.: η−φ distribution of charged tracks for SE (upper panel) and ME (middle
panel) and projections to the x-axis (lower panel) for SE (blue points)
and ME (red).
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angle. The event plane dependence of the ME and the resulting description of the
background in SE is studied in more detail in section 6.4.1.

In addition all acceptance effects from real data are reproduced in the mixed
events. Figure 5.9 shows the η − φ distribution for the SE (upper panel) and ME
(middle panel) and the φ projections for SE and ME (lower panel). Both distri-
butions for SE and ME are in a perfect agreement. Despite the coincidence of the
distributions for all events, there may still be differences in the SE and ME apart
from the jet correlations on an event-by-event basis. The classifications into event
plane, multiplicity and z-vertex bins might not be enough in order to do the mix-
ing only among similar events. The dependence on the used bins for the mixing is
studied in more detail in section 6.4. It will turn out later, that additional bins for
the mixing regarding the pT fluctuations of the same events are necessary. A further
binning of the events into equal sums of all transverse momenta of the tracks in the
SE will be introduced later in section 6.6.

Additional other correlations in the SE are destroyed in the mixing procedure.
For example all decay particles of resonances, as the ∆ resonance, are correlated
objects. In addition to the elliptic flow v2 there exist correlations due to the other
flow coefficients vn. They might be the reason for some remaining differences between
the SE and ME.

In addition other approaches exist for the production of mixed events. For example
the η and φ values of real tracks from the SE could be kept for the ME and only
the track pT could be mixed. This would be a solution for the track distribution
on an event-by-event basis but the problem of the event plane reproduction is not
fully solved. As given in equation 5.3 the event plane angle is calculated with a pT
weight of the tracks and thus it depends on the pT distribution too. There is no
clear solution how to distribute the energy of the tracks. In addition the results
might have some remaining jet correlations which are destroyed if only one particle
per event is used in the mixing as described above.

5.3.3. Same and mixed event jet distribution

The resulting jet distributions of the SE and ME with the event categorization
described above are shown in figure 5.10. Again the quasi-inclusive jet distribution
with all jets with a leading track pT above 4 GeV/c are presented. The setup for
the jet and background reconstruction as described in 5.1 is used where three jets
with the largest energy are removed in the SE ρ calculation and zero in the ME.
The used data set is a subset of 10% of the full statistics with one multiplicity bin
(bin 0: 1800-1962) and all event plane and z-vertex bins.

A clear improvement of the SE (black) description by the ME (blue) is found in
comparison to the ME without the event categorization which was shown in figure
5.7. The distributions are again normalized to the number of used events Nevents

and in addition the ME is normalized to the SE within the shaded region up to −5
GeV/c. As expected the description of the SE by the ME at negative precoT,jet improves
if the categories are used in the mixing. In the lower panel the ratio SE/ME is
almost one for negative precoT,jet. At positive precoT,jet the ratio SE/ME grows as expected,
since the uncorrelated background becomes smaller with larger jet pT.
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The good description of the SE by the ME implies that the features of the SE, as
the event plane orientation or the z-vertex position could be reproduced by mixing
only events within the same category. It becomes obvious that the reconstructed
jet population depends on the event plane, the multiplicity and the z-vertex of the
events. All those features are missing in the ME if random events are used for
the mixing because all particle correlations for example from flow are destroyed.
With the categorization into 400 different classes a very good description of the
uncorrelated background in the SE can be obtained.

In the next section systematic variations to study the behavior of the description
of the uncorrelated background by the ME are presented. Different properties of
the SE and ME and their jet distributions are studied.

Figure 5.10.: Raw SE (black) and ME (blue) jet pT distributions with a 4 GeV/c
bias as function of precoT,jet = pjetT − ρA. The range for the normalization
of ME to SE is indicated by the shaded region. The ratio SE/ME is
depicted in the lower panel. For the ME production only events within
the same category (multiplicity bin 0, event plane bin 0 and z-vertex
bin 0) are mixed.
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6. Systematic studies of the mixed
events

In this section different systematic studies of the ME are presented. The systematic
studies are done with a subset of 10% of our full data set with 40 out of the 400
categories, where the exact selection depends on the particular study.

While the focus in this section is on the quasi-inclusive jet distribution with a
4 GeV/c bias, the studies were performed for the inclusive and h-jet distributions
too. Similar solutions regarding the systematic studies were found in all cases. For
the biased jet distribution all jets in the SE and ME which are reconstructed with
the anti-kT algorithm are used with the requirement that they have at least one
constituent with pT > 4 GeV/c.

The modifications are done in order to study the mixed event behavior and sta-
bility and to find the best description of the uncorrelated background in the SE.
To ensure no objects from real jets are included in the ME a splitting of the high
momentum tracks in the ME is introduced 6.1. In section 6.2 different normalization
regions for the ME are used in order to study the description of the uncorrelated
background in the SE. In addition the area and ρ distributions are analysed in sec-
tion 6.3 where variations of the hardest jets which are removed for the ρ calculation
in the SE and ME are presented 6.3.1. In 6.4 different studies concerning the classes
for the production of the mixed events were done, where smaller event plane and
z-vertex bins are used. In particular the event plane dependence is studied in 6.4.1
as correlations from flow are expected to have a great impact on the uncorrelated
background description by mixed events. A run dependent observation in the inclu-
sive jet distribution is reported in section 6.5. In the last section 6.6 an observation
of the pT fluctuations in the SE and ME as well as the introduction of an additional
binning for the mixing is described.

6.1. Splitting of high momentum tracks in the mixed
event

To described the fully uncorrelated background with the ME it is necessary to ensure
a ME production without major fractions from real jets. Because only one random
track is used from each real event to produce a ME no real jet correlations are
present in the ME. But it is still possible to reconstruct a true jet which is driven by
one high pT particle if this particle is selected for the ME. The reconstructed object
in the ME would have nearly the same energy as the true jet. This was already
observed in figure 5.10, where lots of entries in the ME distribution at large jet pT
above 70 GeV/c are visible. In this high pT regime we expect the reconstructed jets
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to be true jets. These high pT objects in the ME are the reason for the introduction
of the splitting of the leading tracks in ME as presented in the following.

Figure 6.1.: Distribution used for the splitting of the high momentum tracks in the
ME.

In order to do this all tracks with momenta |p| above some certain threshold are
divided into N collinear tracks with smaller momenta. The η − φ position of the
original track is not modified and stays the same for all tracks. The momenta of
the divided tracks are sampled from a Levy function [80] as shown in figure 6.1,
until the original momentum of the initial particle is reached. The last track simply
gets the remaining energy to guarantee that the initial energy is not modified. The
Levy function was used in [80] to described the invariant yields of pions and protons
between 0.3 and 10 GeV/c measured in p+p and d+Au collisions. It is defined in
equation 6.1 with T = 0.3, n = 4, B = 1, m0 = 0.3 and mT =

√
p2T +m2

0.

f(|p|) = |p| · B

(1 + (mT−m0

n·T ))n
(6.1)

Only one of the new tracks can participate in a single ME because only one track
from each event is kept. With this splitting of the high momentum particles no high
pT objects from real jets which result in partly true reconstructed jet energies are
left.

In QCD there is no difference between a jet driven by one high momentum track
or the same jet with multiple collinear particles with lower momenta. A sketch
is shown in figure 6.2 where one jet with a single high pT particle (left) and the
same jet with multiple lower pT particles (right) which point in the same direction
is depicted. As long as the total jet energy and the direction of the particles stays
the same, the two jets can not be distinguished and are equal objects. The only
change which is introduced by the splitting is a change in the multiplicity of the
event which is slightly enhanced. As the multiplicity of the ME is sampled from the
SE multiplicity distribution this does not change the multiplicity distribution of the
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Figure 6.2.: Sketch of a jet with one high pT particle (left) and with multiple lower
pT particles (right). As long as the jet energy and the direction of the
particles is the same, there is no difference between the two cases.

ME. In addition all divided tracks get different momenta and thus it is not possible
that some particles being taken twice which would be the case if the original track
is divided into N equal tracks.

The impact of this splitting on the jet spectra is shown in figure 6.3. The same
subset of 10 % of the whole data set was used as for the jet distribution in figure
5.10. In addition, the same setup for the jet reconstruction was used to get a
reasonable comparison. Again all reconstructed jets with a leading track with pleadT >
4 GeV/c are accepted and this bias is applied to the SE and ME jet population.
The plot shows the reconstructed jet distribution for SE (black) and ME with (red)
and without (blue) the splitting as function of precoT,jet. The shaded region is the
normalization region. It is used to normalize the ME to the SE distribution in the
region where no true jets are expected. This is studied in more detail in section 6.2.
In addition the normalization to the number of events Nevents was applied.

All tracks in the ME (red) with |p| > 10 GeV/c are split into tracks with smaller
momenta between 0.15 and 3 GeV/c in the way described above. In the resulting
distribution all high pT objects in the ME are rejected and the ratio SE/ME grows
for precoT,jet > 0 GeV/c. In comparison lots of entries in the ME (blue) distribution at
large jet pT above 50 GeV/c are visible before the splitting of high momentum tracks
was applied. At the left side of the distribution below precoT,jet = 0 GeV/c no large
differences between the ME with and without the splitting are visible. A very good
description of the uncorrelated background in the SE is obtained between −15 and
0 GeV/c where the ratio SE/ME is one. Small deviations of 2-3 sigma are observed
below precoT,jet = −15 GeV/c where in addition the jet yield has already fallen by three
orders of magnitude below a jet precoT,jet of −20 GeV/c in comparison to the peak.

For further studies, the threshold of the splitting is varied. In order to get a
better comparison between the different jet populations, the correlated jet distri-
bution is studied in the following. Figure 6.4 shows the correlated jet distribution,
where the ME was subtracted from the SE, without the applied splitting of the high
momentum tracks (blue), with a 10 GeV/c threshold (black) and for comparison
a threshold of 15 GeV/c (red) was used. In both cases the splitting into tracks
with momenta between 0.15 and 3 GeV/c was performed. Only small differences
between the three curves are visible. The signal is slightly larger if the 10 GeV/c
threshold was used in comparison to the 15 GeV/c threshold or no splitting. This
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Figure 6.3.: Raw SE (black) and ME jet precoT,jet distributions with pleadT > 4 GeV/c.
The range for the normalization of ME to SE is indicated by the shaded
region. The ME distribution is shown without (blue) and with (red)
the splitting of the high momentum tracks with |p| > 10 GeV/c. The
ratios SE/ME are depicted in the lower panels.

Figure 6.4.: Raw correlated quasi-inclusive jet distribution (SE-ME) with a bias of
pleadT > 4 GeV/c. The ME without momentum splitting (blue) and
with momentum splitting with 15 GeV/c threshold (red) and 10 GeV/c
threshold (black) was used. The distributions are normalized to the
number of events Nevents.
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was expected since reconstructed objects from high pT particles are removed and the
reconstructed jet population in the ME is slightly reduced which results in a larger
SE-ME distribution. In all three cases a very good description of the uncorrelated
background in the SE by the ME distribution is observed. Almost no deviations
from zero are visible at the left side at low jet pT. The small yield at negative precoT,jet

arises due to background fluctuations and is expected as shown in section 5.1.
However, the main difference between the ME with and without the high mo-

mentum splitting of leading tracks is the rejection of the high pT objects in the ME
which was the aim of this procedure. In the following the high momentum splitting
for the ME is always applied with a 10 GeV/c threshold unless otherwise stated.

More studies can be done by using other thresholds for the splitting or by varying
the momentum range of the divided tracks. In addition, the function given by
equation 6.1 describes only one choice to distribute the tracks for the splitting.
Other functions as input could be used for some further studies of the splitting of
high momentum tracks in the ME.

6.2. Normalization

As already mentioned in 5.3, the ME distributions are normalized to the SE dis-
tributions within each category by their integrals over the full range. This is done
for each event category to ensure no differences arise due to different amounts of
same and mixed events. Thus the integrals of the SE and ME distributions are in
agreement. Since there are no entries in the ME at high precoT,jet the yield at low jet
precoT,jet is larger as for the SE. In order to use the ME distribution for the subtraction
of the uncorrelated background in the SE, it is necessary to perform an additional
normalization within the region where only uncorrelated background is expected.
In the previous section the jet precoT,jet distributions for SE and ME are presented with
an additional normalization of the ME to the SE in the region from the left side of
the distribution up to −5 GeV/c.

In this section different normalization regions are studied. Since the ME should
be normalized to the SE only within the region where all reconstructed objects are
uncorrelated background a normalization at negative precoT,jet is not possible. As shown
in section 5.1 background fluctuations might lead to jet correlations at precoT,jet < 0
GeV/c. In the case of a 4 GeV/c biased jet distribution only jets with precoT,jet > 4
GeV/c are candidates for true correlated jets however deviations due to background
fluctuations are possible. As presented in [45] variations of the normalization region
should be done in order to find the most appropriate region which is identified by the
left most normalization region which can be used in order to obtain a flat SE/ME
ratio at unity. The additional scaling factor which is applied to the ME is labeled
with fME.

For this study the SE and ME jet distributions with a 4 GeV/c leading track cut
are used as shown in figure 6.3 where the splitting of all tracks in the ME above 10
GeV/c was applied.

The ratio of the SE and ME jet distribution as function of precoT,jet for different
normalization regions is depicted in figure 6.5. The ratio SE/ME where only an ab-
solute normalization of the ME to the SE jet distribution was performed is depicted
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in green. In this case a large deviation from unity is observed at precoT,jet < 0 GeV/c,
where the ME should describe the uncorrelated background in the SE. As expected,
the yield of the ME distribution is larger than the yield of the SE distribution at
low jet pT which results in a ratio SE/ME < 1.

