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Zusammenfassung

Relativistische Schwerionen-Kollisionen erlauben es Materie und fundamentale
Kräfte unter den extremsten Temperaturen, Dichten und elektromagnetischen Fel-
dern, die in Laboratorien erreichbar sind, zu untersuchen. Analysen dieser Kollisio-
nen geben einzigartige Einblicke in die Entstehung von Materie und in das Quark-
Gluon Plasma (QGP), einen exotischen Materiezustand, von dem angenommen
wird, dass er ∼ 10−6 Sekunden nach dem Urknall im Universum vorherrschend
war. Dielektronen (e+e−) werden in jeder Phase dieser Kollisionen produziert. Sie
erreichen die Detektoren, ohne signifikant von dem ebenfalls produzierten, stark
wechselwirkenden Medium beeinflusst zu werden. Daher stellen sie eine ideale Mög-
lichkeit dar, Schwerionen-Kollisionen zu untersuchen. Dielektronanalysen liefern
experimentelle Daten zu thermischer Strahlung des QGPs, der partonischen Struk-
tur von Nukleonen im Atomkern, chiraler Symmetriebrechung und der Produktion
von Materie durch elektromagnetische Felder.
Die größte Herausforderung in der Analyse von Dielektronen ist der überwälti-
gend große Hintergrund von Photon-Konversions Prozessen im Detektormaterial
in der Nähe des Kollisionspunktes. Teilchenspuren dieser Konversionen führen zu
kombinatorischem Hintergrund im gesamten Dielektronen Massenspektrum, wel-
cher das Signal der direkt in der Kollision erzeugten Dielektronen um bis zu drei
Größenordnungen übertrifft. Zahlreiche Observablen von Teilchenspuren erlauben
es, auf den Konversionsursprung eines Teilchens rückzuschließen. Dieser Umstand
motiviert eine multivariate Klassifikation von Konversions-Teilchenspuren mit ma-
schinellem Lernen. Die Anwendung dieser Methode vergrößert die statistische Si-
gnifikanz des gemessenen Signals im Vergleich zu konventioneller, Schnitt-basierter
Hintergrundreduktion.
In der vorliegenden Analyse wird Dielektronen-Produktion differenziell im trans-
versalen Paar-Impuls untersucht. Dies ist motiviert durch einen kürzlich gefunde-
nen Dieletronenüberschuss in Au–Au Kollisionen am Relativistic Heavy Ion Colli-
der (RHIC). Die vorherrschende Erklärung dafür ist Dielektronen Photoprodukti-
on, ein Prozess in dem Dielektronen durch das elektromagnetische Feld der Kolli-
sion erzeugt werden. Die spärlich vorhandenen experimentellen Daten sind jedoch
nicht vollständig mit entsprechenden Modellberechnungen kompatibel. Es wird
vorhergesagt, dass dieses Phänomen auch in Pb–Pb Kollisionen mit dem ALICE
Detektor am Large Hadron Collider beobachtbar ist. In dieser Arbeit werden die
entsprechenden Dielektron Spektren extrahiert. Ein Überschuss im Vergleich zu
den erwarteten hadronischen Quellen wird gefunden. Er stimmt weitgehend, aber
nicht vollständig, mit den Erwartungen für Photoproduktion überein.
Diskrepanzen zwischen den Daten und den Modellen für Dielektronen-
Photoproduktion am RHIC führten zu Spekulationen über soweit noch nicht be-
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rücksichtigte zusätzliche Effekte. Diese hängen mit Streuung von Leptonen im
QGP, Ablenkung durch das äußerst starke Magnetfeld oder der Ausdehnung der
Atomkerne zusammen. Jedes dieser Szenarien postuliert eine Abhängigkeit der
Dielektron-Photoproduktion von der Richtung relativ zur Reaktionsebene der Kol-
lision. In dieser Arbeit werden erste vorläufige Resultate einer entsprechenden Ana-
lyse präsentiert.
Ein weiteres Projekt in dieser Arbeit befasst sich mit der Suche nach magnetischen
Monopolen. Die Abwesenheit solcher Teilchen stellt eher einen empirischen Befund
als eine Notwendigkeit der derzeit bekannten physikalischen Gesetze dar. Zudem
lieferte Dirac eine ansprechende theoretische Motivation für deren Existenz. Er
zeigte, dass sie einen weiteren, theoretisch unverstandenen Umstand, nämlich die
Quantisierung elektrischer Ladungen, erklären würden. Suchen nach Monopolen
blieben bislang erfolglos. In der Vergangenheit war es nicht möglich, von diesen
Suchen allgemein gültige untere Schranken für die Masse magnetischer Monopole
abzuleiten. In Suchen nach Monopolproduktion in Teilchenkollisionen ist es not-
wendig, die zu erwartende Produktionsrate zu berechnen, um Schranken auf die
Masse setzen zu können. Dies ist momentan nicht möglich, da störungstheoreti-
sche Berechnungsmethoden nicht auf dieses Problem anwendbar sind. Wie kürzlich
vorgeschlagen wurde, kann diese Problematik im Prinzip umgangen werden, wenn
man Monopolproduktion in starken magnetischen Feldern betrachtet. Da die Ma-
gnetfelder in Schwerionen-Kollisionen für die stärksten im heutigen Universum
gehalten werden, gelten sie als ideale Gelegenheit für Suchen nach Monopolen.
Zusätzlich wäre es prinzipiell noch möglich, von diesen Suchen allgemein gültige
Massenschranken abzuleiten.
Eine entsprechende Monopol-Suchstrategie in Schwerionen-Kollisionen mit ALI-
CE wird in der vorliegenden Arbeit entwickelt. Aufgrund der zu erwartenden exo-
tischen Eigenschaften der Monopole ist es schwierig, das Ziel der Suche in den
Detektordaten festzulegen. Es stellt sich heraus, dass Kernfragmente, die im De-
tektor stoppen, ein ähnliches Signal verursachen sollten. Sie können daher bei
der Definition der Suchkriterien Daten-basierte Aufschlüsse liefern. Die erfolgrei-
che Identifikation solcher Teilchenspuren in den Detektordaten demonstriert die
Machbarkeit der vorgesehenen Suche nach Monopolen.
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Abstract

Relativistic heavy-ion collisions offer a way to study matter and fundamental forces
under the most extreme temperatures, densities, and electromagnetic fields acces-
sible in laboratories. Analyses of these collisions provide unique insights into the
physics governing the creation of matter and the Quark Gluon Plasma (QGP), an
exotic state of matter expected to have been prevalent in the Universe at ∼ 10−6

seconds after the Big Bang. Dielectrons (e+e−) are produced at each phase of
the collisions. They reach the detectors without being significantly affected by the
strongly interacting medium, which is also created in the collision. Therefore, they
offer an ideal opportunity to examine heavy-ion collisions. Analyses of dielectrons
provide experimental input to questions regarding thermal radiation of the QGP,
the partonic structure of nucleons in nuclei, chiral-symmetry restoration, and the
production of matter by electromagnetic fields.
The main challenge in the analysis of dielectron production is the overwhelming
background originating from photon-conversion processes in the detector material
close to the interaction vertex. Tracks from these conversions lead to combinato-
rial background in the whole dielectron mass spectrum which exceeds the signal
of dielectrons produced directly in the collision by up to three orders of magni-
tude. Numerous track observables can be used to infer the conversion origin of a
track. This motivates a multivariate classification of conversion tracks using ma-
chine learning. Applying this method enhances the statistical significance of the
measured dielectron signal in comparison to conventional cut-based background
rejection.
In the presented analysis dielectron production is studied differentially in the pair
transverse momentum. This is motivated by the recently reported dielectron ex-
cess in Au–Au collisions at the Relativistic Heavy Ion Collider (RHIC). The preva-
lent explanation in theoretical studies is dielectron photo-production, a process in
which a dielectron is produced from the electromagnetic field in the collision. How-
ever, the scarce experimental data related to this phenomenon is not completely in
line with corresponding model calculations. It is predicted that this phenomenon
is observable in Pb–Pb collisions with the ALICE detector at the Large Hadron
Collider. In this work the corresponding dielectron spectra are extracted. An ex-
cess with respect to the expected hadronic sources is found. It agrees to a large
extent, but not entirely, with expectations for photo-production.
Discrepancies between data and models for dielectron photo-production at the
RHIC led to speculations about so far not considered additional effects. These
are related to rescattering of leptons in the QGP, deflections due to the extremely
strong magnetic field, or effects of the finite nucleus size. All of these scenarios
posit a dependence of dielectron photo-production on the direction relative to the
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reaction plane of the collision. In this thesis first preliminary results of a corre-
sponding analysis are presented.
A further project in this thesis deals with the search for magnetic monopoles. The
absence of these particles represents rather an empirical finding than a necessity
of the presently known laws of physics. In addition, Dirac provided appealing
theoretical motivation for their existence. He showed that they would lead to un-
derstanding of another, theoretically unanticipated, empirical finding, namely that
electric charges are quantised. Searches for monopoles were unsuccessful so far.
Deriving robust lower limits for the magnetic monopole mass from these searches
was not possible in the past. In searches for monopole production at colliders,
setting mass limit requires the calculation of the expected monopole production
rates. This is currently not possible as perturbative methods cannot be applied
to this problem. It was recently found that this issue can in principle be cir-
cumvented by considering monopole production in strong magnetic fields. Since
heavy-ion collisions are widely believed to produce the strongest magnetic field in
the present Universe, they were proposed as a promising opportunity for searches,
which could be interpreted in terms of rigorous mass limits.
A corresponding strategy for a monopole search in heavy-ion collisions with AL-
ICE is developed. Due to the expected exotic properties of monopoles, a key
problem is to define the search target in the detector data. It is found that nuclear
fragments which stop in the detector should yield a comparable detector response.
They can therefore provide data-driven guidance for the definition of search crite-
ria. The successful identification of corresponding particle tracks in detector data
demonstrates the feasibility of the foreseen monopole search.
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Everything we call real is
made of things that cannot
be regarded as real.

Niels Bohr
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1. Introduction

As one of the three interactions in the Standard Model of particle physics, the
strong interaction is a central pillar of fundamental physics. For instance, only
1–2% of the mass in baryonic matter1 can be attributed to interactions with the
Higgs field, leaving the vast majority to the dynamics of the strong interaction.
The absence of free and fundamental strongly interacting particles is one of the
reasons why the strong interaction was discovered much later than the electro-
magnetic force. This can be related to another peculiarity of this force. The phe-
nomenon of confinement asserts that strongly interacting, fundamental particles
do, under conditions common in the present Universe, not exist as free particles
but are bound in composite particles. In these particles, called hadrons, the strong
interactions of the constituent particles is limited to very short distances which
impedes its detection at macroscopic distances. These two examples and several
more in fields like cosmology, astro-, particle- and nuclear-physics motivate the
extensive scientific efforts put into ongoing studies of the phenomenology of the
strong interaction using heavy-ion collisions (HICs).
Chapter 2 provides a brief introduction to the theory of the strong interaction
and relevant associated phenomena. Chapter 3 introduces general concepts in the
analysis of HICs. An overview of results in the context of dielectrons is given in
Section 3.2.
Besides the strong interaction, colliding nuclei interact via the electromagnetic
force. Corresponding processes lead to dielectron production from photon-photon
interactions, the so-called photo-production. Associated experimental results are
scarce and not completely understood from a theoretical point of view, which may
indicate the presence of so far not considered effects. An overview of the status of
this field is given in Section 3.3.
Data used for the analysis in this thesis are taken and processed by the ALICE
experiment at the Large Hadron Collider (LHC). An overview of the ALICE de-
tector is provided in Chapter 4.
The analysis of dielectrons and the corresponding results are presented and dis-
cussed in the context of photo-production in Chapter 5.

1Baryonic matter constitutes practically all the mass of the luminous matter (i.e. excluding
dark matter) we know.

1
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As electromagnetic interactions can produce dielectrons, i.e. an electric monopole-
antimonopole pair, they should in principle be able to create a magnetic monopole-
antimonopole pair. Indeed, theoretical studies indicate that the ultra strong mag-
netic field of the colliding nuclei in HICs provides an ideal opportunity for mag-
netic monopole searches. More details on this aspect of HICs are provided in
Section 3.4.1 and a strategy for a search of magnetic monopoles in HICs is given
in Chapter 6.

2
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2. Aspects of quantum

chromodynamics

The quantum field theory underlying the strong interaction is Quantum Chro-
modynamics (QCD). Its Lagrangian describes the fundamental fields and their
interactions:

L = ψ
α

f

[

iγµ∂µδαβ − g

2
(λa)αβγ

µAaµ +mfδαβ
]

ψβf − 1

4
Ga
µνG

µν
a , (2.1)

where ψαf denotes fermionic degrees of freedom of spin 1/2, represented by four-
component Dirac spinors. These quantum fields correspond to quarks of flavour f
and colour1 α ∈ {1, 2, 3}. The Dirac matrices γµ act in the space of these spinors.
A guiding principle in the construction of this Lagrangian is gauge invariance with
respect to local SU(3) gauge transformations. As a result the quark fields couple to
the gauge boson field Aaµ, which represents gluons. The term in which Aaµ appears
explicitly also contains the matrices (λa)αβ, indicating that the gluon field couples
quark fields of colours α and β. These matrices are the Gell-Mann matrices, which
are enumerated by a ∈ {1, ..., 8}. The strength of the quark–gluon interaction is
set by the coupling strength parameter g. The mass of the quarks of flavour f is
defined by mf .
Ga
µν is the gluon field strength tensor, which is defined as:

Ga
µν = ∂µA

a
ν − ∂νA

a
µ + gfabcA

b
µA

c
ν , (2.2)

where fabc are the structure constants of SU(3). The last term in Eq. (2.1) gives rise
to self-interactions among the gluon fields. The self-interaction of gauge bosons is a
key difference between QCD and Quantum Electrodynamics (QED), the quantum
field theory of electromagnetism. The Lagrangian of QED is constructed from a
different group, U(1), which does not give rise to a term representing interactions
among the QED gauge bosons, the photons. As discussed in the next two sections

1In the context of QCD the term “colour” refers to a property of particles that can be thought
of as a generalisation of the concept of electromagnetic charge, to more than two possible charge
states.

3
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Figure 2.1.: Left: The electromagnetic field lines between attracting electric
charges. Right: The field lines between two colour charges [3].

these self-interactions of gauge bosons play a key role in the striking differences
between the phenomenology of QCD and QED.
Field lines of two attracting electromagnetic charges are spreading out from the
charges radially (see Fig. 2.1 left). For colour charges like quarks the gluon self-
interaction leads to a collimation of field lines between the charges (see Fig. 2.1
right). This field configuration is often called a “string” and provides an intuitive
picture2 of one of QCD’s most distinguishing phenomena, confinement. Since the
number of field lines connecting two quarks remains constant as their distance r
increases, the potential V (r) between them is approximately linear [1]:

V (r → ∞) ∝ σ · r. (2.3)

Here σ (also called “string tension”) sets the strength of the force between the
quarks in the limit of large r. As a quark antiquark pair (qq) is pulled apart
the potential energy increases, until the field switches into an energetically more
favourable state at some critical point by producing a new qq pair between the
original ones [2]. This mechanism prevents the production of free individual quarks
and anti-quarks.
Gluon self-interaction turns out to also be a key ingredient for a closely related
feature of QCD. Quantum effects lead to a dependence of the coupling strength g
on the energy scale [4,5]. The gluon fluctuations surrounding a colour charge can
be imagined to lead to an anti-screening effect. Thus, the effective colour charge
becomes smaller as the probed distance decreases. Expressed in different terms,
this implies that in scattering experiments with hadrons the strong coupling be-

2Despite the development of models of confinement, it can so far not be deduced from first
principles, i.e. from Eq. (2.1).
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Figure 2.2.: Comparison of various measurements of αs to theory predictions (lines)
at different momentum transfer scales Q. The energy scale at which
αs(Q2) diverges is denoted by Λ(5)

MS
. NLO and NNLO represent the

order to which calculations of the measured observables are carried
out and MZ is the mass of the Z boson and indicates the energy scale
at which αs is evaluated in the lower legend. See [6] for further details.

comes small at increasingly high momentum transfers. This phenomenon is known
as asymptotic freedom. Conversely, the coupling strength increases with large dis-
tances and low momentum transfers. Figure 2.2 shows the comparison of measure-
ments and theory predictions of the QCD fine structure constant αs = g/(4π) as a
function of the momentum transfer Q. This dependence of the coupling strength
on the momentum scale is a distinguishing feature related to the SU(3) gauge
group underlying QCD. For instance, it would be steeper for SU(4) and flatter for
SU(2) [1].
Perturbative methods in QCD are not applicable to phenomena at energy scales
below ≈ 1 GeV, which are the realm of confinement (see Section 2.1) and chiral
symmetry breaking (see Section 2.2) [7]. Currently such calculations are only pos-
sible using lattice QCD. In this method space-time is discretised, which reduces
the infinite number of degrees of freedom (DoF) of a continuous field to a finite
number of DoF on a space-time lattice. Gauge invariance is maintained in this
approximation, which allows this method to incorporate the interactions corre-
sponding to gauge theories like QCD and QED. Physical results are obtained in
the continuum limit, i.e. by extrapolating the result to the case of vanishing lattice
spacing [7].
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2.1. Deconfinement

Following the discovery of asymptotic freedom a new state of strongly interact-
ing matter was conjectured to exist at sufficiently high temperatures and densi-
ties [8, 9]. This can be derived intuitively from asymptotic freedom since with in-
creasing temperature of a hadron gas the average momentum of individual hadrons
rises. According to asymptotic freedom this should ultimately lead to vanishing
interactions in the plasma. Similarly, at high hadron densities hadrons will start
to overlap and individual quarks are able to move through the dense medium.
This argument of overlapping hadrons provides an alternative picture of the con-
nection between high temperatures and deconfinement. As the temperature of a
hadron gas is increased and becomes relativistic, not only does the strong interac-
tion become weaker but also additional hadrons are produced and deconfinement
sets in as the hadron density increases. From this perspective high hadron density
can be regarded as a decisive condition for the transition to a deconfined state.
Apart from high temperatures, also compression can be used to obtain high hadron
densities. A state of compressed baryonic matter is present in neutron stars and
nuclear collisions at center-of-mass energies per nucleon of approximately

√
sNN ≈

10 GeV. In contrast to these states, high-temperature states like in the early Uni-
verse or in HICs at the LHC, are characterised by almost zero net-baryon density.
In thermodynamics the net-baryon density of the system is reflected by the bary-
ochemical potential, which represents the energy required to add a nucleon to the
system [2,3]. This quantity rises with the net-baryon density and thus controls the
imbalance between quarks and anti-quarks. A vanishing baryochemical potential
indicates balance between quarks and anti-quarks.
The state of deconfined quarks and gluons is commonly referred to as the Quark
Gluon Plasma (QGP). Lattice QCD results support the expectation of this decon-
finement transition at vanishing baryochemical potential. Under these conditions
the critical temperature of the deconfinement transition is predicted to be Tc ≈ 150
MeV [10].
The so-called QCD Phase Diagram (see Fig. 2.3) provides an overview of the
present expectation of the states of QCD matter as a function of the baryochem-
ical potential and the temperature. In addition to the hadron gas and the QGP
phase, a colour superconducting phase is indicated at low temperature and high
baryochemical potential. This theorised state consists of diquarks which resemble
Cooper pairs in superconductors. Carrying colour charge, these diquarks could
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Figure 2.3.: The QCD phase diagram [11].

lead to colour-superconductivity. Lattice results suggest that at low net-baryon
density (i.e. low baryochemical potential) the phase transition is a continuous
cross-over. With increasing density the transition is expected to become more
abrupt until it becomes a first order phase transition at the so-called critical end-
point [2, 10,12].
This transition indicates a maximum temperature for the existence of hadrons.
At this point it is worthwhile pointing out that before QCD (1964) and asymp-
totic freedom (1973) were established very similar temperature limits had already
been conjectured. In 1951 Pomeranchuk predicted a maximum temperature of
Tc ≈ 200 MeV [13]. The derivation is based on a finite hadron size and the re-
sulting maximum density for a pion gas. However, this result remained widely
unnoticed until Hagedorn reached a compatible conclusion from a different ap-
proach. In the 1960’s it was found experimentally that with increasing mass the
density of hadronic states with given quantum numbers rises. Motivated by this
observation Hagedorn developed a model [14] to describe the number of hadronic
resonances per mass interval, i.e. the resonance density ρ(m) at a mass m. The
model is built on the picture that a heavy resonance consists of lighter resonances,
whose four-momenta add up to the one of the heavy resonance. All resonances ex-
cept the lightest one are assumed to be composed in this way. The possible ways
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to compose heavy resonances from lighter ones are determined by the available
hadronic states at lower mass. Thus, ρ(m) at the mass of the heavy resonance
can be determined only with knowledge of ρ(m) at lower masses. The resulting
self-similar structure leads to an exponential growth in the density of states with
mass:

ρ(m) ∝ m−3e
m

TH , (2.4)

where the parameter TH is called Hagedorn temperature. Using Eq. (2.4) it can
be shown that as the hadron gas temperature T rises and T → TH an increasing
fraction of the added energy is used to produce more particles of ever larger masses
and consequently a smaller energy fraction is used to increase the temperature of
the gas. Consequently, the required energy to reach TH diverges and TH represents
the maximum temperature. The value of TH can be related to the range of the
strong interaction. A corresponding estimation yields TH ≈ 200 MeV [15].

2.2. Chiral symmetry

The large discrepancy between the π0 mass (mπ = 135 MeV/c2) and the cor-
responding current quark masses3 (mu,d ≈ 1.8 − 5.2 MeV/c2), associated to the
constituent up and down quarks, reveals that additional mass is generated dynam-
ically in the confined state [10]. This suggests a connection between confinement
and mass generation.
The mass term in Eq. (2.1) is the only term which is not invariant under the
axial-vector transformation of a isospinor ψ:

ψ → λAψ = exp(−iγ5~τ ~Θ)ψ. (2.5)

Here γ5 acts in the Dirac spinor space, ~τ is a vector of Pauli matrices, which act
on the isospinors ψT = (ψu, ψd), where ψu,d are the Dirac spinors for up and down

quarks. The direction of the isospin rotation of λA is defined by ~Θ. Since γ5 is
related to the handedness of a state, called chirality, the transformation Eq. (2.5)
is called a chiral transformation [16].
Chiral symmetry of Eq. (2.1), which encompasses invariance with respect to λA, is
violated by the non-vanishing quark masses, i.e by the term mfδαβψ

α

fψ
β
f . However,

these masses are small in comparison to the energy scale of confinement ΛQCD ≈
200 MeV (see Fig. 2.2) and should leave chiral symmetry an approximate symmetry
in QCD.
The axial-vector transformation λA mixes chiral partners among the vector mesons.

3These are the masses used in Eq. (2.1).
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Figure 2.4.: The chiral condensate (z-axis) as a function of the temperature T (100
MeV ≈ 1012 K) and matter density ρ (in units of the nuclear matter
density ρ0 ≈ 2 · 1011 kg/cm3) according to calculations based on the
NJL-model. Coloured regions are accessible at different present and
future facilities (SIS 300) [18,19].

