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Abstract

We investigated the performance of basic jet subtraction, by the utilization of jet recon-
struction generally used at the Large Hadron Collider (LHC). This was done by studying
Z-bosons, in the dielectron decay channel, and the associated jet correlation in pp, pPb
and PbPb collisions, using datasets generated by the Monte Carlo generator PYTHIA8.
The PbPb collisions at

√
sNN = 2.76 TeV and pPb collisions at

√
sNN = 5.012 TeV were

generated with the full simulated heavy-ion background by using the Angantyr model
(PYTHIA), and compared to the results of pp collisions with a corresponding collision
energy. The way the Angantyr model works is by essentially stacking individual nucleon-
nucleon sub-collisions on top of each other and hadronize them together, allowing us to
study only the microscopic interactions without any assumptions of a thermalized medium
or collective interaction. The measurements of Z+leading-jet from these collisions are pre-
sented as a function of the transverse momentum balance between Z0 and the jet, the
azimuthal angular and the pseudorapidity separation between the Z0 and the jet, and the
jet profile. These measurements are presented as a function of collision centrality. The
results of the investigation suggests that the jet subtraction performs considerably well cor-
recting the transverse momenta of the jet for peripheral PbPb collisions and pPb events,
but the shape of the jets remain strongly damped in the underlying event of central PbPb
collisions.



Popular Scientific Summary: Recreation of Big Bang

When head-on collisions between massive lead ions are performed at the Large Hadron
Collider, there are hundreds of collisions happening at once creating tens of thousands of
particles, at energies of a few trillion electronvolts. This firework of particles forms for a
brief moment a tiny ”big bang” so hot that everything inside it ”melts” into a so-called
quark-gluon plasma, or QGP for short.

The quark-gluon plasma is a system so incredibly hot and dense that quarks and gluons,
the building blocks of all ordinary matter, are no longer bound to their primary hadron,
but can freely interact with e.g. quarks from other hadrons. At this brief moment, we
have recreated the conditions similar to those that exist in the very early moments of the
universe.

As this ultra hot fireball expands and cools down immediately afterwards, the individual
quarks and gluons recombine into their natural bound states, such as protons and neutrons
and other less familiar and unstable hadrons. These particles are then dispersed in all
directions and detected with a gigantic detector system. The information carried by these
particles is very important to our advancement of knowledge of quantum chromodynamics,
which is the theory describing the nature of quarks and gluons. Together with the electrons
they form the building blocks of everything we see around us.

In order to make any sense of the circus of particles registered by the detectors, we
need a physical theory and models, that are able to explain the outcome and what has
happened. These collisions are, however, normally described with statistical models, which
deals with averaged properties, such as pressure, density and temperature. With this in
mind, a group of people at the Lund University has developed a new event generator model,
which will simulate heavy-ion collisions in great detail, down to the individual quarks and
gluons, in order to separate effects of different origin.

My role is to investigate the performance of basic methods of analysing heavy-ion colli-
sions, simulated by the new event generator. These methods rely on an indirect observables
that are sensitive to the effects of the QGP. The observable is a spray of particles, a so
called jet, that passes through the plasma. At very rare occasions, the primary collision
between a combination of two quarks/gluons from each lead ion, produces a very energetic
electron-positron pair, that will pass the plasma unchanged. Together with this, we get
a corresponding recoil of particles in the opposite direction of equal magnitude, a ”hard
jet”, that will interact strongly with the surrounding quarks and gluons in the quark-gluon
plasma. This type of hard scattering is extremely instructive, as it can provide informa-
tion on the jet modification that occurred in the plasma, thus revealing properties of the
quark-gluon plasma.

This new event generator will serve as a very powerful tool and may help future studies,
as it will contribute to the understanding of the quark-gluon plasma and the forces behind
the most elementary particles. All in all, it will give us one more piece of the puzzle, that
is to understand the origin of matter and the beginning of our universe.
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1 Introduction

At the Large Hadron Collider (LHC) at CERN, scientists are studying collisions of both
the smallest atomic nucleus, single protons, as well as the heavy-ion of lead, consisting of
208 protons and neutrons. Our methods of calculating and modelling the final states for
single proton collisions are well described by so-called event generators, giving us a detailed
description of the hundreds of particles produced in such an event. However, despite the
major success in recreating these events in simulations, our theoretical models of heavy-
ion collisions leave a great deal to be desired. This is due to a rather poor generalized
implementation in existing event generators of effects such as jet quenching, elliptic flow
and quarkonium suppression ascribed to the formation of a so-called Quark-Gluon Plasma
(QGP).

The available event generators for simulating the heavy-ion collisions, which produces
tens of thousands of final state particles, normally utilize hydrodynamical models (such
as EPOS-LHC [1], AMPT [2]), i.e. statistical models that mainly characterizes averaged
properties (pressure, density, temperature etc.), based on the assumption of a expanding
thermalized medium. These hydrodynamical models focus on describing collective effects
signalling the formation of a QGP. With this in mind, a new event generator model has
been developed at Lund University called Angantyr [3], which in contrast focuses on the
interaction between individual particles and to a large extent ignores collective effects
(without the assumption of a thermalized medium). One may note that this is not unique
for Angantyr, e.g. HIJING [4] is built on a similar starting point. The Angantyr model
will give us a highly useful theoretical tool for studying the non-collective background in
heavy-ion collisions to sensitively probe the thermodynamical properties of the produced
medium.

To study the quark-gluon plasma, we need to probe the early stages of the dense
system’s evolution created in heavy-ion collisions, which lasts for an order of a few fm/c
in transverse direction [5]. Since experimentally made observations are mainly on the final
state particles, we need probes that are already in existence at the earliest of stages and
that are sensitive to the properties of the medium. Prime candidates for studying the QGP
are the so-called hard processes. They are characterized by the back-to-back scattering of
two partons with large momentum transfer, originating from the initial crossing of the
heavy-ions. An example of these probes are jets, collimated sprays of particles produced
from fragmentation of the original partons that participated in the hard scattering. The
production time-scale of these processes is τ ≈ 1/pT . 0.1 fm/c [6], allowing them to act
as “tomographic” probes for studying the medium.

It was early on proposed by Bjorken [7] that energetic partons traversing the quark-
gluon plasma would lose energy to the medium, scattering off any encountered in-medium
particles. This would yield in a high-pT hadron suppression. The first observation of this
phenomenon, dubbed jet quenching, was observed at BNL (RHIC) from the

√
sNN =130

GeV Gold central collisions STAR experiment [8]. Another observable suggested by Bjorken
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(in the same work) was the dijet1 asymmetry in the transverse momentum (pT ). This was
noticed in the

√
sNN =200 GeV Gold collision [9] and later confirmed with the ALTAS

detector at the LHC [10], showing pT -imbalance between two reconstructed jets originating
near the edge of the overlapping nuclei (i.e. at the periphery of the collision), resulting
from different amounts of energy loss. The advantage of using dijet-events as QGP probes
is that they have a large cross section. However, both partons will suffer energy loss.

A more instructive, however rarer in comparison with purely QCD processes, variant of
hard scattering involves the production of an electroweak boson (γ, W, Z). These bosons,
with high transverse momenta, will remain unmodified by final-state interactions [11, 12]
and therefore retain the kinematic information of the scattered parton, which can be used
to unbiasedly characterize the in-medium parton energy loss. In the case of Z0 production,
the Z0 can be produced with an associated parton, qq̄ → Z0g and q(/q̄)g → Z0q(/q̄). In
turn, we want the Z-boson to decays into leptons, which are also unaffected by QCD and the
dilepton signatures are fairly easy to identify. The high transverse momentum of the boson
will in turn produce a partonic recoil of the same magnitude, in the diametrically opposite
direction in the transverse plane, an associated hard jet. In heavy-ion collisions, the high-
pT jet will experience in-medium energy loss while propagating the medium [13, 10, 8].
This modified jet can provide important information on the properties of the medium and
interaction processes.