Figure 6.5.: Ratio of the SE and ME raw jet distributions with a 4 GeV/c bias. The
setup for the jet reconstruction is the same as for figure 6.3. Different
normalization regions are used to normalize the ME to the SE distri-
bution with a lower value of −35 GeV/c and −5 GeV/c (black), −10
GeV/c (red) and −15 GeV/c (blue) as upper value. In addition only
the absolute normalization was done (green).

In addition, the results for normalization regions from −35 GeV/c up to −15
GeV/c (blue), −10 GeV/c (red) and −5 GeV/c (black) are presented. An improve-
ment of the description of the uncorrelated background by the ME is observed if an
additional normalization is done and the SE/ME ratio gets closer to one if a larger
region is used. While still a large difference in the ratios is observed between −15
GeV/c and −10 GeV/c as an upper edge for the normalization, the improvement
becomes smaller if −5 GeV/c is used. However, between −13 and −2 GeV/c the
ratio is almost equal to one if the ME is normalized to the SE up to −5 GeV/c,
while a deviation of 5% is observed for −10 GeV/c as upper edge.

The integrals of the SE and ME raw jet distributions, after the normalization, are
listed in table 6.1. In addition the scaling factor fME is shown which was used to
normalize the ME to the SE distribution. The scaling factor becomes smaller for
larger normalization regions which results in a smaller integral of the ME after the
scaling. The discrepancy between the integrals of the SE and ME gets larger with
larger normalization regions. By increasing the region by 5 GeV/c the integral of
the ME decreases by 0.04. Differences between the SE and ME integrals of 12% to
25% depending on the normalization region are observed.

As the best description of the uncorrelated background in the SE by the ME is
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obtained by a normalization region up to -5 GeV/c this is used as default value in
the following.

Table 6.1.: Integrals of the SE and ME reconstructed jet distributions with pleadT > 4
GeV/c and scaling factor fME for different normalization regions.

Norm. region Integral fME

SE ME

absolute 1.28 1.28 1
−35 to −15 GeV/c 1.28 1.13 0.89
−35 to −10 GeV/c 1.28 0.99 0.77
−35 to −5 GeV/c 1.28 0.95 0.75

6.3. Area and ρ distributions of same and mixed
events

For further studies and comparison of the same and mixed events the area distri-
bution of the jets and the ρ distributions of the events are compared. The results
of all jets which are reconstructed with the anti-kT and kT algorithm are presented
and no further cuts are applied. For the background reconstruction a jet radius of
Rbckg = 0.3 was used and the three hardest jets are removed for the ρ calculation in
the same event. This value is varied in section 6.3.1.

In figure 6.6 the area distributions of the reconstructed jets in the SE (blue points)
and the ME (red) are depicted. Both distributions are very similar and no significant
deviations are observed. As expected from the used jet radius of R = 0.3, the
maximum is reached around Ajet = πR2. This value is depicted as dashed line
in the figure. The distribution drops afterwards. Lots of the reconstructed jets
have a very small jet area Ajet < 0.02. In order to reject these jets an area cut of
Ajet > 0.2, depicted as solid line, is applied. About one half of the reconstructed
jets are discarded with the area cut. The cut off value for the area was taken from
[45] and could be changed later. In general area cuts are applied to reject small
reconstructed jets which contain only a few particles. However, these are mostly
low pT objects in which we are particularly interested. Further studies on this area
cut will be carried out in the future.

The agreement between the areas of the SE and ME indicates that the presence
of uncorrelated background do not affect the area distributions of the reconstructed
jets. In addition the true correlated jets have a minor influence which was already
observed in [45].

Figure 6.7 shows the ρ distributions of the SE (upper) and ME (lower) in de-
pendence of the track multiplicity Ntracks. The event-to-event background energy
density ρ is calculated as the median of the raw jet pT scaled by the jet area given
by equation 2.10. The kT algorithm is used with a jet radius of Rbckg = 0.3. In
the SE the three jets with the largest pT are not considered in this estimation to
exclude at least the true highest pT jets from the background calculation. For the
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Figure 6.6.: Area distributions of all objects reconstructed with the anti-kT algo-
rithm and R = 0.3 for SE (blue) and ME (red). The area cut of
Ajet > 0.2 is represented by the solid line and the jet area at Ajet = πR2

by the dashed line.

ρ calculation in the ME no jets are removed because only uncorrelated background
is assumed. The number of jets removed in the calculation is studied in more detail
later.

As expected for both SE and ME a correlation between ρ and the multiplicity is
observed. Larger multiplicities result in a larger background energy density. How-
ever, a difference between SE and ME is observed for all multiplicities. Some entries
at low ρ are observed for the SE which are not calculated within the ME. In partic-
ular at lower multiplicities entries below ρ = 90 GeV/(c sr) are observed which are
not present in the ME.

It turns out that the events which produced the relatively small ρ in the SE are
pileup events as described in section 4.3. Since these are very few events they are
not reproduced in the ME because only one track is used from each SE. After the
pileup rejection as described in 4.3 the low ρ entries disappeared. The projections
of the distributions in figure 6.7 to the y-axis are shown in figure 6.8 in the left
panel. The SE ρ distribution where N removed

jet = 3 is depicted in blue and the ME ρ
distribution with N removed

jet = 0 in red. In the SE the low ρ = 90 GeV/(c sr) entries
are observed. They are rejected after the pileup cut to the TOF hits is applied as
shown in the right panel of figure 6.8.

However, in both cases the overall shapes of the SE and ME ρ distributions are
similar but small deviations are visible. The ME ρ distribution is narrower than
the distribution for the SE. In addition a shift between the two curves is observed
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Figure 6.7.: Distributions of the background energy density ρ of SE (upper) and ME
(lower) in dependence of the track multiplicity Ntracks. Three hardest
jets are removed in the SE ρ calculation and zero in the ME. For the
background reconstruction the kT algorithm with Rbckg = 0.3 was used.
The cuts of Ntracks at 1800 and 3000 arise due to the splitting of the
events into different multiplicity bins.

which might be a result of the different number of removed jets and will be studied
in more detail in the following.

In general is is not stated that the SE and ME ρ distributions have to be equal.
Additional correlations in the SE which are destroyed in the ME, as already de-
scribed in 5.3, might be the reason for some deviations. It is shown later that the
presence of correlations broaden the distributions. This is studied in more detail in
sections 6.4.1 and 6.6. In addition the setup which is used for the calculation of ρ is
only one choice. Different jet algorithms and jet radii might lead to different results.
However in [45] a difference between the ρ distributions of SE and ME in central
collisions smaller than 60 MeV/c was observed.
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Figure 6.8.: Distributions of the background energy density ρ calculated with the kT
algorithm with Rbckg = 0.3 for SE (blue) and ME (red) before the pileup
events are rejected (left panel) and after the rejection (right panel).
Three hardest jets are removed in the SE ρ calculation N removed

jet = 3
and N removed

jet = 0 in the ME.

6.3.1. Variations of removed jets in the ρ calculation

In this section the ρ distributions of the SE and ME are studied in more detail. In
the following the ρ distributions as well as the raw jet distributions are compared
for different numbers of removed jets.

Figure 6.9 depicts the ρ distributions for the SE where one (blue), two (green) and
three (black) hardest jets are removed in the calculation and the ME ρ distribution
with three (orange) and without removed jets (red). A subset of 10% of the data
set was used, with one event plane bin (−90 to −72◦) and all 10 multiplicity and 4
z-vertex bins.

Only small differences of at maximum 1 GeV/(c sr) between the three different
SE ρ distributions are found. The more jets are removed in the ρ calculation the
more the distribution is shifted to lower values as expected. As already described
above, the deviation between ME and SE is larger. The same behavior between the
SE and ME distributions is observed independent of the number of removed jets.
The ME distribution is narrower than the SE distributions and in addition a small
shift is observed. The ME ρ distribution is larger than the SE ρ distribution between
175 and 195 GeV/(c sr). The deviation is slightly smaller if less jets are removed in
the SE. Therefore the number of removed jets in the ME is varied too. The orange
curve represents the ρ distribution for the ME where three jets are removed. The
deviations between 175 and 195 GeV/(c sr) between SE and ME vanish in this case.
However, the ME distribution is still narrower. By removing three jets in the ME
ρ calculation the whole distribution is shifted to lower values. At the lower edge a
difference of about 1 GeV/(c sr) is still visible between SE and ME. The difference
at the upper edge gets larger because the width stays the same in comparison to the
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Figure 6.9.: Distribution of the background energy density ρ calculated with the kT
algorithm with Rbckg = 0.3 for SE with 1 (blue), 2 (green) and 3 (black)
hardest jets removed and ME with 0 (red) and 3 (orange) jets removed
in the calculation.

ME where zero jets are removed.
For additional studies the ρ distributions of different multiplicity and event plane

bins are compared. The shape of the distributions and the deviations between SE
and ME are visible within all bins. Just the amount of the overall ρ is shifted
between the different multiplicity bins. As expected the largest values are obtained
for the largest multiplicity bin, as shown in figure 6.7.

By construction no jet correlations are expected in the ME and thus it should
not be necessary to remove jets in the ρ calculation. But it is possible that the ρ of
the SE and ME are not aligned due to other effects as the particle flow. As already
described in [45] the ME and SE ρ distributions can be aligned by an additional
shift since the choice of the reconstruction algorithm and its setup are not unique.
However, the width of the SE and ME ρ distribution is expected to be equal. It
turns out that the deviation in the width of the two distributions arises due to pT
fluctuations within the events. This was found at a later stage of the studies and is
described in section 6.6.

In the following the effect of the ρ variations on the jet distributions are presented.
For this, the raw correlated jet distributions are compared, as shown in figure 6.10.
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Figure 6.10.: Raw correlated quasi-inclusive jet distribution (SE-ME) with a bias of
pleadT > 4 GeV/c. For the ρ calculation three jets are removed in the
SE and ME (black), one (red), two (blue) and three (green) in the SE
and zero in the ME. The distributions are normalized to the number
of events Nevents.

The calculated signal of the SE, where the contribution from uncorrelated back-
ground is subtracted by the ME, as function of precoT,jet are depicted. A small bias of
4 GeV/c was applied to the leading tracks for the jet selection in the SE and ME
jet distributions.

The best alignment between the ρ distributions of SE and ME was found by
removing three jets for both ρ calculations. This shifts the ME jet distribution of
precoT,jet towards larger values which results in a larger difference between SE and ME
at precoT,jet < 0 GeV/c. This larger difference is observed in figure 6.10 too, where a
deviation from zero of about 25% of the signal is observed around precoT,jet = 1 GeV/c.
As soon as zero jets are removed in the ME ρ calculation the description of the
uncorrelated background in the SE gets better. The more jets are removed in the
SE calculation the closer the difference SE-ME gets to zero at precoT,jet < 0 GeV/c.
The best result is obtained by removing three jets in the SE and zero in the ME
(green). The mean value of the signal is shifted towards lower values if more jets are
removed in the SE as expected. By removing one, two and three jets in the SE the
peak of the precoT,jet distribution is shifted by steps of 1 GeV/c from 18 to 16 GeV/c.

However, the alignment between the ρ distributions of SE and ME becomes worse
as more jets are removed in the SE and less in the ME. As the shift is explained
by the number of removed jets, this does not explain the difference in the width of
the distribution. As already mentioned above, the solution was found in section 6.6,
where pT fluctuations are studied.

In addition, the background is dominated by particles from the bulk which are
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influenced by the collective flow. The anisotropic track distribution due to the
elliptic flow component leads to differences in the track density in and out of the
reaction plane. This could influence the ρ distributions for SE and ME too, if the
correlations due to flow are not exactly reproduced in the ME. The event plane
dependence of the ME is studied in detail in the next section.

In the following a value of three removed jets in the SE is applied as default value
and zero in the ME because the best description of the uncorrelated background in
the SE by the ME could be obtained with this setup.

6.4. Systematic study of different event categories

In this section the mixed event distributions are studied in dependence of different
event categories. As described in 5.3.1 the data set is split into 400 different cat-
egories in order to do the mixing only among events with equal centrality, event
plane angle and z-vertex position. Without using the different categories for the
mixing the description of the uncorrelated background in the SE becomes worse, as
observed in figure 5.7.

In the following, the dependence of the ME on the event plane, the multiplicity and
the z-vertex is studied in more detail. Different categories are studied and in addition
smaller event plane and z-vertex bins are used for the mixing. The aim is to further
improve the uncorrelated background description by the ME by dividing the events
into more categories for the mixing. Because of different amounts of events within
the categories, all raw jet distributions are normalized to the number of events used
in the jet reconstruction. In addition, the ratio of produced mixed events to the same
events used for the jet analysis might be different. In order to avoid deviations in
the final jet distribution where the SE and ME from different categories are merged,
each individual ME distribution is normalized to the corresponding SE distribution
before the merging is done. The distributions are normalized by their integrals over
the full range.

6.4.1. Event plane dependence of the mixed event

In this section the dependence of the uncorrelated background on the event plane
is studied. Correlations of particles due to flow are of great significance, as the
background particles in jet measurements are mainly particles from the bulk. The
largest contribution arises due to the elliptic flow and will be studied in the following.
Due to the elliptic flow, the particles are not distributed uniformly over the full η−φ
range because the elliptic flow induces an anisotropic distribution as described in
section 1.3.1. In order to describe the uncorrelated background with the mixed
events, these anisotropies have to be taken into account in the ME production
which was realized by the binning of the events according to the different event
plane angles.

In order to study the effect of the flow on the reconstructed jet pT, its dependence
is studied in the SE first, followed by the dependence of the ME on the event plane
angle.
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this thesis

Figure 6.11.: Raw inclusive jet pT of all reconstructed jets in the SE (y-axis) in
dependence of the event plane angle minus the jet angle Ψ2 − φjet (x-
axis). The mean jet energy prawT,jet calculated from the data is shown in
black and the estimations with v2 = 0.03 and 0.06 in green and red.
Details of the calculation are described in the text.