Examples are the states corresponding to ρ and a1 mesons:

~ρµ ≡ ψ~τγµψ, ~a1µ ≡ ψ~τγµγ5ψ (2.6)

λA~ρµ = ~ρµ + ~Θ × ~a1µ. (2.7)

The large mass gap between the ρ0 meson (mρ = 770 MeV/c2) and the a1 meson
(ma1 = 1260 MeV/c2) cannot be attributed to the minor violation of chiral sym-
metry due to the non-vanishing quark masses [17].
Therefore, an additional source of symmetry breaking is required as an explana-
tion. This is provided by the so-called chiral condensate, which represents a finite
vacuum expectation value for the density of quark-antiquark pairs 〈qq〉. Similar
to the mass term in Eq. (2.1) this term also violates chiral symmetry [10,17].
The appearance of this condensate was predicted by the Nambu and Jona-Lasinio
(NJL) model [20, 21] even before QCD was developed. Based on this model, the
disappearance of the chiral condensate at sufficiently high temperature and densi-
ties is predicted (see Fig. 2.4), which is supported by more recent lattice calcula-
tions [12].
Predictions of the critical temperature at vanishing baryochemical potential for
the chiral transition and the deconfinement transition, which are a priori unre-
lated, yield the same values of Tc ≈ 160 MeV [7]. This coincidence is regarded as
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a possible manifestation of a fundamental, still unknown connection between the
two transitions [3, 22].
As illustrated in Fig. 2.4, HICs at present and future facilities probe regions of
the QCD phase diagram in which the chiral condensate substantially varies, which
shall allow the corresponding experiments to study associated effects.
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3. Heavy-ion collisions

There is wide consensus today that experimental data indicate the production of a
QGP in HICs. Based on asymptotic freedom, one may expect that the strong in-
teraction becomes weak at T > Tc and thus the plasma produced in HICs exhibits
weak coupling. First results from the Relativistic Heavy Ion Collider (RHIC),
however, showed signs of strong hydrodynamical collective flow and energy loss of
jets in the medium (jet-quenching). Consequently, the data is interpreted today
in terms of a strongly coupled QGP. This conclusion is founded on diverse exper-
imental evidence coming from the RHIC and the LHC. Together with theoretical
approaches these are reviewed in [23].
The following discusses the picture of the consecutive stages of an HIC, which
emerges from experimental results. The focus is placed on hadronic interactions.
Electromagnetic interactions are discussed separately in Section 3.3.

1. Initial state: Due to Lorentz contraction the colliding nuclei appear as ap-
proaching discs. When the LHC is colliding Pb ions at

√
sNN = 5.02 TeV

nuclei are contracted by a factor of γ ≈ 2500. In the center-of-mass rest
frame the colliding nuclei appear as discs with a transverse extension of
≈ 14 fm and a longitudinal size of about 14/γ fm. Due to time dilation the
constituents quarks, the virtual quarks, anti-quarks and gluons (which are
all collectively referred to as partons) can be viewed as static, colour-charged
particles. As the collision energy rises gluons play an increasingly important
role (this phenomenon can be regarded as consequence of the gluon-gluon
interactions discussed in Chapter 2 [2]). In fact, the initial state of highly
relativistic HICs can be modelled as two colliding sheets of gluons.

2. Pre-equilibrium: Immediately after the collision longitudinal colour fields
form between the receding nuclei and produce partons which are presumably
out of equilibrium. In this fireball partons are expected to be deconfined
and a QGP is formed. The partons are subject to strong mutual interactions
leading to the development of local equilibrium. Presently the mechanisms
and time scales for equilibration are debated [23].
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3. Expansion: Once created, the QGP is subject to collective, hydrodynamic
expansion. Transversal and longitudinal expansion of the QGP leads to
a decrease of the energy density. Thermal energy is primarily transferred
into particle production leading to a decrease of temperature [15]. At a
critical temperature hadronisation takes place, i.e. partons are bound into
hadrons and become confined. The resulting hadron gas continues to expand
and cools down. Inelastic collisions, which can change the involved hadron
species, lead to the development of a chemical equilibrium. This implies that
the relative abundance of hadron species is connected to the temperature and
the hadron masses. Once the hadron gas becomes too dilute for these colli-
sions to maintain the equilibrium, the system reaches the so-called chemical
freeze-out. The hadron abundances are locked in from this point onwards,
except for particle decays, which are accounted for in the interpretation of ex-
perimental results. Therefore, the observed hadron abundances can be used
to infer in principle the temperature at the chemical freeze-out [10]. Elastic
collisions continue past this point and maintain kinetic thermal equilibrium.
Once the hadron gas becomes too dilute for these collisions the particles
have reached their final momenta. The corresponding temperature can be
measured using distributions of kinematic variables of detected particles.

One of the most simple ways to motivate the expectation of a phase transition
in HICs is Bjorken’s estimate [24], which shall be discussed in the following. It
relates the initial energy density ǫ in HICs to the total observed transverse en-
ergy density ET =

∑

iE(θi) sin(θi) in pseudorapidity η (see Appendix A). Here θi
denotes the angle of particle i with respect to the beam axis and E the energy
measured in the corresponding direction. The underlying model assumes that af-
ter the interpenetration of the colliding disc partons are produced in a cylinder
that has a transverse area which is defined by the overlap region of the nuclei. In
the longitudinal direction (the z-axis is centered at the collision point) this cylin-
der undergoes a longitudinal Hubble-like expansion, i.e. the z position of a point
in the cylinder and its longitudinal velocity vz are related by vz ≈ z/t0. This
expansion lasts for a time period t0, which is the typical time it takes after the
collision until partons form. Therefore, the z position of particle production and
the resulting pseudorapidity η can be related. For relativistic hadrons and small
z/t0 the following relation can be derived:

η ≈ y = arctanh
pz

E
≈ arctanh

z

t0
→ dz ≈ dη · t0, (3.1)

where E is the energy of the particle and pz the z component of its momentum
vector. The rapidity is denoted by y (see Appendix A).
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This relation is used to express the spatial energy density in terms of the observable
transverse energy density in pseudorapidity:

ǫ =
dET

dz

1

A
≈ dET

dη

∣

∣

∣

∣

∣

η=0

1

At0
. (3.2)

Typically t0 is assumed to be approximately 1 fm/c and A is given by the transverse
area of the overlap of the colliding nuclei, which depends on the collision centrality
(see Section 3.1). For the LHC this results in an estimated transverse energy
density of ǫT ≈ 14 GeV/fm3 [25]. As stated in this reference, this value is an
order of magnitude higher than the expected energy density of the deconfinement
transition. Consequently, HICs at the LHC are considered as an opportunity to
study QCD phenomena like chiral symmetry restoration and deconfinement in the
laboratory.

3.1. Collision geometry

Figure 3.1.: Illustration of the impact parameter (b), participants and spectators
in a heavy-ion collision [26].

Numerous aspects of HICs depend on the impact parameter of the collision. This
quantity measures the distance between the centers of the colliding nuclei. As
illustrated in Fig. 3.1 it determines the expected number of nucleons that partici-
pate (Npart) in the collision, i.e. which are in the overlap region, and the number
of remaining nucleons (Nspec). In Glauber Monte Carlo (MC) simulations nuclei
are treated quantum mechanically, i.e. based on nuclear density profiles. These
simulations are used to obtain the expectation value 〈Npart〉 as a function of the
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impact parameter [27]. In addition, also the average number of binary nucleon-
nucleon collisions, 〈Ncoll〉 can be determined with this method. Neither the impact
parameter nor Npart or Ncoll can be directly measured, due to the subatomic length
scales involved. However, the plausible assumption that the number of charged
particles produced in the collision, Nch, rises monotonically with decreasing impact
parameter b, implies that percentiles of b correspond to percentiles of Nch. The
resulting mapping between the impact parameter (b), 〈Npart〉 and Nch is illustrated
in Fig. 3.2. The percentile to which the events used in an analysis belong is called
the centrality. Events corresponding to small (large) b are called central (periph-
eral), which corresponds to a low (high) centrality.

Figure 3.2.: Schematic illustration of the multiplicity (Nch) differential inelastic
cross section σ. The various x-axes show the connection between the
impact parameter (b), 〈Npart〉 and Nch [27].

In this analysis the centrality of an event is estimated based on the associated am-
plitude in the V0 detectors (see Chapter 4), which is approximately proportional
to the charged particle multiplicity. A model of particle production that is based
on Glauber MC simulations is used to describe the distribution of the charged
particle multiplicity [28]. It incorporates hard and soft processes that scale with
Ncoll and Npart, respectively, and models the produced charged particle multiplicity
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with a Negative Binomial Distribution (NBD). The model parameters are fit to
experimental data of the V0 detectors. Based on this fit, the V0 amplitude can
be used to estimate the centrality, which can be related to microscopic quantities
like b, 〈Npart〉 and 〈Ncoll〉 (see Fig. 3.3).

Figure 3.3.: The distribution of the V0 signal amplitude (blue), the model fit for
charged particle production (red) and the corresponding centrality
classes [28].

Apart from the centrality, individual HIC events are geometrically characterised
by their reaction plane. The reaction plane is spanned by the vector connecting the
centers of the colliding nuclei and the beam axis. In the collision an almond shaped
fireball is produced and starts to expand. The pressure gradient in the reaction
plane is larger than in the perpendicular direction. Thus, the expansion adds mo-
mentum to the particles’ momentum vectors anisotropically, i.e. the component
added in the reaction plane is on average larger than the out of reaction plane
component. Consequently, a larger number of tracks is observed in the reaction
plane than in the perpendicular direction (see Fig. 3.4). This effect is commonly
called elliptic flow.
This asymmetry in the multiplicity distribution can be measured and used to de-
termine the reaction plane. The corresponding observable is called event plane. It
is constructed for each event using the sum of the unit vectors of the measured
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Figure 3.4.: Left: Depiction of the reaction plane in a HIC. Right: During the
expansion of the fireball its spatial asymmetry is turned into an asym-
metry in momentum space (Px,y) of the produced particles [29].

particle momenta in the transverse plane [30]:

~Q = (Qx, Qy) =
∑

i

(cos(2ϕi), sin(2ϕi)), (3.3)

where ϕi is the azimuthal angle of the i-th particle. From this vector the azimuthal
angle of the event plane (Ψ) is estimated via [30]:

Ψ =
1

2
arctan2

(

Qy, Qx

)

. (3.4)

In this thesis the event plane is determined using tracks in the ALICE Time
Projection Chamber (TPC, see Chapter 4 and Section 5.10) and the event plane
extraction method described in [31]. The resolution of the event plane is typically
estimated by evaluating correlations of event planes obtained with different detec-
tors. For instance, the resolution of detector A can be estimated by comparing its
event plane (ΨA) with the ones of detector B and C (ΨB/C). The corresponding
resolution of detector A is typically defined by [30]:

RA
2 =

√

√

√

√

√

〈cos
(

2(ΨA − ΨC)
)

〉〈cos
(

2(ΨA − ΨB)
)

〉
〈cos

(

2(ΨB − ΨC)
)

〉
. (3.5)

For ideal detectors all event planes would be identical and the RA
2 would be unity.

The actually achievable resolution is, however, limited due to, e.g. the finite number
of tracks and non-flow particle correlations, like jets and resonance decays [31].
The resolution obtained with the TPC can be estimated by comparing the TPC
and V0A and V0C (A and C indicate in which direction along the beam the
detector is located) event planes. Figure 3.5 shows this resolution in dependence
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of the centrality for Pb–Pb collisions at
√
sNN = 5.02 TeV [32]. Here RTPC

2 is
evaluated according to Eq. (3.5), with detector A being the TPC and detectors B
and C being the V0A and V0C detectors (red crosses). In very central collisions
the initial fireball becomes increasingly circular and therefore elliptic flow is small
in these collisions. This causes a low event plane resolution in central events. In
very peripheral collisions the resolution becomes worse as the track multiplicity is
low.

Figure 3.5.: Event plane resolution for the TPC and the V0 and T0 detectors in
Pb–Pb collisions at

√
sNN = 5.02 TeV [32]. A and C indicate the two

different detector positions of the T0 and V0 detectors along the beam
directions (see Fig. 4.1).

3.2. Dileptons

This section introduces the research topics related to dileptons with an emphasis
on dielectrons, which are the probe used in this thesis to study HICs. The as-
sociated phenomenology and related results of dielectron or dimuon analyses are
discussed.
The ALICE detector (Chapter 4) can identify and track electrons with its central-
barrel detectors while muon track reconstruction is restricted to the forward re-
gion. A larger acceptance is available for electrons. On the other hand dielectron
analyses have to deal with a larger amount of combinatorial background (see Sec-
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tion 5.3). Due to these practical differences dielectron and dimuon analyses are
typically carried out separately in ALICE.
Dileptons have additional degrees of freedom compared to single particle probes,
which are the invariant mass mee and transverse pair momentum pT,ee. The present
work focusses on pT,ee spectra of dielectrons in the invariant mass range mee

≤ mJ/ψ. As shown in Fig. 3.6, the relative contribution of different dielectron
sources varies with their invariant mass. Different mass regions are therefore dis-
cussed separately in the following.

Figure 3.6.: Schematic invariant mass spectrum of dielectrons [33]. Single letters
indicate the resonance peaks associated to the dielectron decays of the
corresponding vector mesons.

3.2.1. Low-mass dielectrons

The low-mass region (mee ≤ mφ) is dominated by decays of light-flavour mesons,
i.e. mesons containing only up, down or strange quarks, in the e+e− channel (see
Fig. 5.13 and Fig. 5.14). In this region dilepton spectroscopy of light vector mesons
is of particular interest since it may reveal indications of the restoration of chiral
symmetry in the QGP. The effect of chiral symmetry breaking is most pronounced
in the light-quark sector, where it generates the dominant fraction of mass com-
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Figure 3.7.: Fraction of the mass generated by chiral symmetry breaking (light
grey) and via the Higgs field (dark grey) for effective quark masses.
The light quarks of flavour up (u), down (d) and strange (s) receive
their mass predominantly through chiral symmetry breaking [12].

pared to the Higgs field (see Fig. 3.7). In addition, light vector mesons like the
ρ0 meson have a life time (τρ ≈ 1.3 fm/c) short enough to decay within the QGP
and thus may reveal effects of the chiral phase transition. Decay channels into
dileptons are ideal for the study of in-medium properties since leptons are not
subject to the strong interactions and thus are almost unaffected by other collision
products. Therefore, the mass of their mother particles in the medium can be
inferred, which may reveal signs of chiral symmetry restoration.
The connection between spectrum of the ρ0 meson and chiral symmetry restoration
is rather involved and based on model assumptions. As pointed out in Section 2.2,
the restoration of chiral symmetry implies that the ρ0 and a1 mesons obtain the
same mass. The prediction of a dropping mass of the ρ0 resonance, known as
Brown-Rho scaling [34], was refuted by results from experiments at the SPS. This
was first found in dielectron data of Pb–Au collisions at

√
sNN ≈ 17 GeV by CERES

which shows a broad enhancement with respect to expected hadronic dielectron
sources in the mass region below mρ ≈ 770 GeV/c2 [35]. The NA60 collabora-
tion at the SPS confirmed this finding in a dimuon analysis of In–In collisions at√
sNN ≈ 17 GeV with higher precision [36]. For this analysis the expectations

from hadronic dimuon sources except the ρ0 are subtracted from the measured
spectrum. The resulting excess spectrum in Fig. 3.8 shows that the data and the
Brown-Rho prediction (green line) are in incompatible. The data, however, ex-
hibit a broadening of the ρ0 resonance which is in good agreement with a hadronic
many-body model of the in-medium vector mesons spectral function (blue line in
Fig. 3.8) [37]. In addition, the data are found to be incompatible with the assump-
tion of no modification of the line shape, which is represented in Fig. 3.8 by the
vacuum ρ0 and the cocktail ρ0. The cocktail represents the expected dielectron
yield from known hadronic sources. In contrast to the vacuum ρ0, the cocktail ρ0

accounts for the expected production of additional ρ0 mesons by the medium.
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Figure 3.8.: Comparison of the dimuon excess spectrum by NA60 to theoretical
predictions [38].

Experimental data from the RHIC consolidate the conclusions drawn from the
SPS analyses [39–41]. Figure 3.9 (left) shows the dielectron spectrum measured
by STAR at RHIC in comparison to predictions for the ρ0 based on hadronic many-
body approach (Rapp) and a microscopic transport model called Parton-Hadron
String Dynamics (PHSD). Both predictions are in line with the data.
Due to limited statistics analyses at the LHC could so-far not achieve sensitivity
to effects of in-medium modification of the ρ0 meson (Fig. 3.9, right).
More recent theoretical results establish a connection between the observed ρ0

broadening and the restoration of chiral symmetry [43]. Apart from the broaden-
ing these models assert that the peak of the ρ0 resonance remains approximately
constant while the mass of the a1 drops. Deducing chiral symmetry unambiguously
from the observation of a modified ρ0 width alone appears difficult at this moment
and may require extremely high experimental precision to allow discrimination of
other effects like collisional broadening [44]. To this end broadening and chiral
symmetry restoration are found to be compatible and further theoretical connec-
tions are under investigation.
Besides light-flavour meson decays, dielectrons in the low-mass region are produced
by thermal radiation from the QGP and the hadron gas. Corresponding micro-
scopic processes are for example quark anti-quark annihilation in the QGP phase
and π+π− annihilation in the hadron gas phase. The invariant mass spectrum of
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Figure 3.9.: Comparison of the measured dielectron mass spectrum to two predic-
tions for thermal radiation and in-medium modifications by STAR [40]
(left) and ALICE [42] (right). The spectra are normalised to the num-
ber of events Nevt.

the thermal dielectrons is schematically related to the temperature of the emitting
medium via [3]:

dNee

dmee

∝ e−mee/T . (3.6)

The emission of thermal dileptons takes place throughout the evolution of the
expanding fireball. Due to the varying parameters, like number of degrees of free-
dom (transition from partons to hadrons) and temperature, the precise relation
between the thermal spectrum and the temperature relies on models of the trans-
port properties and the equation of state of the fireball.
Thermal dielectron analyses at low masses face the problem of an overwhelming
background from the neutral pion Dalitz decay π0 → γe+e−. In general, dielec-
tron production from photon sources becomes more suppressed with rising mass
(i.e. with rising virtuality of the virtual photon)1. The suppression, however, is
less severe for dielectrons from so-called quasi real photons, i.e. virtual photons for
which pT,ee ≫ mee. Background from π0 Dalitz decay dielectrons can be eliminated
by restricting an analysis to masses between mπ = 135 MeV/c2 and the broad ρ0

resonance, centered at mρ ≈ 770 MeV/c2. In addition, choosing a pT,ee range such
that the associated photons are quasi real enhances the signal-to-background ra-

1The ratio between the number of real and virtual photons as a function of virtual photon
mass is described by the Kroll-Wada equation [2, 45].
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tio with respect to other hadronic dielectron sources and combinatorial dielectron
background (see Section 5.5).

Figure 3.10.: Left: Transverse momentum spectra of excess dielectrons by
PHENIX. The lines around the pp data show pQCD calculations.
Filled symbols represent data points obtained from a dielectron anal-
ysis, while open symbols indicate data points obtained in a photon
analysis. Dashed black lines show a power-law fit to the pp data,
which is scaled to corresponding collision system and centrality. The
solid lines show the result of a fit using the scaled power-law func-
tion and an exponential function [46]. Right: Effective temperatures,
which are extracted from different pT,ee integrated dimuon mT spec-
tra, as a function of invariant dimuon mass by NA60 (red) [36]. The
values obtained from hadron analyses are shown in green.

Using this approach the PHENIX collaboration at RHIC found an excess of di-
electrons in Au–Au collisions at

√
sNN = 200 GeV with respect to the hadronic

cocktail in the mass range of 0.1−0.3 GeV/c2 and the pT
2 interval 1−5 GeV/c [46].

This result was obtained using a two-component fit of the pT,ee excess spectrum
(Fig. 3.10, left). The first component is a power-law function which describes

2To be consistent with notation used by PHENIX pT is used instead of pT,ee for the pair-
transverse momentum in the context of this result.
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proton-proton (pp) collision data (dashed black line for pp). Perturbative QCD
calculations (green, red and blue curves) match the pp data and thus allow the
interpretation of the power-law function as a template for spectra of hadronic
contributions. These templates are scaled up to match expectations for Au–Au
collisions (dashed black lines for Au–Au). At low pT the Au–Au excess spectra
over-shoot the power-law templates. In this range the Au–Au data is compatible
with an exponential function ∝ exp(−pT/T ). Assuming a thermal origin of the
dielectrons corresponding to this exponential component would suggest to inter-
pret the fit parameter T = 221 ± 19stat ± 19syst MeV as an effective temperature
of the emitting medium. In the context of models of the evolution of the fireball,
this result is compatible with an initial temperature of 300 − 600 MeV [46].
So far corresponding analyses of Pb–Pb data at the LHC could not achieve high
enough precision to measure thermal dielectrons [42].
Another result related to thermal radiation in the low-mass region was produced
by NA60 at the SPS [36]. Here the aforementioned dimuon excess spectrum in
the low-mass region is used to extract the inverse slope parameter TEff of the
pT,µµ integrated transverse mass spectrum (mT,µµ =

√
pT,µµ +mµµ) as shown in

Fig. 3.10 (right). The rise of TEff in the low-mass region is interpreted as an effect
of the radial expansion of the fireball. Due to the strong coupling of pions to
the ρ0 (ππ → ρ0 → µ+µ−) the dimuons exhibit a flow effect that is comparable to
hadrons (green). At higher masses TEff is constant at a lower value, which is re-
garded as an indication of dimuon emission from the partonic stage (qq → µ+µ−)
in which flow effects are less pronounced.

3.2.2. Intermediate-mass dielectrons

In contrast to the low-mass region the intermediate mass region (mφ ≤ mee≤ mJ/ψ,
see Fig. 3.6) of the dielectron spectrum exhibits no resonances and thus less back-
ground with respect to thermal sources. On the other hand, the amount of mea-
sured dielectrons is in general lower in this region, resulting in larger statistical
uncertainties.
Apart from thermal production, correlated decays of heavy-flavour hadrons (charm
and beauty) are the dominant dielectron source. In these processes heavy-flavour
quark and anti-quark pairs (cc and bb) are produced in inelastic hard scattering
of partons or thermally in the medium. Afterwards the individual (anti-) quarks
hadronise into a meson or a baryon. Subsequently the hadrons originating from
the initial quark and anti-quark may decay semi-leptonically and produce a dielec-
tron. Due to their common origin, the two legs of this dielectron are correlated.
In the intermediate mass range thermal emission is primarily emitted in the par-
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tonic phase [2, 36]. As shown in Fig. 3.11, dielectrons from heavy-flavour hadron
decays (cc → e+e− and bb → e+e−) are expected to be produced in comparable
numbers to thermal dielectrons from partonic sources (qq + q(q)g). Therefore, the
heavy-flavour contribution needs to be subtracted to isolate thermally produced
dielectrons. Consequently, the precision to which the heavy-flavour yield is known
plays a crucial role in such analyses.

Figure 3.11.: Prediction for the dielectron spectrum including QGP radiation (or-
ange) and hadronic sources (see legend) with the PHSD model [47].