Jet reconstruction in heavy-ion experiments is problematic because of the overwhelm-
ing background of soft or moderately hard particles accompanying the production of hard
partons and/or vector bosons, defined as underlying event (UE). With this in mind, the
method for jet reconstruction used here is the anti-kT algorithm, chosen due to its jet
boundary being resilient to the effects of soft particle fluctuations in the background. Fur-
thermore, the underlying events also produce a significant alteration of the reconstructed
jet energy, and are thus requiring jet subtraction. This is done by calculating the energy
density corresponding to the underlying event.

There are several different observables for jet-modifications in the QCD medium. For
instance, one can expect significant changes to the particle distributions inside the jet, the
so-called jet profile, as these particles will scatter off the various constituents that it en-
counters. There are observations of suppression of heavy quarkonia, dijet asymmetry and
pT imbalance between bosons and the associated jets. In this thesis, we will restrict our-
selves to observations of the jet profile, pT imbalance and correlations in the pseudorapidity
and azimuthal angle between the reconstructed Z-boson and jet.

This thesis is set up as follows. Chapter 2 contains a theoretical overview of heavy-
ion collisions, relating concepts and methods of measuring properties of the quark-gluon
plasma. In chapter 3, the focus lies on the jets. Here we will go through the background
of jets (i.e. their definition, both the theoretical and the experimental one), followed by
how jets are found and finishing with the major effects found in heavy collisions on jets.
In chapter 4, a theoretical overview will be provided on the Monte Carlo generator with a

1Dijets are the produced from a hard scattering process which resulted in two fragmented partons with
the transverse energies in opposite hemispheres.
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short description of the heavy-ion model, Angantyr (Chapter 4.1.1). The following chapter,
Chapter 5, will describe the simulation part of this thesis, together with the analysis
methods, event selection, jet reconstruction and background analysis. In this chapter we
will go through the methods used in jet subtraction and provide a slight modification. The
results of Z+jet analysis and the corresponding performance of the background subtraction
are provided in chapter 6. A discussion of the mentioned results and analysis methods
concerning the background subtraction are provided in chapter 7, followed by a review and
conclusions in chapter 8.

2 Study of the Quark-Gluon Plasma

The widely accepted underlying theory of the strong interaction is the so-called quantum
chromodynamics (QCD) one. This theory is described by a non-Abelian SU(3) gauge the-
ory, first proposed by M. Gell-Mann and Y. Ne’eman [14, 15], which possesses features
leading to phenomena such as colour confinement (at low-energy scales) and asymptotic
freedom (at high-energy scales), as can be deduced from figure 1. The colour confinement,
which states that quarks and gluons can only exist in bound states within hadrons, oc-
curs in the low-energy scale regime where αs(Q) ∼ O(1). This magnitude of coupling
strength prohibits the use of perturbation theory for calculating the higher-order Feyn-
man diagrams. Nevertheless, this problem can be solved with lattice QCD : computational
calculus for solving QCD theory numerically, performed on a discrete lattice of points in
space and time. At the typical high energy scale (or conversely at small length scale)
achievable in modern high-energy collider experiments (Q > 100 GeV), the strength of
the QCD coupling decreases substantially, sufficiently for use of perturbation theory, with
higher-order corrections. This reduction of αs indicates that quarks and gluons could essen-
tially behave as quasi-free particles inside a hadron at high energy scales. This behaviour
is known as asymptotic freedom. It was suggested that this property of QCD, of having
asymptotic freedom (at high energy scales and/or short length scales) and colour confine-
ment (at low energy scales and/or long length scales), could contain a phase transition
between high and low temperatures and/or baryon densities that would be accessible to
experimental investigation. The first detailed examination of this proposed phase of quark-
gluon-deconfinement, named the quark-gluon plasma (QGP), was conducted by Shuryak
in 1980 [16].

The only way of observing the QCD matter in collision experiments is by indirect
means: detecting observables predicted to be sensitive to the creation of a quark-gluon
plasma. This topic will be touched upon in the following section.

2.1 Experimental measurement of QGP properties

The experimentally most reliable way of achieving the necessary high temperatures and
energy densities for the QGP phase transition to occur (predicted from lattice QCD [18], in
order to account for non-perturbative effects) is by colliding heavy-ions at ultra-relativistic
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Figure 1: Summary of measurements of
αs, which shows that the coupling con-
stant have a dependence on the consid-
ered interaction energy scale, Q. For
low energies, αs increases asymptoti-
cally, which leads to confinement. For
large energy scales, however, αs de-
creases and approaches 0, which leads
to asymptotic freedom. The figure is
taken from [17].

energies. The results obtained from the analysis of these collisions are frequently compared
with reference data (such as pp and pPb collisions), in order to identify any modification2

caused by initial- or final-state effects. Consequently, the baseline for heavy-ion collisions
can be drawn from collisions where the physics processes are well described and where it
is believed that no QGP is formed, thus providing direct information on the underlying
QCD medium. However, there exists processes that can mimic some of the effects of the
deconfined plasma (one of them is explored in [19]). The strategy for distinguishing these
effects from QGP effects is by studying smaller collision systems, such as proton-proton3

and proton-nucleus4 collisions.
There exists quite a few available experimental observables that are expected to pro-

vide information on the properties and evolutions of the QCD matter (some of these are
mentioned in section 1 of [21] and section 1.5 of [22]). Typically, these observables can be
described as the modifications of specific particle properties caused by interactions with the
QGP. For instance, quarkonium suppression (disappearance of quarkonia states, e.g. J/Ψ
[23]) due to colour screening, collective flow of the medium, and high-pT hadron suppres-
sion due to medium-induced energy loss of the initial partons. In this study, we will focus
our attention on the latter, and more specifically on the jet quenching phenomena and the
experimental observable of jet quenching in Z0+jet production.

2Heavy-ion collisions are not only a superposition of independent proton-proton collisions, but give rise
to a full set of new phenomena, such as secondary collisions of quarks and geometric dependences.

3The pp collisions are used as a baseline for ”ordinary” QCD phenomena.
4The pA collisions were introduced to account for the initial wave function (nuclear PDFs) and its

fluctuation of the colliding nuclei. This would enable us to disentangle these nuclear effects originating
from the initial state structure of the collision (with effects such as shadowing and saturation) from the
final-state effects, thought to be related to the medium [20].
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Figure 2: This figure illustrates the evo-
lution of a central heavy ion collision
in space and time. The time axis sepa-
rates two collision scenarios: one were
the the critical temperature and en-
ergy density is not achieved for QGP
formation (left) and the another were
the conditions are achieved, producing
QGP (right). The variables denoted on
the figure are as follows: the critical
temperature Tc, the freeze-out temper-
ature Tfo and chemical freeze-out tem-
perature Tch. The figure is taken from
[24].

2.2 Collisions of Nuclei

When colliding ultrarelativistic heavy-ions, one can separate the evolution of this collision
into several stages, as illustrated in figure 2. In the case were the critical temperature
and critical volume for QGP formation are not reached, the system will expand according
to hydrodynamical evolution (left half of figure 2) without deconfinement occurring and
will proceed directly with the hadronization process. In the case where the conditions
are reached, the collision of the heavily Lorentz-contracted (disk-shaped) nuclei induces a
stage often called the pre-equilibrium stage. At this stage, the hard processes will begin to
take place, at similar times as the creation of a QGP. When this system reaches thermal
equilibrium, the QGP matter is produced. This system will then expand due to the inner
pressure, in correlation with decreasing temperature, leading to gradual hadronization of
the partons spreading with the speed of sound, the mixed phase. The geometry of the ex-
pansion5 depends on the initial geometry of the collision, which will be discussed in section
2.2.1. The hadronization of quarks and gluons in the medium results in fragmentation of
high pT partons into lower pT hadrons (at high energies) and coalescence of low pT partons,
combining them into higher pT hadrons (at low energies). When the distances between
hadrons rule out elastic rescattering (hadrons decouple), we enter the chemical and ther-
mal freeze-out stage were the chemical composition and kinematics of the system becomes
fixed.