Figure 6.12.: Projection of figure 6.11 to the y-axis for different angles of Ψ2 − φjet:
−90◦ to 90◦ (black), −5◦ to 5◦ (red) and −90◦ to −80◦ (blue). The
distributions are normalized by their integrals over the full prawT,jet range.
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Figure 6.11 depicts the raw reconstructed jet prawT,jet of real events, before the sub-
traction of the background ρ is done, in dependence of the difference between the
event plane angle and the jet angle Ψ2− φjet. For the jet reconstruction the default
setup with a jet radius of R = 0.3 was used. A strong correlation between the jet
energy and the event plane is observed. A maximum of the jet energy is reached if
the jet was measured in the direction of the event plane and a minimum if the jet
goes out of the event plane at Ψ2 − φjet = ±90◦. A difference of about prawT,jet = 10
GeV/c is observed between 0 and 90◦.

For an estimation of the background energy density in dependence of the flow the
formula for the particle yield as given by equation 6.2 can be exploited.

dN

dφ
∝
(

1 + 2v2 cos(2(Ψ2 − φ))

)
(6.2)

As approximation for the elliptic flow a value measured for the pions in Pb+Pb
collisions at

√
sNN = 5.02 TeV is used. At a transverse momentum of 1 GeV/c and

a centrality of 5-10% a v2 of about 0.06 was measured in [81]. After the calculation
of dN/dφ according to equation 6.2, the result is scaled by the mean background
energy density ρ times the jet area Ajet = πR2, where R is the jet radius. An
approximation of the mean background energy density in dependence of Ψ2−φjet is
obtained. A mean value of ρ = 150 GeV/(c sr) and a jet radius of R = 0.3 are used.

The result is shown in figure 6.11 depicted in red. A very good approximation of
the mean jet energy prawT,jet, which is represented by the black curve, is obtained. In
addition, a smaller v2 value of 0.03 was used (green) which results in a more precise
description at larger Ψ2−φjet. In general it becomes clear that the elliptic flow has a
large impact on the uncorrelated background in jet measurements. This event plane
dependence has to be considered in the ME.

The projections for different bins of Ψ2 − φjet to the y-axis (prawT,jet) are shown in
figure 6.12. The raw jet pT distributions are compared for angles of Ψ2 − φjet from
−90◦ to 90◦ (black), −5◦ to 5◦ (red) and −90◦ to −80◦ (blue). The distributions
are normalized by their integrals. In addition to the shift of the mean jet pT the
distribution for the −90◦ to −80◦ bin is narrower in comparison to the central bin
from −5◦ to 5◦. The reason for this is the larger variation of the raw jet pT in the
central bin in comparison to the outer Ψ2− φjet bin. This strong dependence of the
jet energy on the event plane angle could have a large influence on the produced
mixed events which is studied in the following.

Because it is not possible to reconstruct the event plane and the track distribution
of the SE by the ME on an event-by-event basis, as already discussed in 5.3.2, small
differences in the event plane could lead to differences in the reconstructed jet energy.
For the mixing it is possible that events which differ 18◦ in the event plane are used
because the events are separated into 10 event plane bins. Within one event plane
bin, for example between 0◦ and 18◦, is still a difference of about 2 GeV/c in the
reconstructed jet pT in the SE.

For the verification of the need of the event plane bins as described above, the
difference in the reconstructed jet distribution of the ME without event plane bins
and with 18◦ bins is shown in figure 6.13. For the jet reconstruction only a small
subset of the data is used with one multiplicity (bin 4, 2210-2297) and one z-vertex
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(bin 2, 0-4 cm) bin. In the upper panel of figure 6.13 the inclusive jet distributions of
SE and ME are depicted. The inclusive jet distribution is used because the effect of
the event plane is more clearly visible due to the larger statistics. The same behavior
as described below is observed for the biased jet distribution. The spectra are again
normalized to the number of events and the ME distributions are normalized to the
SE in the region up to -5 GeV/c. The SE distribution is depicted in black and the
ME distributions with 18◦ bins in blue and without event plane bins in red. Only
one SE jet distribution is shown because it does not depend on the number of used
event plane bins for the mixing.

Figure 6.13.: Raw inclusive jet distribution of all reconstructed jets of the SE (black)
and ME with 18◦ EP bins (blue) and ME without EP bins (red). The
range for the normalization of ME to SE is indicated by the shaded
region. Lower panel: Ratios SE/ME with 18◦ bins (black) and without
EP bins (red). A subset of the data with one multiplicity bin (bin 4,
2210-2297) and z-vertex bin (bin 2, 0-4 cm) was used.

A large impact of the event plane bins on the ME jet population is visible. The
uncorrelated background in the SE is not described very well if the mixing is done
without the separation of the events into event plane bins. A large improvement
of the description is observed if the 18◦ bins are used for the mixing. The effect
of the large impact of the event plane bins is clearly visible in the ratio SE/ME
in the lower panel of figure 6.13 too. Without event plane bins the SE/ME ratio
deviates strongly from one. Around 0 GeV/c the ME exceeds the SE distribution.
A deviation of 20% from one is observed if no event plane bins are used. This is
reduced to about 7% if the event plane bins are used in the mixing. A similar
behavior is observed between -10 and -20 Gev/c where the deviation is about twice
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as large if no event plane bins are used in comparison to the 18◦ bins.
The reason is the effect of the flow on the reconstructed jet energy as described

above. Without event plane bins in the mixing procedure, tracks from events of
all event plane angles are used. This results in a uniformly distribution of the
tracks over the full acceptance. As consequence only some mean pT for the jets is
calculated in the jet reconstruction because the in and out of plane structure of the
events with large and small track densities is lost. The result is a narrower ME
distribution without the small and large jet pT as it is observed for the SE.

Since there is still a small difference between the SE and ME on the left side tail if
18◦ bins are used it is obvious to try smaller event plane bins which should broaden
the ME even more. As a solution one could use a finer binning of the event plane
angle in the splitting of the events as described in 5.3. In practice this is not useful
because the number of categories would become too large. Instead of changing the
splitting procedure, an internal separation into smaller bins is done. In order to
do this a sub event plane bin is calculated for every event plane bin of the events
and the mixing is done only among events of the same sub bin. However, more
events are required in order to produce mixed events. The minimum number of the
upper edge of the multiplicity bins of the categories is now also required for each
sub event plane bin in order to start the mixing and produce mixed events. The
further splitting into three degree bins is possible with the available statistics. The
result of the reconstructed jet distributions with 3◦ event plane bins is shown in the
appendix A.3.

However, it turns out that no further improvement of the description of the uncor-
related background in the SE by the ME could be obtained by smaller event plane
bins. The reason is the limited event plane resolution of about 13◦ as described in
section 5.2. If more event plane bins are used for the mixing the description of the
SE by the ME is limited by the event plane resolution.

In order to find this limit in the ME the dependence of the mixed events on the
number of event plane bins is studied in more detail. From this study a correction
for the ME could be estimated. This is done by analyzing the width of the ME
distribution in dependence of the number of event plane bins. As a saturation of this
distribution is expected around 15◦, a correction could be estimated by predicting
the width of the ME if infinitely small event plane bins could be used without a
limiting resolution.

The inclusive jet distributions for SE and ME are determined, where 0, 2, 4, 6,
10, 20 and 60 event plane bins are used for the mixing. Again a subset of the full
data set with one multiplicity (bin 4, 2210-2297) and z-vertex (bin 2, 0-4 cm) bin is
used. The resulting ratios of the SE and ME jet distributions are depicted in figure
6.14. As already observed in figure 6.13 the ME distribution becomes smaller if the
flow is not considered in the mixing. This results in a larger offset in the negative
direction around precoT,jet = 0 GeV/c and a larger offset from one in positive direction
for higher and lower jet precoT,jet. A clear improvement is observed if the event plane is
divided in two bins of 90◦ and the description gets even better if four 45◦ bins are
used in the mixing. By further splitting the event plane into 6 or 10 or even more
bins only smaller differences are visible.

Due to the event plane resolution ∆Ψ2 ≈ 13◦, which was calculated in section
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Figure 6.14.: Ratio of the raw inclusive jet distributions of SE and ME in dependence
of precoT,jet. For the mixed event various number of event plane bins are
used. The same setup for the reconstruction and normalization as in
figure 6.13 is used.

this thesis

Figure 6.15.: Total resolution in dependence of the event plane bin size ∆EPbin

(black). The red dashed line indicates the case where the contribu-
tion of ∆Ψ2 to the total resolution is negligible.
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5.2, a limit of the broadening of the ME distribution is expected at the latest at 10
event plane bins of 18◦.

In figure 6.15 the total resolution in dependence of the angle of one event plane
bin ∆EPbin is shown. The total resolution is calculated as the square root of the sum
of the event plane resolution (∆Ψ2)

2 and event plane bin angle (∆EPbin)2. While
for 20◦ < ∆EPbin < 45◦ an almost linear improvement in the total resolution is
observed, the improvement gets smaller for smaller ∆EPbin. The difference in the
total resolution is only 4◦, if 1◦ event plane bins are used instead of 15◦ bins. Due to
the limiting event plane resolution, no further broadening of the ME distribution is
observed if more than 10 event plane bins are used in the mixing. In this range, where
the contribution from the event plane resolution is dominating the total resolution,
the ratios SE/ME become equal, as observed in figure 6.14. As already mentioned
above, the width of the ME distribution in dependence of the used event plane bins
can be estimated. This can be used to predict the width at very small ∆EPbin for
the case, where no limiting event plane resolution exists. In further studies this can
be implemented as an analytical correction to the ME distribution.

6.4.2. Multiplicity dependence

In this section the multiplicity dependence of the reconstructed jet distribution is
studied. Figure 6.16 shows the raw jet prawT,jet in dependence of the track multiplicity
Ntrack of the same events. No cuts on the raw jet pT are applied and the inclusive
jet distribution is used with the same setup for the jet reconstruction as in the
previous section. The mean prawT,jet is indicated by the black line. It depends on the
multiplicity and gets larger with increasing multiplicity. At the smallest multiplicity
a mean value of prawT,jet = 34 GeV/c is reconstructed which increases up to prawT,jet = 56
GeV/c for the largest multiplicity. This dependence is expected as the track density
gets larger with increasing multiplicity and more background tracks are within the
jet radius in the clustering.

The projection of figure 6.16 to the y-axis for different bins of the multiplicity is
shown in figure 6.17. The projection for the full multiplicity range is shown in black,
the red curve represents the projection for the smallest multiplicity bin (1800-1962)
and the blue curve for the largest multiplicity bin (2722-2986). The distributions are
normalized by the number of events of the different multiplicity bins. As described
above, the dependence of the mean value of prawT,jet on the multiplicity is observed. In
addition the width of the distributions depend on the track multiplicity. For smaller
multiplicities the width gets smaller and it increases for larger multiplicities. The
broadest distribution is obtained for the full range of Ntrack.

In figure 6.18 the jet distributions of SE and ME are shown for two different
multiplicity bins. The reconstructed jet precoT,jet = prawT,jet−ρAjet distributions are shown
where a 4 GeV/c bias on the leading tracks was applied. In both cases only one
z-vertex bin (bin 2, 0-4 cm) and one event plane bin (bin 5, 0-18◦) are used. In the
upper plot the data from the smallest multiplicity bin was used while in comparison
to that the largest multiplicity bin was used in the lower plot.

By subtracting the event-to-event background energy density ρ, the mean pT of
the jet distributions is shifted to the same value. Independent of the multiplicity
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Figure 6.16.: Raw jet pT (prawT,jet) distribution in dependence of the track multiplicity
Ntrack in the SE.

Figure 6.17.: Projection of figure 6.16 to the y-axis for different multiplicities: Full
range (black), lowest multiplicity bin 1800-1962 (red) highest multi-
plicity bin 2722-2986 (blue). The distributions are normalized by the
number of events of the different multiplicity bins.
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bin they are centered around 4 GeV/c. This follows from the ρ dependence on the
multiplicity as observed in 6.3.

In addition, the larger multiplicity leads again to a broader precoT,jet distribution
of the jets. More jets are observed in the low precoT,jet region down to −30 GeV/c,
while almost no entries are observed below −20 GeV/c for the smaller multiplicity.
This was expected from the distribution shown above. In addition more jets are
reconstructed at large precoT,jet as more high pT particles are expected in an event with
a larger multiplicity.

From this observation it becomes clear that a sampling from the SE multiplicity
distribution for the ME is necessary. The SE distribution can not be described with
a ME of only one multiplicity.

In the lower panels of figure 6.18, the ratios SE/ME for the two different multi-
plicity bins is shown. The ratio SE/ME is very close to one at precoT,jet < 0 GeV/c,
where only uncorrelated background is expected. Only small deviations of 1-2 sigma
are observed in both distributions. By using the same multiplicities as in the SE
and the event categorization a good description of the uncorrelated background in
the SE by the ME can be obtained for all multiplicity bins. It is not necessary to
split the events into smaller multiplicity bins, as the ME multiplicity is sampled
from real data in any case.
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Figure 6.18.: Raw SE (black) and ME (blue) jet pT distributions with a 4 GeV/c
bias as function of precoT,jet. The range for the normalization of ME to
SE is indicated by the shaded region. The ratio SE/ME is depicted
in the lower panel. For the ME production only events within one
multiplicity bin are used. Upper plot: Mult. bin 0 (1800-1962). Lower
plot: Mult. bin 9 (2722-2986). In both cases one z-vertex (bin 2, 0-4
cm) and one event plane bin (bin 5, 0-18◦) is used.
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6.4.3. Dependence of the mixing on the z-vertex

In section 4.2 the strong z-vertex dependence of the multiplicity was described.
In order to test how this influences the production of the mixed events, different
z-vertex bins and different bin sizes for the mixing are used.