Besides their importance for a measurement of thermal radiation, dielectrons from
heavy-flavour hadron decays are essential in the analysis of photo-produced dielec-
trons at low-pT,ee (see Section 5.6).

3.3. Electromagnetic interactions in heavy-ion

collisions

Apart from the study of strong interaction phenomena, HICs offer the opportunity
to access extremely strong electromagnetic fields in the laboratory. The maximum

24

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

electric field strength Emax in relativistic Pb–Pb (nuclear charge Z = 82) collisions
at the LHC (Lorentz factor γ ≈ 3000) at an impact parameter b ≈ 15 fm (see
Section 3.1) can be estimated to be on the order of [48]:

Emax ≈ Zeγ

b2
= 1.5 · 1018 V/cm, (3.7)

where e is the electric unit charge.
As argued in [48] this field strength is more than two orders of magnitude larger
than the critical field strength for Schwinger production of e+e− pairs, i.e. dielec-
tron production from a strong and constant electric field. Setting aside the time
variation of electromagnetic fields of colliding nuclei, this suggests that dielectron
production from electromagnetic interactions is possible in HICs.

Figure 3.12.: The leading order QED Feynman diagram for dilepton photo-
production. Time proceeds from the left to the right hand side of
the diagram. Two photons (waved lines) exchange a virtual electron
(line with arrow) and go into a dielectron [49].

The production cross section of a e+e− pair from two real photons (see Fig. 3.12)
was first obtained by Breit and Wheeler in the 1930s [50]. Today this process is
commonly referred to as the Breit-Wheeler process. Due to crossing symmetry in
quantum field theory, the matrix elements for this process are the same as the ones
for e+e− annihilation (e+e− → γγ) [51]. The different cross sections of annihilation
and the Breit-Wheeler process come from the fact that only in the latter the final
state particles are identical and not massless. While e+e− → γγ annihilation was
soon observed after the discovery of the positron, the Breit-Wheeler process has
eluded observation to this day. Experimental attempts in the laboratory usually
rely on high-energy lasers. The extreme conditions around black holes may allow
observational studies to identify the Breit-Wheeler process in astrophysics [51].
In 1934 E.J. Williams and C. von Weizsäcker found independently that the elec-
tromagnetic field of relativistic charges can be regarded as a flux of quasi-real pho-
tons [52, 53]. The method of treating an electromagnetic field as a photon flux is
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called the Equivalent Photon Approximation (EPA). In this picture the interaction
of the electromagnetic fields of colliding nuclei involves collisions of the associated
photon fluxes. Thus, HICs could involve e+e− production via the Breit-Wheeler
process with quasi-real photons. This process is also called photon-photon fusion.
Another dielectron production mechanism is the photo-nuclear process. Here a
photon associated to the electromagnetic field of one nucleus interacts with the
gluon field of the other nucleus to produce a vector meson which may decay into a
dielectron. In this process the gluon field can be treated as a quantum state with
the same quantum numbers as the vacuum, which is typically called Pomeron [1].
According to the rules of angular momentum addition in quantum mechanics the
photon (spin 1) and the Pomeron (spin 0) can only produce another vector particle
(spin 1). This can be a vector meson which may decay into a dielectron.
If the involved photons have a sufficiently large wavelength in the transverse di-
rection, i.e. low transverse momentum (pT), they probe the whole nucleus and the
resulting interactions are called coherent. Using the uncertainty principle the co-
herence requirement can be used to estimate the corresponding values for Pb ions
at the LHC to be pT . ~/RA ≈ 28 MeV/c [54]. In the direction along the beam the
same argument can be used when considering the Lorentz contraction (γ ≈ 2676)
of the nucleus. For Pb ions at the LHC a maximum longitudinal photon momen-
tum of pL . γ~/RA ≈ 75 GeV/c is obtained. Thus, in coherent photon-photon
collisions the maximum center-of-mass energy is

√
sγγ ≈ 150 GeV/c2 [54]. The

associated photon densities rise quadratically with the charge number Z of the
nucleus (see Eq. (3.9)). Since the photon pT is low, the nuclei typically do not
break up in such interactions [55]. Photon-fusion involves two photons and thus
the corresponding cross section scales with Z4 for symmetric HICs. Therefore, the
cross section is increased by a factor ∼ 4.5 · 107 when colliding Pb ions (Z = 82)
instead of protons (Z = 1) [56]. The photo-nuclear process involves only one pho-
ton and consequently scales with Z2 [57].
HICs without hadronic interactions, so-called Ultra Peripheral Collisions (UPCs),
allow the observation of dielectron production in electromagnetic interactions with-
out background from other sources. The condition for a UPC is approximately
equivalent to demanding that the impact parameter b is larger than the sum of
the radii of the two colliding nuclei (see Fig. 3.13). Models of coherent J/ψ and
dielectron production in UPCs successfully describe corresponding measurements
by ALICE [58], ATLAS [56], CMS [55], and STAR [59].
While photo-production in UPCs seems to be well understood, the situation in
hadronic collisions, i.e. collisions with overlapping nuclei, is quite different. As
outlined in the following sections, coherent photon interactions in these collisions
pose conceptual questions about the applicability of the models used for UPCs. In
addition, results of dilepton photo-production in hadronic collisions are presently
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. Figure 3.13.: Dielectron photo-production in an Ultra Peripheral Collision [48].

not completely compatible with calculations. The next two sections provide an
overview of experimental results and theory approaches which are relevant in this
context.

3.3.1. Previous experimental results

Before discussing coherent dilepton photo-production, two J/ψ analyses are briefly
summarised, because they are interpreted as indications for a similar process, which
is the photo-nuclear process in hadronic collisions.
The ALICE collaboration reported the measurement of an excess in the J/ψ yield
in peripheral Pb–Pb collisions at

√
sNN = 2.76 TeV [60]. The analysis uses the

dimuon decay channel (mµµ: 2.8 − 3.4 GeV/c2) and muon reconstruction in the
muon detectors (see Chapter 4). A comparison of the data to expectations based
on the measured J/ψ production cross section in pp collisions (σpp

J/ψ) is carried out.
For this purpose σpp

J/ψ is multiplied by the number of events Nevents, the average
nuclear overlap function 〈TAA〉3, the acceptance A, the reconstruction efficiency
ǫ, and the branching ratio of J/ψ into dimuons (BRJ/ψ→µ+µ−). The ratio of the
measured J/ψ yield (NAA

J/ψ) and the corresponding expectation is called the nuclear

3This factor accounts for the increased number of nucleon-nucleon interactions in Pb–Pb
collisions with respect to pp collisions. It is related to NColl (see Section 3.1) and the inelastic
nucleon–nucleon cross section σinel

NN via 〈TAA〉 = NColl/σinel
NN .
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modification factor RAA:

RAA =
NAA

J/ψ

BRJ/ψ→µ+µ− · A · ǫ · 〈TAA〉 ·Nevents · σJ/ψpp

. (3.8)

This quantity is expected to be unity if J/ψ production is not changed with re-
spect to pp collisions. It is determined for different bins of the pair-transverse
momentum pT,µµ and centrality.

Figure 3.14.: Left: Dependence of RAA on centrality and pair-transverse dimuon
momentum pT in Pb–Pb collisions at

√
sNN=2.76 TeV [60]. Right:

RAA in dependence of the pair-transverse dielectron momentum pT

and centrality in Au–Au and U–U collisions [61].

Figure 3.14 (left) shows that an excess (RAA > 1) is measured at low pT,µµ (pT

in the figure) which increases with decreasing 〈Npart〉, the average number of par-
ticipant nucleons for a centrality class (see Fig. 3.1). The first two 〈Npart〉 bins
correspond to the centrality ranges 70–90% and 50–70%. According to the defini-
tion of RAA, this is an indication of additional J/ψ production to the expectation
from nucleon-nucleon interactions like in pp collisions. In the absence of dedicated
calculations ALICE estimates the expected yield by coherent photo-nuclear pro-
duction based on UPC models. This leads to the conclusion that this process is a
likely candidate to explain the excess. Subsequent theoretical studies confirm this
conclusion, as will be discussed in Section 3.3.2 [62,63]. Transport models [64,65],
which were successfully used to describe previous J/ψ measurements [66–68], can-
not provide a suitable explanation.
The STAR collaboration measured the J/ψ yield in Au–Au collisions at

√
sNN =
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200 GeV and U–U collisions at
√
sNN = 193 GeV [61]. In this analysis the dielec-

tron decay channel is used (mee: 2.9 − 3.2 GeV/c2). Also here the nuclear modi-
fication factor RAA is determined. Extrapolations of global experimental data to√
sNN = 200 GeV serve as a baseline, since there were no measurements available

at this collision energy. Figure 3.14 (right) shows RAA in Au–Au and U–U colli-
sions for various bins of the pair-transverse momentum (pT) and centrality. For pT:
0.0 − 0.2 GeV/c the data exhibit an excess. As in the ALICE measurement, here
the excess also becomes more pronounced for more peripheral collisions. Coherent
photo-production is found to provide a suitable description of the data (details in
Section 3.3.2). The suppression (RAA < 1) observed at pT > 0.2 GeV/c can be
attributed to known cold and hot medium effects [65, 69].
The ATLAS collaboration observed dimuon production via photon-fusion (γγ →
µ+µ−) in Pb–Pb collisions at

√
sNN = 5.02 TeV [70]. This analysis uses muon

tracks with pT > 4.0 GeV/c and a dimuon mass range of 4 − 45 GeV/c2. Dimuons
are analysed in terms of pair acoplanarity α and asymmetry A, which are defined
as:

α = 1 − ϕ+ − ϕ−

π
,

A =
|p+

T − p−

T|
|p+

T + p−

T| ,

where ϕ± are the azimuthal angles of the µ± tracks and p±

T are the corresponding
transverse track momenta. Due to the low total pT of the γγ system both vari-
ables, α and A, are expected to peak at low values for photon-fusion. The main
background for dimuons from photon-fusion is expected to stem from correlated
decays of heavy-flavour hadrons. It is estimated from the data using background
isolation cuts in α and A and a template fit of the distribution of the transverse
dimuon impact parameter with respect to the collision vertex. For the template
fits the photon-fusion component is obtained from STARlight [71] MC simula-
tions. Figure 3.15 shows the background-subtracted distributions of α and A for
different centrality classes (the data of the centrality class > 80% is shown in each
panel in red). STARlight MC simulations of photon-fusion (blue shaded areas) are
compared to the data (black). The data are compatible with zero at high values
of α and A. This indicates that background sources were adequately subtracted.
In terms of acoplanarity α the data is accurately described in the centrality class
> 80%, which is dominated by UPCs. Going to more central collisions the data
exhibit an increasing broadening. The ATLAS collaboration states that qualita-
tively this is expected if the broadening is due to interactions of the muons with
the QGP. The absence of any broadening in A (lower row in Fig. 3.15) is explained
by the limited detector resolution.
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Figure 3.15.: Background-subtracted acoplanarity (α) and asymmetry (A) spectra
of dimuons in different centrality classes measured in Pb–Pb collisions
at

√
sNN = 5.02 TeV by ATLAS [70].

Further evidence for dilepton production by coherent photon-fusion in HICs with
hadronic overlap was reported by STAR [72]. This analysis probes a lower track
transverse momentum and invariant mass regime than the aforementioned analysis
by ATLAS. Electron tracks with pT > 0.2 GeV/c are used to analyse dielectron
pT,ee spectra in the mass range of 0.4 − 2.6 GeV/c2. As discussed in Section 3.2.1
this kinematic range contains numerous hadronic dielectron sources, which is sen-
sitive to contributions from thermal radiation and may be affected by a modified
line shape of the ρ0 meson. Therefore, the data is in a first step compared to the
baseline of the expected hadronic sources, called the cocktail. The cocktail does
not contain the ρ0 meson, since this contribution is typically studied separately to
identify potential modifications.
The mee spectra at pT,ee < 0.15 GeV/c show an excess with respect to hadronic
sources over the whole studied mass range (see Fig. 3.16, left). The data-to-cocktail
ratio in the lower panel shows that the relative enhancement decreases up to mφ

(≈ 1 GeV/c2) and increases again for higher masses. A maximum is reached
around mJ/ψ (≈ 3.1 GeV/c2). This variation is regarded as an indication that
different processes play a role in these two mass ranges. Therefore, this analysis
is limited to masses up to 2.6 GeV/c2. As in the other analyses discussed so far,
the excess is rising for more peripheral collisions. The pT,ee spectrum (Fig. 3.16,
right) shows that the excess over the cocktail is mostly contained in the range of
pT,ee: 0 − 0.15 GeV/c.

30

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Figure 3.16.: Comparison of mass and transverse-momentum dielectron spectra to
the cocktail in Au–Au and U–U collisions by STAR [72].

Subtracting the cocktail from the measured invariant mass spectrum allows the
comparison of the excess spectrum to other dielectron sources (see Fig. 3.17, top).
These sources include the thermal radiation from the QGP and a broadened ρ0

resonance (Hot_Med), photon-fusion (γγ → e+e−) and photo-nuclear production
of ρ0 and φ mesons. Thermal radiation and the modified ρ0 meson alone cannot
account for the observed spectrum at pT,ee < 0.15 GeV/c. Inclusion of the two cal-
culations of photon-fusion, however, drastically improves the agreement with data.
One of these calculations is based on the STARlight Monte Carlo generator [71],
which successfully describes UPC data [73]. Potential short-comings of this model
are that it uses a point-like nuclear form factor for the photon sources and ignores
photo-production inside the nuclei. The other model by Zha et al. uses a more
realistic form factor based on a Woods-Saxon distribution and accounts for photo-
production inside the nuclei [74]. Both models provide a reasonable description of
the data. Contributions from photo-nuclear vector meson production are found to
be negligible.
As photon-fusion takes place primarily outside of the colliding nuclei the associ-
ated dielectron yield is expected to have a weaker dependence on centrality than
the yield from hadronically-produced sources. Figure 3.17 (bottom) shows that
the excess yield at pT,ee < 0.15 GeV/c is in line with this expectation.
The shapes of the squared transverse momentum (p2

T) excess spectra and of the
aforementioned photon-fusion models for Au–Au collisions are compared in Fig. 3.18
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Figure 3.17.: Top row: Mass spectra at pT,ee < 0.15 GeV/c of the dielectron ex-
cess measured by STAR in Au–Au and U–U collisions. Bottom:
Centrality dependence of the excess yield and the hadronic cock-
tail. Model calculations are performed for Au–Au collisions at pT,ee

< 0.15 GeV/c [72].

(panels (a), (b) and (c)). The shape of the distributions is also expected to be
sensitive to the extremely strong magnetic field produced by the spectators (see
Fig. 3.1) in the collision. To investigate the associated effect on the spectrum, the
model by Zha et al. is also shown with a magnetic field of 1014 T applied for the
first 1 fm along the track paths (EM). Due to the collision geometry, this field is
perpendicular to the beam line. So far the magnetic field in heavy-ion collisions
has not been observed directly but would be of great interest due to its central role
in the search for anomalous transport in the QGP [75] and magnetic monopoles
(see Section 3.4.1).
For p2

T < 0.001 (GeV/c)2 the models by Zha et al. (with and without EM) over-
shoot the corresponding Au–Au data. In the higher p2

T region these models predict
yields that describe the data fairly well. The STARlight calculations show a similar
shape but result generally in a lower yield. The width of the spectra is quantified
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by
√

〈p2
T〉, which is calculated from fits of the data. Figure 3.18 (d) shows that

the data exhibit larger broadening than the model by Zha et al. without a mag-
netic field. Invariant mass and pT spectra are successfully described in UPC data
using the theoretical approaches in this model. Therefore, the observed discrep-
ancy in the broadening between data and model is interpreted as an indication
for additional effects in hadronic collisions. One possibility investigated in [72] is
that the strong magnetic field generated by the spectator nuclei is trapped inside
the QGP (which would be absent in UPCs) and deflects the electron tracks. The
associated broadening of the p2

T spectra describes the data much better (see blue
line in Fig. 3.18 (d)). The STAR collaboration concludes that this may indicate
the possible existence of a strong magnetic field in the QGP.

Figure 3.18.: Squared transverse-momentum excess spectra compared to models of
photon-fusion. EM indicates that for this model both dielectron legs
are assumed to traverse a strong magnetic field (see text for details).
Model calculations are performed for Au–Au collisions [72].

In summary, the ALICE and STAR collaboration found an enhancement of J/ψ
production in hadronic HICs. The centrality and pT dependences of the excesses
match the expectations for coherent photo-nuclear production. Similarly, dimuon
and dielectron data by ATLAS and STAR in hadronic HICs are in line with photon-
photon fusion models. However, both collaborations find that the dilepton data
exhibit a broadening of the pT,ee spectra (for dielectrons) and acoplanarity (for
dimuons) which does not match expectations based on UPC results and thus may
indicate additional effects.
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3.3.2. Theoretical approaches

This section discusses theoretical developments which are relevant in view of the
experimental results outlined in Section 3.3.1. Emphasis is put on the photon-
fusion process since this will be more relevant in the context of this thesis.
The correct theoretical approach to the coherence condition is a common question
in the discussion of photo-production in hadronic collisions. Most approaches are
based on the aforementioned EPA (see Section 3.3), which successfully describes
data of UPCs. In this picture the electromagnetic fields of the colliding nuclei are
treated as photon fluxes. In collisions with hadronic overlap the impact parameter
(b) is smaller than twice the radius of the nuclei. This may necessitate a modi-
fication of the treatment of photo-production used in UPCs. For instance, it is
argued in [63] that in the centers of the nuclei the photon-flux associated to the
electromagnetic fields vanishes for symmetry reasons. In addition, the hadronic
interaction may distort the coherence in the overlap region. It is not clear to
which extent these effects modify the coherent interactions. In [63] four scenarios
are studied which shall represent the limiting cases in terms of the coherence con-
dition in photo-nuclear J/ψ production. The coherent photon emission process is
assuming either only participation of the spectator (S) nucleons, i.e. the nucleons
outside the overlap region, or of all nucleons (N) in the emitting nucleus. The
same two cases are considered for the coherent scattering of the photon with the
other nucleus. Combining the cases for emission and scattering leads to four differ-
ent scenarios (N,N), (N,S), (S,S) and (S,N). The first letter denotes the coherence
assumption in the photon emission and the second in the scattering. These cases
lead to different centrality dependences of the photo-produced J/ψ yield. A com-
parison of these predictions to the data by ALICE and STAR shows that in both
cases most data points fall in between the extreme cases of (N,N) and (S,S) (see
Fig. 3.19).
In the following, theoretical results on dilepton photo-production in hadronic HICs
are discussed. In UPCs the impact parameter b is large enough to justify a point-
like approximation of the nucleus. In hadronic collisions b is comparable to the
size of the nuclei which may invalidate this approximation. Since the equivalent
photon spectrum depends on b and, through the electromagnetic nuclear form
factor FEM, on the charge distribution inside the nuclei, the pT,ee spectrum is ex-
pected to be sensitive to these geometrical aspects. The electromagnetic nuclear
form factor accounts for the spatial electric charge distribution and the resulting
interference of amplitudes associated to interactions involving the nucleus. The
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Figure 3.19.: Left: Predictions for various coherence assumptions in J/ψ produc-
tion in HICs at RHIC (left) and LHC (right). For the latter the
corresponding data by ALICE is compared to the model [63]. Right:
The comparison of the predictions of J/ψ production for HICs to
corresponding data by STAR [61].

equivalent photon spectrum N(ω, b) of a relativistic ion at impact parameter b
takes the form [76]:

N(ω, b) =
Z2αEM

π2

∣

∣

∣

∫

∞

0
dqT

q2
tFEM(q2

T + ω2

γ2 )

q2
T + ω2

γ2

J1(bqT)
∣

∣

∣

2
, (3.9)

where ω denotes the photon energy, qT the photon transverse momentum, Z the
charge of the nucleus, αEM the fine structure constant, γ the Lorentz factor of the
nucleus in the lab rest frame and J1 a modified Bessel function.
To account for a realistic nuclear charge distribution and photo-production inside
the nuclei, the shape of the nuclei can no longer be assumed to be point-like as
in [73]. In [74] a more realistic charge distribution is used to calculate the form-
factor of the nuclei. The assumed charge distribution is a Woods-Saxon (WS)
distribution ρA:

ρA(r) =
ρ0

1 + exp((r −RWS)/d)
,

where r is the distance from the center of the nucleus, ρ0 is a normalisation factor,
RWS is the nuclear radius and d is called the skin depth.
As shown in Fig. 3.17 both approaches, with point-like (STARlight, [73]) and WS
(Zha et al., [74]) form factor, lead to reasonable descriptions of the low-pT,ee mass
spectrum measured by STAR. However, both disagree with the shape of pT,ee

spectrum (see Fig. 3.18).
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Figure 3.20.: Dielectron mass spectra at pT,ee < 0.15 GeV/c for three centrality
classes. Left: Comparison of models for individual dielectron sources
to data by STAR. Right: Comparison of the sum of models for di-
electron sources to data by STAR [76].

A further photon-photon fusion calculation aiming to describe the STAR low-pT,ee

spectra is brought forward in [76]. Exemplarily this approach shall be discussed in
more detail in the following. Also here a form factor based on the WS distribution
is used. In this calculation the impact parameter dependence of the spectrum in
Eq. (3.9) is integrated out, yielding the following differential spectrum:

dN(ω, q2
T)

d2~qT

=
Z2αEM

π2

∣

∣

∣

∣

∣

q2
T

(q2
T + ω2

γ2 )2
F 2

EM

(

q2
T +

ω2

γ2

)

∣

∣

∣

∣

∣

. (3.10)

The pT,ee distribution is calculated as the convolution of the photon spectra of
the two colliding nuclei (denoted by the indices 1 and 2) with the cross section
σBW(γγ → e+e−) of the Breit-Wheeler process. The resulting pT,ee differential
production cross section, which is restricted to experimental selection cuts, can be
written as:

dσee

d2 ~PT

=
∫ dω1

ω1

dω2

ω2

d2~q1,Td2~q2,T

dN(ω1, q
2
1,T)

d2~q1,T

dN(ω2, q
2
2,T)

d2~q2,T

× δ(2)(~q1,T + ~q2,T − ~PT)σBW(γγ → e+e−)|cuts.