2.2.1 Collision Geometry

Since the colliding heavy-ions are rather extensive objects compared to individual colliding
protons, the collision system will differ remarkably depending on how ”central” the collision

5The observable connected to the geometry expansion is collective flow. This results from the collective
behaviour of thermalized medium and can manifest itself as radial flow and elliptic flow.
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Figure 3: Illustration of the concept of centrality and the related impact parameter b.
Participants refers to the nucleons taking part in the interaction, while spectators are the
non-interacting nucleons. The figure is taken from [25].

was6. In order to distinguish the initial geometry of the collisions, one can introduce an
impact parameter, b, which is defined as the transverse distance between the center of
the colliding nuclei, as can be seen in figure 3. However, the impact parameter is not
a physical observable. From the experimental point of view, when presenting data from
heavy-ion collisions, one typically categorized them by centrality, an observable coupled to
the activity (often in the forward/backward direction) of the collision. Centrality is defined
as the percentile of events with largest number number of produced particles, registered
by detectors. As can be deduced from figure 3, this centrality observable should have a
monotonic relationship with the impact parameter, b: the larger number of , participants
(i.e. nucleons undergoing at least one collisions), the smaller the impact parameter (greater
the overlap area of the colliding heavy-ions). In turn, the number of participants is assumed
to be directly coupled to the activity.

3 Jets

Hadronic jets are defined as collimated hadrons resulting from the fragmentation of a
sufficiently energetic outgoing parton, originating from an initial hard scattering process,
as mentioned in section 2.2. In practise, jets are defined from experimental observables
(i.e. particle 4-momenta) and are therefore algorithm-dependent, meaning that there is
no unique or correct way to group these hadrons. These algorithms generally work by
clustering the final-state particles that are close in momentum-space (i.e. particles that go
towards the same direction), in a rough attempt to reconstruct the kinematics of scattered
partons.

The reason why hard jets are so useful for studying QCD matter (such as QGP) is
due to their properties: they directly couple to the QCD degrees of freedom, due to their
partonic origin; their short production time-scale of τ ≈ 1/pT . 0.1 fm/c, allowing for both
traversing and being modified by the QCD medium; they have theoretically predictable
cross sections (perturbative QCD).

6As an example, the centrality have a huge influence on the collective flow. A peripheral collision has
a almond-shaped overlap and resulting in a different pressure gradients in different directions from centre
to border of the overlap region, creating a direction dependent flow.
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3.1 Evolution of Jets

The jet evolution and the analysis can be summarised into 6 steps:

1. Initial state radiation: Before the actual hard-scattering of partons within the in-
coming colliding hadrons, there is a possibility for initial state radiation of these
partons, resulting in modifications of the energy, the topology and the multiplicity
of the outgoing particles.

2. Hard-scattering and final stage radiation: The hard-scattering process are processes
where the scattered particles have high momentum transfer. After these have oc-
curred, the scattered partons may produce final state radiation, which is similar to
the initial state radiation. At the scale of final state radiation, perturbative process
continue to produce emissions, resulting in a cascade of partons moving approxi-
mately in the direction of the original parton.

3. Fragmentation and hadronization: The evolution of the parton cascades continues
until the energy scale (or virtuality), q2, falls from the hard process scale to the cas-
cade cut-off scale, where we can no longer rely on perturbative calculations (αs(q

2)
becomes too large) as we enter the low momentum transfer and long-distance regime.
At this point, the non-perturbative hadronization mechanism takes effect. The type
of model used in theoretical calculations for the fragmentation of the scattered par-
tons depends on the used Monte Carlo generator. The PYTHIA8 generator uses
the Lund string model [26, 27], where the word ”string” originates from the narrow
tubelike shape of strong colour fields, due to gluon self-interactions. The basic idea
is that the process of transforming a partonic final state (e.g. two partons in a qq̄
system moving apart from each other) to a hadronic one, can be viewed as a contin-
uing processes of longitudinal stretching of the string fields (separation of partons)
and string break-ups7 (creation of a quark and anti-quark pair) into smaller segments
until only on-mass-shell hadrons remain. This is illustrated in figure 4.

4. Particle decay: in this stage of the jet evolution, the internal particle interaction have
ceased, but the short lived unstable particles may decay into a series of final state
particles.

5. Registration by detector and detector effects (which is left out in this thesis): The
final jets’ constituents are then registered by the detector.

6. Jet reconstruction: The registered particle information is then analysed by jet recon-
struction algorithms, which produces the final observable jets.

Particles that did not originate from the hard scattering are referred to as the un-
derlying event. The underlying event is a convolution of several contributions from

7The breakage occurs naturally, depending on whether the string invariant mass is greater than an
on-shell hadron.
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Figure 4: This figure illustrates the main idea of the Lund String Model, a theoretical model
on fragmentation. The yellow thick lines represents the colour strings. The Fragmentation
starts in the middle and spreads outwards. The colour string stretches and breaks into 2
colour singlet strings, i.e. creating a quark-antiquark pair. The figure is taken from [28].

multiple parton interaction and beam remnants and their interactions. In heavy-ion
collisions, these interactions can induce energy loss of the partons originating from
the hard scattering, referred to as jet quenching. Most commonly, however, the un-
derlying event tends to obscure the signal of interest and may lead to corrections of
the reconstructed jet energy that can be needed to be corrected, with jet subtraction
methods.

3.1.1 Experiment

In practice, jets differ substantially from the theoretical picture given above. This is
because of the fact that only final state particles are available for observation, implying
that the information on original parton was lost during the hadronization phase of the
collision. So, experimentally speaking, jets are a collimated spray of particles and energy.
In the next section, Section 3.2, we will discuss the experimental definition of jets and how
jets are experimentally found. In addition to this definition, there will be new uncertainties
introduced by the presence of the underlying event, that will require an energy correction
on the jets. The discussion on the underlying event is held in section 3.3 and the subtraction
of the underlying event is described in section 5.4.2.

3.2 Definition of Jets

The way of finding jets, in practice, boils down to a clear and usable jet definition. The
general accepted ”recipe” for jet finding is in accordance to the Les Houches convention
described in [29]: a ‘jet definition’ should include the jet algorithm used in reconstruction,
its parameters (in our case, the radius R) and the recombination scheme.

In the following sections, we will only focus on presenting the specific type of jet defi-
nition criteria that were used in this thesis.
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3.2.1 Algorithms

Before presenting the used jet algorithm, let’s define the space coordinate system. A
frequently used coordinate system in accelerator physics is the cylindrical coordinate system
(z, φ, η) (due to the cylindrical geometry of experiments), where the beam axis is associated
with the z-axis and φ is the azimuthal angle. However, instead of using θ as the polar angle,
it is often given in terms of the pseudorapidity,

η ≡ − ln

(
tan

θ

2

)
. (3.1)

The pseudorapidity is a massless approximation of the rapidity,8

y ≡ 1

2
ln

(
E + pL
E − pL

)
−−−→
E→p

1

2
ln

(
p+ pL
p− pL

)
=

1

2
ln

(
1 + cos θ

1− cos θ

)
= − ln

(
tan

θ

2

)
≡ η, (3.2)

where y is rapidity, E =
√
p2 +m2 and pL = |p| cos θ. The key reason for using rapidity,

respectively pseudorapidity, is that the rapidity intervals are invariant with respect to
Lorentz boosts along the beam axis9.