Figure 6.19.: Raw jet precoT,jet distributions with a 4 GeV/c cut on the leading track
for SE (black) and ME (blue) with z-vertex bin 0 (−8 - −4 cm) and
SE (red) and ME (green) with z-vertex bin 2 (0 - 4 cm). The range for
the normalization of ME to SE is indicated by the shaded region. The
ratio SE/ME is depicted in the lower panel for z-vertex bin 0 (black)
and z-vertex bin 2 (red).

The jet distributions with different z-vertex bins are presented first. For this the
multiplicity bin 4 (2210-2297) and the event plane bin 4 (−18-0◦) are used. The
results for the z-vertex bin 0 (−8 - −4 cm) and bin 2 (0 - 4 cm) are depicted in
figure 6.19. The jet distributions of the SE for z-vertex bin 0 (black) and 2 (red)
and the corresponding ME in blue (bin 0) and green (bin 2) with a 4 GeV/c cut on
the leading tracks are shown. The setup for the jet reconstruction as described in
previous sections is used.

At the right tail a shift of 1.5 GeV/c is observed between the two SE distributions.
The distribution of z-vertex bin 2 is shifted to lower values. The same shift is
observed between the ME distributions. However, the uncorrelated background in
the SE is described very well by the ME in both cases. Only small deviations of
1-2 sigma are visible at the left side at precoT,jet < −12 GeV/c in the lower panel,
where the ratios SE/ME are depicted. At precoT,jet > 0 GeV/c the ratio gets larger for
the z-vertex bin 2 in comparison to z-vertex bin 0. Due to the deviations between
the jet distributions of events with different z-vertices, the separation of the events
into different z-vertex bins was necessary in order to obtain a reasonable ME. The
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description of the uncorrelated background of the SE by the ME works very well
independent of the z-vertex.

As described in section 5.3, 4 z-vertex bins each of 4 cm are used in the splitting
of the TTrees as default value. In the following smaller z-vertex bins of 1 cm are
tried for the mixing. This is done by an internal separation of the events into sub
z-vertex bins as it is done for smaller event plane bins, which was described in the
previous section. In total 16 z-vertex bins are used, each of 1 cm. For this study
the whole data set was used.

In figure 6.20 the obtained raw correlated jet distributions where the uncorrelated
background was removed by subtracting the ME are presented. The corresponding
raw uncorrelated jet distributions of SE and ME are shown in the appendix A.4.
In particular the same setup for the jet reconstruction and the 4 GeV/c bias as
described in previous sections was applied. The distributions are shown with two
different setups for the mixing. The standard 4 cm (black) z-vertex bins and the
smaller 1 cm (red) z-vertex bins are used. In general no large differences between
both distributions are visible. A small improvement of the description of the SE
background by the ME is observed with the smaller z-vertex bins. Between −10
and 0 GeV/c the correlated jet distribution is slightly closer to zero if the 1 cm
z-vertex bins are used. Around the maximum at precoT,jet = 15 GeV/c the signal is
about 10% larger for the 1 cm z-vertex bins in comparison to the 4 cm z-vertex bins.
At larger jet pT no differences are observed. Further studies can be done by using
different bin sizes of the z-vertex. With the available statistics and the standard
event plane bins of 18 degrees, z-vertex bins down to 0.25 cm can be used.

Figure 6.20.: Raw correlated quasi-inclusive jet distribution (SE-ME) with a bias of
pleadT > 4 GeV/ where 4 cm z-vertex bins (black) and 1 cm z-vertex
bins (red) are used for the mixing. The full data set was used and the
distributions are normalized to the number of events Nevents.
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6.5. Run dependent observation

In this section a run dependent observation in the inclusive jet distribution is re-
ported. Figure 6.21 depicts the SE and ME inclusive jet distributions for the full
data set, normalized to the number of events Nevents. All jet candidates which are
reconstructed with the anti-kT algorithm with a jet radius of R = 0.3 and with
Ajet > 0.2 are accepted. In particular the whole data set with the first 90 runs from
the LHC18q run list is used with the applied track selection as described in section
4.2. The SE jet distribution is depicted in black and the ME distribution in blue.
The shaded region is the normalization region. In the lower panel the ratio SE/ME
is presented. While the SE and ME are in good agreement between −15 < precoT,jet < 0
GeV/c some objects at lower precoT,jet are reconstructed in the SE which are missing in
the ME distribution.

Figure 6.21.: Raw inclusive SE (black) and ME (blue) jet precoT,jet distributions for the
full data set. The range for the normalization of ME to SE is indicated
by the shaded region. The ratio SE/ME is depicted in the lower panel.

Although these are very few entries in the SE they are studied in more detail by
investigating different properties of the jets with precoT,jet < −35 GeV/c.

No abnormalities could be found in the area distributions of the jets or in the ρ
distributions of the events. In addition other properties of the events as the TOF
hits, TRD tracklets or multiplicities were checked. No difference in comparison to
events without the low precoT,jet jets could be found. However, the jets with precoT,jet < −35
GeV/c are found mainly at the positive η acceptance. The distribution of the jets
with precoT,jet < −35 GeV/c in η and φ is shown in the appendix A.2.

In figure 6.22 the jet distributions for positive (upper) and negative (lower) η
are presented. Exactly the same setup and data is used as for figure 6.21 only the
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Figure 6.22.: Raw inclusive SE (black) and ME (blue) jet precoT,jet distributions with
the same setup as used for figure 6.21, for positive η (upper plot) and
negative η (lower plot). The range for the normalization of ME to SE
is indicated by the shaded region. The ratio SE/ME is depicted in the
lower panels.
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splitting in the positive and negative η acceptance was added. All entries in the SE
at low precoT,jet, which were not described by the ME, are in the jet distribution with
η > 0. They disappeared if only the negative η acceptance is used. This results in
a good description of the SE by the ME at the left side tail.

In order to prevent the full exclusion of the positive η acceptance another possi-
bility to reject the entries at the left side for the SE was searched. It turned out that
the jets with precoT,jet < −35 GeV/c are mainly within three particular runs. Figure
6.23 depicts the run IDs of the runs which contain the jets with precoT,jet < −35 GeV/c
labeled with Njets,precoT,jet<−35GeV/c. The number of those jets are normalized by all jets
which are reconstructed in the events of the particular run IDs. Three runs with
the run IDs 296414, 296509 and 296621 could be identified and excluded from the
analysis.

Figure 6.23.: Run IDs of the runs which contain the jets with precoT,jet < −35 GeV/c
(Njets,precoT,jet<−35GeV/c). They are normalized by all jets which are recon-
structed within the events of the particular run.

The resulting jet distribution where the three runs are excluded is shown in figure
6.24. Most of the entries in the SE at precoT,jet < −35 GeV/c which were not described
by the ME are rejected. Only very few entries around -40 GeV/c are left in the
SE. The uncorrelated background in the SE is also well described now by the ME
distribution but some deviations are still visible at the left side tail.

For the following analysis and results, in particular for the results presented in
section 7, the three runs as described above are excluded. This results in a loss of
4% of the events.
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Figure 6.24.: Raw inclusive SE (black) and ME (blue) jet precoT,jet distributions with
the same setup as used for figure 6.21, but the three identified runs, as
described in the text, are excluded. The range for the normalization
of ME to SE is indicated by the shaded region. The ratio SE/ME is
depicted in the lower panel.

6.6. Event-by-event pT fluctuations

Since a small difference between SE and ME is still observed in the jet distributions
at the left side tail, where the ME should reproduce the uncorrelated background in
the SE, further studies are carried out. Small deviations are observed in particular
in the inclusive jet distribution and in addition differences in the ρ distributions of
SE and ME were observed. In this section the event-by-event fluctuations of the
transverse momentum of all particles generated in an event are studied.

In order to do this the sum of all transverse momenta of the particles within one
event, which are used for the jet reconstruction in the SE and ME, is calculated.
Before the data is shown, the expected distributions are studied in a simulation.
It is expected that the ME psumT distribution is narrower than the SE distribution
as the mixing procedure tends towards some mean value. In the mixing procedure
only one random track is used from each SE. The fluctuations within the SE are
therefore not considered and tracks from events with different psumT values are used.
This results in a mean psumT for the ME and thus large fluctuations as present in the
SE are not reproduced in the mixed events.

This follows from the central limit theorem. It states that the distribution of the
sum X of N independent variables X =

∑N
i=1 xi tends towards a Gaussian function

if all xi are independent and equally distributed [82]. The mean value and variance
of X is given by the sum of the means and variances of the distributions of xi. In

82



the situation of the SE and ME, the sum X is the sum of all transverse momenta
xi of the particles within one event. While in the SE the variances of all xi are
equal within one event, events with large fluctuations appear. For the ME it is
σ2
X =

∑N
i=1 σ

2
i and thus large fluctuations are not reproduced because in the sum all

variances σ2
i of the different events are summed for all ME. Only some mean value

is obtained. The situation, as described above, is verified with a simulation in the
following.

Figure 6.25.: Simulation of the SE and ME psumT distribution for 100000 events. The
units on the x-axis are arbitrary.

In figure 6.25 fast Monte Carlo simulations of the SE and ME psumT distributions
are depicted. The psumT for the SE is simulated by sampling track pT values from
a Gaussian function with a mean value of 1.5 and a width of 0.5. These values
are arbitrary and are not related to the data. In order to simulate the event-by-
event fluctuations an additional fluctuation value is added to the mean pT which
was sampled from a Gaussian function too. A mean value of 0 and a width of 0.1
was used to obtain the fluctuation. This fluctuation is fixed for one particular SE.

For the simulation of the ME the same setup was used but now the fluctuation
of the mean psumT of the event is calculated for each track individually and not only
for each event. This simulates the real setup where N tracks from N events with
different fluctuations are used for the mixing.

The result of this simulation is shown in the figure 6.25. A smaller distribution
for the ME (blue) than for the SE (red) is obtained. This confirms the assumption
that the ME mixing procedure leads to a mean psumT of the events and the extremes
are lost.
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The resulting distributions of the real SE and ME for one event category with
multiplicity bin three (2126-2209), z-vertex bin two (0-4 cm) and event plane bin
zero (−90 - −72◦) is shown in the left plot of figure 6.26. The psumT distribution of
the ME (blue) is significantly smaller than the psumT distribution for the SE (red).
Events with very low or large psumT are not reproduced in the mixing, in agreement
with the Monte Carlo simulation. The differences in the psumT distributions of the
SE and ME might lead to differences in the ρ and jet distributions which is studied
in the following.

Figure 6.26.: Sum of all transverse momenta of the tracks (
∑
ptrackT ) of the SE

(red) and ME (blue) which are used for the jet reconstruction. Left:
The mixing was done with multiplicity, event plane and z-vertex bins.
Right: An additional splitting of the events into 4 psumT bins for the
mixing was used.

In order to test the impact on the ρ and jet distributions, the events are classified
into psumT bins for the mixing. Four additional psumT bins are used in the same way
as the additional event plane bins introduced in section 6.4.1. Only events with
similar psumT values can be used for the mixing. The binning is done by dividing
the distribution of the SE shown in the left plot of figure 6.26 into four equal bins.
The resulting distributions for the SE and ME with the four additional psumT bins are
shown in figure 6.26 in the right plot. The SE and ME psumT distributions are in good
agreement as the ME distribution could be broadened by the additional binning.

In addition, the splitting into psumT bins for the mixing solves the deviation be-
tween the SE and ME ρ distribution which was observed in 6.3.1 where the ME ρ
distribution was always narrower than the SE ρ distribution. In figure 6.27 the SE
ρ distribution where one (blue points) and three (black circles) jets are removed for
the calculation are depicted. The same category of events as described above was
used. In addition, the pileup events are rejected for this study, as described in 4.3.

As already observed in section 6.3.1 ρ becomes smaller if more jets are removed.
The ME ρ distribution, where only event plane, multiplicity and z-vertex bins are
used for the mixing, is depicted in green. No jets are removed because no real jets
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are expected in the ME. This distribution is narrower than the SE ρ distribution.
As already observed in section 6.3.1 this could not be improved by removing jets in
the ME. The distributions are only shifted by varying the number of removed jets.

The resulting ρ distribution where in addition four psumT bins are used is shown in
red. By applying this additional binning as described above the ME ρ distribution
is broadened and the difference in the shapes between SE and ME ρ vanished. This
is also observed in the lower panel, where the rations of the SE (blue), where one jet
is removed, and ME ρ distributions are depicted. A large improvement is observed
between the ratio SE/ME where the new psumT bins are used (red) and without the
new bins (greens).

Figure 6.27.: Event-to-event background energy density ρ for the SE, where three
(black circles) and one (blue points) jets are removed and for the ME,
where zero jets are removed, before (green) and after (red) the ad-
ditional psumT bins are used. In addition the ME, where zero jets are
removed, the psumT bins are used and a shift of −1 GeV/c was used,
is depicted (black). In the lower panels the ratios SE/ME are shown
between the SE where 1 jet is removed (blue) and the ME without the
new bins (green) with the new psumT bins (red) and with the additional
shift (black).

Only a remaining shift between the SE and ME ρ distribution is observed. This
shift depends on the number of removed jets in the ρ calculation. By comparing the
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new ρ distribution (red) and the SE where only one jet is removed (blue), only a
small deviation of 1 GeV/c is left. To account for this difference, the ME distribution
(red) is shifted by −1 GeV/c. The resulting ME distribution is depicted in black.
If this additional shift is applied, the ratio, shown in black in the lower panel, is
almost equal to one.

As already discussed in section 6.3.1 the procedure of calculating ρ is not unique.
Different jet algorithms, jet radii and removed jets can be used. As described in [45]
a 60 MeV/c shift was applied to align the ρ distributions of SE and ME. For further
studies the 1 GeV/c shift, as described above, should be applied.

In the following only one jet is removed in the SE ρ calculation because this leads
to the best agreement between SE and ME ρ without removing jets in the ME.