(3.11)
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Here ~PT denotes the dielectron transverse momentum vector and σBW is given
by [73]:

σBW(γγ → e+e−) =
4πα2

EM

m2
ee

(

(

2 +
8m2

e

m2
ee

− 16m4
e

m4
ee

)

ln
(mee +

√

m2
ee − 4m2

e

2me

)

−
√

√

√

√1 − 4m2
e

m2
ee

(

1 +
4m2

e

m2
ee

)

)

,

where me is the rest mass of the electron. The kinematics of the photons and
the dielectron are related via m2

ee = 4ω1ω2 − P 2
T

4. To obtain the photon-fusion
spectrum for a particular centrality class the cross section in Eq. (3.11) is rescaled
to the photo-production cross section at vanishing PT associated to this centrality
class. Directly calculating the impact parameter and PT differential cross section
was avoided since it is very involved.
Using this model of photon-photon fusion together with a model for thermal
sources and the hadronic cocktail allows an accurate description of the low-pT,ee

mass spectra measured by STAR (see Fig. 3.20, right). In the 60–80% centrality
class photo-production dominates the mass spectrum (see Fig. 3.20, left), showing
that the photon-fusion model works well. In the more central class of 10–40% all
three sources contribute a significant fraction to the yield at masses < 1 GeV/c2.
The agreement with the data suggests that all relevant sources are well described.
An exception is the mass region of the J/ψ, in which the sum of the expectations
undershoots the data in all three centrality classes . The authors of [76] interpret
this discrepancy as a sign of additional processes which were not considered. Co-
herent J/ψ production is provided as a likely candidate.
Also the pT,ee spectra corresponding to this model are compared to the STAR data.
Figure 3.21 shows the comparison of the model and the data for three different mass
intervals in 60–80% centrality. While the low-pT,ee peak due to photo-production
is qualitatively reproduced, the width of the peak appears to be underestimated.
Thus, a similar discrepancy in the shape as in Fig. 3.18 (lower, right) is found.
Since the models based on EPA agree in general with UPC data, one may conclude
that additional effects need to be considered in hadronic collisions [72]. This would
be in accordance with the centrality dependent broadening of the acoplanarity dis-
tributions in the results by ATLAS (see Fig. 3.15, top).
While effects related to trapped magnetic fields in the QGP and rescattering in
the medium are discussed as possible explanations for the broadeninig by the AT-
LAS [70] and STAR [72] collaborations, [77] proposes a closer investigation of the

4This relation can be derived using the four-momenta of the equivalent photons
q = (ω, qx, qy, ω

v
) [49] and the approximation v → 1 (in units where c = 1).

37

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Figure 3.21.: Dielectron pT,ee spectra of expectations for photon-fusion, thermal
radiation and the cocktail in comparison to STAR data in 60–80%
centrality [76].

photon-fusion process. It is pointed out that in the calculation of the pT,ee spec-
trum the b dependence of the equivalent photon spectrum has to be considered.
This issue is addressed by the generalised EPA (gEPA), which represents is an al-
ternative to the approach based on the b integrated photon spectrum in Eq. (3.10).
Using gEPA leads to an improved agreement with the STAR spectra in terms of
the shape compared to the STARlight prediction (see Fig. 3.22). The correspond-

ing values for
√

〈p2
T〉 in the model and the data are compatible in the 60–80%

centrality class.
In addition, it is found that the model predicts a stronger broadening for more
central collisions. The corresponding calculations match the ATLAS dimuon data
within uncertainties (see Fig. 3.23, left).
Apart from the impact parameter dependence also variations of the photon-fusion
production yield with the azimuthal angle are studied in [77]. It is found that
production should be increased for dielectron pair momentum directions perpen-
dicular to the event plane, which is the opposite trend as for elliptic flow effects in
the medium (see Fig. 3.4 and Fig. 3.23, right).
In [78] interactions of the leptons with the medium are proposed as an alternative
explanation of the broadening in the STAR and ATLAS data. It is shown that the
dimuon data by ATLAS could eventually be described using the QED analogue
of jet-quenching, i.e. electromagnetic interactions with the medium. In addition,
observables to distinguish this effect from potential signatures of the magnetic field
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Figure 3.22.: Squared transverse momentum spectra for three mass intervals com-
pared to the corresponding data by STAR [77].

are discussed. This magnetic field is perpendicular to the reaction plane and would
deflect the leptons according to the Lorentz law. Since event plane information is
available in hadronic collisions the resulting effect could be addressed in azimuthal
correlations of the dileptons with the event plane. Also dependencies of magnetic
field effects on the collision centrality and the lepton rapidities are proposed for
future studies.
The low-pT,ee excess measured by STAR is investigated from an entirely differ-
ent perspective in [79]. Based on the PHSD model of dielectron production in
the hot and dense medium, predictions for the low-pT,ee spectra by STAR are
produced. Considered dielectron sources are hadron decays, partonic interactions
and semi-leptonic decays of correlated heavy-flavour hadrons. The model incor-
porates in-medium modifications with respect to pp collisions and describes the
pT,ee-integrated dielectron spectra in HICs fairly well. However, they fail at repro-
ducing the observed low-pT,ee excess.
In summary, there seems to be a consensus that the various discussed low-pT en-
hancements in hadronic collisions can be attributed to photon-induced processes.
However, discrepancies in the shape of measured spectra indicate that the mod-
els, which were successfully employed in UPCs, have to be modified. Theoretical
approaches to such modifications are based on collision geometry, medium inter-
actions or magnetic fields. The wide range of considered scenarios calls for further
experimental data. Since all of them predict effects that depend on the direction
with respect to the event plane, this thesis includes a preliminary study of low-pT,ee

dielectron production in dependence of the direction relative to the event plane
(see Section 5.10).
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. Figure 3.23.: Left: Dimuon acoplanarity distributions based on the gEPA approach

compared to corresponding data by ATLAS [77]. Right: Dependence
of dielectron production on the azimuthal angle (φ) between the di-
electron momentum vector and the event plane for different central-
ities [77].

3.4. Magnetic monopoles

This chapter discusses selected theoretical aspects of magnetic monopoles and the
present status of corresponding searches. It shall outline the motivation for the de-
velopment of a search strategy for such particles in HICs in ALICE (see Chapter 6).

3.4.1. Theoretical perspective

Already in 1269 Petrus Peregrinus of Maricourt found in experiments that mag-
nets always have two opposing poles, i.e. they are dipoles [80]. Besides coining
the term “polus” to describe them, he found that breaking a dipole magnet apart
to create isolated poles, i.e. monopoles, is not possible. When broken apart, both
pieces of the magnet have their own magnetic south and north poles and form a
dipole again.
Almost 600 year later, in 1864, this finding was mathematically reformulated as one
of the Maxwell equations. These equations are fundamental to our understanding
of classical electrodynamics until today. They provide a unified treatment of elec-
tric and magnetic phenomena. In the absence of electric or magnetic charges the
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equations are invariant under an exchange of the electric ( ~E) and magnetic field
( ~B) according to: ~E → ~B and ~B → − ~E [80]. This symmetry is broken as soon
as charges are considered. Electric charges of a given sign can be isolated, thus
they exist in the form of monopoles. These monopoles act as sources and sinks
(depending on the sign of their charge) for the field lines associated to ~E. Based
on the found absence of magnetic monopoles the equation for sources and sinks of
~B is not related to a magnetic charge density, but set to zero. This statement is
expressed in the Maxwell equations as:

∇ · ~B = 0. (3.12)

This equation reflects an experimental finding and is not mandated by deeper
theoretical concepts. In fact, the Maxwell equations can be modified without
any structural changes to describe magnetic monopoles and their currents. This
would extend the symmetry between ~E and ~B to cases with electric and magnetic
charges [81].
In the framework of Quantum Mechanics (QM) the ~E and ~B fields are no longer the
fundamental entities in electromagnetism. This is necessitated for instance by the
Aharonov–Bohm effect [82], which demonstrates that the vector potential ~A can
have observable effects even in the absence of ~E and ~B fields [83]. Instead of the
~E and ~B fields, the scalar potential Φ and the vector potential ~A are introduced.
The latter is related to ~B via:

~B = ∇ × ~A. (3.13)

The requirement to express ~B in terms of ~A implies Eq. (3.12). This is a conse-
quence of the identity ∇· (∇× ~V ) = 0, which holds for any vector field ~V . Thus, it
seems that QM forbids the existence of magnetic monopoles. In 1931 Dirac found
that QM and magnetic monopoles can be reconciled [84]. He proposed a vector
potential ~AM of a magnetic monopole that yields the following ~B field [83]:

~B =
g

r2
r̂ + 4πgδ(x)δ(y)θ(−z)ẑ, (3.14)

where r is the distance to the monopole at the origin, r̂ the unit vector pointing
to observation point, g the monopole charge, x, y and z are the Cartesian coor-
dinates of the observation point and ẑ the unit vector along the z-axis. The first
term on the right hand side describes the ~B field of a magnetic charge, which is
analogous to the field of an electric point charge. The second term corresponds
to an infinitely dense and narrow B-field flux tube along the negative z-axis. This
object is typically referred to as a Dirac string. The Dirac string represents a
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singular field component, which appears to be hardly reconcilable with physical
expectations. Figure 3.24 shows a schematical depiction of this field.

Figure 3.24.: Geometry of the magnetic field of a magnetic monopole as proposed
by Dirac [83].

To evade quantum mechanical inconsistencies associated to the Dirac string, Dirac
imposed that the string is located wherever there are no electric charges (a criterion
called the Dirac veto) and that the location of the string has no experimental ef-
fects. The Dirac veto alone would not suffice to make the string unobservable, since
different string locations correspond to different vector potentials. Conversely,
changing the location with respect to the string would result in different observed
vector potentials. This could be detected, for instance, via the Aharonov–Bohm
effect, and thus the string would still be indirectly detectable. It can be shown that
this is not possible if the magnetic charge of the monopole is allowed to take only
certain quantised values. This result is known as the Dirac charge quantisation.
Several different derivations are outlined and discussed in [83]. The conclusion
is that magnetic monopoles can be consistently accommodated in QM under the
restriction of the Dirac charge quantisation:
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qg =
n~c

2
, (3.15)

where q denotes an electric charge, g denotes a magnetic charge, n an integer, and
~ the reduced Planck’s constant. Identifying q with the elementary electric charge
e allows the derivation of the values of the elementary magnetic charge gD [83]:

gD =
~c

2e
=

137

2
e = 68.5e. (3.16)

Thus, magnetic monopoles of unit magnetic charge would experience a electro-
magnetic interaction in a much stronger way than particles of electric unit charge.
As the corresponding magnetic fine structure constant is αg2

D/e
2 ≈ 34 ≫ 1 pertur-

bative calculations are in general not applicable for magnetic monopoles [83,85].
Another striking implication of Eq. (3.15) is that the mere existence of a sin-
gle magnetic monopole in the Universe enforces electric charges to be quantised.
In fact, when discovering the charge quantisation condition Dirac was not mo-
tivated by the search for magnetic monopoles, but rather by the question why
electric charges are quantised. Nevertheless, finding the connection between elec-
tric charge quantisation and magnetic monopoles left him optimistic about their
existence: “... one would be surprised if Nature had made no use of it.” [84].
The concept of a magnetic monopole also arises in the context of Grand Unified
Theory (GUT), i.e. a theory that provides a unified description of the strong and
electroweak forces. In such theories magnetic monopoles are a required compo-
nent. These monopoles would have expected masses on the GUT scale, which is
≈ 1016 GeV/c2 [80].
Nevertheless, monopoles could also appear in so far unknown physics at much
lower mass scales. Magnetic monopoles of masses on the order of several TeV/c2

are, for instance, possible in a modified electroweak sector of the Standard Model,
which would be compatible with the present experimental data [86]. This demon-
strates that on theoretical grounds magnetic monopoles, that are producible at
colliders like the LHC, cannot be ruled out [87].
As long as no monopoles are found in collider experiments, the negative search
results are interpreted as upper bounds on the production cross section as a func-
tion of mass (see Fig. 3.25). These limits should, however, not be taken at face
value since they are based on toy models. They rather serve as a comparison of
the sensitivity of different analyses [88]. Deriving mass limits for monopoles re-
quires the calculation of the monopole production cross section as a function of the
monopoles mass. As mentioned above, due to the strong electromagnetic coupling
of monopoles the corresponding calculations are currently not possible [85]. Re-
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cently, however, it was argued that these problems do not arise for the production
of non-relativistic monopoles anti-monopole pairs (MM) via the Drell-Yan process
(qq → γ∗/Z → MM) and photon-fusion. As a consequence, the derivation of valid
monopole mass bounds is considered possible under certain circumstances [89].
The validity of this line of argumentation is, however, substantially criticised
in [90]. Another finding in [89] is that, at any monopole mass, photon-photon
fusion should be the dominant production mechanism compared to Drell-Yan in
pp collisions at the LHC. As pointed out in Section 3.3, coherent photo-photon
processes are enhanced by a factor Z4 ≈ 4.5 · 107 in Pb–Pb collisions. In [91] it is
argued, however, that based on the EPA approach (see Section 3.3), HICs appear
less suitable than pp collisions for searches of monopole production in photon-
fusion at the LHC.
The main motivation for monopole searches in HICs is based on a model of
monopole production in strong magnetic fields [92, 93]. The proposed mecha-
nism is Schwinger production, which, as mentioned in Section 3.3, describes the
production of dielectrons by sufficiently strong electric fields. Likewise, pairs of
a magnetic monopole and its anti-particle could be produced by the enormous
magnetic field in a HIC. Under the assumption of a constant magnetic field and
a point-like magnetic monopole, the critical field strength Bcrit for Schwinger pro-
duction of monopoles with mass mM is [92]:

Bcrit = 4π
m2

M

g3
. (3.17)

Thus, the large value of the magnetic unit charge demanded by the Dirac charge
quantisation reduces the field strength required for Schwinger production of a
magnetic monopole with unit charge. This approximation is based on the assump-
tion of a constant magnetic field, which is expected to underestimate the actual
monopole production cross section. The corresponding mass limit obtained from
monopole searches in fixed-target Pb collisions at SPS [94] is on the order of 10
GeV/c2 [85, 93].
At the LHC higher masses are achievable since the B fields in HICs rise linearly
with the center-of-mass collision energy [85]. For Pb–Pb collisions at the LHC cor-
responding expectations yield masses on the order of 100 GeV/c2 [85]. Currently
exact calculations of monopole production in Pb–Pb collisions at the LHC are not
possible as computationally expensive effects related to time dependence of the
B field are relevant. Nevertheless, the underlying model of Schwinger production
does in principle allow the derivation of mass limits, since it does not have the
problem of large coupling, which hampers perturbative calculations. Effects of the
QGP are neglected at the LHC, as the B field should decay on a time scale of 10−3
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fm/c, while the formation time of the QGP is estimated to be 0.2–0.6 fm/c [92].
Therefore, finite temperature effects are not taken into account. The estimated
mass limit of 100 GeV/c2 is expected to be a lower bound. As discussed in [85],
effects of the time dependence of the B field in HICs should enhance the monopole
production substantially and could lead to higher mass limits. Future work shall
allow replacing the currently available estimates for monopole mass limits with
more rigorous calculations that include the effect of B field dynamics [85, 92]. As
long as these problems are not overcome, only estimations on the theoretically
reachable masses can be given and thus strict mass limits cannot yet be derived.
In view of these theory developments, HICs can be considered as a promising way
to search for magnetic monopoles [92].

3.4.2. Search techniques

The properties of magnetic monopoles are barely constrained from theory, and
therefore corresponding searches cover a large parameter space. Apart from the
Dirac charge quantisation the mass, spin and charge number (i.e. the number of
elementary charges) can be regarded as unconstrained. An important exception is
the life time. The arguments for electric charge conservation can be applied anal-
ogously to magnetic charges. Consequently, magnetic charges should be produced
in pairs of stable particles and antiparticles.
There are various different ways of detecting magnetic monopoles. A widely used
search technique is based on induction. Just as an electric current induces a cir-
cular magnetic field, a magnetic current would induced a circular electric field.
Thus, if a magnetic monopole would pass through a superconducting coil it would
induce a persistent current [87].
Owed to their strong electromagnetic coupling, monopoles interact intensely with
the material they traverse via ionisation. The stopping power, i.e. the energy
loss per path length interval −dE/dx, of magnetic charges is described by the
Ahlen equation, which corresponds to a Bethe-Bloch equation for magnetic charges
[95,96]:

− dE

dx
= K

Z

A
g2
[

ln
(2mec

2β2γ2

I

)

+
K(|g|)

2
− 1

2
−B(|g|)

]

, (3.18)

where K = 0.307 MeV g−1 cm2 is a constant, Z the atomic number, A the mass
number and I the mean excitation energy in the traversed material. The magnetic
charge qm is expressed in terms of the electric elementary charge as qm = gec, with
the magnetic charge number g. The terms B(|g|) and K(|g|) represent correction
factors and β is defined via the particle’s velocity v as v/c and γ = (1 − β2)−1/2.
This equation is expected to be applicable as long as β > 0.1 [96]. The crucial
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difference between the Bethe-Bloch equation (Eq. (4.2)) and Eq. (3.18) is their
dependence on β. While −dE/dx reaches a maximum for electrically charged
particles as β → 0, it drops for stopping magnetically charged particles. For
monopoles −dE/dx would be constantly high as long as they are relativistic (see
Fig. 6.2). For both types of charges −dE/dx scales roughly with the square of
the corresponding charges. Due to the Dirac charge quantisation this means that
−dE/dx is on the order 68.52 ≈ 4700 times higher for a unit magnetic charge
than for a unit electric charge. Thus, magnetic monopoles would appear as highly
ionising particles in −dE/dx sensitive detectors. A corresponding search strategy
with ALICE’s TPC (see Chapter 4) is presented in Chapter 6.
A complementary strategy for monopole searches at colliders is based on their
trajectory [96]. To determine the inverse curvature and thus the transverse mo-
mentum of charged particles, magnetic fields are generated in the volume of particle
detectors. Due to the Lorentz force electrically charged particles are deflected in
a direction perpendicular to their momentum and to the magnetic field of the de-
tector. Tracks of magnetically charged particles would be accelerated along the
magnetic field and could therefore be identified rather unambiguously by their cur-
vature along the magnetic field. Commonly applied track finding algorithms may
not identify these tracks as the are built on the assumption of no magnetic charges.
However, in case an event with a monopole track candidate is found, dedicated
track reconstruction could be used to study the curvature along the magnetic field
of the corresponding track.

3.4.3. Overview of experimental searches

Searches in astrophysics primarily aim at monopoles which were produced during
the Big Bang. These searches found no evidence for monopoles in the cosmos but
cannot rule out their existence. In the framework of the widely favoured theory
of the inflationary Big Bang, monopole densities could be diluted to undetectably
small densities irrespectively of their initial density [80]. As a result it is not pos-
sible to derive stringent mass limits from the observed absence of monopoles in
the cosmos. Therefore, these searches are not detailed here. See [80, 87] for an
overview.
Another strategy is to search for monopoles that are produced at particle col-
liders. As discussed in Section 3.4.1, the strong coupling of monopoles prohibits
perturbative calculations of the production cross section. Consequently, searches
at colliders so far cannot be interpreted as limits in the context of realistic models.
A recent summary of cross section limits, which are based on simplified assump-
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. Figure 3.25.: Summary of monopole production cross section limits obtained in

monopole searches at colliders. These limits cannot be interpreted
as real cross section limits, as they are not derived with realistic
monopole production models [87].

tions, is shown in Fig. 3.25.
Typically these models assume Drell-Yan or photon-fusion production kinemat-
ics for several different monopole masses, charges and spins. The cross sections
are only calculated in the leading order for both production mechanisms. At the
LHC corresponding searches were carried out by the MoEDAL [97–100] and AT-
LAS [88,101,102] collaborations in pp collisions.
The MoEDAL detector, which is located next to the LHCb experiment at the
LHC, uses passive detectors for monopole searches. Stacks of plastic slices con-
stitute the so-called Nuclear Track Detector (NTD). Highly ionising particles like
monopoles would leave tracks in this detector that can be made visible by chemical
etching. The ionisation threshold of the NTD is high enough that particles of unit
electric charge cannot produce such tracks. In addition, MoEDAL uses a stack of
740 kg of Aluminium as a Magnetic Monopole Trapper (MMT). Monopoles are
expected to be bound to the exceptionally strong magnetic dipole moment of the
Aluminium nuclei. After data taking, the MMT is cut into 2400 pieces which are
scanned using the superconducting coils of a Superconducting Quantum Interfer-
ence Device (SQUID). If a MMT piece containing a magnetic monopole would be
passed through the coil, a persistent current would indicate the magnetic charge.
The monopole searches by ATLAS use the Transition Radiation Tracker (TRT)
and the Electromagnetic Calorimeter (EMCAL). The search strategy is based on
the requirement of a cluster of hits in the TRT, which has a high fraction of detec-
tor hits with large charge deposition. This requirement aims at the high stopping
power of a monopole. In addition, it is required that there is an EMCAL signal in
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the region close to the TRT cluster. Typical monopole masses addressed in these
searches are above 200 GeV/c2. Such particles would not induce a shower in the
EMCAL and lead to a very narrow distribution of the energy deposition compared
to electrons. Therefore, ATLAS demands an energy deposition with this charac-
teristics in each EMCAL layer. With these two criteria a background free signal
region is defined which is used for the search [88].

Figure 3.26.: Limits on monopole production cross sections as reported by ATLAS
[88] (left) and MoEDAL [100] (right) for spin 1/2 monopoles.

Figure 3.26 shows the mass dependent monopole production cross section limits
by ATLAS [88] and MoEDAL [100] for the case of a spin 1/2 monopole in models
of Drell-Yan and photon-fusion (only MoEDAL) production in pp collisions. The
limits are shown for various different monopole charges and masses. Solid lines
indicate the expectations for the cross section based on leading order calculations.
Due to the strong electromagnetic coupling these calculations can, however, not
be expected to yield realistic results. Consequently, it is stated that these limits
should be used for a comparison of the sensitivity of analyses and not as actual
limits [87, 88]. As stated in Section 3.4.2, this shortcoming could be overcome
by searches in HICs, which, owed to the Schwinger production model, could in
principle be used to place general mass exclusion limits on magnetic monopoles.
A corresponding search strategy is described in Chapter 6.
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4. The ALICE detector

The ALICE (“A Large Ion Collider Experiment”) collaboration operates one of
the four large detectors at the LHC [103]. It is optimised for the study of strongly
interacting matter at extreme temperatures and pressures in collisions of Pb ions
at center-of-mass energies in the TeV regime. The energy scales associated to
the strong interaction phenomena of interest in these studies are on the order of
hundreds of MeV. Therefore, the ALICE detector is designed to allow tracking
(i.e. track reconstruction) of particles down to approximately 150 MeV/c in pT.
Since central HICs can produce several thousands of particles, high granularity of
the detector is a further central design objective.
The ALICE detector (see Fig. 4.1) consists of 19 main components. The most rele-
vant part of the detector to this analysis is surrounded by the so-called L3 magnet
(10), which produces a magnetic field of 0.5 T along the beam axis. Collision
vertex determination, tracking and Particle Identification (PID) are the primary
tasks of these co-called central-barrel detectors (1-9, 16). Their coverage in pseu-
dorapidity is |η| . 0.9.
A dedicated group of components including an absorber, a dipole magnet and de-
tectors (11-15) is located in the forward direction (2.5 < η < 4) for muon detection.
Forward detectors (2,17,18), which are located close to the beam pipe, are used for
timing and determination of the collision centrality and the spectator event plane
(see Section 3.1). Finally, ACORDE is located on top of the L3 magnet and is
used to study cosmic rays.
The V0, Inner Tracking System (ITS, 1), Time Projection Chamber (TPC, 3) and
Time Of Flight (TOF, 5) detectors are discussed in more detail in the following
sections as they are the most important detectors for the dielectron analysis and
in case of the TPC also for the search of highly-charged particles.
The Inner Tracking System (ITS) is the inner-most detector of ALICE. It consists
of six nested cylinders around the beam axis (see top right panel in Fig. 4.1) [103].
The radii of the cylinders range from 3.9 cm to 42.8 cm. The first two cylin-
ders hold Silicon Pixel Detectors (SPD), which can cope with high densities of
charged particles and allow fast readout. The two middle layers are Silicon Drift
Detectors (SDD) and the outermost layers are Silicon Strip Detectors (SSD). The
SDD and SSD provide information on the particle’s energy loss per path length
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Figure 4.1.: Schematic view of the ALICE detector [104].