Now that the geometry of the system has been established, we can introduce the concept
of jet algorithms, or more specifically: the sequential recombination ”anti-kT” algorithm,
which was used. This type of algorithm utilises hierarchical clustering, which is a iterative
procedure of recombining the pairs of particles that are closest in some distance measure
until a criterion is reached. The calculated distance of a particle pair, dij, (involved in the
”generalized” kT algorithm) is defined as

dij = min
(
p2pT,i, p

2p
T,j

) ∆R2
ij

R2
= min

(
p2pT,i, p

2p
T,j

) ∆y2ij + ∆φ2
ij

R2
(3.3)

where pT,i is the transverse momentum of particle i with respect to the beam (z-axis)
direction, ∆Rij is the distance between particle i and j in (y, φ), and R is the so called
jet radius (see section 3.2.2). The different kt algorithms are separated by the choice of p:
the original kt-algorithm (p = 1 =⇒ merges low-pT particles first10), Cambridge/Aachen
(p = 0 =⇒ geometrically the closest) and anti-kt (p = −1 =⇒ merges high-pT particles
first). Another distance measure in the kT algorithm is the distance between particle i and
the beam,

diB = p2pT,i. (3.4)

8A rapidity measurement requires both the energy and the total momentum, which is often difficult to
get a precise measurement of, especially at high y values near the beam axis. This makes pseudorapidity
much easier to measure.

9This is useful as the longitudinal momenta of the colliding partons inside the nuclei are a priori
unknown in each individual collision, and the resulting relative motion can be understood as a boost of
the constituent system with respect to the lab or beam system.

10This characteristic is useful in determination of background, as it merges the contribution which
mostly originates from soft processes. This forms a boundary of the jet area that is heavily affected by
soft radiation of the underlying event.
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These two distances are then compared, in the search of the smallest one. If dij is the
smaller one, one recombines these two particle into one ”pseudojet”, using a recombination
scheme (see section 3.2.3). If diB is smaller, then i is removed from the of list of parti-
cles/pseudojets, adding it to the list of final “inclusive” jets. This procedure continues
until the list of particles/pseudojets is empty. The resulting list of final jets may contain
jets of a single particle, but each particle is associated to only one final jet. These jet can
later on undergo selection and rejection in the analysis, depending on the given criteria
(e.g. minimum transverse momentum cut).

3.2.2 The R-Parameter

In the already defined space of rapidity and azimuthal angle, the radius parameter R (also
called the resolution parameter) serves as a maximal distance between the jet axis and its
components, i.e. the jet radius. It is important to know that the choice of value for this
parameter require some forethought: high values ensure that the whole jet is contained
within the given area, however, at the expense of increasing contribution from other sources.

3.2.3 Recombination Scheme

The recombination scheme describes the way in which individual particles are merged.
The recombination scheme chosen in this thesis was the energy scheme, were the four-
momentum of a jet is defined as the sums of the four-momentum of its constituents. This
recombination scheme is advocated as a standard and used by the LHC experiments.

3.3 Underlying Event

The Underlying event (UE) is everything that did not originate from the initial hard-
scattering or the hard process of interest: beam-beam remnants (partons that did not
interact, spectators) and multiple parton interactions (MPI) (scattering of multiple partons
of the same hadron). This is illustrated in figure 5 as any colour that is not red (hard-
scattering) or blue (incoming particles). The contribution of the UE increases further with
higher energy scales at small longitudinal momentum fractions x, as the occurrence of a
MPI process depends strongly on the density of partons inside the colliding nucleons. This
parton density increases with higher energy scales and at small x, leading to increased
probability of additional processes in the UE.

In AA collisions, the cumulative effect of UE processes is drastically more abundant
than in proton-proton collisions, due to the numerous amount of participating nucleons.
This is challenging because the jet algorithm will sweep up any soft particle, and likely
swamp the jet by the underlying event, making jet reconstruction difficult, requiring it to
be studied on a event-by-event basis. The discussion on a simple procedure of handling
the UE can be found in section 5.4.2.
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Figure 5: This figure illustrates the underlying event in proton-antiproton (blue arrows)
collisions, with multi-parton interactions (MPI) (green arrows). In addition to the 2-to-2
hard-scattering (red arrow) with transverse momentum, ”PT(hard)”, there is a probability
for a second interaction between other two partons. The figure is taken from [30].

4 Simulation Programs

4.1 The Monte Carlo event generator

Experimental data is, by itself, essentially useless without physical theories and models able
to explain the outcome and what has happened. The opposite is also true, that theoretical
predictions are meaningless without experiments checking the validity of them and tuning
the parameters. An essential tool, in collider experiments, to bridge the gap between ex-
perimental data and theoretical predictions is the Monte Carlo event generators. Monte
Carlo event generators are large computer program libraries filled with theoretical models
used for simulating individual particle collisions (called events) in order to describe, as
accurately as possible, the physics behind the observed experimental characteristics. To-
gether with detector simulation programs (such as GEANT [31]), they are indispensable for
data analysis, providing a realistic estimate of the detector response to collision events, and
in the planning of current and future experiments (along with devising analysis strategies
for these experiments), where they are used to estimate signals and backgrounds in high-
energy processes (what type of events to expect and their production rate) and optimizing
the detector performance. In this allows us to do a physics analysis which may provide
new information about the fundamental particles and further our knowledge of particle
physics.

This thesis, we only utilize the PYTHIA8 Monte Carlo event generator. The heavy-ion
model used to generate the heavy-ion background will be given a short overview in the
follow section, Section 4.1.1.
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4.1.1 Angantyr - The heavy-ion model

Version 8.230 of PYTHIA comes with a newly included model, called Angantyr [3], for
simulating heavy-ion collisions by realistically combining several nucleon-nucleon (NN)
sub-collisions and hadronizing each sub-collision separately, inspired by the Fritiof model
[32] with improvements described in [33].

The rough idea of the methodology for generating final states goes as follows [34]:
In both of the colliding nuclei (labelled as ”projectile” and ”target”), each nucleon is
viewed as an individually fluctuating semi-transparent disk. The nuclei consists of nucleons
distributed according to a Woods-Saxon potential. The radii, transparency and fluctuation
probabilities are then adjusted to fit the non-diffractive (N + N → X) nucleon-nucleon
cross section, as well as the elastic, single- (N + N→ X + N) and double- diffractive cross
sections. This division of inelastic sub-collisions is achieved by using a model, inspired
Strikman et al. [35]. Each possible sub-collision is generated by PYTHIA as a NN collision
and treated (in the manner described above and) separately in terms of colour reconnection
and hadronization with the Lund string model (no cross talk between each sub-collision).
Note that each projectile nucleon may interact with several target nucleons and vice versa.
The primary and secondary absorptive interaction are distinguished, as a nucleon that has
already interacted before is arguably different, and so the secondary are treated in a special
way [3].

An important detail of the current version of the used Angantyr model is that it is
missing collectivity in hadron collisions11. This basically means that there is nothing in
the model that can reproduce the effects of the quark-gluon plasma, mentioned in section 2.
This includes, among other things, jet quenching and the long range azimuthal correlations,
which forms a so called ridge in the angular distribution of particles. This will allow us
to study the effects of individual hadronization in the absence of collective effects. The
model can therefore serve as a tool to distinguish and understand the influence of other
non-collective mechanisms on observables designed to be sensitive to collective behaviour.
Examples of this is that jet reconstruction is highly influenced by the high multiplicity
and energy of the underlying event in jet quenching. Modifications of the jet shape, inner
structure and hadron distribution attributed to the QCD medium, may be the results of
region-to-region fluctuations of the UE caused by the initial state of the collision. The
underlying event in jet quenching is explored in ref [37]. Other mechanisms that can
explain collective behaviour are discussed in ref. [19]: strangeness enhancement can be
explained as overlapping strings (Lund string model) causing a superposition-like response
called ”ropes” as shown in pp [38, 39], pPb and PbPb [40] events. The formation of a
”ridge” caused by elliptic flow-like effect in pp can be obtained from increased energy
density resulting in a transverse expansion [41, 42].