Due to the broadening of the ρ distribution by the introduction of the psumT bins
a broadening of the ME distribution of reconstructed jets is expected. Figure 6.28
depicts the inclusive SE and ME jet precoT,jet distributions. The anti-kT algorithm with
a jet radius of R = 0.3 and an area cut of Ajet > 0.2 was used. The SE jet population
is depicted in black and the ME distribution with and without the new psumT bins
in red and blue. The normalization of the ME to the SE is done within the shaded
region up to −5 GeV/c. The same data set as described above with one multiplicity,
z-vertex and event plane bin was used. The ME jet populations with and without
the new psumT bins are very similar. Between −22 and −15 GeV/c the ratio in the
lower panel is slightly closer to one if the additional bins are used but all points are
within their statistical uncertainties. At larger precoT,jet almost no differences between
the two ME distributions are observed. Since ρ and prawT,jet should change for the
ME at the same time by the mixing with the additional psumT bins, it might be that
both effects cancel each other in the precoT,jet distribution. However, in the study of the
ME in dependence of the event plane bins, a broadening of the precoT,jet distribution
was observed, by including the additional correlations to the ME. Therefore, further
studies are necessary in order to get a full picture of the ME jet distribution in
dependence of the psumT binning.
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Figure 6.28.: Raw inclusive SE (black) and ME jet precoT,jet distribution for a subset
of the data with multiplicity bin three (2126-2209), z-vertex bin two
(0-4 cm) and event plane bin zero (−90 - −72◦). The ME is depicted
with the new psumT bins (red) and without the new bins for the mixing
(blue). The shaded region indicates the normalization region. The
corresponding ratios SE/ME in red (new bins) and black (without
new bins) are shown in the lower panel.
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7. Raw jet distributions

In this section the SE and ME distributions of reconstructed jets are presented
with the full statistics. In addition, raw correlated jet distributions, where the
uncorrelated background is subtracted by the ME, are shown. As already mentioned
in section 4, the 2018 Pb+Pb data set with a centrality of 0-10% is used with the
first 90 runs of the LHC18q run list. The full statistics is used where only the three
runs as described in 6.5 are excluded. In addition, the pileup events are rejected as
described in 4.3.

For the jet reconstruction the setup, as described in 5.1, is applied and in addition
the splitting of the high momentum tracks in the ME, as introduced in 6.1, is used
with a 10 GeV/c threshold. One jet is removed in the SE and zero in the ME ρ
calculation. The standard bin size of the event plane bins with 18◦ and the z-vertex
bins of 4 cm are used.

In section 7.1 the unbiased inclusive jet distribution is presented 7.1 where no
additional cuts are applied. In section 7.2 the quasi-inclusive jet distributions are
shown where a small bias of 2-5 GeV/c on the leading tracks of the reconstructed
jets are used. For the 4 GeV/c bias different jet radii are compared. In addition,
the semi-inclusive hadron-jet (h-jet) spectrum is presented in 7.3 where jets recoiling
from a trigger hadron are measured.

7.1. Inclusive jets

In this section the inclusive jet distribution is presented. The inclusive distribution is
unbiased and no cuts on the reconstructed jet pT or the jet constituents are applied.
Only an area cut, as described in 6.3, is used. From the previous studies the splitting
of the high momentum tracks in the ME is used with a threshold of 10 GeV/c.

The resulting jet distribution is presented in figure 7.1. In the upper panel the
jet distribution of the SE (black) and the reconstructed jets in the ME (blue) are
depicted as function of precoT,jet = prawT,jet−ρA. The jet distributions are normalized to the
number of events, used for the jet reconstruction. In addition the ME is normalized
to the SE within an interval of -55 to -5 GeV/c, indicated by the shaded region.
The reconstructed jet candidates, which are expected to arise from the uncorrelated
background at low jet pT, are well described by the ME. Large differences between
the SE and ME jet distributions are observed at large positive precoT,jet where the
reconstructed objects in the SE are expected to be true correlated jets. Due to the
destruction of the jet correlations in the ME and the high momentum splitting no
entries are observed in the high pT region for the ME. Only small deviations are
visible at the left side tail between SE and ME which are discussed later.

The description of the uncorrelated background with the ME offers the possibility
for an inclusive jet measurement down to precoT,jet = 0 GeV/c for the first time. As
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already mentioned, in previous analyses cuts on the reconstructed jet pT where
applied to reject uncorrelated background. This is no longer necessary with the
application of the ME technique. All true correlated jets which underwent lots of
scattering and lose a huge amount of energy within the QGP can be measured as
well, by subtracting the uncorrelated background described by the reconstructed jet
population of the ME.

Figure 7.1.: Raw inclusive jet distribution of the SE (black) and ME (blue) in de-
pendence of precoT,jet. The ME is normalized to the SE within the shaded
region. The ME with a modified width of 3% is shown in red. Lower
panel: Ratio SE and ME, without modification (black) and with modi-
fied width (red).

The ratio SE/ME is depicted in the lower panel of figure 7.1. Between −10 and
10 GeV/c the ratio is almost equal to one. Around 0 GeV/c the ME is slightly
larger than the SE which results in a ratio of SE/ME = 0.9. Below precoT,jet = −10
GeV/c a small increase is observed due to a small difference between the ME and
SE distributions. The ratio increases up to a value of 2 at −30 GeV/c and then
fluctuates around 3 for lower jet precoT,jet. The deviation is small because the jet yield
has already fallen by 6 orders of magnitude in comparison to the peak.

The remaining difference at precoT,jet < −10 GeV/c is investigated in figure 7.1 too.
The red distribution depicts the ME population with a modified width of 3%. As it is
shown in the lower panel the ratio SE/ME becomes almost one if the ME distribution
is broadened by 3%. The effect of the broadening of the ME distribution at larger
jet pT with precoT,jet > 10 GeV/c is small.

Reasons for the remaining difference might be the limited event plane resolu-
tion. As shown in the previous section the reconstructed jet distribution in the ME
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depends strongly on the event plane. Studies as presented in 6.4.1 could give a de-
pendence of the width of the ME distribution on the number of the event plane bins,
used for the mixing. This allows an estimation of the width of the ME distribution
if no limiting event plane resolution is present. This can be implemented in further
studies as an analytical correction of the ME width.

In addition more run dependent studies could be performed where the SE descrip-
tion by the ME is studied in dependence of the run ID. Possibly additional effects,
as observed in 6.5, could lead to a remaining difference between SE and ME at low
precoT,jet.

In section 6.6 the ρ distribution of the ME could be broadened by the introduction
of additional psumT bins. However, the reconstructed jet distribution of the ME did
not change by using the additional bins. A reason might be that the modification
of the prawT,jet and ρ distributions cancel each other, but further studies are necessary
to test this behavior. In order to study the impact of the psumT binning for the full
statistics additional psumT bins have to be estimated first for all multiplicity classes.
Because a small difference of 1 GeV/c between the SE and ME ρ distributions
was still observed an additional shift of the ME ρ should be performed before it is
subtracted from the raw jet pT.

In addition, other correlations in the SE which are not present in the ME could
lead to a remaining deviation between the SE and ME jet distribution. It is also
possible that the jet correlations which are destroyed in the ME lead to a difference
in the shapes of the reconstructed jet distributions. The missing high pT jets in the
ME lead to an increase in the jet distribution at low jet pT because more objects
are reconstructed at lower momenta. This might be the reason for the larger ME
jet distribution around 0 GeV/c. In order to confirm this a fast simulation of the
ME jet distribution will be performed to obtain the expected ME distribution.

7.2. Quasi-inclusive jet distribution

In the previous section the unbiased inclusive jet distribution without any constraints
on the jet population, except the area cut, was presented. A good description of the
uncorrelated background in the SE by the ME was obtained. However, difficulties
appear in the context of an inclusive distribution. With the anti-kT algorithm jets
are reconstructed with a finite area. As the cross-section grows towards low pT the
reconstructed jets overlap and the meaning of an inclusive jet distribution gets lost.
In order to make the reconstructed objects countable and to deal with overlapping
objects a small bias can be introduced. The bias should fulfill the condition that
it appears with a probability smaller than one in the events i.e. it should be rare.
A small bias on the leading tracks of the reconstructed jets is applied in order to
get a unique separation between physical jets and background. The bias which is
applied to the jet population is varied to measure its effect on the jet distribution.
In addition, it is assumed that the bias affects only the low pT region of the jet
distribution. This can be estimated by using different biases and determine a region
of the corrected jet distribution where the bias is negligible.

In the following the resulting jet distributions are presented. The pT of the leading
track of the reconstructed jets in the SE and ME is required with pleadT > pmin

T . Values
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Figure 7.2.: Raw quasi-inclusive SE (black) and ME (blue) jet distributions with
a bias of pleadT > 2 GeV/c (upper) and pleadT > 3 GeV/c (lower) as
function of precoT,jet. The ME is normalized to the SE within the shaded
region. The ratios SE/ME are shown in the lower panels. The same jet
reconstruction setup as in 7.1 is used.
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Figure 7.3.: Raw quasi-inclusive SE (black) and ME (blue) jet distributions with
a bias of pleadT > 4 GeV/c (upper) and pleadT > 5 GeV/c (lower) as
function of precoT,jet. The ME is normalized to the SE within the shaded
region. The ratios SE/ME are shown in the lower panels. The same jet
reconstruction setup as in 7.1 is used.
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of pmin
T = 2, 3, 4 and 5 GeV/c are used and the resulting jet distributions are shown

in figures 7.2 and 7.3.
According to the threshold the jet distribution is shifted towards higher jet pT

because the requirement of a constituent of the jet with pT > pmin
T results in jets with

prawT,jet > pleadT . However jets with smaller momenta are observed due to background
fluctuations.

The jet distributions with a bias of pleadT > 2 GeV/c (upper plot) and pleadT > 3
GeV/c (lower plot) are shown in figure 7.2. In comparison to the unbiased inclusive
jet distribution, as depicted in figure 6.21, before the three runs where excluded,
the entries on the left side tail of the SE distribution disappeared even without
excluding the three runs. Some uncorrelated background jets could be rejected by
the bias. Similar to the inclusive spectrum a small difference between SE and ME
at low jet precoT,jet < −10 GeV/c is observed which is visible in the ratio SE/ME. For
the 2 GeV/c bias the ratio grows to SE/ME = 2 at precoT,jet = −30 GeV/c. However
the jet yield has already fallen by five orders of magnitude where this difference of
a factor two is observed. In addition the ME distribution is slightly larger than the
SE distribution around 0 GeV/c, where a ratio of SE/ME = 0.92 is observed for
the spectra with pleadT > 2 GeV/c. Similar results with a small improvement are
obtained for the 3 GeV/c bias.

Figure 7.3 shows the jet yields for the 4 GeV/c (upper plot) and 5 GeV/c (lower
plot) bias. A further improvement of the SE description at the left side by the ME
is observed for larger thresholds. Only a very small deviation from one of 0.04 is
visible in the ratio of the SE and ME around 0 GeV/c with a 4 GeV/c bias and 0.03
for the 5 GeV/c bias. For the 5 GeV/c bias the ratio grows up to 1.5 at precoT,jet = −25
GeV/c. Large fluctuations are observed at lower jet precoT,jet due to the decreasing
statistics. In general the description of the uncorrelated background by the ME can
be further improved if a small bias is applied to the jets. As already described above
some low precoT,jet background jets are rejected if a cut on the leading track of the jets
is applied. The distribution is cleaned up and the description of the uncorrelated
background by the ME becomes more precise.

Figure 7.4 depicts the correlated jet distribution, where the uncorrelated back-
ground in the SE was subtracted by the ME. The results are shown for the 4 GeV/c
(black) and 5 GeV/c (red) bias. As expected a larger signal is obtained if a smaller
bias is used as less jets with lower pT are rejected. The better description of the
uncorrelated background by the ME in the SE for a larger threshold of the leading
track, as already observed in figure 7.3, is visible too. Between −9 GeV/c and 4
GeV/c the lowest dip of −0.003 is observed for the jet distribution with a 4 GeV/c
bias. This corresponds to 18 % of the signal peak. For the 5 GeV/c bias a smaller
dip of only 5% of the signal peak is observed. For both jet distributions the dif-
ference below -10 GeV/c is very small, as already shown in the uncorrelated jet
distributions, since the statistics already decreases significantly.

The correction of this correlated jet distribution is presented in section 8. In the
next section different jet radii are studied for the quasi-inclusive jet distribution with
a 4 GeV/c bias.
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Figure 7.4.: Raw correlated quasi-inclusive jet distribution with a bias of pleadT > 4
GeV/c (black) and pleadT > 5 GeV/c (red) as function of precoT,jet. The
uncorrelated background was subtracted by the ME.

7.2.1. Variations of the jet radius

In this section variations of the jet radius are presented. The jet radius is a central
parameter in the definition of the setup for the jet reconstruction. It determines
how many particles of a jet are collected. While for smaller jet radii the probability
increases that particles of the jet are missed in the reconstruction, the signal-to-
background ratio gets worse if a larger radius is used. In p+p collisions the com-
parison of jets, reconstructed with different jet radii, measures the distribution of
the jet energy transverse to the jet axis. Possible modifications of the jet shape can
be measured by comparing different jet radii in heavy-ion collisions. For example in
[45] the ratios of the jet distributions, reconstructed with different R, in central and
peripheral collisions are compared in order to search for medium induced broadening
of the jet.