(−dE/dx), which is used for PID (see Section 4.1) [30]. The material budget of
the ITS corresponds to only 1.1% radiation lengths. This allows tracking of low-pT

particles in subsequent detectors and reduces the amount of dielectrons produced
in photon-conversion processes in the ITS material. A key task for the ITS is the
localisation of the primary interaction vertex and the identification of secondary
vertices. These are vertices of tracks that originate not from the collision vertex
but from weak decays of other particles. The resolution for secondary vertex de-
termination is below 100 µm for particles with pT > 1 GeV/c. This capability
plays a central role in this analysis, as it also allows the identification of electron
tracks from photon-conversion processes (see Fig. 5.5).
Encompassing the ITS, the Time Projection Chamber (TPC) is 5 m long and cov-
ers the radial distance range of 85 - 247 cm [105]. It is essential for tracking and
PID. For a charged traversing particle it provides information on the x, y and z
coordinates and −dE/dx at up to 159 track points. The volume of the TPC was
filled with an Ar-CO2 mixture during the 2015 Pb–Pb run at the LHC. Charged
particles traversing the TPC are ionise the gas. A uniform electric field parallel
to the beam axis is produced by high-voltage electrodes at at the center and by
a field cage (see Fig. 6.3). Electrons produced in the ionisation are accelerated
by this field towards the end caps, where their charge signal is amplified and de-
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tected in read-out pads, which consist of multi-wire proportional chambers. To
achieve fine enough granularity for high track densities, the TPC is equipped with
557568 read-out pads. The radial and azimuthal position of a read-out pad al-
lows deducing the corresponding coordinate of the location of the ionisation which
produced the measured charge. The z coordinate is inferred from the drift time,
i.e. how long it takes the charge to arrive at the read-out pad and the drift veloc-
ity (≈ 2.7cm/µsec). The amount of measured charge in a signal pulse is used to
determine −dE/dx of the ionising particle.
The Time-Of-Flight (TOF) detector is located at a radial distance of 3.7 m from
the interaction point. It is composed of Multigap Resistive Plate Chambers, which
achieve a time resolution of 80 ps for pions at 1 GeV/c in Pb–Pb collisions [30].
The key element of these detectors are 250 µm wide gas filled gaps which are set
under high voltage, such that ionisation of the gas triggers an avalanche process,
i.e. the charges are quickly amplified in the electric field. Pick-up electrodes de-
tect this charge generation with high time resolution and indicate the passage of
an ionising particle. The event collision time for the TOF measurement is in-
ferred from TOF data or by data from the T0 detectors [106]. The T0 detectors
are Cherenkov radiators and use Photo Multiplier Tubes for signal amplification.
They are located close to the primary interaction vertex in the forward direction
(see top right panel in Fig. 4.1). In Pb–Pb collisions a time resolution of 25 ps
is achieved [30]. The TOF information associated to a track can provide valuable
information for PID (see Section 4.1). A minimum transverse momentum (pT) of
≈ 0.4 GeV/c is required such that a charged particle can reach the TOF detector
in the magnetic field.
The V0 detector (2 in Fig. 4.1) provides a measurement of the charged particle
multiplicity, which is used for the determination of the collision centrality (see
Fig. 3.3). It consists of two arrays of scintillators that form discs around the beam
pipes. They are located on both sides of the interaction point at a distance of
330 cm and 90 cm. Its signal is also used to trigger the read-out of other detec-
tors for a given event. Events in the data set for this analysis were required to
have coinciding signals in the V0 detectors on both sides of the interaction point.
This discriminates events which correspond to collisions of the beam particles with
residual gas in the beam pipe [30].

4.1. Particle identification

In this analysis the species of charged particles is identified using input from the
ITS, TPC and TOF detectors. The species of a charged particle can be determined
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via its charge sign and rest mass. The charge sign can be inferred rather simply
from the direction of a track’s curvature in the magnetic field. The rest mass, in
contrast, requires more information than the trajectory in the spatial coordinates.
Assuming unit charge, which is the case for the overwhelming majority of charged
particles produced in a collision, one can use the track curvature to determine the
track momentum p. The momentum and rest mass m0 are related via

p

m0

= βγ. (4.1)

Thus, in addition to p, also β (which implies knowledge of γ) needs to be deter-
mined for PID.
The ITS and TPC allow a measurement of β via the energy loss of a charged
particle in the detector material. Particles with 0.1 < βγ < 1000 deposit their
kinetic energy primarily via ionisation. According to the Bethe-Bloch equation
the stopping power, −dE/dx, for such particles can be calculated via [96]:

− dE

dx
= K

Z

A

Z2
Proj

β2

[

ln
(2mec

2β2γ2

I

)

− β2
]

, (4.2)

where K = 0.307 MeV g−1 cm2 is a constant, Z the atomic number, A the mass
number, I the mean excitation energy of the traversed material, and ZProj the
electric charge of the projectile. An important feature of Eq. (4.2) is that the
stopping power does not depend on the particle’s mass but its βγ value.
Consequently, particles with different masses and the same p have different βγ
values and thus different stopping power. In the ITS and TPC the −dE/dx val-
ues measured for a given track are compared to the expected values for various
particle species at a given p (see Fig. 4.2). For the dielectron analysis the identi-
fication of electrons is of primary interest. Figure 4.2 (right) illustrates how the
stopping power measurement in the TPC allows the separation of electrons from
other species over a wide momentum range. While the TPC offers a better stop-
ping power resolution than the ITS (Fig. 4.2, left), it cannot separate electrons
from kaons at around 0.5 GeV/c and protons at around 1 GeV/c, since at these
momenta these particle species have the same −dE/dx values. Comparing the two
panels in Fig. 4.2 shows that in the ITS these crossings are not visible. The reason
for this difference is that for electrons the rise of the stopping power at large βγ
is less suppressed in gas (TPC) than in silicon (ITS), due to the lower electron
density in the former (see section on “Density effect” in [87] for details).
The ambiguity of −dE/dx based PID in the crossing regions can be resolved by ex-
ploiting a complementary strategy to determine β and thus the particle’s species.
A particle’s velocity v, and equivalently its β, can be inferred via v = ∆t/∆l,
where ∆t is the time interval it takes the particle to cover the distance ∆l. The
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Figure 4.2.: Energy loss measurements in the ITS (left) and TPC (right) compared
to expected values for various species (black lines) as a function of the
momentum p [107].

time interval ∆t is obtained from data of the TOF detector for each individual
track. The covered distance ∆l is determined via the trajectory and the detec-
tor geometry. As Fig. 4.3 shows, these measurements allow the discrimination of
kaons and protons in the regions where their stopping powers in the TPC coincide
with the ones for electrons (around 0.5 GeV/c for kaons and around 1 GeV/c for
protons).

Figure 4.3.: The distribution of measured β values in the TOF detector for various
species [108].
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The values of the observables −dE/dx and β in the ITS, TPC and TOF are
converted to a quantity that expresses by how many standard deviations the mea-
sured value differs from the value expected for a certain particle species at a given
momentum. This quantity is defined for a given species S and detector Det via:

nσSDet =
OMeas
Det −OExp,S

Det

σSDet
, (4.3)

where OMeas/Exp
Det is the measured/expected value for the observable O, which is

either −dE/dx or the TOF β. The difference between the measured and expected
values is normalised with the resolution of the observable σDet (see [109] for more
details). The calibration of the detectors is done by the ALICE Data Preparation
Group and should result in nσ distributions that are unit Gaussians for a given
species, pseudorapidity and p. For this analysis an additional calibration of the
ITS and TPC is used that aims specifically at electron tracks. For this purpose
a clean sample of electrons is selected from the data by exploiting the correlation
between electron and positron tracks coming from the photon-conversion processes
γ → e+e− (see [110] for details). The resulting nσ distributions for the tracks used
in this analysis are shown in Fig. 5.6.
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5. Analysis of dielectrons

The analysis of dielectrons encompasses several data selection steps. The input
for the analysis is the calibrated, reconstructed and quality controlled data set of
the Pb–Pb run at the LHC in 2015 at

√
sNN = 5.02 TeV. Tracks passing the event

and track selection are used for the dielectron analysis (see Fig. 5.1).

Reconstructed data: Section 5.2

Selected events: Section 5.2

Standard track Selection: Section 5.4.1

Preselected tracks: Section 5.4.2

BDT track selection: Section 5.4.3

Dielectron pair analysis: Section 5.5

Figure 5.1.: The dielectron analysis chain.
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5.1. Monte Carlo simulations

Throughout the analysis multiple data selection criteria are applied (see Fig. 5.1).
They are necessary to assure that the analysis is not affected by fake tracks
(i.e. tracks that are based on detector hits associated to multiple particles or de-
tector noise), contamination from other particle species or events which represent
more than one Pb–Pb collision (so-called pile-up events). In each of these steps
the fraction of undesired data (so-called background) is reduced. Additionally,
even without any selection cuts the probability for any given electron and positron
to be reconstructed as a corresponding track is smaller than unity (this quantity
is called reconstruction efficiency). The results of the analyses are compared to
theory calculations, which do no account for these efficiencies, but assume perfect
signal reconstruction efficiency and background rejection. Therefore, the measured
results (so-called raw spectra) have to be corrected for the finite signal efficiencies.
To estimate these efficiencies Monte Carlo (MC) simulations are used. In these
simulations particles are generated according to expectations for a given physics
process. These particles are then propagated through a virtual model of the de-
tector. Based on the simulated detector hits the reconstruction is carried out and
the same data selection as in the analysis on real data is applied. Knowing the
amount of signal that was originally generated and the amount of signal that was
reconstructed and passed the selection criteria, allows the determination of the
signal efficiency (see Section 5.5.2). The resulting corrected spectra can then be
compared quantitatively to theory expectations.
For the data set used in this analysis a MC data set was produced to estimate
the signal efficiencies for dielectrons. In the simulation particles are produced by
the event generator HIJING [111]. It generates events, i.e. a set of particles and
their initial momenta, according to probability density functions that represent
the expectations based on a QCD based-model, PYTHIA [112], and measured
branching ratios. HIJING treats a HIC as a superposition of the corresponding
nucleon-nucleon collisions. It does not account for effects on dielectrons or their
sources, which are attributed to the produced medium or electromagnetic interac-
tions.
Once the MC generator provides the particles of an event, they are propagated
through the detector by GEANT3 [113]. Interactions of the particles with the
detector material and the magnetic field of the detector as well as the production
and decay of secondary particles are simulated in this step. Of particular impor-
tance is the interaction with sensitive detector material. These are the parts of the
detector which produce a signal when enough energy is deposited in their volume.
Together with models of the signal generation in the detectors, these simulations
can be used to reproduce the detector response to a HIC. For each individual data
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taking period dedicated MC simulations are carried out with the corresponding
detector configurations and operation conditions. From this point onwards, in
general, the same data processing and reconstruction algorithms as on real data
are applied. Since generator information on the true particle species, origin and
momentum is kept, the resulting reconstructed event can be used to calculate the
reconstruction efficiencies of objects like single tracks or, as in this analysis, for
dielectrons. In addition, the comparison of the generated and reconstructed track
observables allows an estimation of the resolution of reconstructed track observ-
ables like the transverse momentum pT.
Since dielectrons are produced rather rarely the MC data set was generated with an
artificial enhancement of dielectron sources. In addition to the dielectron sources
generated by HIJING, the following dielectron sources were injected in each event:

• J/ψ and light-flavour mesons: π0, η, η′, ρ, ω, φ, and J/ψ flat in pT and pseu-
dorapidity |η| < 1.2 with forced decays into dielectrons

• one of the following three heavy-flavour sources in ratios of 1:1:3:

– cc -> dielectrons via forced semi-leptonic decays, an event is accepted
only if dielectrons from c decays are in |η| < 1.2

– bb -> dielectrons via forced semi-leptonic decays, an event is accepted
only if dielectrons from b decays are in |η| < 1.2

– bb events without forced semi-leptonic decays, an event is accepted if
at least one electron comes from b or b->c->e and is in |η| < 1.2.

5.2. Dataset and event selection

The analysed data set was recorded in the Pb–Pb run of the LHC in 2015. This
data taking period is subdivided into so-called runs, which represent sub-periods,
in which all detector, data acquisition and beam configurations are kept constant.
The ALICE Data Preparation Group performs calibration, reconstruction and
Quality Assurance (QA) on the recorded runs and provides lists of runs which are
eligible for different types of analyses. In the present analysis the central-barrel
detectors (see Chapter 4) play a crucial role, therefore only runs with a positive
QA outcome for these detectors are selected. The corresponding run list for this
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requirement contains 97 runs.
This analysis uses events that were recorded with minimum bias triggers, i.e. an
event is selected if there is a coincidence of signals in the V0A and V0C detec-
tors (see Chapter 4). Events that are related to interaction of the Pb beams with
residual gas in the vacuum beam pipe, are rejected offline by using V0 and ZDC
(see Chapter 4) timing information.

Figure 5.2.: The distribution of events in the plane of number of TPC clusters (y-
axis) and centrality (x-axis). Left: without pile-up rejection. Right:
with pile-up rejection.

The events are required to have an associated collision vertex, which is the esti-
mated position of the HIC in the coordinate system of the detector. The next
selection criterion is based on zVertex, which is the displacement of the event vertex
along the z-axis (i.e. along the beam direction) with respect to the nominal inter-
action point. To ensure that all the events have approximately the same effective
detector acceptance in pseudorapidity, a selection of |zVertex| < 10 cm is applied.
Events are also selected in terms of their centrality (see Section 3.1). The central-
ity range is specified for each shown analysis result. The centrality assigned to an
event is estimated from the V0M centrality estimator, which is based on the sum
of the signal amplitudes in V0A and V0C (see Section 3.1). Closely related to this
cut is the rejection of so-called Out-of-Bunch Pile-up (OBP). These are events in
which collisions associated to the primary bunches of beam particles and neigh-
bouring bunches occur within the read-out time window of the detectors. This
issue is particularly relevant for detectors with long read-out times like the TPC.
The centrality attributed to a given event does typically not change due to OBP,

58

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

since the V0 detectors have a time window that is too narrow. If there is no OBP
there is a rather narrow distribution of the number of clusters1 in the TPC per
event in a given centrality bin. However, due to its longer time window, the TPC
may record clusters associated to tracks from OBP. Therefore, the distribution of
TPC clusters per event in a given centrality range receives a tail along the positive
direction due to OBP. Figure 5.2 shows the distribution of TPC clusters per event
(y-axis) versus centrality (x-axis). The pile-up rejection cut removes events that
are above a polynomial function of the centrality, which was adjusted by hand to
reject the tail associated to OBP. The effect of this cut can be seen by comparing
the distributions before the pile-up rejection cut (Fig. 5.2, left) and afterwards
(Fig. 5.2, right). This cut is applied only to data and not to MC, since OBP is
not simulated.
These event selection cuts lead to the following number of events in data and MC:

0–40% Events
Data 31 M
MC 618 k

70–90% Events
Data 15 M
MC 348 k

Table 5.1.: Number of accepted events.

5.3. Signal and background definitions

In this analysis signal dielectrons are pairs of unlike charge sign e+e− tracks which
were produced as a pair at the primary interaction vertex (Fig. 5.3, top) or from
correlated open heavy-flavour hadron decays (Fig. 5.3, bottom). The former are
dielectrons from hadron decays (“h” in Fig. 5.3) or prompt dielectrons that are ei-
ther produced directly at the collision (e.g. Drell-Yan production or photon-photon
fusion) or in the subsequently created hot medium (e.g. virtual thermal photons).
In each of these cases both tracks of the dielectron have the same mother particle.
Dielectrons from photon-conversion processes in the material surrounding the pri-
mary interaction vertex (indicated as “γ” in Fig. 5.3) are defined as background.
In addition, all dielectrons that originate from different microscopic processes are

1This is a group of detector hits (so-called digits) which is associated to one track.
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considered as so-called combinatorial background.
Figure 5.4 shows simulated invariant mass spectra coming from HIJING. Dielec-
trons which have the same mother particle and are not photon-conversions are
shown in cyan. The corresponding spectrum does not have a realistic shape, since
only the π0 and η meson are included as dielectron sources in HIJING (a more
realistic spectrum is shown in Fig. 5.13 and Fig. 5.14). The remaining mesons are
added via the aforementioned injections (not shown).

Figure 5.3.: Signal (blue) and background (red) definition of dielectrons.

In 0–40% centrality (Fig. 5.4, left) the main background source are combinatorial
dielectrons with one or both tracks from a photon-conversion (magenta in Fig. 5.4).
It exceeds the signal (green), which is composed of the same mother non-conversion
pairs (cyan) and dielectrons from correlated heavy-flavour (HF, black) hadron de-
cays, by up to more than two orders of magnitude. In 70–90% centrality (Fig. 5.4,
right) the impact of this background source is less severe but the associated yield
is still comparable to the signal. Pairs of electron tracks coming from the same
photon-conversion process are shown in red. Since they originate from real pho-
tons their reconstructed invariant mass is typically close to zero and therefore not
relevant in this analysis (the minimum mass studied is 0.5 GeV/c2).
Although the signal and background contributions in this simulated data set are
not realistic, it is evident that conversion electrons represent a major challenge to
dielectron analyses. Electron tracks from photon-conversions give rise to consid-
erable combinatorial background over the whole mass spectrum. Therefore, they
are treated by dedicated track selection cuts as discussed in the next section.
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Figure 5.4.: Mass spectra of individual dielectron sources simulated with HIJING
in 0–40% (left) and 70–90% centrality (right). Preselection cut 0 is
applied (see Table 5.2).

5.4. Track selection

In the following the cuts which are used for track selection are detailed. These
cuts are grouped according to their purpose in the analysis.

5.4.1. Standard selection cuts

The first group of cuts aims at a pure selection of high quality tracks. This
means that the tracks are very likely to be associated to a real particle and the
extracted kinematic parameters represent a good approximation of the real ones.
These cuts are applied in each of the shown dielectron spectra of this analysis,
unless stated differently. Geometry and the material budget of the detector define
the pseudorapidity (ηe) and transverse momentum (pT,e) range, in which electron
candidate tracks pass the detector components necessary for reliable tracking. The
tracking procedure aims at inferring track parameters like ηe and pT,e from groups
of detector hits, so-called clusters. These clusters are connected under constraints
derived from the assumption that they lie on a single particle trajectory. This
process starts in the outer pad rows of the TPC, where track finding proceeds
towards the inner rows. In this step TPC tracks are created. These tracks are
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then propagated towards the outer layer of the ITS, where they serve as input for
track finding towards the inner ITS layers. Afterwards, these tracks are propagated
outwards and inwards once more using a Kalman filter [114]. In this process the
kinematic observables and track quality, i.e. how well the track fits the hypothesis
that its clusters belong to the same particle trajectory, are determined (see [30]
for details).
The choice of the selection cuts is not optimised in this analysis as it is based on
the experience of numerous preceding analyses. The signal efficiency associated to
these cuts is close to unity. The selection criteria are listed in the following:

• pT,e within [0.2, 8.0] GeV/c,

• ηe within [−0.8, 0.8],

• DCAxy within [−1.0, 1.0] cm,

• DCAz within [−3.0, 3.0] cm,

• ITS tracking,

• TPC tracking,

• rejection of kink daughters,

• successful refit of the TPC and ITS track.

The Distance of Closest Approach in the xy-plane and along the z-axis (DCAxy

and DCAz) are the distance between the primary vertex and the track-point clos-
est to primary vertex (see Fig. 5.5, left). Tracks from photon-conversion processes
have an increased DCAxy as their production point is displaced with respect to
the primary vertex. Figure 5.5 (right) shows the simulated DCAxy distribution
of photon-conversion tracks in red. The applied cut of |DCAxy|< 1 cm does not
cut significantly into the DCAxy distributions of the light- (LF, defined in Sec-
tion 3.2.1) and heavy-flavour (HF, defined in Section 3.2.2) signal electrons. How-
ever, this cut still accepts a significant amount of photon-conversion electrons.
Also the cut on DCAz has a signal efficiency close to unity.
Requirements are also placed on ITS tracking parameters. Tracks need to have
a cluster associated in the first layer of the SPD, which is the inner most silicon
tracking detector. This effectively rejects photon-conversions in the subsequent
ITS layers or late weak decays after the SPD. In addition, tracks must have as-
sociated clusters in at least three of the six ITS layers. The overall quality of
the track is restricted by the criterion χ2

ITS/n
ITS
Cls < 15, where χ2

ITS measures the
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Figure 5.5.: Left: Schematic explanation of the Distance of Closest Approach
(DCA) for a conversion of a photon (γ) into a dielectron. Right:
Distribution of DCAxy in MC (HIJING + injected sources) for vari-
ous different electron sources. Electrons from light-flavour (LF) meson
decays are shown in green, from heavy-flavour (HF) hadron decays in
blue and from photon-conversions in red.

deviation between the cluster locations in the ITS layers and the points where the
associated reconstructed track penetrates the layer. The average deviation per
cluster is calculated by dividing with the total number of ITS clusters nITS

Cls belong-
ing to the track. Placing an upper limit on this quantity reduces the number of
photon-conversion and fake tracks.
An analogous cut is placed on the TPC tracking quality. Here the criterion is
χ2

TPC/n
TPC
Cls < 8. As a track passes through the TPC a cluster can be associated to

the track in each pad row (see Chapter 4 and Fig. 6.3). However, due to dead zones
the maximum number of findable clusters, which is based on the track kinematics,
can be lower than the number of actually crossed rows. Conversely, the number
of actually crossed pad rows can be smaller than the number of findable clusters.
This would, for example, be the case if a track’s kinematics at the innermost pad
row would allow it to cross all pad rows, i.e. it has 159 findable clusters, but in the
middle of the chamber the track is lost due to interactions with the gas. Then only
half the number of pad rows were actually crossed while there are 159 theoreti-
cally findable clusters. Tracks are required to have a ratio of findable clusters over
crossed rows of at least 80 % and at maximum 105%. In addition, there needs to
be an associated cluster to the track in at least 100 of the 159 possible pad rows.
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If the particle associated to a track undergoes a decay while traversing the detector
(e.g. K± → µ± + ν) the trajectory of the track abruptly changes. This is called a
kink and the subsequent part of a track is called the kink daughter (in the previous
example this is the µ±). Tracks that are identified as candidates for kink daughters
are rejected from the analysis.
Finally, the last inwards pointing refit in the TPC and the ITS with the Kalman
filter is required to be successful for each track (see [30] for more details on track
reconstruction).