11Currently, there exists a model that can qualitatively reproduce soft features of Quark Gluon Plasma
(in small system) [36], but is not implemented in the used version of Angantyr.
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5 Monte Carlo Simulation and Analysis Procedure

The Monte Carlo (MC) event generator used for this simulation is PYTHIA8 (version 8.230,
released in October 2017), with FastJet version 3.3.0. performing the event analysis. The
analysis is performed by using generated events for lead (PbPb) collisions at

√
sNN = 2.76

TeV and proton-lead (pPb) collisions at
√
sNN = 5.012 TeV. For the pPb event, the beam

energies were 4 TeV for protons and 1.58 TeV per nucleon for lead nuclei. For comparison,
proton-proton (pp) collisions are generated with corresponding collision energies and with
and without the MPI setting.

The center-of-mass energy for a nucleon-nucleon (NN) collision, when two beams of
nuclei A and B, with charge ZA, ZB and atomic numbers AA, AB resp., is given by [43]

√
sNN =

√
ZAZB

AAAB

√
s, (5.5)

if they are accelerated with the same magnetic rigidity.
A summary of all requirements on the selected events are presented in table 2 and a

summary of the parameters used for the event set-up run in PYTHIA is found in table 3.

5.1 Simulation Time

The heavy-ion collisions are computationally quite processing intensive and generating a
single event (with the used setting) takes about one second. In order to get reasonable
statistics, we used Lunarc’s Aurora computing cluster, allowing us to generate large amount
of events with a parallel, distributed PYTHIA simulation, on this cluster. With the given
cuts for the events (summarised in table 2), the acceptance rate for the event selection is
very low, ∼ 8% for pp events, ∼ 6% for pPb events and ∼ 1% for PbPb events.

Cuts: pp (no MPI) pp pPb PbPb

pe
+

T , pe
−
T > 20 GeV/c 25% 24% 24% 24%

|ηe−|, |ηe+| < 1.1 58% 58% 58% 54%

pjetT > 30 GeV/c 8% 8% 8% 3%√
(φjet − φZ)2 + (ηjet − ηZ)2 > 0.52 0.0% 0.0% 0.0% 11%
|φjet − φZ| > 2.6 2% 3% 7% 6%

% of passed events 5% 8% 6% 1%

Table 1: The percentage of Z+jet events removed by a given cut in preceding order.

5.2 Event Selection

The selection requirement of the generated events for the analysis are events containing
Z+jet (see the summary of requirements in table 2 ): production of a single Z0 (decaying to
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a dielectron pair) in combination with a parton, produced by the hard scattering process12.
The selected decay products of the Z-boson candidate are required to be within the fiducial
region of pe

+e−
T > 20 GeV/c and pseudorapidity |ηe+e−| < 1.1, leaving phase space available

for the associated jets (enabling jet of both lower and higher pT ). Finally, the reconstructed
Z-boson13 is required to be back-to-back in the transverse plane with respect to the jet with
the highest pT : |∆φ(Z, jet)| > 2.6 rad. Due to the already minimalistic jet subtraction
method and analysis used in this paper, the lepton radiation (l→ l+γ), in the simulation,
is switched off14 in order to simplify the analysis by neglecting corrections for QED final
state radiation.

5.2.1 Centrality Selection

For the analysis of pPb collisions, the centrality boundaries are obtained from the generated
transverse energy spectrum, which is based on the sum of transverse energy,

∑
ET , in

the pseudorapidity interval between -4.9 and -3.2 (the Pb-going directions). The
∑
ET

distribution obtained from minimum bias events15 in these collisions is divided into separate
ranges of

∑
ET referred as centrality classes. The centrality boundaries used in the analysis,

starting with percentage of minimum bias events with the largest
∑
ET corresponding to

the most central collisions, are 1%, 5%, 10%, 20%, 30%, 40%, 60% and 90%. These
boundaries were obtained using the same observable as was used for pPb in the ATLAS
analysis [44].

The centrality for the minimum bias PbPb collisions is determined in the same way as
for pPb collisions, however the centrality is characterised by the

∑
ET in the both beam

directions, 3.2 < |η| < 4.9. The centrality boundaries used in this analysis are 5%, 10%,
20%, 30%, 40%, 50%, 60%, 70% and 80%, based on the [45] ALICE analysis.

5.3 Jet Reconstruction

The jet reconstruction is performed on the record of all particles in each event, excluding16

the Z0-candidate’s decay products and particles outside the |η| < 3.6 interval. The cluster-

12The production of Z-bosons with a associated parton is a next-to-leading (NLO) Drell-Yan process,
given by: q + q̄ → Z0g and q(/q̄) + g → Z0 + q(/q̄)).

13In this thesis, ”reconstructed Z-boson” refers to the reconstructed four-momentum vector of the Z-
boson, i.e. sum of four-momentum of the boson’s decay products (electron pair).

14If the lepton radiation of photon was switched on, it would have resulted into minor smearing of the
measurements.

15The selection of minimum bias events is preformed in order to minimize the selection bias of the
centrality. The reason behind this choice is due to the relatively low transverse energy of the background
in pPb collisions, which becomes a problem when studying high-pT jets. This would have biased events
towards jet productions of larger transverse energy in the given η-interval of the centrality selection. Note
that this bias remains small in PbPb collisions due to the negligence of the jet energy compared the
underlying event energy.

16The excluded particles are either outside the detector range or undetectable, and therefore excluded
from the analysis. The Z0-candidate’s decay products are excluded since they are included in the other
half of the observable.
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ing of particles is performed with the anti-kT sequential recombination algorithm with a
radius parameter R = 0.5 in the y−φ space, the rest of the jet-definition parameters were
left on the default setting. The anti-kT algorithm was used to reconstruct jets due to its jet
boundary being resilient to soft (low pT ) radiation, which is produced in great abundance
in heavy-ion collisions, while flexible towards hard (high pT ) radiation, i.e. hard radiation
has great influence on the jet area. If the kT -algorithm was to be used, we would have
observed event-by-event and jet-by-jet fluctuations of the jet area and larger smearing of
jet momenta due to UE radiation. The resilience to soft radiation is due to the fact that
it tense to cluster soft particles to the hard ones instead of with other soft particles. This
leads to accumulation of all soft particles within the given radius parameter R around a
hard core, resulting in a conical jet if there are no neighbouring hard particles within a
distance of 2R. These properties are further explained in [46]. The jet reconstruction ends
with subtracting the contribution of the UE from the jet. The jet subtraction process is
explained in the following section, Section 5.4.2.

5.4 The Underlying Event Analysis and Subtraction

Let’s begin by explaining the most general idea used for UE analysis and jet subtraction,
then we will introduce a slight modification to this algorithm.

The simplest idea of estimating the contribution from the UE is by finding out the
background pT density (pT/A) outside of the jet area and then subtracting the contribution
from the jet, while assuming constant density17.

The used method for UE estimation is a jet-based background estimator, which involves
taking the median of the pT/A distribution for the pseudo jets in a given event or region
of the event18, as proposed in [49].

The slightly ”modified UE subtraction” involves choosing the region of the event (for
the jet-based background estimator) which lies in the same rapidity space as the jet in
question yjet, while turning the azimuthal angle towards the direction of the reconstructed
Z-boson φZ (see the results of this selection in section 6.5). This assumes that the pT
density of the UE is constant with azimuthal angle19. The reasoning behind the choice of
the azimuthal angle is that the region of the jet is occupied by the signal of the jet and
the UE. However, the region of the Z-boson’s decay products (created from back-to-back
hard scattering process) is just occupied by the high pT dielectron pair and the underlying
event.