In this section the quasi-inclusive jet distribution with a 4 GeV/c bias is used
with the same setup for the jet reconstruction as used for the jet distribution shown
in the previous section in figure 7.3. The results for the different jet radii of R = 0.2
(upper plot) and R = 0.4 (lower plot) are shown in figure 7.5. The area cut is
adapted to the respective jet radii. A cut of Ajet > 0.05 is used for R = 0.2 and
Ajet > 0.35 is used for R = 0.4. For both jet radii the SE jet yield is presented
in black and the ME distribution in blue. The shaded region is the normalization
region which is the same as used in previous sections. In addition the distributions
are normalized to the number of used events Nevents. The ratios SE/ME are shown
in the lower panels.
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Figure 7.5.: Raw quasi-inclusive SE (black) and ME (blue) jet distribution with a
bias of pleadT > 4 GeV/c as function of precoT,jet. The anti-kT algorithm with
R = 0.2 and Ajet > 0.05 (upper plot) and with R = 0.4 and Ajet > 0.35
(lower plot) was used for the jet reconstruction. The ME is normalized
to the SE within the shaded region. The ratios are shown in the lower
panels.
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The peak of both jet distributions is shifted to positive precoT,jet because a 4 GeV/c
bias on the leading track was applied. The reconstructed jet yield is larger for
the smaller jet radius of R = 0.2. This is expected as more jet candidates are
reconstructed if a smaller radius and thus a smaller jet area is used. The number
of reconstructed jet candidates per event can be calculated by integrating the SE
jet distribution over the full precoT,jet range. As expected the integral decreases with
increasing jet radius. For a jet radius of R = 0.2 an integral of 1.88 is obtained,
while the number of reconstructed jets decreases to 1.46 for R = 0.3 and 1.12 for
R = 0.4. The result for R = 0.3 is obtained from the previous section.

The description of the uncorrelated background in the SE by the ME distribution
is improved if the jet radius is reduced from R = 0.3 to R = 0.2. Almost no
deviations between the SE and ME distribution for R = 0.2 below precoT,jet < 0 GeV/c
are observed. Between -10 and -18 GeV/c very small deviations of about 10 % are
observed where the jet distribution is already reduced by three orders of magnitude.

In comparison to the reconstructed jet distribution with R = 0.3 the description
of the uncorrelated background by the ME becomes worse if the radius is increased
to R = 0.4. The deviation between SE and ME at the left side at precoT,jet < −10
GeV/c increases where the SE distribution is larger than the ME distribution while
around 0 GeV/c the ME distribution is slightly larger than the SE distribution. The
same behavior as observed before, for example for the inclusive jets, with a narrower
ME distribution is shown. In particular entries at precoT,jet < −45 GeV/c are visible in
the SE which are not described by the ME. However the jet distribution is already
fallen by five orders of magnitude.

Figure 7.6 depicts the raw correlated jet distributions with pleadT > 4 GeV/c for
various jet radii. The ME distributions are subtracted from the SE distributions,
presented in figure 7.5 and in the upper plot of figure 7.3. The results are shown
again for R = 0.2 (black), R = 0.3 (red) and R = 0.4 (blue). The widths of the
distributions increase with increasing R as already observed for the uncorrelated jet
distribution. In addition the peak is shifted to larger precoT,jet for larger jet radii. The
signal is centered around 12 GeV/c for R = 0.2, 17 GeV/c for R = 0.3 and 23 GeV/c
for the largest jet radius of R = 0.4. This is expected as the reconstructed jet energy
increases with increasing jet radius. Negative values are observed around 0 GeV/c
in all cases due to the difference between SE and ME distribution, as described
above. The region and the magnitude of those entries decreases with decreasing R.
For R = 0.2 negative entries are observed between −7 and 1 GeV/c while the region
extends to −11 to −6 GeV/c for R = 0.4. This was expected from the observed
differences described above. In general small deviations from 0 at precoT,jet < 0 GeV/c
are possible due to statistical fluctuations.

The quasi-inclusive raw correlated jet distribution with pleadT > 5 GeV/c are shown
in the appendix in figure A.6. With the 5 GeV/c bias almost no deviations from
0 are observed below precoT,jet = 0 GeV/c for all jet radii. The larger bias leads to a
cleaner jet distribution where more background jets are rejected which results in a
better description by the ME.
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Figure 7.6.: Raw correlated quasi-inclusive jet distribution with a bias of pleadT >
4 GeV/c as function of precoT,jet. For the jet reconstruction the anti-kT
algorithm was used with a jet radius of R = 0.2 (black), R = 0.3 (red),
R = 0.4 (blue).

7.3. Hadron-jet distribution

In this section the semi-inclusive hadron-jet (h-jet) distribution is presented. For
the h-jet distribution, the recoiling jets from a high pT trigger hadron are used as
described in [45, 48] and introduced in section 2.3.2. Within an event a hadron
is used as trigger particle if it is within some certain trigger pT interval. In the
case that there are several trigger candidates, one particle is picked randomly. The
azimuthal angle φtrigger of the trigger particle defines the jet axis and all recoiling
jets which are within the interval φtrigger + 3

4
π up to φtrigger + 5

4
π are accepted. The

studied observable corresponds to Y (pT,jet), the jet yield integrated over the recoil
region φ = 3π/4 to φ = 5π/4 as described in [45] and shown in equation 7.1. The jet
yield in the equation is normalized to the number of trigger hadrons NAA

trig , where AA
refers to the collision system. The transverse momentum and the pseudo-rapidity
of the jet are represented by pT,jet and ηjet while ∆φ is the angle of the jet relative
to the trigger hadron in azimuth.

Y (pT,jet) =

∫ 5π
4

3π
4

d∆φ

(
1

NAA
trig

·
d3NAA

jet

dpT,jetd∆φdηjet

∣∣∣∣∣
pmin
T,trig<pT,trig<p

max
T,trig

)
(7.1)

The selection of the recoiling jets from a high pT trigger hadron represents a clean
probe of jets because only high pT processes are used. However, the recoiling jets
can lose lots of energy within the medium if the jet production happened at the
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edge of the interaction region.
The resulting raw recoil jet distribution is presented in figure 7.7. The upper panel

shows the SE jet distribution recoiling from a trigger hadron with 20 < pT,trig < 100
GeV/c (black) and with 3 < pT,trig < 5 GeV/c (red). The high pT trigger region is
used to select a high pT process, where the recoiling jet candidate is expected to be
a true jet. For comparison the small trigger pT region of 3 < pT,trig < 5 GeV/c is
used, where the recoiling jet candidates are expected to be uncorrelated background.
Variations of the trigger pT interval can be done in further studies.

In addition the ME jet distribution is shown (blue) in figure 7.7 where all recon-
structed objects recoiling from a hadron with pT > 2 GeV/c are used. This value
is arbitrary because no high pT processes where jets are produced exist in the ME.
The shaded region is again the normalization region of the ME. The ME distribution
normalized to the SE distribution with 20 < pT,trig < 100 GeV/c (black) is shown
in the figure. However, for the calculation of the ratio in the lower panel, the ME
distribution is normalized separately to both SE distributions. All jet yields are
normalized to the number of trigger hadrons Ntrig.

For both SE distributions a good description of the uncorrelated background at
the left side tail is obtained by the ME. Between −10 and 10 GeV/c a ratio almost
equal to one is observed. It slightly increases at precoT,jet < −10 GeV/c as observed for
the inclusive and quasi-inclusive distributions. Possible reasons for this deviation
are already discussed in 7.1. The difference between the two trigger pT values at
low precoT,jet is small. In the region where only uncorrelated background is expected
the reconstructed jet distribution does not depend on the selected trigger hadron.
At precoT,jet > 20 GeV/c the behavior of the two SE distributions with different trigger
intervals becomes different. As expected the difference to the ME distribution is
larger for higher trigger pT. In addition the energy of the jets becomes larger for
larger trigger pT values because the overall energy of the selected process is larger.
The smaller the selected trigger pT, the more background objects are reconstructed
as expected. Therefore the SE jet distribution gets closer to the ME distribution.
As already observed in [45] the number of uncorrelated recoil jets is independent of
the selected trigger pT and only the number of true correlated jets is varied.

Variations of the trigger pT as well as different jet radii can be used in further
studies. In addition, studies of the small remaining difference in the SE and ME at
low jet pT, as observed in the previous sections, are necessary.
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Figure 7.7.: Hadron-jet distributions of the SE with a trigger hadron of 20 < pT,trig <
100 GeV/c (black) and 3 < pT,trig < 5 GeV/c (red) and the ME jet
distribution (blue). The ME is normalized to the SE within the shaded
region. The corresponding ratios SE/ME are shown in the lower panel.
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8. Corrections

The raw correlated quasi-inclusive jet distributions were presented in the previous
section 7 with a 4 and 5 GeV/c leading track cut. It is necessary to correct them for
detector effects as the reconstruction efficiency and background fluctuations which
result in pT-smearing. The corrections of the raw distributions are done by using an
unfolding method. The general unfolding procedure follows the description in [45].

The aim of the unfolding is the calculation of the true jet distribution out of
the measured signal. The response matrices Rbkg and Rdet, which take care of the
background and instrumental effects, relate the true and measured jet distributions
T and M as shown in equation 8.1 [45]. The reconstructed jet precoT,jet was already
introduced in equation 2.11. It is affected by the detector effects and the pT-smearing
which results from background fluctuations. The particle-level jet pT, which is the
true jet pT without detector and background effects, is described by ppartT,jet. For

the detector-level jet pT (pdetT,jet) instrumental effects are applied to the particle-level
jets. The inversion of equation 8.1 reproduces the true jet distribution out of the
measured jet distribution.

M(precoT,jet) =
[
Rbkg(p

reco
T,jet, p

det
T,jet)×Rdet(p

det
T,jet, p

part
T,jet)

]
× T (ppartT,jet) (8.1)

Several steps are necessary in order to perform the unfolding which are described
in the next sections. The true particle-level jet generation by using the PYTHIA
event generator [83, 84] is described in section 8.1. The efficiency and a pT-smearing
are applied in order to obtain the detector-level jets out of the particle-level jets.
The used efficiencies are described in section 8.2. The embedding of PYTHIA jets
into real data, to calculate the response matrix, follows in section 8.3. In the last
section 8.4 the unfolding procedure is described and first results of the corrected jet
distribution are presented.

8.1. Particle-level jet generation with PYTHIA

The particle-level jets, which are necessary for the calculation of the response matrix
are generated by using the PYTHIA event generator.

PYTHIA is a very common tool used for the event generation in high-energy
collisions, as performed at the LHC, based on Monte-Carlo methods [83, 84].

Different physics processes are included in PYTHIA for the particle production.
For example the parton distribution functions of the two incoming particles are
considered as well as the initial state radiation. Hard scatterings, typically 2 →
2 processes as qq̄ → gg and soft processes as elastic scatterings are calculated.
Resonance decays and final state parton showers are included too. As last state
of the collision the fragmentation process and secondary decays are described. All
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these processes are included in the event generation based on theory and model
description of data. Center-of-mass energies between 10 GeV and 100 TeV can be
used for the simulation as well as different colliding particles [85].

The output of the simulation contains event information and properties of the
particles as their momenta and masses which can be used for different purposes.
Simulations are important tools for the search of new processes. Predictions can be
used as input for the design of the detectors or the searching strategy. In addition
they are used for the comparison with results obtained from real data where for
example model predictions can be tested. Background and uncertainties as the
detector efficiency can be estimated with simulated events.

For our purpose PYTHIA is used to generate p+p particle-level jets. For the
production of the jets a collision energy of

√
sNN = 5.02 TeV was used. The jets

are produced for different phase space intervals. A minimum and maximum value
for p̂T, the scale of the hard-scattering [84], is set, in order to obtain defined phase
space intervals. They are weighted later with the appropriate cross-sections. In
total 7 phase space bins are used and 500000 events are generated for each bin.
Only charged tracks are used which are within the acceptance of |η| < 0.9.

Figure 8.1.: PYTHIA generated p+p particle-level jet distributions at
√
sNN = 5.02

TeV for different p̂T bins: 100-200 GeV/c (gray), 75-100 GeV/c (green),
50-75 GeV/c (red), 25-50 GeV/c (blue), 10-25 GeV/c (cyan), 5-10
GeV/c (pink), 0-5 GeV/c (orange). The distributions are scaled with
their cross-sections. The same setup for the jet reconstruction as for
real data (see section 5.1), except the area cut, is used. Only the re-
constructed jet with the largest energy is accepted. The sum of all
individual scaled distributions is depicted in black.

The generated PYTHIA events are included into the main program where the jet
analysis is performed. Figure 8.1 shows the reconstructed PYTHIA particle-level
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jets for different p̂T bins. For the reconstruction the anti-kT algorithm is used with
the same setup as for real data which was described in section 5.1. In particular
a jet radius of R = 0.3 is used because the raw correlated jet distribution with
R = 0.3 is used for the unfolding first. If more jets are reconstructed which fulfill
this requirement, the jet with the largest energy is used.

In comparison to the real data no area cut is applied. The general concept of the
jet area is only defined in heavy-ion collisions or in processes, where the fragmenta-
tion of the initially produced high pT parton is large. However, the definition of a
jet radius is not possible if the fragmentation is too low, as it can happen for the
p+p PYTHIA generated jets. In some events only a few particles are generated and
jets with very small areas are reconstructed with the anti-kT algorithm. To avoid
the rejection of those jets, no area cut is applied.

The individual jet distributions are scaled with the different production cross-
sections from the PYTHIA generator. The cross-sections σ in mb for the different
phase space intervals are listed in table 8.1. The sum of all scaled distributions for
the different p̂T bins is depicted in black in figure 8.1.

Table 8.1.: Cross-sections σ for the different phase space intervals of p̂T.

p̂T(GeV/c) 100-200 75-100 50-75 25-50 10-25 5-10 0-5
σ(mb) 1.653 · 10−4 5.035 · 10−4 3.608 · 10−3 0.078 2.768 28.62 1621

To obtain the response matrices, the particle-level jets have to be matched with
the detector-level jets. In order to get the detector-level jets instrumental effects
are applied to the particle-level jets. In the next section the efficiency and the pT
resolution is introduced.