5.4.2. Preselection cuts

The second group of cuts are the preselection cuts. These cuts are not kept fixed
in this analysis like the standard cuts, but are studied in different variants and
compared in terms of performance (see Section 5.8.2). In addition, the different
variants of this cut group are used for the estimation of the systematic uncer-
tainty. The variables used for the preselection cuts and the corresponding ranges
are shown in Table 5.2. The cuts described in the last two rows are only used
for a cross-check of the PID selection (Section 5.11.1) and not for the actual anal-
ysis. The range of variables for these cuts is obtained by a random selection of
predefined values. The cuts will be referred to by the preselection cut number in
the first column. The second and third row show the selected ranges for the TPC
cluster number (TPC cl.) and the crossed rows in the TPC (TPC cr. rows). In the
remaining columns variables for PID are shown. As pointed out in Section 4.1, the
ITS, TPC and TOF detectors provide PID information in terms of nσ values (see
Eq. (4.3)). For nσe

TPC and nσe
ITS (see Eq. (4.3)) the tracks are required to have

values within the specified intervals. Conversely, tracks are rejected if their nσπTPC

falls into the range specified in the fifth column, which shall reject tracks from π±.
The analysis includes tracks below the minimum pT acceptance threshold of the
TOF. Therefore, a cut on nσe

TOF is only applied if a TOF hit is associated to the
track.
Figure 5.6 shows the distribution of nσe

TPC, nσe
ITS, and nσe

TOF of positively charged
tracks for the preselection cut 0 and MVA cut 5 (see Section 5.4.3). The column
on the left hand side shows the distributions as a function of ηe. As expected these
distributions are centered around zero at the y-axis (nσ) and flat along the x-axis
(ηe). The column on the right hand side of Fig. 5.6 shows the distributions as a
function of pT,e. Afer recalibration electrons are distributed around zero in nσ in
each pT,e slice. There is an expected indication of contamination in the negative
nσe

TPC region at pT,e< 1 GeV/c. The concern of an impact of PID contamination
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Cut Nr. TPC cl. TPC cr. rows nσe
TPC nσπTPC excl. nσe

ITS nσe
TOF if avail.

0 [100, 160] [100, 160] [−2.0, 3.0] [−100, 4.5] [−3.5, 0.5] [−3.0, 3.0]
11 [80, 160] [80, 160] [−2.0, 3.5] [−100, 3.5] [−3.5, 0.5] [−2.5, 3.0]
12 [80, 160] [80, 160] [−1.0, 3.5] [−100, 3.5] [−3.5, 1.0] [−2.5, 3.0]
13 [100, 160] [100, 160] [−2.0, 3.0] [−100, 3.5] [−3.0, 1.0] [−3.0, 2.5]
14 [80, 160] [80, 160] [−1.5, 3.0] [−100, 4.5] [−3.0, 1.0] [−2.5, 3.0]
15 [80, 160] [100, 160] [−2.0, 3.0] [−100, 4.5] [−3.0, 1.5] [−3.0, 3.0]
16 [100, 160] [100, 160] [−2.0, 3.0] [−100, 4.5] [−3.5, 0.5] [−3.0, 3.0]
17 [80, 160] [80, 160] [−2.0, 3.0] [−100, 3.5] [−3.5, 0.5] [−2.5, 3.0]
18 [100, 160] [100, 160] [−2.0, 3.5] [−100, 3.5] [−3.5, 0.5] [−3.0, 3.0]
19 [100, 160] [100, 160] [−2.0, 3.0] [−100, 4.5] [−3.5, 1.0] [−2.5, 3.0]
20 [100, 160] [100, 160] [−2.0, 3.0] [−100, 4.5] [−3.0, 1.0] [−3.0, 2.5]
-98 [100, 160] [100, 160] [−2.0, 3.5] [−100, 4.5] [−3.5, 1.5] [−3.0, 3.0]
-99 [100, 160] [100, 160] [−1.0, 2.5] [−100, 3.5] [−3.0, 0.5] [−2.0, 2.5]

Table 5.2.: Definition of preselction cuts.

on this analysis is addressed in Section 5.11.1.
The following table reports the number of tracks that pass the preselection track
cut 0.

0–40% Tracks
Data 212 M
MC 3 M

70–90% Tracks
Data 1.6 M
MC 0.8 M

Table 5.3.: Number of accepted tracks with preselection cut 0.
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Figure 5.6.: Distribution of electron PID variables nσe
ITS (top row), nσe

TPC (middle
row) and nσe

TOF (bottom row) of positively charged tracks in ηe (left
column) and pT,e (right column) for preselection 0 and MVA 5 in 0–
40% centrality Pb–Pb collisions at

√
sNN = 5.02 TeV.

5.4.3. BDT based photon-conversion rejection

To reduce the large background from combinatorial dielectrons with a photon-
conversion track (see Fig. 5.4) it would be desirable if conversion tracks could
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be rejected by the track cuts. Due to their displaced production vertex conver-
sion tracks can be distinguished from other tracks by track quality parameters.
Since track quality parameters are often correlated to track kinematics, kinematic
variables are also considered useful in the identification of conversions. Thus, to
achieve optimal conversion rejection the classification has to be based on multiple
track variables.
Learning to identify conversion tracks based on track observables is equivalent to
finding the ideal decision boundary between conversion and non-conversion regions
in a high dimensional space spanned by these variables. Multivariate classification
problems like this are commonly approached using machine learning algorithms.
These so-called classifiers have free parameters that can be tuned to a specific clas-
sification problem. This process is called supervised learning. In simplified terms,
the classifier is asked to provide its decision for a data sample for which the ground
truth is known. In the present case a data sample is a track represented by the
input variable vector x and the ground truth of it class y0, which is either 1 for sig-
nal or -1 for background. Afterwards, the classifier adapts its parameters in a way
that should improve the quality of its predictions. In the problem of conversion
rejection the MC simulation provides examples of tracks together with the ground
truth of their origin, i.e. whether the track comes from a photon-conversion.
The learning procedure is carried out using a randomly selected subset of the MC
data set, which is called the training data set. Afterwards, the classification per-
formance is evaluated again on a further randomly selected subset of the MC data
set, the test data set. This allows the detection of overtraining, which occurs when
the classifier achieves better performance on the training data set than on the test
data set. A reason for this may be that the classifier adapts its decision boundary
to statistical fluctuations in the training data set. On the test data set such adap-
tations do in general not improve the performance since they do not generalise
to statistically independent data sets. Therefore, this data set is useful to detect
overtraining. For a more detailed discussion of this and related machine learning
concepts see [115].
Tracks passing the preselection cut 0 serve as training and test data set. The choice
of the preselection track cut is not expected to lead to different characteristics of
conversion and non-conversion tracks. Therefore, a classifier trained on the data
obtained with one specific preselection cut can be applied to data sets obtained
with different preselection cuts. The target classes are tracks from a conversion
process (background tracks) and the remaining tracks from hadron decays (signal).
The following input variables are used by the classifier:

• number of ITS layers with associated hits

• ITS shared 1-6: if a track’s ITS cluster in one of the six ITS layers is shared
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with a different track

• fraction of shared ITS clusters

• log(|DCAxy|) (DCAxy in cm)

• log(|DCAz|) (DCAz in cm)

• χ2
Gl/n

Gl
Cls

• χ2
ITS

• has SPD First Hit: if there is a cluster in the first SPD layer

• ηe

• pT,e (GeV/c)

• centrality.

Here χ2
Gl/n

Gl
Cls denotes the normalised χ2 deviation between the reconstructed track

and the associated clusters for global tracks, i.e. tracks which are obtained by track-
ing in the ITS and TPC. The DCA and χ2 variables are explained in Section 5.4.1.
The MC data set is used with all its aforementioned injections (see Section 5.1).
Thus, it does not represent a dielectron data set with a realistic fraction of the in-
dividual signal and background components. However, the typical characteristics
of signal and background is not affected by these injections. The distinguishing
characteristics between conversion and non-conversion tracks is related to the de-
tector material and the reconstruction, both of which are the same for standard
and injected tracks. Therefore, to minimise statistical fluctuations, the injected
dielectron signal sources are also used for training.
A Boosted Decision Tree (BDT) with gradient boosting in TMVA [116] serves as
the classifier algorithm and shall be conceptually explained in the following. In
very simple terms, decision tree classifiers consecutively split the data set in a way
that produces data subsets, so-called nodes, of high signal and background purity.
Each time a split is performed, the classifier tries to find the ideal variable and
corresponding cut value for the next split. The resulting two nodes are then split
again with the same goal. This algorithm proceeds until a stopping criterion is
reached. One possibility is that the predefined maximum number of splits was
reached. Alternatively, the algorithm may stop earlier if the number of remaining
samples in a node becomes smaller than the minimal amount of data per node,
or if the purity cannot be improved any further. The learned splitting criteria are
stored and define the decision boundary.
Once a decision tree is fully grown, the trained tree T0 can make a prediction
T0(x) for track represented by the input variables x. For this the node to which
this sample belongs is identified by passing it through the tree. The prediction
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for a given node is the average of the target values, y0 (1 for signal and -1 for
background), for the data samples that ended up in this node during training.
Next a new tree is grown. This tree is trained to predict the residual difference
between the prediction of the previous tree T0(x) and its target, the real class
label y0. This process is repeated, i.e. the k-th tree is trained to approximate the
residual error of the previous tree Tk−1 with respect to its target yk−1 :

Tk(x) → yk−1 − Tk−1(x), (5.1)

until a predefined number of trees is trained. At this point the training phase
is finished. Now the classifier can be used to predict the class of a given data
sample. To do so, the node corresponding to the data sample is determined in
each tree. The predictions Tk(x) returned by the trees are summed up and the
resulting number, often called the Multivariate Analysis (MVA) output, between
[−1, 1] serves as a prediction for the class of track. The larger (smaller) the MVA
output for a track the more it appears to have signal (background) characteristics
to the classifier.

Figure 5.7.: Distribution of the shared ITS cluster variable for the first ITS layer.
A value of 1 (0) indicates that the cluster in this ITS layer is (not)
shared with another track. The distribution is shown for data and MC
in both centrality classes.

Separate classifiers are trained for the two different centrality classes 0–40% and
70–90%. This is necessary as the ideal decision boundary is expected to depend
on the track multiplicity in the event. For example, the shared ITS cluster vari-
ables, which encode whether the cluster in a given ITS layer is shared, are more
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often true for clusters of conversion tracks than for non-conversion tracks. This
is because the production vertex for both conversion tracks is located close to or
inside the ITS layers (see Fig. 5.5). In addition, there is a dependence on the event
centrality. In central collisions the chance for a randomly selected track to have
a shared cluster with an uncorrelated track is higher than in peripheral collisions
(see blue and black lines in Fig. 5.7) because there is a higher track density. Train-
ing the classifier on the whole 0–90% centrality range at once and including the
centrality variable would in principle allow the classifier to learn such centrality
dependences. However, since the data set is statistically dominated by the 0–40%
centrality range (see Table 5.3) the characteristics of the 70–90% centrality class
may not be learned properly. For this reason separate classifiers are trained for
each centrality class.
The number of trees and the maximum depth are parameters that control the clas-
sifier’s capacity, i.e. its ability to learn complicated decision boundaries from the
data. Having a large capacity, however, enhances the computation time required
for training and makes the classifier more prone to overtraining. Figure 5.8 shows
Receiver Operator Characteristics (ROC) curves for various choices of depth and
tree numbers. The x-axis shows the signal efficiency, i.e. the fraction of signal
tracks that pass an MVA cut, that is the selection criterion for a track to have
an MVA output value larger than a given cut value. The background rejection,
i.e. the fraction of background tracks that are rejected by this MVA cut, is shown
on the y-axis. These quantities describe the classification performance achievable
with a given classifier and MVA cut. Depending on the choice for the cut value
on the MVA output in [−1, 1], the signal efficiency is varied in [0, 1]. The curves
in Fig. 5.8 indicate the background rejection corresponding to a selected signal
efficiency. The better the classifier, the higher its background rejection for a given
signal efficiency is. In Fig. 5.8 several BDTs are compared for different choices
of parameters on the training data set in 0–40% and 70–90%. The performance
saturates as larger BDTs are used, i.e. increasing the tree depth (first number af-
ter “BDTG” in the legend) and the number of trees (second number) beyond a
certain point does not lead to improved performance. Only the very simple trees
with maximum depth 5 and a single tree (black) show notably worse performance.
In both centrality classes the classifiers with a maximum depth of 15 and 400 trees
are used for the analyses.
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Figure 5.8.: ROC curves for Boosted Decision Trees with Gradient boosting
(BDTGs) on the data sets for 0–40% centrality (left) and 70–90%
(right) [116]. The first number after “BDTG” indicates the maximum
tree depth and the second the number of trees.

Figure 5.9.: MVA output distributions for signal (blue) and background (red)
tracks in the training (dots) and test (shaded) data set for BDTs
trained on the 0–40% centrality (left) and 70–90% centrality (right)
data sets.

As Fig. 5.9 shows, the classifier output distributions on the training and test data
sets exhibit no significant difference and thus do not indicate overtraining.
Once the classifiers are trained on the MC data sets, they are applied to real
data tracks, returning an MVA output value on which a cut is placed to reject
conversions tracks.
To illustrate the effect of the MVA cut on the MC data set and the real data set,
Fig. 5.10 shows the distribution of tracks in the pT,e-divided transverse DCA and
pT,e plane in the centrality class of 70–90%. Dividing DCAxy by pT,e improves
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the visibility of the effect of the MVA cut. In the MC data set the signal (top
left) distribution is broader along both axes than the background distribution (top
right). The total MC data set without any cut (middle left) is almost identical
to the signal distribution, except for the top left region of the distribution, i.e. at
low pT,e and large pT,e-divided DCAxy. Here the conversion component becomes
visible. For the analysis a typical MVA cut is placed at -0.2. As the middle right
panel in Fig. 5.10 shows, this cut primarily rejects tracks in the region which is
dominated by conversion tracks. The bottom panels compare the distributions
of tracks in the real data set before (left) and after (right) the MVA cut. These
distributions are different from the MC data set (compare to middle left and middle
right panel) due to the artificial enhancement of signal tracks. Nevertheless, the
background component presumably associated to conversion tracks is visible in
the top left region of the bottom left panel. In this region the MVA cut has the
strongest effect (see bottom right panel in Fig. 5.10).
To study the impact of the selected MVA cut, 10 cut values ranging from -1 to 0.8
in steps of 0.2 in the MVA output are enumerated by the integer i ∈ [0..10]. For
example MVA 4 corresponds to the MVA cut value −1 + 4 · 0.2 = −0.2.
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Figure 5.10.: Distributions of tracks in the pT,e-divided transverse DCA and pT,e

plane. The top row shows the simulated signal (left) and background
(right) tracks. The bottom row shows all simulated tracks (left) and
tracks after an MVA cut at 0.2 (right). The corresponding distribu-
tions for real data are shown in the bottom row. Preselection cut 0
is used for these plots.
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5.5. Pair analysis

The following section describes the analysis steps for extracting dielectron pT,ee

spectra. The analysis is carried out for the centrality range 0–40% and 70–90%
and the mass ranges 0.5 − 2.7 GeV/c2 and 1.1 − 2.7 GeV/c2. It focuses primarily
on pT,ee< 1 GeV/c, where dielectron photo-production is expected to be most sig-
nificant. Aspects that are specific to one centrality class individually are addressed
in the corresponding dedicated sections (Section 5.8 for 70–90% and Section 5.9
for 0–40%).
In the analysis of e+e− pairs the goal is to infer distributions like mee and pT,ee,
which can be related to a variety of physics questions, as outlined in Section 3.2
and Section 3.3. Unless stated otherwise, data processing steps described in the
following are performed in two-dimensional histograms of dielectrons in mee and
pT,ee with the following binning:

mee (GeV/c2) = {0.0, 0.1, 0.4, 0.5, 0.6, 0.7, 1.1, 1.5, 2.0, 2.7, 3.1, 5.0},
pT,ee (GeV/c) = {0.0, 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 1,

steps of 0.5 GeV/c up to 8.0 GeV/c}.

The pair variables mee and pT,ee are only meaningful in the analysis context if the
two tracks of the pair are correlated due to their common microscopic production
process. Thus, for combinatorial background these quantities do not allow drawing
conclusions on the origin of the pair.
To calculate the pair observables tracks of unlike charge sign (i.e. electrons and
positrons), which are associated to the same event, are paired to dielectrons. This
set of dielectrons (US) encompasses all unlike-sign signal and background dielec-
trons shown in Fig. 5.3. For an individual dielectron it is not possible to exclude
the possibility that it is combinatorial. Nevertheless, the distribution of the combi-
natorial background can be estimated and statistically subtracted from US. This
method is referred to as the like-sign subtraction method [18, 117]. An estima-
tion of the combinatorial background is obtained by the like-sign (LS) dielectrons
which are obtained from two positrons (LS++) or electrons (LS−−) in the same
event. Figure 5.3 illustrates an example for this concept. It shows three corre-
lated dielectrons. One pair of electron and positron tracks originates from the
same hadron decay (Same Mother non Conversion), one is produced in the same
photon-conversion process (Same Mother Conversion), and one pair which results
from the decay of correlated heavy-flavour hadrons (Correlated Heavy-Flavour).
All other possible pairs of unlike-sign dielectrons are combinatorial. A combina-
torial unlike-sign pair can, for example, be constructed with the electron of the
hadron decay (“h” in Fig. 5.3) and the positron of the conversion. A further com-
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binatorial unlike-sign pair can be constructed from these processes by inverting the
charge signs. Similarly, two like-sign pairs can be constructed from these processes.
In this way a like-sign pair can be constructed for each combinatorial unlike-sign
pair 2. This is, however, not possible for the correlated unlike-sign pairs in Fig. 5.3.
For these pairs no corresponding like-sign pair can be formed. Therefore, the total
number of pairs and their correlation (which can be assumed to be none in this
idealised example) is the same for like-signs pairs and combinatorial unlike-sign
pairs.
Most, but not all, like-sign pairs are truly uncorrelated. Processes that produce
correlated like-sign pairs are, for instance, double Dalitz decays of the neutral
pions: π0 → γ∗ + γ∗ → e+e− + e+e−. Similarly, correlated like-sign pairs are
produced in decays of hadrons in correlated jets. These correlations of like-sign
pairs are present for combinatorial unlike-sign pairs as well. Consequently, when
subtracting the distribution of LS in some observable like pT,ee, these correlations
are also removed from the corresponding distribution of US. The remaining cor-
relations in the US distributions are ideally related to one of the signal processes
in Fig. 5.3. This assumption is tested in Section 5.11.3.
In conclusion, LS can be used to statistically subtract the combinatorial compo-
nent of US to extract the unlike-sign signal USSig:

USSig = US −R · LS, (5.2)

whereR is a correction factor that accounts for the different geometrical acceptance
for like-sign and unlike-sign pairs. In this analysis the definition of LS depends on
the number of LS++ and LS−− pairs in the event:

if LS++ > 0 and LS−− > 0 : LS = 2 ·
√

LS++ · LS−−,

else : LS = LS++ + LS−−.
(5.3)

The geometric mean (first line) is more robust with respect to asymmetries in the
number of electrons and positrons than the arithmetic mean (second line). It is,
however, problematic in cases where either LS++ or LS−− are zero, as it would
yield zero as the estimation of the combinatorial background. To mitigate this
problem, in these cases the arithmetic sum of LS++ and LS−− is used instead.
Cross-checks using either the arithmetic, geometric or the combination of both
methods show that the in the present analysis these differences are negligible.
Inhomogeneities in the detector acceptance, like e.g. dead zones, affect electron
and positron tracks differently since these tracks have opposite curvature due to

2A more detailed mathematical analysis of the like-sign subtraction method is provided in
[18].
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the magnetic field of the detector. This effect is only caused by the acceptance and
is not related to correlations due to microscopic processes in the event. For this
reason it can be estimated using entirely uncorrelated pairs which are obtained
by the method of event-mixing. Here tracks of two different events are paired
and form the event-mixed unlike-sign pairs USmix and event-mixed like-sign pairs
LSmix. The latter is defined again according to Eq. (5.3). Using these event-mixed
pairs the R-factor is defined as:

R =
USmix

LSmix

. (5.4)

Apart from microscopic correlations, there can be global event features that lead to
spurious correlations between tracks. These can be related to the event centrality
(cent) and the position of vertex along the z-axis (zVertex). To reproduce these
global event correlations correctly pairs are divided in pools of different event
classes. Events are only mixed if the two events (denoted by the subscripts 1 and
2) fulfill these criteria:

• zVertex,1 and zVertex,2 in the same interval in [-10,-5,0,5,10] cm

• cent1 and cent2 in the same interval in [0,5,10,20,30,50,80] centrality per-
centiles.

Figure 5.11 shows the R-factor dependence on mee in various pT,ee regions for both
centrality classes. For the peripheral centrality range 70–90% the deviation of
the R-factor from unity is not statistically significant and thus the R-factor is not
applied in this centrality range. In 0–40% centrality the R-factor deviates signifi-
cantly from unity and has an impact on the result (see Fig. 5.29). Therefore, the
R-factor is applied in the range of 0–40% centrality.

5.5.1. Benchmark for BDT based conversion rejection

To assess the performance of the machine learning based conversion rejection, a
comparison to an analysis with conventional conversion rejection is carried out.
So far conversions were rejected by selection cuts on the track variables. A typical
set of cuts to achieve this is:

• number of ITS clusters: nITS
Cls > 4

76

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Figure 5.11.: The R-factor dependence on mee for various pT,ee regions in 0–40%
(left) and 70–90% centrality (right).

• χ2
ITS/n

ITS
Cls < 5

• χ2
TPC/n

TPC
Cls < 4

• no shared ITS cluster or exactly one shared ITS cluster which is not in the
first ITS layer

• a hit in the first ITS layer.

Instead of these cuts the machine learning based conversion rejection is used in the
multivariate analysis. In this comparison a different classifier to the one discussed
in Section 5.4.3 is used. In this study a neural-network (see [115]) is used as clas-
sifier. It is trained using the TensorFlow library [118] to reject conversion tracks
as described in Section 5.4.3. In addition to efficient conversion track identifica-
tion, the similarity between the MVA output distribution in MC and real data is
used as an objective during training. This was implemented using the methods
described in [119, 120] and should prevent the classifier from learning character-
istics of conversions that are not present in real data. Such issues could arise
from imperfections in the MC simulation. This method can also avoid systematic
uncertainties, that can result from such discrepancies in the MC data and real
data [121]. After this study it was found that this rather involved training proce-
dure does not lead to a benefit in this analysis, since the dominant uncertainties
are not systematic but statistical. Therefore, the neural network was subsequently
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replaced by the BDTs described in Section 5.4.3, which is easier to implement in
the ROOT analysis framework [122], that is used in the analysis of ALICE data.
The BDTs achieve the same conversion classification performance as the neural
network used in this comparison.
All other cuts for event and track selection in both analyses are identical with the
event cuts in Section 5.2, the standard track cut in Section 5.4.1 and the prese-
lection cut 0 (see Section 5.4.2). For the cut on the ratio of findable clusters over
crossed rows in the TPC the range [0.95,1.05] is used instead of [0.8,1.05]. This is
a minor difference that plays no role for this comparison.
The comparison between the cut-based conversion rejection and the MVA-based
one (see Section 5.4.3) is carried out in the centrality range of 0–90%. Choosing a
large centrality range enhances the available amount of data for the comparison.
The figure of merit in this comparison is the statistical significance z of the signal,
which is defined by:

z =
USSig
σSig

, (5.5)

σSig =
√
US +R2 · LS, (5.6)

where σSig is the statistical uncertainty of the signal. The statistical uncertainty
of R is taken to be zero, as practically infinite amounts of data from event mixing
can be generated. An advantage of using σSig as a figure of merit is that it is
data driven, i.e. it does not rely on a simulation. Values of z are compared in
pT,ee-integrated mass spectra. No efficiency correction is applied to the results.
Figure 5.12 shows the comparison of the statistical significance z for the ma-
chine learning (MVA) based approach and the conventional cut-based approach
for two mass ranges. In the lower mass range (left) the MVA approach yields
an enhancement of 10–50%. At higher masses (right) the MVA approach results
in marginally, but consistently higher z than the cut-based conversion rejection.
In the mee-bin around 2 GeV/c2 the cut-based analysis yields a negative signal
due to over-subtraction, i.e. a negative bin content in USSig caused by statistical
fluctuations in the like-sign subtraction.