17This is a oversimplification. For example, the energy density has a rapidity dependence[47], which is
especially true for pA collisions, which are inherently asymmetric.

18As mentioned in the Fastjet manual, this method is largely insensitive to the presence at a handful
of hard jets, and avoids any need for introducing a pT scale to distinguish hard and background jets.
The recommended region of resolution parameter R∗ with the least bias for UE density determination is
R = 0.4− 0.6 [48]. The higher range is preferred for sparse events in order to not underestimate the UE.

19This assumption turns out to be false due to anisotropic radial flow, affecting the azimuthal distri-
bution. However, the modified version of the jet subtraction performs its analysis at azimuthal opposite
directions, correcting for the elliptic flow (higher order harmonic flow are due to the fluctuations in the
initial matter distribution, which are small and neglected in this thesis).
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The UE analysis is done by reconstructing pseudo-jets with a resolution parameter R∗
20 inside a circle of radius, referred as ”SCR” in this thesis, centred at (yjet, φZ). The pT
density of the UE, ρUE, is calculated by summing over the pT of all constituents of the
pseudo-jet and dividing by the area produced in the algorithm, see 5.4.1. Note that the
kT -algorithm used for the UE analysis (the analysis setup is described in section 5.4.2) do
not give jets with areas corresponding to a perfect circle. However, the tools needed to
do the calculations of pT densities of the UE in a given region are provided by FastJet.
The criteria for the selection of the UE estimate is |ηjet| < 3.6 and the exclusion of the 2
hardest jets.

5.4.1 Jet Area

An active area is a jet area definition used in FastJet. It is used to measure the susceptibility
for a jet to diffuse radiation, which is embodied in the jet area. The ambiguous jet area (jets
consists of pointlike particles with no intrinsic area definition) is define by first introducing
a uniform distribution in y, φ of infinitely soft massless ”ghost” particles, the method is
called active area. Next, the area of a jet is identified as the region of ghosts that are
clustered with a given jet. In this thesis, we used the active area method in combination
with explicit ghosts which includes ghosts when the constituents of a jet are requested and
also leads to the presence of “pure ghost” jets (and ensures the safest treatment of these
jets) , which accounts for the empty region in a events when calculating the UE density
median.

5.4.2 Underlying event Analysis Setup

The UE analysis was performed by utilizing the FastJet software package, version 3.3.0.
Each of the generated collisions types (pp, pPb and PbPb) underwent underlying event

(UE) subtraction with an event-by-event approach, by estimating the transverse momen-
tum density, ρ(η, φ), with the method explained in the previous section . The UE estimator
used here was the jet-based method21, with the recommended settings (see section 8.1.1
in the FastJet manual [50]): kt-algorithms with R-value of 0.322 and an active area (as
standard for jets reconstructed in the ALICE collaboration) with explicit ghosts. The
choice of the resolution parameter R, in the UE analysis, was based on the expectancy
that high multiplicities would occur in the events, which otherwise would have given rise
to fluctuation effects in the underlying event. Note that the leading jet is excluded from
the underlying event analysis, as otherwise it would be biased if the pT in a jet is included
in their calculation, which would result in an over-subtraction of the underlying events
contribution to the jet’s pT .

20In heavy-ion collisions, the radius parameter is kept at low values, in order to minimize the fluctuations
caused by contamination of hard particles (as stated and recommended in the Fastjet manual [50]). This
is under the assumption that the fluctuation in the UE per event remains small in comparison to the UE
density, which can be expected.

21The used method was called fastjet::JetMedianBackgroundEstimator.
22The low R value of < 0.4 is preferred for busy events, as stated in the FastJet manual.
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Requirements on Z-bosons candidate (its decay products):

|ηe−|, |ηe+| < 1.1 and pe
−
T , pe

+

T > 20 GeV/c
Requirements on jets:

anti-kT algorithm with R = 0.5
the leading jet within |ηjet| < 3.6 and |∆φ(Z, jet)| = |φZ − φjet| > 2.6 is selected

pjetT > 30 GeV/c (after UE subtraction)
UE estimation and subtraction

kT algorithm with resolution parameter R∗ = 0.3
Area definition: active area explicit ghost

Table 2: Summary of the requirements at particle level that define the fiducial phase-space
region of the measurements.

6 Results

In this chapter, the results of the previously described analysis are presented. The collision
events were generated by PYTHIA8, for proton-lead (pPb) collisions at

√
sNN = 5.012

TeV, lead-lead (PbPb) collisions at
√
sNN = 2.76 TeV and compared with proton-proton

(pp) collisions with the corresponding collision energy.
In the first two sections, the ∆φ and ∆η momentum distributions with respect to high-

pT Z-bosons and leading jets (selected in accordance to the requirements in table 2) are
studied for different centralities. Next, measurements of the transverse momentum ratio,
xJZ = pjetT /pZT , of Z+jet as a function of centrality are presented. In section 6.4, the jet
momentum density profile is measured as a function of ∆r =

√
(∆η)2 + (∆φ)2 for Z+jet

events, in comparison to PbPb and pPb to pp jet shapes up to ∆r = 0.5 and in different
intervals of centrality. In the last section, the analysis of the modified UE subtraction,
described in 5.4.2, is presented.

The presented measurements in figures 7, 8, 9 and 10 are performed with ”(sub)” or
without ”(UE)” UE subtraction when reconstructing the jets, with the notation given in
the line label. The remaining information is arranged accordingly: the centrality class
percentile is declared at the top of each sub-plot, most central (left) to most peripheral
(right), and the collision energy is presented in the last column. The continuous line
represents the pPb/PbPb collisions and the dashed line represents the pp collisions with
correspond energy.

At the beginning of each section, an explanation of the graph’s general appearance
is presented and a comment of our expectations of how the graph would look like23 will
be given. Then we will discuss the differences between the results obtained from the
pp collisions and the collisions involving a heavy-ion. An emphasis will be placed on
the performance of the jet subtraction in PbPb and pPb collisions using pp collisions as
reference.

23In ref. [51] one can simulate typical jet observables with different parameters, allowing us to have a
sense of how it should look like.
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The statistical error have been calculated for each observable. However, the statistical
error is not explicitly shown on any of the graphs, partly due to the fact that it is small24.
Another reason is that the scale of the statistical error is directly proportional to the visual
statistical fluctuations, and thus giving a sense of the magnitude of the error.

Let’s begin by establishing the pp reference, by comparing the results for each of the
observables in pp events with and w/o MPI and UE subtraction. Note that no MPI
events contain the ”purest” jets (jets without noise),as the major contribution for the UE
comes from MPI, while MPI events are the closest to actual events (neglecting leptons
radiating photons, pile-up and detector response, etc.). For pseudorapidity, pT ratio and
azimuthal angle correlations, each setting results in a very similar distributions. The jet
profile observables shows, however, a more centred jet constituents distribution for no MPI
events, which is expected and a sign that our UE subtraction needs a slight modification.
There are, however, no/minuscule differences when using UE subtraction. This is probably
due to the sparse and low pT underlying event in pp collisions. In conclusion, we will only
use the pp events with MPI and UE subtraction for further uses, as there are no major
differences between the pp references.
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Figure 6: Results of UE subtraction performance in pp collisions for each of the observables,
where the setting for MPI were on/off (MPI,-), with and without UE subtraction, are
compared.