8.2. Instrumental effects

The measured jet pT (precoT,jet) which is reconstructed with the jet algorithm is influ-
enced by several detector effects due to technical limitations as a limited acceptance,
efficiency or resolution. The main contributions are described in the following.

The tracking efficiency of single particles represents the largest contribution of the
instrumental response. It describes the fraction of all generated tracks which could
be measured and reconstructed with procedures as described in 3.3. This leads to
a shift of the true jet energy towards lower reconstructed jet energies because some
particles are missing. To account for this in the unfolding procedure, the efficiency
is estimated and applied for the calculation of the detector-level jets.

The efficiencies can be estimated by using Monte-Carlo simulated events. They
contain the simulated true physical tracks and tracks where the predicted detector
effects are applied. A matching between the true tracks and the simulated recon-
structed tracks has to be done in order to estimate the efficiency. Because the
estimation of the efficiency was beyond the scope of this thesis, the results from [86]
are used. The tracking efficiency in dependence of the track pT are shown in figure
8.2. It was calculated using the MC data set of LHC17c5a,b for an interaction rate
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of 0 to 2 kHz. The estimated value for the efficiency is between 0.78 and 0.83 in the
considered pT,track range.

this thesis

Figure 8.2.: Tracking efficiency in dependence of pT,track obtained from Pb-Pb MC
simulation at

√
sNN = 5.02 TeV. Results are taken from [86].

this thesis

Figure 8.3.: TPC-ITS pT-resolution for Pb-Pb at
√
sNN = 2.76 TeV. Results are

taken from [87].

In addition a limited track momentum resolution leads to a pT-smearing of the
reconstructed jets. The pT-resolution for TPC and ITS reconstructed tracks is taken
from [87]. The resulting pT resolution σ(pT)/pT is shown in figure 8.3. In order to
obtain the absolute resolution the y-values are multiplied with the corresponding pT
values.

The detector-level jets can be obtained by applying the pT-resolution to the
PYTHIA particle-level tracks. This is done by selecting a random pT from a Gaus-

103



sian distribution with the original ppartT,track as mean value and σ(ppartT,track) as width.
After that the efficiency is used where a random value between 0 and 1 is selected. If
this value is smaller than the efficiency obtained from figure 8.2 the track is accepted
otherwise it is discarded. This results in a rejection of about 20% of the tracks. The
obtained detector-level tracks are used for the jet reconstruction where the same
setup for the clustering is used as for the particle-level tracks in the described in the
previous section.

The instrumental response matrix is obtained by matching the detector-level and
particle-level jets. This is described in more detail in the next section as well as the
calculation of the full response matrix by embedding the detector-level jets into real
data.

8.3. Response matrix

In the previous sections the determination of the true particle-level jets and the
detector-level jets were described. In this section the calculation of the response
matrix by using the PYTHIA generated jets and an embedding method is presented.

In equation 8.1 the full response matrix is given as a convolution of the instrumen-
tal response matrix Rdet and the background response matrix Rbkg. In the following
the calculation of both individual response matrices is described briefly. However,
the full response matrix is calculated as it is necessary in order to do the unfolding.

The instrumental response matrix Rdet to correct the detector effects can be ob-
tained by matching the particle-level and detector-level jets. For the matching the
jets which share most of their energy are used. The individual tracks of the jets
can be identified by η and φ as the position was not changed during the application
of the detector effects. An example of an instrumental response matrix is shown in
the upper plot of figure 8.4. The particle-level jets generated with PYTHIA with a
phase space interval of p̂T = 75− 100 GeV/c are matched to the detector-level jets.
For the jet reconstruction of particle and detector-level jets the anti-kT algorithm
with R = 0.3 and the same setup as used for the real data, except the area cut, was
applied. The strong effect of the efficiency is visible as most of the detector-level
jets have smaller energies than the corresponding particle-level jets. The smaller
effect of the pT-smearing is observed too, since some particle-level jet energies are
smeared to higher values in pdetT,jet.

Fluctuations in the background energy density of a single event are not described
by ρ, which only accounts for the event-to-event fluctuations. In order to correct
local fluctuations the uncorrelated background response matrix Rbkg is used. To
calculate the background fluctuations an embedding method of PYTHIA jets into
real data can be used. The response matrix is obtained by the embedding of recon-
structed PYTHIA detector-level jets into the SE. The detector-level jets are obtained
as described above. The jet with the largest energy is used for the embedding. The
tracks of this jet are simply added to the PseudoJet vector where the tracks of the
real data (same event) are stored. After the embedding the jet reconstruction is
carried out. This results again in the reconstruction of the PYTHIA detector-level
jet but now additional particles from the underlying event are within the jet area.
This reconstructed jet is matched to the detector-level jet which was reconstructed
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Figure 8.4.: Response matrices where PYTHIA generated particle-level jets with
p̂T = 75− 100 GeV/c are used and the jets which share the largest en-
ergy fraction are matched. Upper: Instrumental response matrix with
particle-level jet ppartT,jet on the y-axis and the detector-level jet pdetT,jet where
the pT-smearing and the efficiency was applied on the x-axis. Lower:
Background response matrix. Detector-level jets with pdetT,jet are embed-
ded into the SE and the reconstructed jets are matched to pdetT,jet.
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before the embedding. The matching is done by searching the jet which has the
largest energy fraction of the original detector-level jet. One example of a back-
ground response matrix with p̂T = 75 − 100 GeV/c is shown in the lower plot of
figure 8.4. The diagonal is represented again by the black line. A smearing of the
detector-level pT to lower and higher values reconstructed with the anti-kT in the
event is observed.

The difference of the reconstructed and embedded jet pT is described by δpT as
given in equation 8.2. It describes the fluctuation in the background energy density.

δpT = precoT,jet − pembed
T (8.2)

The probability distribution of δpT, corresponding to the response matrix shown
in the lower plot of figure 8.4, is depicted in figure 8.5. Again the PYTHIA jets which
are generated with the phase space interval p̂T = 75 − 100 GeV/c are used as an
example. The distribution is basically centered around zero. It is not fully symmetric
as an increase is observed at δpT > 0 GeV/c in comparison to a Gaussian fit. This
was already observed in section 5.1 where a single 10 GeV/c track was embedded
into the SE. In addition, some entries are visible at δpT < −30 GeV/c. These
are the same entries as observed in the background response matrix where only a
small fraction of the embedded jet was reconstructed. This could be prevented by
requiring that the fraction of the embedded jet energy in the matched jet should be
at least 25%. Other thresholds are possible too.

Figure 8.5.: Probability distribution of δpT where reconstructed PYTHIA detector-
level jets, obtained from particle-level jets generated with p̂T = 75 - 100
GeV/c, are embedded into the SE. The matching to the reconstructed
jets is done with the largest energy fraction.
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For the unfolding the combination of the two response matrices described above is
used. For the estimation of this full response matrix detector-level jets are embedded
into the SE and matched with the PYTHIA particle-level jets. Again the jets which
share the largest fraction of energy are matched as it is done for the background
response matrix. There are different other approaches how the matching could be
done. For example the jets which have the greatest agreement in the number of
PYTHIA tracks could be matched. Another approach is the matching of jets by
their areas. However it is possible that a jet has a large area and is still a low pT jet
because it contains mainly low pT background particles.

The calculation of the response matrix is done for each p̂T bin separately. After
the scaling with the cross-sections the matrices are added to obtain the full response
matrix. The final response matrix is shown in figure 8.6 with the particle-level jet pT
on the y-axis and the embedded detector-level jet into the SE pdet,recoT,jet on the x-axis.
The matrix is normalized to one within each y-bin. Therefore, each particle-level jet
pT appears with the same probability. The effect of the efficiency is clearly visible
as lots of particle-level jets end up at lower measured pdet,recoT,jet .

This response matrix is used in the next section where the unfolding procedure is
described.

Figure 8.6.: Full response matrix for inclusive jets reconstructed with the anti-kT
algorithm with R = 0.3. Particle-level jets on the y-axis and embedded
detector-level jets in SE on the x-axis. The matching is done for jets
which share the largest energy fraction.
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8.4. Unfolding

The unfolding of the raw correlated jet distribution is done in order to obtain the
true jet distribution. In the previous sections the calculation of the response matrix
was described which is a necessary input for the unfolding. As shown in equation 8.1
the true and measured jet distributions are connected by the response matrix. If the
detector and background response is known the true distribution can be calculated
from the observed distribution by the inversion of equation 8.1. However, it is not
straightforward to solve this problem as the matrix does not need to be invertible.

There is no guarantee that the mapping of the measured signal to the true dis-
tribution is bijective and a unique solution can be found. Small variations in terms
of statistical fluctuations in the measured signal can lead to completely different
resulting true distributions [88]. In addition by refolding the obtained true distri-
bution it is possible that the result is not the same as the original measured signal.
One may have to accept a loss of information. This depends on the precision up
to which the response matrix is known and the available statistics. To take care of
this, additional constraints are necessary which can bias the results. In regularized
unfolding methods an additional smoothness constrain is applied to suppress large
fluctuations [88].

One regularized unfolding method is the Bayesian unfolding. It is based on Bayes’
Theorem [89] as given in equation 8.3. In this approach different independent causes
Ci (C1, C2, ..., CnC), which correspond to the true events, can lead to an effect E,
the measured signal. The probability that an effect E was produced due to cause
Ci is given by P (Ci|E). It is the product of the probability of a cause P (Ci) and the
probability that this cause lead to the effect E P (E|Ci). The product is normalized
by the sum of all probabilities of the causes Cl times their probabilities to produce
the effect.

P (Ci|E) =
P (E|Ci)P (Ci)∑nC

l=1 P (E|Cl)P (Cl)
(8.3)

In this approach an additional assumptions of the true probabilities of the causes
P (Ci) are necessary. This input is called a prior function and is an additional choice
which can be made. By measuring n(E) events with effects E one can calculate
the assigned number of events with cause Ci which lead to the measured number of
effects by using equation 8.4. In this equation εi is the efficiency of measuring an
effect which is caused by cause Ci. For an efficiency of zero no events are observed
from the cause because the experiment is not sensitive to them.

n(Ci) =
1

εi

nE∑
j=1

n(Ej)P (Ci|Ej) (8.4)

From this the total number of true events Ntrue can be calculated as the sum of
all n(Ci) and thus the probabilities P (Ci) = n(Ci)/Ntrue of the causes which can
be used as new prior function. In order to obtain the final unfolded distribution
this procedure is repeated several times in order to update the initially guessed
probability. A limited number of iterations ensures regularization.

An other approach of regularized unfolding is the Singular Value Decomposition
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(SVD) as described in [90].
The unfolding of the correlated jet distribution is done with the ROOT unfolding

framework RooUnfold [91]. The package provides several unfolding methods as the
Bayesian or SVD unfolding. The Bayesian unfolding method is used in the following.
The regularization parameter is set to three or four. In addition the prior function
is varied. As described in section 8.1 the PYTHIA particle-level jet distributions are
used in order to obtain the response matrix. The response matrix shown in figure
8.6 is normalized such that all particle-level jet pT have the same probability. This
corresponds to a flat prior function.

In addition, a Levy function, as already used in section 6.1, is introduced as a
prior function which modifies the probability of the particle-level jets. The function
is given in equation 6.1 and different distributions are shown in figure 8.7. The two
parameters B = 10 and m0 = 0.3 are fixed. The other parameters T and n are varied
between 2 and 2.9 in steps of 0.1 (T ) and 5 to 9.5 in steps of 0.5 (n). An additional
shift of the mean value is applied between 5 and 9.5 GeV/c in steps of 0.5 GeV/c.
In total 1000 different combinations of parameters for the prior function are used
for the unfolding and in addition the regularization parameter is set to three and
four which results in 2000 different setups. It is possible to submit the calculation
to the batch farm, in order to perform an efficient calculation of the corrected jet
distributions for the 2000 different parameter setups. The calculations are split
into 100 jobs which can be submitted. This allows a large number of systematic
variations of the parameters within a short time.

Figure 8.7.: Example of four different prior functions used for the unfolding.

In figure 8.7 four examples of the prior function are shown. For the black and
green distribution it is T = 2 and n = 5 and a shift of 5 GeV/c (black) and 9.5
GeV/c was applied. For the red distribution the same parameter T = 2 and a shift of
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5 GeV/c was used, as for the black distribution, but the parameter n was increased
to n = 9.5. For larger n the function drops faster at higher pT. In comparison to
that the slope of the distribution can be varied by using different values for T . The
distribution gets broader if T is increased as observed for the blue distribution in
figure 8.7.

Figure 8.8.: Raw correlated quasi-inclusive jet distribution with a 4 GeV/c leading
track cut. The black distribution is the same as shown in figure 7.4,
where the ME was normalized to the SE up −5 GeV/c. For the red
distribution a normalization within only one bin (bin with −5 GeV/c)
was used. The same normalization was applied for the blue distribution
and in addition the ME was scaled down by a factor 0.9.

The unfolding is done for the raw correlated quasi-inclusive jet distribution with a
4 GeV/c bias as shown in figure 7.4. Because a small difference between the SE and
ME jet distribution around 0 GeV/c was observed the correlated jet distribution is
negative in this precoT,jet region. The reason for this is the narrower ME distribution.

In section 6.2 the normalization of the ME to the SE was described and a range
up to −5 GeV/c was found to result in the best description of the SE by the ME at
precoT,jet < 0 GeV/c. A flat SE/ME ratio was required at precoT,jet < 0 GeV/c because the
SE consists mainly of uncorrelated background in this region. However negative precoT,jet

values are possible due to background fluctuations. True jets with very small energies
of only a few GeV/c, might be at large negative precoT,jet due to large background
fluctuations. In this sense a normalization of the ME to the SE only at the lowest
precoT,jet values at the left side is possible, where one can assume that correlations in
the SE are negligible. Because this is not practicable due to the low statistics at the
left side of the jet distributions another normalization is applied.