5.5.2. Efficiency correction

As pointed out in Section 5.1 the raw (i.e. before efficiency correction) unlike-sign
dielectron signal USSig cannot be compared directly to theory calculations or other
experimental results due to the rejection of signal dielectrons when applying the
analysis specific selection cuts. To compensate for this, the raw signal yield is cor-

78

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Figure 5.12.: Comparisons of the statistical significance z of the uncorrected signal
for machine learning based conversion rejection (MVA) and the cut-
based analysis in two different mass ranges.

rected using the estimated efficiency of the signal. The efficiency can be estimated
from MC simulations, which provide information on the total number of generated
signal dielectrons and reconstructed signal dielectrons, i.e. signal dielectrons which
pass all selection cuts.
In this analysis the efficiency of the MVA cut is treated separately from the efficien-
cies of the other cut selections. This allows studies of possible source dependences
of this efficiency. The underlying reason for this could be that heavy-flavour de-
cays take place at slightly displaced vertices (D mesons: cτ ≈ 150 µm, B mesons:
cτ ≈ 470 µm) and thus are reconstructed with DCAxy values that are between the
typical values for dielectrons from light-flavour decays and photon-conversions (see
Fig. 5.5). Consequently, the efficiency of dielectrons in the analysis could depend
on the relative fraction of light- and heavy-flavour dielectrons, which is not known
a priori. To study if these issues are present in this analysis the MVA efficiency is
studied for various dielectron sources separately on the MC data.
The signal dielectron efficiency for the data selection steps shown in Fig. 5.1 is
split into two efficiencies, one for all steps before the BDT track selection (ǫElec),
and a separate one for the BDT track selection (ǫMVA). The efficiencies are defined
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by:

ǫElec =
USpreMVA

Sig

USGen
Sig ,

ǫMVA =
USRec

Sig

USpreMVA
Sig

,

ǫTot = ǫElec · ǫMVA,

(5.7)

where USGen
Sig denotes the number of generated signal dielectrons, USpreMVA

Sig the
number of signal dielectrons that are reconstructed and pass all cuts before the
MVA cut, USRec

Sig the number of signal dielectrons after the MVA cut, and ǫTot

the combined total efficiency. In the MC data set the originally generated track
kinematic variables pT,e, ηe and ϕe are modified to account for detector and re-
construction effects. This is necessary since the kinematics of the reconstructed
track does not, in general, represent the one of the originally generated track.
Reasons for this are bremsstrahlung, multiple-Coulomb scattering and finite de-
tector resolution. In general, the measured values are distributed around the real
value with a width that represents the resolution. These effects can be studied
and parametrised on MC data. This allows a transformation of the generated
kinematic variables into the measurable ones, i.e. the values of the variables which
would typically be measured for a certain generated particle. This procedure is
called smearing. It is also applied when comparing results to theory expectations,
which also need to take these effects into account (see Section 5.6 and Section 5.7
for details).
Since there is less MC data available for the MVA correction, a coarser binning
is used for the MVA efficiency histograms in the high-pT,ee region (for ǫElec the
binning defined in Section 5.5 is used):

mee (GeV/c2) = {0.0, 0.1, 0.4, 0.5, 0.6, 0.7, 1.1, 1.5, 2.0, 2.7, 3.1, 4.0, 5.0},
pT,ee (GeV/c) = {0.0, 0.05, 0.1, 0.15, 0.3, 0.5, 1, 5.0, 8.0}.

5.6. Hadronic cocktail

The corrected results of dielectron analyses are typically compared to expectations
based on known hadronic sources of dielectrons. The comparison is carried out
between measured and expected dielectrons in the acceptance of the central-barrel
detectors of ALICE (see Fig. 4.1): |ηe|< 0.8 and pT,e> 0.2 GeV/c. The expec-
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tations are based on measurements and models of dielectron sources. They do
not account for effects like, e.g. thermal radiation, photo-production or modified
meson spectra. Therefore, the cocktail can be regarded as the expectation in the
scenario where these effects are absent.
The following mesons containing light-flavour (LF) quarks (u,d,s) are considered
as dielectron sources: π0, η, η′, ω, ρ0, φ. The pT distribution of generated particles
for all mesons except the η are based on a parametrisation of π± spectra measured
by ALICE in Pb–Pb collisions at

√
sNN = 5.02 TeV [123]. Based on these measure-

ments, the pT spectra of the other mesons can be inferred using the assumption
of mT-scaling. It states that for hadrons produced in pp collisions the spectra of

transverse mass mT =
√

m2
0 + (pT/c)2 exhibit a shape universality [2]. This al-

lows approximation of the shape of the pT spectra for the aforementioned group of
mesons using measurements of pT spectra of π± [2, 117]. Based on measurements
of ρ0 (so far an unpublished ALICE measurement), ω [124] and φ [125] produc-
tion, the corresponding relative abundances with respect to pions are extracted.
Since these measurements do not cover the low-pT regions relevant in this analysis,
they cannot provide input for the shape of the spectra in that region directly, but
require the aforementioned extrapolations using mT-scaling. The abundance of
the η′ is taken from PYTHIA 6 [112] simulations as no suitable measurements are
available. Their shape is determined as well via mT-scaling. The spectrum of the
η meson is taken from measured K±/π± ratios [123]. The underlying assumption
is that the K±/π± and η/π± ratios are similar, since the K± and η mesons have
similar masses and the same quantum numbers in terms of angular momentum
J and parity P . The K±/π± ratios are used together with the aforementioned
parametrisation of the π± spectrum to calculate the expected η spectrum.
The LF mesons are produced according to the abundances and pT distributions
described above and with a uniform distribution in the rapidity range of |y| < 1.2.
The decay of the mesons is handled by the EXODUS [126] particle decayer. This
allows incorporating experimental input on decay kinematics. For Dalitz decays
the mass spectrum is based on the Kroll-Wada equation [45]. In addition, elec-
tromagnetic form factors according to measurements by the NA60 collaboration
are used [127]. These measurements also provide the line shape of the ρ meson
mass spectrum which is used in the cocktail. The two-body decays of the ω and φ
mesons are simulated according to the Gounaris-Sakurai equation [128].
The following decay channels are considered in the LF cocktail, with branching
ratios to dielectrons according to the Particle Data Group [87]:

• π0 → e+e−γ

• η → e+e−γ
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• ρ0 → e+e−

• ω → e+e− and ω → e+e−π0

• η′ → e+e−γ and η′ → e+e−ω

• φ → e+e−, φ → e+e−π0 and φ → e+e−η.

As pointed out in Section 5.3 heavy-flavour (HF) quark (c, c, b, b) production also
contributes to the dielectron signal. These contributions are estimated with binary
scaled cc and bb production cross sections (σcc,bb) that were derived in analyses of
pp collisions. The binary scaling factor Ncoll accounts for the average number of
binary nucleon-nucleon collisions in a HIC of a certain centrality. This number is
obtained from Glauber MC simulations (see Section 3.1). The rapidity-differential
charm production cross section is obtained by extrapolating an ALICE measure-
ment in pp collisions at

√
s = 7 TeV [129] to

√
s = 5.02 TeV. For this the mea-

surement result dσcc/dy|y=0 = 0.954±0.119 mb is scaled by a factor 0.83, which is
obtained via “fixed-order + next-to-leading log” (FONLL) calculations [130]. Sim-
ilarly, the measured beauty production cross section is obtained from an extrapo-
lation of LHCb measurements in pp collisions at

√
s = 7 TeV [131] to

√
s = 5.02

TeV. This corresponds to scaling the measured value of σbb = 0.204+0.035
−0.034 mb with

the FONLL factor 0.71.

Particle BR mT Ncoll Cross section Fit Parametrisation
π0 2.98 0 0 0 0 8
η 5.8 -15, +6 0 0 0 8
η′ 6.38 20 0 0 0 8
ω 1.92 20 0 0 0 8
ρ0 1.11 20 0 0 0 8
φ 1.02 30 0 0 0 8

J/ψ 0.54 0 0 0 30 0
c, c 24 0 1/2.6 12.5 0 0
b, b 10 0 1/2.6 16.7 0 0

Table 5.4.: Relative systematic uncertainties for the hadronic cocktail in percent
values.

Production kinematics, hadronisation and subsequent hadron decays are simulated
using the PYTHIA 6 event generator (Perugia 2011 tune) [112]. The heavy-flavour
quarks are produced in a rapidity range of |y| < 1.2. To enhance the computa-
tional efficiency of the simulation at least one cc pair is required per simulated
event. After hadronisation this pair is forced to decay semi-leptonically into a cor-
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related dielectron pair. The simulated dielectron yield from cc pairs is then scaled
with the measured branching ratio of c → e+ = 0.096 ± 0.004 according to [87].
The cocktail contribution from bb is simulated without enforcing the decay to an
electron final-state. This avoids complicated book keeping of the large number of
possible decay chains of beauty hadrons into electron finale states.
The final contribution to the cocktail is from J/ψ decays. Here a preliminary result
by ALICE serves as input for a fit of the pT spectrum [132].
The produced electron and positron tracks corresponding to all discussed sources
are modified as described in Section 5.5.2 to mimic detector effects. Finally, the
spectra in pT,ee and mee are extracted with the single track requirements pT,e> 0.2
GeV/c and |ηe|<0.8.
Systematic uncertainties are assigned to the hadronic cocktail according to Ta-
ble 5.4. For the LF mesons the uncertainties are coming from literature values of
the branching ratios (BR) and the mT-scaling factors (except for π0) and uncertain-
ties in the input parametrisations of pT spectra of π± [110]. The parametrisation
uncertainty is obtained by variations of the fitting procedure for the π± spectrum,
which underlies the LF mesons. As mentioned above, the η contribution is not
obtained from mT-scaling but from the measured K± spectrum. The associated
uncertainty is obtained by the deviation between the K± spectrum and the η spec-
trum from mT-scaling. The deviations of these spectra allow the estimation of the
mT-scaling uncertainty of the η meson in Table 5.4. The uncertainty of the fit
of the J/ψ spectrum is estimated to be 30%. Uncertainties for the HF contribu-
tions are given by the uncertainties associated to the branching ratios, the binary
collision scaling factor Ncoll and the heavy-quark production cross sections. An
uncertainty for the FONLL scaling factors is to be included in the future, but is
expected to be small compared to the aforementioned uncertainties [110].
Figure 5.13 and Fig. 5.14 show the mee and pT,ee spectra of the cocktails for 0–40%
and 70–90% centrality. The pT,ee spectra (right) are shown in the mee interval
of 0.5 − 2.7 GeV/c2, which represents one of the ranges studied in this analysis.
This mass range is dominated by HF contributions but LF contributions are non-
negligible. In 1.1 − 2.7 GeV/c2 the LF contributions can be practically neglected.

5.7. Model calculations

In addition to the cocktail, the data are compared to models of photo-production
and thermal radiation. The latter is provided by Rapp et al. [133]. It describes
thermal dielectron emission of the fireball with a realistic space-time evolution in
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Figure 5.13.: Spectra in mee and pT,ee of the hadronic cocktail in 0–40% centrality.
The pT,ee spectrum (right) is shown in the mee interval of 0.5 − 2.7
GeV/c2.

the QGP and hadron gas phase. The equation of state incorporates a cross-over
transition at Tc = 170 MeV and a hadro-chemical freeze-out at Tchem = 160 MeV.
Kłusek-Gawenda et al. provide photo-production calculations for the mass range
of 1.1 − 2.7 GeV/c2 [134]. These calculations are based on EPA and a Woods-
Saxon nuclear form factor as discussed in Section 3.3.2.
Two additional photo-production calculations are provided by Zhangbu et al. [135].
For one calculation they use the gEPA approach, which is described in Sec-
tion 3.3.2. The second calculation is a full leading order QED calculation [135].
For the models of photo-production and thermal radiation detector effects and
the resolution are not implemented, as these calculations were carried out by the
authors of the corresponding models, which do not have access to the ALICE sim-
ulation framework. This short coming will be overcome in future studies. For
the time being, the impact of the detector effects and reconstruction resolution
is estimated. In contrast to the thermal radiation spectra (see Fig. 5.24), the
photo-production spectra show a sharp peak at low-pT,ee and are thus particu-
larly sensitive to the pT,ee resolution. To estimate the effective pT,ee resolution
a STARlight [136] MC production is used. It contains the reconstructed track
information of simulated photo-produced dielectrons after their passage through
the detector and reconstruction. In addition, the information of the generated
dielectron kinematics is available. This MC simulation only contains dielectrons
for mee> 1.5 GeV/c2. However, low-pT,ee dielectrons are most sensitive to the pT,e

resolution. At low-pT,ee lower masses imply lower pT,e, which results in a better
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Figure 5.14.: Spectra in mee and pT,ee of the hadronic cocktail in 70–90% centrality.
The pT,ee spectrum (right) is shown in the mee interval of 0.5 − 2.7
GeV/c2.

pT,e resolution. This can be seen in Fig. 5.15 (left), which shows the mean rela-
tive discrepancy between the originally generated value pgen

T,e and the reconstructed
value prec

T,e. The resolution is drastically improving for pgen
T,e< 1 GeV/c. The lack of

dielectrons at mee< 1.5 GeV/c2 is expected to result in a higher average pT,e. As a
consequence, it is expected that the pT,ee resolution is better than estimated from
this simulation.
The generated (pgen

T,ee) and reconstructed (prec
T,ee) pT,ee values for photo-produced di-

electrons in STARlight with preselection 0 track cuts is shown in Fig. 5.15 (right).
Using this information, the distribution of prec

T,ee values (P (prec
T,ee|p

gen
T,ee)) is obtained

in the slices along the y-axis at a given pgen
T,ee value. The resolution effects can be es-

timated by smearing the pgen
T,ee values provided in the model calculations according

to the corresponding P (prec
T,ee|p

gen
T,ee). For each pgen

T,ee-bin in the model calculations
the number of entries n(pgen

T,ee) is determined. Then n(pgen
T,ee) samples are drawn

according to P (prec
T,ee|p

gen
T,ee) using the rejection sampling technique. The resulting

smeared pT,ee values (psme
T,ee) are filled into a histogram. This procedure is carried

out for the pgen
T,ee range of 0 − 0.15 GeV/c, which produces the complete spectrum

of smeared values psme
T,ee. For higher pgen

T,ee values no entries in the smearing matrix
Fig. 5.15 (right) are available. Since this range covers essentially the full support
of the pgen

T,ee distributions (see Fig. 5.16, right), this limitation is not problematic. It
was checked that a reduced range of 0 − 0.1 GeV/c would already yield practically
identical results.
A conceptual shortcoming of this smearing procedure is that it is applied to the
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Figure 5.15.: Left: The mean of the relative discrepancy between the originally
generated pgen

T,e and the reconstructed prec
T,e from a MC simulation of

electron tracks. Right: The relative discrepancy between the orig-
inally generated (pgen

T,ee) and the reconstructed (prec
T,ee) pT,ee against

pgen
T,ee in a MC simulation of dielectron photo-production using the

STARlight event generator.

generated pT,ee after cuts on the single track ηe and pT,e were applied. The correct
way would be, however, to apply first the smearing on the track level and to apply
then the track cuts. Providing the smearing matrices to theorists, so that they
can be used in the model calculations, is foreseen in future. The procedure applied
here should nevertheless allow an approximation of the real resolution effects.
Figure 5.16 (left) shows a test of this smearing procedure. Smearing the originally
generated STARlight spectrum (blue) results in a smeared spectrum (green) that
reproduces the reconstructed spectrum (red) rather well. The smearing proce-
dure is applied to the aforementioned model calculations of photo-production (see
Fig. 5.16, right). As a result, the peaks are less sharp and the tails towards large
pT,ee are more pronounced. The maximum value of the spectra are reduced by a
factor ∼ 3 for the model by Kłusek-Gawenda et al., by a factor ∼ 2 for the QED
calculation and a factor ∼ 1.5 for the gEPA calculation.
In the mass range of 0.5 − 2.7 GeV/c2 a model calculation of photonuclear ρ and
φ production is also included [137]. It accounts for the dielectron yield from the
decays into e+e− of these mesons. As the corresponding yield is negligible in com-
parison to other contributions (see Fig. 5.24, bottom) no smearing is applied to
this spectrum.
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Figure 5.16.: Left: Comparison of the generated (blue), reconstructed (red) and
smeared (green) photo-production spectrum by STARlight. Right:
Generated (solid) and smeared (dotted) model calculations.

5.8. Dielectron pT,ee spectra in 70–90% centrality

This section describes details of the dielectron analysis in 70–90% centrality for
the mass ranges mee: 0.5 − 2.7 GeV/c2 and mee: 1.1 − 2.7 GeV/c2.

5.8.1. Efficiency correction

The composition of the dielectron signal in terms of the possible physical sources
is not known a priori. The signal efficiency may vary for different assumptions on
the physical source of the dielectron signal and thus affect the analysis procedure.
For example, the efficiency for dielectrons from photo-production could differ from
the one for dielectrons from correlated open heavy-flavour hadron decays. There-
fore, it has to be investigated if the efficiencies ǫElec and ǫMVA differ significantly
for different signal sources. For each option all unlike-sign pairs, i.e. also all com-
binatorial pairs, from the MC dielectron sources listed in Table 5.5 are used for
the efficiency calculation. The abbreviations used for the MC signal sources are as
follows. Hij denotes the HIJING event generator [111], which contains light- and
heavy-flavour dielectron sources. Since it produces dielectrons in abundances that
approximately reflect the realistic yields per event, the corresponding amount of
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MC Source Name
Hij+HF+LF+J/ψ ALL

HF HF
LF+J/ψ LF-JPSI

Hij HIJ
Hij+HF+LF+J/ψ RPHFCorr

STARlight STAR

Table 5.5.: MC data sets for which efficiencies are compared.

data is very limited. LF-JPSI corresponds to the light-flavour and J/ψ injections,
and HF to the heavy-flavour injections (see Section 5.1). The efficiency correspond-
ing to the name RPHFCorr is obtained using all of these sources, while excluding
combinatorial pairs. Thus, here only the signal pairs according to Section 5.3 are
considered. Finally, also the STARlight MC data set mentioned in Section 5.7 is
used to determine efficiencies. It contains only electrons from photo-production.
Here also combinatorial pairs are considered.
The efficiencies of the preselection and the MVA cut are studied separately. In
Fig. 5.17 and Fig. 5.19 the preselection efficiencies (left) and the MVA efficiencies
(right) are shown in projections on the pT,ee-axis. To calculate these efficiency his-
tograms the unlike-sign pair histograms used to calculate them (see Eq. (5.7)) are
projected on the pT,ee-axis. The cuts for which the efficiencies are shown are the
ones that are selected by the final cut selection procedure described in Section 5.8.2.
This is the preselection cut 20 and MVA cut 4 for the mass range 1.1−2.7 GeV/c2

and preselection cut 12 and MVA cut 2 for the 0.5 − 2.7 GeV/c2 mass range. For
pT,ee above 0.2 GeV/c STARlight (STAR in Fig. 5.19 and Fig. 5.17) is discarded
since it has essentially no dielectron signal in this region (see Fig. 5.16) and also
cannot be expected to yield realistic combinatorial pairs since it only contains elec-
tron tracks from photo-production. In addition, the STARlight simulation does
not include dielectrons below the mass of 1.5 GeV/c2.
No significant source dependence of the efficiencies is indicated in the mass range
of 1.1 − 2.7 GeV/c2 (see Fig. 5.17). Figure 5.19 shows that in the mass range of
0.5 − 2.7 GeV/c2 the efficiency ǫElec for preselection 12 (left) seems to be slightly
higher for the LF sources and lower for HIJING. The discrepancy is statistically not
highly significant and on the order of 1%. No systematic uncertainty is assigned
to this discrepancy.
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Figure 5.17.: Comparison of efficiencies for different dielectron sources in mee:
1.1 − 2.7 GeV/c2. Left: Electron selection efficiency (ǫElec) for differ-
ent signal definitions with preselection cut 20 and MVA cut 0. Right:
MVA efficiency (ǫMVA) for different signal definitions with preselec-
tion cut 20 and MVA cut 4.

Figure 5.18.: Efficiency ǫElec for preselection cut 20 (left) and ǫMVA for MVA cut 4
(right), which are the cuts used for the pT,ee spectrum in mee: 1.1−2.7
GeV/c2.
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Figure 5.19.: Comparison of efficiencies for different dielectron sources in mee:
0.5 − 2.7 GeV/c2. Left: Electron selection efficiency (ǫElec) for differ-
ent signal definitions with preselection cut 12 and MVA cut 0. Right:
MVA efficiency (ǫMVA) for different signal definitions with preselec-
tion cut 12 and MVA cut 2.

Figure 5.20.: Efficiency ǫElec for preselection cut 12 (left) and ǫMVA for MVA cut 2
(right), which are the cuts used for the pT,ee spectrum in mee: 0.5−2.7
GeV/c2.
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In the analyses the efficiencies corresponding to ALL in Table 5.5 are used (black
in Fig. 5.19 and Fig. 5.17). Figure 5.18 and Fig. 5.20 show for both mass ranges the
efficiencies ǫElec (left) and ǫMVA (right) in the mee-pT,ee plane. These efficiencies cor-
respond to the cuts which are selected by the procedure described in Section 5.8.2
for the result.