24The given results are of high statistic, just over 106 passed events.
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6.1 Z-boson+jet azimuthal correlation

The results of the azimuthal difference, ∆φJZ = |φJet−φZ |25, between the Z-boson and the
selected jet are presented in figure 7. The shapes of the event-normalized differential Z+jet
distribution, (1/N)(dN/d∆φJZ), against ∆φJZ are normally used to study the change of
the back-to-back alignment of the Z-boson and the parton, as a possible medium effect.

The general features of the graphs are according to our expectations. The expectation
is that since the jet is the result of a parton recoil on the opposite away-side of the Z-
bosons, ∆φ ≈ π, the measured azimuthal angle would then be distributed with a mean at
∆φ ≈ π (the graphs reaches its peak at ∆φJZ = π) and with a standard deviation that
partially dependent on the underlying event. Do note that the measurement contained a
∆φJZ > 2.6 cut26.
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Figure 7: Azimuthal correlation of Z-boson and leading jets of pT > 30 GeV/c and ∆φJZ >
2.6 in pPb (top) and PbPb (bottom) simulation, in several centrality ranges, compared to
pp without UE subtraction.

The UE subtraction performance for the two most peripheral bins in the PbPb collisions
is in good agreement with the pp reference. In general, the UE subtraction results in a bit
narrower distribution of ∆φ, let us conclude that the jet reconstruction (which gives minor
differences between events with and without UE subtraction, thus implying that the UE
is uniformly distributed in φ) and subtraction by estimation of the entire η− φ plane does
perform an adequate UE subtraction.

25The azimuthal difference can assume values ∆φ ∈ [0, π].
26The plots go slightly below 2.6 due to the bin resolution.
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6.2 Z-boson+jet pseudorapidity correlation

The pseudorapidity correlation between the reconstructed Z-boson and the leading jet is
given by ∆ηJZ = |ηJet− ηZ |, and the results are shown in figure 8. The measurements are
as expected, showing a distribution around ∆ηJZ = 0. These graphs contain similar char-
acteristic differences that are found in the ∆φJZ graphs, concluding that UE subtraction
preforms adequately.
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Figure 8: Pseudorapidity correlation of Z-boson and leading jets of pT > 30 GeV/c and
∆φJZ > 2.6 in pPb (top) and PbPb (bottom) simulation, in several centrality ranges,
compared to pp without UE subtraction.

6.3 Z-boson+jet transverse momentum imbalance

Measurements of the transverse momentum ratio, xJZ = pjetT /pZT , of Z+jet as a function
of centrality for pPb and PbPb events are presented in figure 10, as a normalized xJZ
distribution. The asymmetry of the xJZ is used to quantify the Z-boson + jet transverse
momentum imbalance, under the assumption that the transverse momentum for the Z-
boson and the associated initial parton are of the same magnitudes.

On every histogram except for the PbPb events, the peak is found at xJZ ≈ 1 (implying
a small difference between pjetT and pZT ), meaning that there is a good balance between the
Z-bosons and the jet. The natural asymmetric distribution is a result of the selection of
pJetT > 30 GeV/c jets, which imposes a limit on xJZ depending on the choice of pJetT . The
lower values of xJZ emerges when the pZT distances itself (increasingly) from the pJetT cut-off.

The shift of the distribution towards higher xJZ and the change of shape in pPb(UE)
(slight modified) and PbPb(UE) (significantly modified, causing the disappearance of the
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Figure 9: Distribution of xJZ of Z-boson and leading jets of pT > 30 GeV/c and ∆φJZ > 2.6
in pPb (top) and PbPb (bottom) simulation, in several centrality ranges, compared to pp
without UE subtraction.

peak to right) events, can be attributed to the underlying event. The transverse momentum
of the jet receives contribution from the underlying event, resulting in, as can be seen in
figure 9, a right shift (the magnitude of the shift is directly proportional to the magnitude
of the UE, which in turn depends on the centrality) and an elongated tail to the right.
Thus we conclude that both pPb and PbPb collisions have a centrality dependence of xJZ .

In the pPb events and the 60 − 80% peripheral events in PbPb, the subtraction of
UE is performed adequately, as the results are fairly similar to the pp events. In the
central collisions of PbPb, the jet subtraction does a significant subtraction of the large pT
contribution of the UE. The way of improving the result is by setting up stricter selection
requirements, such as ∆φ and higher pT cut for both the Z-boson and the jet (in order
for the anti-kT algorithm to easier separated the UE from the jet) and reducing the R
parameter of the jet finding algorithm (reducing the contribution of the UE).
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6.4 The jet profile of the associated jet

The jet profile, or differential jet shape, characterizes the radial distribution of particle
transverse momenta27 inside a jet. The jet profile ρJZ(r + ∆r) is defined as:

ρJZ(r + ∆r) =
1

∆r

1

NJets

N∑
Jets

∑
i∈Jet pT (r < ri < r + ∆r)

pJetT

(6.1)

The jet shape ρJZ(r + ∆r) is extracted by integrating the jet’s pT distributions in an
annulus of the jet cone with a radial width of ∆r = 0.005, where each has an inner radius
of r and outer radius of r + ∆r. The pT distributions are normalized and integrated to
unity within the radius ∆r < 0.5.
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Figure 10: Jet profile of leading jets of pT > 30 GeV/c and ∆φJZ > 2.6 in pPb (top)
and PbPb (bottom) simulation, in several centrality ranges, compared to pp without UE
subtraction.

The shape of the pT distribution inside a jet in pp and pPb events can be described
in the following way: highest density close to the center, progressively lower closer to the
edge. The general shape of the distribution is reminiscent of a quark-jet (a jet originating
from an initial quark) distribution [52], which has the characteristics: fewer constituents,
narrower and harder constituents compared to gluon jets28. This agrees with the fact that
the Z+jets production is dominated by quark jets [53] for pjetT > 30 GeV/c [54].

27The subtraction of the UE is performed by using (
∑
i∈Jet pT (r < ri < r+ ∆r)/pJet

T → (
∑
i∈Jet pT (r <

ri < r + ∆r) − ρUEA(r < ri < r + ∆r))/pSubtracted Jet
T where ρUE is the pT density of the UE and

A(r < ri < r + ∆r) = πr2 − π(r + ∆r)2 is the area of the annulus.
28This property comes from that the gluons are more likely to radiate more gluons than quarks do at

the same energy.
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The general broadening of the jet structure in central PbPb collisions can be simply
explained by the underlying event (centrality dependent) and the geometry of the jet profile.
From the jet profile definition, the area (∝ r2) of the bins increases with the distance from
the center, giving more room for the UE, consequently increasing the count. Taking a look
at the 0 − 10% centrality plots, we can see that the shape of the ”PbPb(UE)” (two local
maxima at r ≈ 0.1 and r ≈ 0.4) is most likely a result of a normalized superposition of
a pp-like jet distribution (which peaks at r ≈ 0.05) and a large UE contribution (area-
dominated, ∝ r2, if assumed uniform). Note that the there is a boundary effect, resulting
in the edge drop of the jet profile (as seen in each plot), probably due to the way particles
are clustered with the anti-kT algorithm at the boundary. The UE subtraction decreases
the tail, but not enough to retain its resemblance of the pp reference. The precise reason
for the toroid-like shape of the distribution for PbPb(sub) needs a bit more forethought
and study29, but will most likely result in a similar conclusion.

The underlying event subtraction of the PbPb event performs poorly in comparison
to the others observables as the shape of the distribution has no resemblance to the pp
reference. A more detailed study on the jet substructure is due, in order to improve the
jet subtraction performance. The jet subtraction performance in pPb collisions does an
adequate job by narrowing the distribution and thus making it more consistent with the
obtained pp results.