Before the ME is subtracted from the SE it is normalized only within one bin
around −5 GeV/c to the SE distribution. Thus the resulting difference SE-ME is
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zero within this bin. After that the ME is scaled down until a smooth transition to
the peak is obtained. The bin which is used for the normalization is an arbitrary
selection and other bins where the statistics is not too low at precoT,jet < 0 GeV/c are
also possible. With this normalization negative entries in the SE-ME distributions
are avoided. Further studies will be carried out with a simulation, in order to
study the behavior of the ME and the region where only uncorrelated background
is expected.

The correlated jet distributions with the 4 GeV/c leading track cut with the
different normalization of the ME to the SE, as described above are shown in figure
8.8. The normalization is done before the ME is subtracted from the SE. For the
black distribution the ME was normalized to the SE distribution up to −5 GeV/c
as it was done in previous sections. For the calculation of the red distribution only
one bin, which contains −5 GeV/c was used for the normalization. The same bin
and an additional scaling factor of 0.9 was used for the ME shown in blue, before it
was subtracted from the SE distribution.

In particular a smooth distribution which can be used for the unfolding is obtained
by using this different normalization. The resulting raw correlated jet distribution
with the new normalization as described above is shown in black in figure 8.9. In
addition, the corrected, unfolded jet distribution (red) is depicted. The corrected
jet distributions are folded back to the measured signal with the response matrix
in order to get a comparison to the original measured signal. These distributions
(refolded) are depicted in blue.

The χ2 is calculated between the measured signal and the refolded distributions.
Only 20% of the results with the smallest χ2 values are shown in the figure. This
corresponds to 400 different unfolded and refolded distributions. The ranges between
these distributions are depicted by the red (unfolded) and blue (refolded) shaded
regions. The result with the smallest χ2 is obtained with the Levy function as a
prior with T = 2, n = 9.5 and a shift of 8.5 GeV/c. The regularization parameter
was set to three. On the x-axis the jet pT,jet is shown which corresponds to the
reconstructed jet precoT,jet in the case of the measured and refolded signal and the true
pT,jet in the case of the unfolded distribution.

A reasonable result for the corrected jet distribution is obtained. The unfolded
jet distribution starts just above the bias of 4 GeV/c, which was applied in the
jet reconstruction. Due to this applied bias, values below 4 GeV/c in the true
distribution are not possible. The bias was not used as an input for the unfolding
and is a result from the procedure. The maximum of the distribution is reached at 12
GeV/c. The systematic uncertainty can be estimated from the range of the different
unfolded results. In addition, a reasonable agreement between the measured data
and the refolded distributions is obtained which confirms the obtained unfolded jet
distribution. Some deviations between the data and the refolded distribution are
visible between −10 and −20 GeV/c. It is possible that some information get lost
in the refolding procedure because of the few bins in the unfolded distribution at
the left side tail. A smaller binning could be used to further improve the refolded
distribution.

For further studies several adjustments of the parameters for the unfolding can
be done. Different prior functions can be used as well as additional regularization
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parameters and unfolding methods. The whole chain to perform the unfolding is
set up, just some more variations are necessary which are beyond the scope of this
thesis. In addition the PYTHIA particle-level distribution folded with the response
matrix can be used for a comparison to the real data in order to verify the unfolding
procedure.

According to figure 15 in [45], the jet reconstruction efficiency has to be applied
to the unfolded jet distribution, as an additional small correction. It can be eas-
ily obtained by calculating the number of particle-level jets without a matching
detector-level jet. The detector-level jet might be lost mainly due to the tracking
efficiency.

Figure 8.9.: Correlated jet distribution SE-ME with a 4 GeV/c leading track cut
before (black) and after (red) the correction by unfolding is applied. The
corrected distribution is refolded (blue) in order to verify the unfolding
procedure. The pT,jet on the x-axis corresponds to precoT,jet for the measured
and refolded distribution and the true pT,jet in the case of the unfolded
distribution. For the unfolded and refolded distributions the best 20%
of the results with the smallest χ2 are shown. The Levy function was
used as a prior, details are described in the text.
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8.5. Systematic uncertainties

In the next step the statistic and especially the systematic uncertainties have to be
determined. Because this is out of the scope of this thesis, only a brief description
of the next steps follows in this section. In section 6 lots of variations of the ME
were done which can be used for the estimation of the systematic uncertainties.

For the high momentum splitting in the ME, as introduced in section 6.1, only
small differences between the different thresholds for the splitting were observed.
In section 6.2 different normalization regions are used. Uncertainties of about 15%
are expected from figure 6.5. An additional systematic uncertainty arises due to
the definition of the reconstruction of the event-to-event background energy density.
In section 6.3.1 different numbers of jets are removed for the calculation of the
SE and ME ρ, which had a relatively large impact on the resulting correlated jet
distributions. In addition variations of the area cut should be performed, to study
its impact on the reconstructed jet population. As shown in figure 6.6, lots of
jets are discarded by the used area cut. Additional systematic uncertainties can be
estimated for the dependence of the ME on the used categorization into event-plane,
multiplicity and z-vertex bins, as presented in section 6.4.

The determination of the tracking efficiency is a necessary next step. The effi-
ciency as well as other instrumental effects, generate an additional systematic un-
certainty. By comparing the δpT distributions shown in figure 5.3 and 8.5, where
one 10 GeV/c track and PYTHIA generated jets are embedded, one could estimate
the systematic uncertainty of δpT.

As already observed in [45], a large component of the systematic uncertainty arises
due to the unfolding procedure. The variation of the setup used for the unfolding, as
presented in section 8.4, can be used for the estimation of this systematic uncertainty.

In addition variations of the track selection cuts are performed in section 4.2. In
order to obtain a systematic uncertainty the different sets of cuts have to be used
for the jet reconstruction. So far only the hybrid tracks are used. Variations of these
cuts on the tracks can be easily performed before the jet reconstruction is done, as
described in section 4.2. For example variations of the DCA cut might lead to a
different behavior of the pileup events as described in section 4.3.
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9. Summary and Outlook

A novel approach for the estimation of the uncorrelated background in heavy-ion
jet measurements at LHC energies was presented in this thesis. Mixed events were
introduced as a possible solution to perform jet measurements down to very low pT,
where a large population of uncorrelated background jets disturbs the measurement.
The mixed events were used successfully for the first time in a semi-inclusive h-jet
measurement at STAR [45]. In this thesis they are used for a charged jet measure-
ment at ALICE for the first time. The most central events (0-10%) of the 2018
Pb+Pb data set measured with ALICE at

√
sNN = 5.02 TeV are analysed. Different

track cuts were studied and finally the hybrid tracks with some additional basic
quality cuts on the tracks were used. The anti-kT algorithm provided by the FastJet
package [44] is used for the jet reconstruction with a default radius of R = 0.3. The
kT algorithm with Rbckg = 0.3 was used for the background estimation, which is
described by the event-to-event background energy density ρ.

The procedure to obtain a reasonable description of the uncorrelated background
in jet measurements was described. Only one track of each real event is used for
the creation of a ME. This ensures the destruction of all jet like correlations and by
applying the same jet reconstruction only uncorrelated background jets are found.
This ME jet distribution is normalized to the SE distribution within an interval at
negative precoT,jet where mainly uncorrelated background jets are expected.

Different aspects in the mixing procedure had to be considered to obtain a good
description of the uncorrelated background by the ME. The multiplicities of the ME
are sampled from real data, thus the same distribution is obtained. In addition all
acceptance effects that are present in the real events are reproduced by the ME.

The event categorization is introduced which guarantees that only events which
have similar event plane angles, z-vertex positions and multiplicities are used for the
mixing. This categorization results in a very good description of the uncorrelated
background in the same events. The ME jet population is studied in dependence
of the event plane, the multiplicity and z-vertex. As expected, the uncorrelated
background, which consists mainly of particles from the bulk, depends strongly on
the event plane. In addition a high momentum splitting for the particles in the ME
was introduced to ensure no high pT objects from real jets are within the ME. It
turned out that event-by-event pT fluctuations are also important for the production
of the ME. They have to be considered by mixing only events with similar psumT values
of all tracks. Otherwise only ME with some mean psumT values were created. The
additional binning was only used for a subset of the data and should be extended
to the whole data set in the future. The remaining difference in the SE and ME ρ
distributions could be accounted for by an additional ρ shift of 1 GeV/c.

With the mixed events a reasonable description of the uncorrelated background in
the inclusive jet distribution is obtained which enables inclusive jet measurements
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down to very low pT for the first time at LHC energies. Cuts on the reconstructed
jet pT are no longer necessary. However, some small deviations between the SE
and ME jet distributions are still observed which should be further investigated.
By a broadening of the ME jet distribution by 3% a perfect description of the SE
jet distribution is obtained. A general dependence of the ME on correlations was
observed. By including correlations the ME was always broadened. Further studies
of the ME in dependence of the psumT or the flow could be carried out to possibly
further broaden the ME distribution.

Similar results were obtained for the h-jet distribution where different trigger pT
intervals where used. For a trigger pT between 3 and 5 GeV/c a jet distribution closer
to the ME distribution is obtained as less real jets are reconstructed as expected.
More jets are reconstructed if a larger trigger pT is selected between 20 and 100
GeV/c where the overall energy of the selected process is higher.

In addition, the quasi-inclusive jet distributions with different biases were studied.
A leading track cut of pleadT > 2, 3, 4 and 5 GeV/c was applied. While the results for
the 2 and 3 GeV/c bias are similar to the inclusive distributions, an almost perfect
description of the SE by the ME at precoT,jet < 0 GeV/c was obtained with the 4 and 5
GeV/c leading track cuts. Different jet radii of R = 0.2, 0.3 and 0.4 were compared
for the quasi-inclusive distribution with pleadT > 4 GeV/c. As expected, the overall
jet yield gets larger if a smaller jet radius and thus a smaller jet area was used in
the jet reconstruction. This results in a narrower distribution. The description of
the uncorrelated background by the ME gets better if a smaller jet radius was used.

The raw correlated jet distribution is obtained by subtracting the uncorrelated
background, the ME jet population, from the SE jet distribution. In the last section
the unfolding procedure was described which is applied to correct the raw correlated
jet distributions for background and detector effects. The response matrix was
obtained by using PYTHIA generated p+p particle-level jets. The pT resolution and
the efficiency was used to get the detector-level jets which were embedded into the
SE in order to obtain the response matrix. For the unfolding the ROOT unfolding
framework RooUnfold with the Bayesian unfolding method is used. A reasonable
result was obtained for the quasi-inclusive jet distribution with a 4 GeV/c leading
track cut. As expected, the distribution starts just above 4 GeV/c and no entries
are observed at smaller pT,jet.

However, further studies are necessary as the remaining difference between the
SE and ME at low precoT,jet had to be compensated by the normalization in order to get
a smooth distribution for the unfolding procedure. As a next step a fast simulation
of the ME jet distribution is carried out in order to simulate the description of
the uncorrelated background. In addition, the real tracking efficiency has to be
calculated. With the variations of the parameters for the ME, presented in this
thesis, the systematic uncertainties can be estimated in the next step.

The presented mixed-event technique provides an unique and universal tool to
perform inclusive jet measurements down to very low pT, where the jets are expected
to lose most of their energy within the QGP. Due to the limiting background in
heavy-ion collisions a huge amount of jets were ignored in previous jet measurements.
This limiting factor of the uncorrelated background in heavy-ion jet measurements
is removed by the purely statistical approach of the mixed events. Therefore, this
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method represents an essential part in the jet reconstruction in heavy-ion collisions.
Once the procedure presented in this thesis is finalized it offers a full new regime of
possible jet measurements. Measurements of heavy-flavor jets or γ-jet correlations,
which could be performed by including the information from the EMCal, are possible
down to low pT. In addition it is possible to search for large-angle Molière scattering,
which can be used to probe the quasi-particle nature of the QGP, since a sensitivity
only for low pT jets is expected.
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A. Appendix

A.1. Event plane

Event plane correction with recentering

Figure A.1.: Qx and Qy for positive (left) and negative (right) η. The offset from
zero of the mean values are subtracted in order to correct the event
plane as described in section 5.2.
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Event plane correction with inverse φ weight

Figure A.2.: Event plane angle Ψ2 over the full acceptance (red) and for positive
(green) and negative (blue) η after the correction with inverse φ was
applied. Only a subset of the data was used.
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A.2. Mixed event studies

Event plane dependence of ME

Figure A.3.: Raw inclusive jet distribution of all reconstructed jets with R = 0.3 of
the SE (black) and ME with 18◦ event plane bins (blue), ME with 3◦

event plane bins (green) and ME without event plane bins (red). Lower
panel: Ratios SE/ME with 18◦ bins (black), 3◦ bins (green) and without
event plane bins (red). A subset of the data with one multiplicity and
z-vertex bin was used.
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Dependence of the ME on the z-vertex

Figure A.4.: Raw quasi-inclusive jet distribution of all reconstructed jets with a lead-
ing track of 4 GeV/c with R = 0.3 of the SE (black) and ME with 4 cm
z-vertex bins bins (blue) and ME with 1 cm z-vertex bins (red). Lower
panel: Ratios SE/ME with 4 cm z-vertex bins bins (black) and with 1
cm z-vertex bins (red). The full data set was used.
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Run dependent observation

Figure A.5.: η− φ distribution of inclusive jets for the SE with precoT,jet < −35 GeV/c.
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A.3. Raw jet distributions

Quasi-inclusive jet distribution

Figure A.6.: Raw correlated quasi-inclusive jet distribution with a bias of pleadT >
5 GeV/c as function of precoT,jet. For the jet reconstruction the anti-kT
algorithm was used with a jet radius of R = 0.2 (black), R = 0.3 (red)
and R = 0.4 (blue).
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