6.5 Results of the Modified Jet Subtraction

The differences between the proposed method of subtraction (see section 5.4.2) and the
method involving estimating the entire fiducial phase-space (referred to as ”UE subtrac-
tion”) are discussed here. The figures are present in figure 11. The modified method was
tested with various radii of the underlying event estimation (SCR) and the radius values of
0.5, 1.0, 1.5, and 2.5, centred at the same φ as the Z-boson and the same y as the jet. The
results for all the observables, except for pT ratio, were that the modified subtraction had
similar results compared to the UE subtraction. The results of the modified subtraction in
pT balance are however more promising at central collisions (0 − 5%, including centrality
classes 5− 30%), as can be seen in figure 11, resulting in a more narrow distribution and
a significant shift to lower pT values, placing the peak close to 1. This method shows
thus some promising results that can save computing time, by evaluating smaller area for
estimation of the underlying event.

7 Discussion

The topic of discussion is the study of jet subtraction performance in heavy-ion collisions
without collectivity effects. A major conclusion that can be drawn from this investigation

29One can look ”behind the scene” and see how well jet direction compares with parton-level direction
in order to verify that the jets are the associated ones, but partly contradicted by the nice line up of the
azimuthal and pseudorapidity correlation.
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Figure 11: Results of pT ratio (top row) of Z-boson and leading jets, with the modified
underlying event subtraction.

is that the effects of the underlying event are too overwhelming in PbPb events for this
type of basic underlying event subtraction.

Besides this, there are several improvements and detailed studies that can be made.
Since the majority of the resulting graphs are within reasonable limits of our expectations,
concerning the performance of the jet subtraction, there is an argument to be made that
the simplistic jet subtraction method used here has some merits. There are, however, some
major discrepancies when it comes to the high multiplicity of the underlying PbPb event
compared to pp events. We will discuss below several minor modification and detailed
studies that may improve the the performance of the jet subtraction.

• One way of improving the performance is with minor modifications to the already
existing variables. A type of variable is the requirements or cuts in the Z+jet event
selection. This can be improved by applying stricter cuts. For one, a stricter re-
quirement on the jet’s azimuthal difference ∆φJZ , which would further suppress the
contribution of biased-jets from the underlying event, but at the risk of losing inter-
esting information. Another cut modification is a higher pT -cut for both the Z-boson
and the jet, resulting in a better performance from the anti-kT algorithm on separat-
ing the underlying event from the jet.

Another type of variable is the R parameter. The reduction of the R parameter in
the jet finding algorithm would result in a lower contribution from the underlying
event.

• In reality, there exists collectivity (collective behaviour) in hadronic collisions, which
may affect jet studies. This can manifest itself as an elliptic flow (resulting from
an initial spatial anisotropy, mainly due to non-central collisions, i.e. initial elliptic
overlap, generating different pressure gradients in the medium, which in turn creates
a v2 azimuthal number density anisotropy). There exists also higher order azimuthal
number density anisotropies. An important note is that these are fluctuates on an
event-by-event basis and the subtraction of the underlying event must be handled as
such, by analysing the pT density for each event.
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• There is also the neglected electromagnetic radiation of the Z-boson’s dielectron pair,
which would have resulted in a final state radiation effect. This would not improve
the jet subtraction, but would improve the realism of the collisions. Other effects that
were ”swept under the rug” are related to the Angantyr model having uncalibrated
parameters, whose adjustment is beyond the scope of this thesis.

• The acceptance rate can be increased, in order to decrease the computational time
for the same number of accepted events. This can be done by studying the
PhaseSpace:pTHatMin (see table 3) parameter in PYTHIA8 in order to maximize
the acceptance rate of the pT cut.

8 Conclusion

Ultra-relativistic heavy-ion collisions are performed at CERN’s Relativistic Heavy Ion Col-
lider and the Large Hadron Collider, with the aim of studying the fundamental properties
of QCD at extreme conditions of high density and temperature. There are several ways
of investigating these properties, one of them being ”tomographic” probes, such as jets.
However, these jets are accompanied by the overwhelming underlying event of the heavy-
ion collisions, making observations of any probe modification problematic, as these changes
can’t be properly separated from the underlying event.

The method of dealing with the underlying event is called jet subtraction. The basic
idea is to estimate the transverse momentum density of the underlying event, while trying to
retain the transverse momentum of the jet. The contribution of the transverse momentum
from the underlying event is then later subtracted from the jet.

In this work, we have investigated the performance of a very basic jet subtraction
method used in heavy-ion collisions. This is done by studying Z-bosons+jet events in pp,
pPb and PbPb collisions. The four often used observables are the transverse momentum
ratio, azimuthal and pseudorapidity correlations of the Z-bosons and the associated jet,
and at last the jet profile or the transverse momentum distribution inside the jet. All
observables are studied as a function of collision centrality, with the usage of pp collisions
as reference, in order to get a sense of to what degree the jet corrections are dependent on
the underlying event.

Our major finding was that the effects of the underlying event are too large for this
type of jet subtraction. Our other findings can be summarised as follows

• By the use of the PYTHIA8 and the Angantyr model, we were able to generate the
Z+jet events with the full simulated AA underlying event, without the collectivity
effects, such as jet quenching and collective flow.

• A modified jet subtraction method is introduced, which performs a local estimation
of the underlying event in an area of a circle with a given radius centred at the φ
of the reconstructed Z-boson and η of the selected jet. This method performs better
than the estimation of the entire event plane for the measurements of pT -ratio, while
performing convergently from no effect to the ”whole plane estimation” standards.
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• The results from the jet subtraction, where the entire underlying event plane was
estimated, show that the azimuthal and pseudorapidity correlations were similar to
the results obtained from pp collisions. However, the inconsistency without any jet
subtraction were minor to begin with.

• The jet subtraction of the observables ∆xJZ and the jet profile (which are directly
dependent on the magnitude of the measured pT sum) perform poorly in central
collisions, but have some minor promising potential. Reassuringly, the subtraction of
pPb and peripheral PbPb (which only tends toward) collisions performs adequately.

The overall conclusion of the performance of the minimalistic jet subtraction was that
the method used in this thesis works reliably (at least in terms of the given model
Angantyr) for events densities similar to central pPb collisions. The subtraction of
the underlying event in PbPb collisions, however, need to be improved, since there
the effects from the underlying event overshadows all other. This will presumably be
at a cost of stricter restriction in the selection of events.
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Parameter (Common): Short Description:
”Random:setSeed = on” Indicates that a user-set seed will

be used.
”Random:seed = ” + SomeRandomValue The seed to be used.
”WeakBosonAndParton:qqbar2gmZg = on” Parton scattering: qq̄ → γ∗/Z0g
”WeakBosonAndParton:qg2gmZq = on” Parton scattering: qg → γ∗/Z0q
”PhaseSpace:pTHatMin = 20.” The minimum invariant pT cut in

2 → 2 hard-process.
”WeakZ0:gmZmode = 2” Only pure Z0 contribution.
”23:onMode = off” No decay channels for Z0.
”23:onIfAny = 11 -11” Z0 decay only to eē.
”PartonLevel:MPI = on” Enable Multiparton Interactions
”TimeShower:QEDshowerByL : off” Prevent leptons to radiate pho-

tons.
Parameter (Heavy-ion collisions): Short Description:

”HeavyIon:SigFitErr = ”
”0.02,0.02,0.1,0.05,0.05,0.0,0.1,0.0”

”HeavyIon:SigFitDefPar = ”
”17.24,2.15,0.33,0.0,0.0,0.0,0.0,0.0”

Initialize the Angantyr model to
fit the total and semi-inclusive
cross sections in Pythia within
some tolerance. Suitable for√
SNN = 5 TeV

”HeavyIon:SigFitNGen = 20” A simple genetic algorithm is run
for 20 generations to fit the pa-
rameters.

Table 3: Summary of the parameters used for the event set-up run in PYTHIA. Note that
this list doesn’t contain type, energy or frame-type of the beams. Documentation for these
parameters can be found at [55]
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