5.8.2. Result selection and systematic cut uncertainty

An estimate of the systematic cut uncertainty is obtained by comparing the spectra
resulting from varying preselection and MVA cuts. For this purpose all preselection
and MVA cuts are combined, totalling 110 studied cuts (resulting from the eleven
preselection cuts described in Table 5.2 and ten MVA cuts described in the end of
Section 5.4.3). As not all 110 cuts are equally well suited for this analysis, only a
subset is considered for the estimation of the systematic cut uncertainty. Whether
a given cut is selected depends on the statistical significance of the corresponding
corrected spectrum:

zCorr =
USCorr

Sig

σStat

=
1/ǫTot · USSig

σStat

, (5.8)

where USSig is defined in Eq. (5.2) and ǫTot in Eq. (5.7). The statistical uncertainty
of USCorr

Sig is denoted by σStat and accounts for the statistical uncertainty of US,LS
and ǫTot.
To minimise statistical fluctuations zcorr is calculated in a single pT,ee-bin ranging
from 0.2 − 1 GeV/c for each cut. This interval is selected to exclude the pT,ee

region dominated by photo-produced dielectrons (pT,ee ≈ 0 − 0.2 GeV/c), which
should avoid a biased cut selection with respect to a potential photo-production
signal. A cut is selected for the estimation of the cut systematics if its zcorr is more
than 0.8 standard deviations above the mean zcorr. The standard deviation and
mean of zcorr are calculated using the zcorr values of all 110 cuts. The cut value
at 0.8 standard deviations reflects a trade-off between a wide range of different
considered cuts and the exclusion of unsuitable cuts.
The cut used for the final spectrum is the one with the smallest squared deviation
from the zcorr weighted average result (< USCorr

Sig,i >zcorr) among all selected cuts in
the pT,ee range 0-1 GeV/c with the binning defined in Section 5.5:

∆2 =
∑

i∈bins[0,1]

(USCorr
Sig,i − < USCorr

Sig,i >zcorr)
2. (5.9)

The weighting with zcorr assigns a higher relevance to cuts that yield a more sig-
nificant signal. In the analysis of 70–90% centrality and mee: 1.1 − 2.7 GeV/c2
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Figure 5.21.: Left: Distribution of the minimum of the MVA outputs of the two
tracks associated to dielectrons for mee: 1.1 − 2.7 GeV/c2, pT,ee < 1
GeV/c and preselection cut 0. Only if the value of this quantity is
above the MVA cut do the dielectrons pass the cut selection. Right:
MVA efficiency ǫMVA for preselection cut 0 and MVA cut 6, corre-
sponding to a cut on the MVA output at 0.2.

an additional criterion is applied for the selection of the final cut. It is found
that strong MVA cuts lead to rather large estimated systematic uncertainties.
The reason for this is that in the 70–90% centrality range MVA cuts above -0.2
mainly reject non-conversion signal dielectrons. This can be seen in the left panel
of Fig. 5.21. An MVA cut above -0.2 affects the range where conversion dielec-
trons (blue) are not dominant, but where signal dielectrons (magenta and red) are
expected. The distribution of the signal in this region differs for different signal
sources. Therefore, cuts in this region would lead to a source dependence of the
efficiency, as Fig. 5.21 (right) shows for the case of an MVA cut at 0.2. The origin
of this source dependence has not been identified so far. However, an MVA cut at
-0.2 already rejects a good fraction of conversions and keeps most of the signal (see
Fig. 5.21, left)). Therefore, for the selection of the final cut only MVA cuts below
0 are considered. For the selection of the cuts which are used for the estimation of
the systematic cut uncertainty (explained below) this requirement is not applied.
This restriction is only applied in mee: 1.1 − 2.7 as here MVA cut 6 (i.e a cut at
MVA output 0.2) would otherwise be selected by the cut selection procedure. In
mee: 0.5 − 2.7 GeV/c2 this additional criterion is not necessary since here MVA
cut 2 (i.e a cut at MVA output -0.8) is selected. A cross-check to test if this cut
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selection procedure biases the result is described in Section 5.11.2.
The finally selected cut in mee: 1.1 − 2.7 GeV/c2 uses the preselection cut 20 and
MVA cut 4. The corresponding spectrum is the solid green line in Fig. 5.22 (left).
This figure shows the spectra corresponding to the cuts which are selected for the
cut variation. The cuts are specified by the number of the preselection cut after
“Pres” and the MVA cut number after “MVA”. In mee: 0.5 − 2.7 GeV/c2 the pres-
election cut 12 and MVA cut 2 is selected (solid green line in Fig. 5.22, right).
Figure 5.23 shows the impact of the MVA cut in both mass ranges on the raw
yields US, LS and US − LS (top panel), the raw signal over background ratio
(middle panel) and the statistical significance of the corrected signal in a single
pT,ee-bin of 0−1 GeV/c (bottom panel). The latter shows that conversion rejection
is crucial as it substantially increases the statistical significance of the corrected
signal. Since the corrected signal is used for the statistical significance, the statis-
tical uncertainty of the efficiency also enters the calculation. Thus, the eventual
drawback of an MVA cut in terms of limited MC data and large corresponding
statistical uncertainties in the efficiencies is included in this comparison.

Figure 5.22.: The cuts which are selected for the estimation of the cut systematics
in both mass ranges. The spectra shown in the solid green line are
the ones which are chosen for the final result.

The relative systematic cut uncertainty (σRel
c ) is determined in the pT,ee-bin of

0 − 1 GeV/c. It is estimated using the zcorr-weighted mean absolute error between
the corrected signal USiSig of all cuts i satisfying the zcorr-based selection criterion
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(i ∈ S) and the unweighted average spectrum 〈USSig〉:

σRel
c =

∑

i∈S
|USiSig − 〈USSig〉|ziCorr

∑

i∈S
ziCorr

1

〈USSig〉 . (5.10)

The resulting relative systematic cut uncertainty is then applied to the result in
each individual pT,ee-bin.

Figure 5.23.: Raw yields of US, LS and US − LS (top panel), ratio of raw signal
(US − LS) and raw background (LS) (middle panel) and statistical
significance of the corrected signal in a single pT,ee-bin of 0−1 GeV/c
(bottom panel).

As pointed out in Section 5.8.1 no systematic uncertainty due to source depen-
dence of the efficiency is assigned in both mass ranges. The relative systematic
uncertainty associated to the preselection and MVA cut is based on the aforemen-
tioned cut variation. This uncertainty amounts to 10% in mee: 1.1 − 2.7 GeV/c2.
In mee: 0.5 − 2.7 GeV/c2 the relative systematic uncertainty obtained by the cut
variation amounts to 6%. Statistical uncertainties of the data and the efficiencies
are contained in the statistical uncertainties associated to the data.
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ALI-PREL-326033

Figure 5.24.: Comparison of the pT,ee spectra in mee: 1.1 − 2.7 GeV/c2 (top) [138]
and mee: 0.5 − 2.7 GeV/c2 (bottom) to the cocktail and model calcu-
lations. The lower panels show the difference between the measured
data points and the sum of the expectations.
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Figure 5.25.: Comparison of the pT,ee spectrum in mee: 1.1−2.7 GeV/c2 to smeared
photo-production calculations. The lower panel shows the difference
between the measured data points and the sum of the expectations.
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5.8.3. Results

Figure 5.24 compares the pT,ee spectra in both mass ranges with the corresponding
model calculations and the cocktail. In this comparison the model calculations are
used in their unsmeared version, i.e. no resolution effects are applied. The system-
atic uncertainty is indicated by the error boxes and the statistical uncertainty by
the error bars. The bottom panels show the difference between the data and the
sum of a photo-production model, the hadronic cocktail and thermal radiation.
Here the error bars represent only the statistical uncertainty.
To determine the significance of the excess with respect to the cocktail and thermal
radiation, the data is rebinned such that the first bin ranges from 0 − 0.1 GeV/c.
This range contains the observed excess. In this bin the local significance of the
excess is calculated by dividing the difference of the expectation (i.e. cocktail +
thermal dielectrons) by the sum in quadrature of the statistical and systematic
uncertainty of the data and the systematic uncertainty of the cocktail. The result-
ing significance of the excess in pT,ee < 0.1 GeV/c is 3.3 σ in mee: 1.1−2.7 GeV/c2

and 4.8 σ in mee: 0.5 − 2.7 GeV/c2. No systematic uncertainty of the thermal
dielectron contribution provided by R. Rapp is available and therefore it does not
contribute to the overall uncertainty. As the thermal contribution is sub-dominant
this shortcoming is expected to be of minor importance for the significance of the
excess.
Thermal radiation calculations for mee: 0.5 − 2.7 GeV/c2 are currently only avail-
able in the coarse binning shown in Fig. 5.24 (bottom).
Figure 5.25 shows the results in mee: 1.1 − 2.7 GeV/c2 with the smeared photo-
production models (see Section 5.7).
See Section 5.12 for a discussion of these results.

5.9. Dielectron pT,ee spectra in 0–40% centrality

The analysis in the centrality range 0–40% is widely analogous to the one in 70–
90%. No additional restriction on the selection of the MVA cut as in the analysis of
the 70–90% centrality range is necessary. However, as pointed out in Section 5.5,
for the signal extraction in 0–40% the R-factor is applied.
As in the 70–90% centrality range, also in this centrality range a classifier is trained
and used for conversion rejection (see Section 5.4.3). Figure 5.26 shows the effi-
ciencies ǫElec (left) and ǫMVA (right) of the finally selected cuts for various signal
sources in the mass range of 1.1 − 2.7 GeV/c2. Since the efficiencies for the in-
jected LF sources (dark cyan) appear systematically higher, systematic uncertain-
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Figure 5.26.: Comparison of efficiencies for different dielectron sources in mee: 1.1−
2.7 GeV/c2. Left: Electron selection efficiency (ǫElec) for different
signal definitions with preselection cut 17 and MVA cut 0. Right:
MVA efficiencies (ǫMVA) with MVA cut 3.

ties are assigned to the efficiencies. For the purpose of uncertainty estimation,
the pT,ee-averaged efficiencies are estimated to be ǫElec ≈ 0.11 ± 0.005 (sys.) and
ǫMVA ≈ 0.87 ± 0.02 (sys.). Using error propagation and Eq. (5.7) the total effi-
ciency is estimated to be ǫTot ≈ 0.096±0.005 (sys.). Thus, the relative uncertainty
in ǫTot is estimated to be ≈ 5%. This uncertainty is added in quadrature to the
uncertainty of the cut variation, which is ≈ 7%. This value is the result of a
cut variation, as described in Section 5.8.2. The resulting total estimated relative
systematic uncertainty of ≈ 8% is applied to each pT,ee-bin in the spectrum.
Fig. 5.27 shows that there are also discrepancies among the efficiencies for the
mass range of 0.5 − 2.7 GeV/c2. The efficiencies are estimated to be ǫElec ≈
0.13 ± 0.03 (sys.) and ǫMVA ≈ 0.75 ± 0.08 (sys.) on average in both pT,ee bins.
These uncertainties are propagated to the total efficiency according to Eq. (5.7),
which yields ǫTot ≈ 0.0975 ± 0.025 (sys.). Thus, the relative uncertainty in ǫTot is
≈ 25%. The estimation of the cut uncertainty is ≈ 7%. This uncertainty is added
in quadrature to the uncertainty of the efficiency. The resulting total relative sys-
tematic uncertainty is estimated to be ≈ 26%.
The raw (i.e. uncorrected) US, LS, US − LS (top panel), the raw signal to back-
ground ratio (middle panel), and the statistical significance of the corrected signal
(bottom panel) are shown in Fig. 5.28. The signal over background ratio is roughly
two orders of magnitude lower than in the 70–90% centrality range (see Fig. 5.23).
The achievable relative gain in statistical significance of the corrected signal is
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Figure 5.27.: Comparison of efficiencies for different dielectron sources in mee: 0.5−
2.7 GeV/c2. Left: Electron selection efficiency (ǫElec) for different
signal definitions with preselection cut 20 and MVA cut 0. Right:
MVA efficiencies (ǫMVA) with MVA cut 3.

higher in the 0.5 − 2.7 GeV/c2 mass range. This is expected as here the amount
of combinatorial dielectrons in US and LS is the largest (top panel). The pres-
election cut 20 and MVA cut 3, which are selected for the final spectrum in this
mass range, lead to a doubling in statistical significance compared to no conversion
rejection, i.e. preselection cut 20 and MVA cut 0.
Due to the low signal over background ratio in this centrality range, the like-sign
subtraction needs to be even more precise than in 70–90%. This requires applica-
tion of the R-factor (see Eq. (5.2)) in the signal extraction. Depending on mee, the
deviation of the R-factor from unity is on the order of 10−3 up to 10−2 for the cut
selected in the 1.1 − 2.7 GeV/c2 mass range (see Fig. 5.11, left). This is the same
order of magnitude as the signal over background ratio in this mass range (middle
panel in Fig. 5.28, left). Therefore, it is expected that the R-factor has a relevant
impact on the result. The same reasoning holds for the mass range of 0.5 − 2.7
GeV/c2. Consequently, the R-factor is applied in both mass ranges. Figure 5.29
shows that the effect of the R-factor is most pronounced in 0–40% centrality and
here in particular for the mass range of 0.5 − 2.7 GeV/c2 and at low pT,ee. In this
kinematic range the R-factor shows small deviations from unity (red and green in
Fig. 5.11, left), which have a strong impact due to the low signal over background
ratio in this mee region.
The error bars in Fig. 5.29 are the difference in quadrature of the statistical uncer-
tainties of numerator and the denominator. This approximately accounts for the
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Figure 5.28.: Raw yields in mee: 1.1 − 2.7 GeV/c2 (left) and mee: 0.5 − 2.7 GeV/c2

(right) of US, LS and US − R · LS (top panel), ratio of raw signal
(US − R · LS) and raw background (R · LS) (middle panel) and
statistical significance of the corrected signal in a single pT,ee-bin of
0 − 1 GeV/c (bottom panel).

fact that numerator and the denominator are statistically fully correlated except
for the statistical uncertainty of the R-factor (see [139]).

Figure 5.29.: Ratio of raw spectra of the signal with R-factor (i.e. US − R · LS)
with the spectrum of the signal without the R-factor (i.e. US−LS).
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5.9.1. Results

Figure 5.30 shows the selected pT,ee spectra along with expectations. The corre-
sponding cuts are preselection cut 17 and MVA cut 3 for mee: 1.1 − 2.7 GeV/c2

and preselection cut 20 and MVA cut 3 for mee: 0.5 − 2.7 GeV/c2. The error bars
in the lower panel represent only the statistical uncertainty.
No significant excess with respect to the hadronic cocktail and thermal radiation
is observed. See Section 5.12 for a discussion of these results.
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Figure 5.30.: Comparison of the pT,ee spectra in mee: 1.1 − 2.7 GeV/c2 (top) and
mee: 0.5−2.7 GeV/c2 (bottom) to the cocktail and model calculations.
The lower panels show the difference between the measured data
points and the sum of the expectations.
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5.10. Event plane differential spectra

There is motivation from theory to investigate low-pT,ee dielectron production in
dependence of the orientation to the event plane. As discussed in Section 3.3.2,
such dependencies are predicted by various recently proposed models of photo-
production in HICs. The first, preliminary result of an analysis aiming at these
dependencies is presented in the following.
The event planes are obtained using TPC tracks and the method described in
Section 3.1. Since indications of photo-production are only observed in the cen-
trality class of 70–90%, the study is restricted to this centrality interval. Both
mass ranges of 0.5 − 2.7 GeV/c2 and 1.1 − 2.7 GeV/c2 are used. The cuts and
efficiencies used to obtain the spectra are the same as in Fig. 5.24.
Two different kinds of event plane dependences are investigated. For one study
the direction of the individual pair legs, i.e. the positron and electron track, is
restricted to the quadrants that encompass either directions more parallel or per-
pendicular to the event plane. Effects like the rescattering of the leptons in the
QGP could introduce differences in the corresponding spectra. A second analysis
compares the spectra obtained for dielectrons, that have pair momentum vectors,
i.e. the sum of the individual track momenta, in the aforementioned quadrants.
These spectra could reveal effects that are predicted by the gEPA models (see
Fig. 3.23, right). In either case, no quantitative predictions for the expected effect
in the present analysis are available. However, any significant differences among
the spectra corresponding to different directions with respect to event plane could
provide first experimental hints for these effects.
For this analysis four sectors are defined that correspond to directions which en-
compass predominantly parallel (in event plane) or perpendicular (out of event
plane) directions to the event plane. These directions are defined via the differ-
ence of the corresponding azimuthal angle (ϕ) with respect to azimuthal angle of
event plane (Ψ). The following defines the intervals for the differentiated directions
with respect to the event plane:

• In event plane: |ϕ− Ψ| ∈
[

0, π
4

]

∪ [3π
4
, π
]

,

• Out of event plane: |ϕ− Ψ| ∈
[

π
4
, 3π

4

]

.

In the analysis which restricts the directions of the individual tracks the in and
out of event plane spectra are obtained from tracks that are selected according to
the azimuthal angle between the tracks and the event plane. The criterion for the
tracks to be either in or out of event plane is applied to both tracks of a given
dielectron. Figure 5.31 compares the corresponding spectra (green and red) to the
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spectrum without any event plane dependent cuts (black, same as in Fig. 5.24).
For pT,ee< 0.1 GeV/c there seems to be a tendency for more dielectrons in the
event plane than out of the event plane, which is slightly more pronounced in the
mass range of 1.1 − 2.7 GeV/c2. Comparisons of the shape of the spectra are
difficult due to the large statistical uncertainties.
For the analysis based on the pair momenta, it is the azimuthal angle between the
pair momentum vector and the event plane that is restricted to in or out of event
plane directions. Figure 5.32 shows the spectra corresponding to these selections
(green and red), along with the event plane independent spectrum (black, same
as in Fig. 5.24). No significant discrepancies are found between the compared
spectra.
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Figure 5.31.: Comparison of the spectrum without any event plane dependent se-
lection (black) to the spectra for in (red) and out of (green) the event
plane tracks in two mass intervals.
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Figure 5.32.: Comparison of the spectrum without any event plane dependent se-
lection (black) to the spectra for in (red) and out of (green) the event
plane pairs in two mass intervals.
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5.11. Cross-checks

This section describes cross-checks which are carried out in order to ensure that the
result is reliable. The first concern which is addressed is the PID contamination.
In addition, it is investigated if the cut selection procedure of Section 5.8.2 leads
to spectra that are biased and if the like-sign subtraction method reproduces the
expected signal in Monte Carlo simulations.

5.11.1. PID contamination

A possible concern in the dielectron analysis is that the spectrum is significantly
influenced by non-electron contamination. This could for example come from π±

tracks. If unlike-sign pairs of these tracks are correlated, they may not be sub-
tracted by the like-sign subtraction and may contribute to the final pT,ee spectrum.
Such PID contamination should vary systematically if the PID cuts are tightened
or loosened, i.e. if more or less contamination is accepted. The PID selection cuts
which are used in the analysis (cuts between 0 and 20 in Table 5.2) are obtained
from random combinations of loose and tight cuts on the individual PID variables
(nσ values). Therefore, none of them represents a specifically loose or tight PID
selection.

Figure 5.33.: Distribution of nσTPC
e for a loose PID selection (left) and a tight one

(right). The data (red) is shown along with a Gaussian fit (green)
and the residual (blue).
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To study if PID contamination contributes to the spectrum two dedicated PID
cuts are defined. One combines the loosest cut selection in each PID variable (cut
number -98 in Table 5.2) and another one the tightest PID selection (cut number
-99). Figure 5.33 shows the distribution of nσTPC

e of tracks selected with a loose
PID selection (left) and a tight one (right). The data is fit with a Gaussian in the
nσTPC

e interval [−0.5, 0.5]. As the fit interval is expected to be dominated by elec-
trons, these Gaussians distribution can be used as an approximation of the electron
contribution to the nσTPC

e distributions. Consequently, the residual between the
data and the fit (blue) approximates the contribution from PID contamination.
The fraction of contamination can be estimated as the ratio of the integral of the
residual and the total data in the nσTPC

e interval that is applied for the cuts. For
the tight cut setting this ratio is 1.5% in the nσTPC

e interval of [−1, 2.5]. With the
loose PID cut the ratio is 6.6% in the nσTPC

e interval of [−2, 3.5]. Therefore, it is
expected that the relative contamination track fraction is more than 6.6/1.5 = 4.4
times larger with the loose PID cuts compared to the tight ones.

Figure 5.34.: Uncorrected (raw) pT,ee spectra of the US dielectrons (i.e. before
like-sign subtraction) for the mee range of 1.1 − 2.7 GeV/c2 (left)
and 0.5 − 2.7 GeV/c2 (right). The PID selection used for the final
spectrum (black) is compare to the spectra with loose (red) and tight
(green) PID cuts.

The raw yield (i.e. without efficiency correction) of unlike-sign dielectrons (US)
for the preselection cuts used in the final pT,ee spectra and for the loose and tight
PID cuts are shown in Fig. 5.34. The loose and tight PID cuts are combined with
the same preselection and MVA cuts as used for the selected spectrum in the cor-
responding mass range. Therefore, the compared cuts differ only in terms of the
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PID cuts. In the mee range of 1.1 − 2.7 GeV/c2 the loose PID cut yields roughly
four times more unlike-sign dielectrons than the tight PID cut. For the 0.5 − 2.7
GeV/c2 mee range this factor is approximately three. The intermediate PID cuts,
which are the ones used for the spectra in Fig. 5.24 and Fig. 5.30, fall in-between
the loose and tight PID cuts.
To study if the spectra with loose and tight PID cuts lead to significantly different
(corrected) pT,ee spectra, they are compared in Fig. 5.35. The data set of the tight
PID cut is a subset of the intermediate PID cut, which in turn is a subset of the
loose PID cut. Under these conditions the statistical uncertainties for the com-
parison of the data sets is obtained by subtraction in quadrature of the statistical
uncertainties of the individual data sets [139]. Consequently, the expected statis-
tical fluctuation for the comparison to the intermediate PID cuts is obtained by
a subtraction in quadrature of the statistical uncertainties from the uncertainties
of spectra with the loose and tight PID cuts. Figure 5.35 does not point to a
systematic trend like, e.g. a higher spectrum with looser PID cuts.

Figure 5.35.: Comparison of the selected spectra with the ones obtained with loose
and tight PID cuts in 1.1 − 2.7 GeV/c2 (left) and 0.5 − 2.7 GeV/c2

(right) in the centrality class of 70–90%.

5.11.2. Cut selection bias

Another possible concern could be that the cut selection procedure described in
Section 5.8.2 introduces a bias. The procedure aims at selecting a cut that is
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Figure 5.36.: Comparison of the spectra with the normal cut selection
(Pres20_MVA4) and the inverted selection (Pres17_MVA3).

suitable for this analysis, i.e. it should yield a high statistical significance and be
unbiased. The statistical significance of the corrected signal (zcorr) in the pT,ee

range of 0.2 − 1 GeV/c is used to select a group of cuts which perform compar-
atively well. From this group the final cut is selected as the one which is closest
to the zcorr weighted average of the selected cuts (see Section 5.8.2 for details).
It would, however, be problematic if this selection is biased, for instance, with
respect to the found excess.
To check whether this is the case, the final spectrum is also determined with an
inverted cut selection. This means that the cuts which do not fulfill the 0.8 stan-
dard deviations cut criterion are selected. The final cut is the one which is closest
to the average of these cuts. In contrast to the normal cut selection criterion, this
average is calculated without zcorr weighting. The unweighted average is chosen
since the weighting may introduce again a bias towards the cuts with high statis-
tical significance.
The spectra with the normal and the inverted cut selection are compared in
Fig. 5.36 for the mee range of 1.1 − 2.7 GeV/c2. In both spectra the error bars of
the spectrum selected by the normal procedure (Pres20_MVA4) are subtracted in
quadrature from the error bars. This shall reflect the fact that the spectra were
produced from the same data set and are therefore correlated. The statistical error
bars of the individual spectra would be inappropriate to decide if the spectra are
statistically compatible. If the spectra were produced from data sets such that
one is a subset of the other, the subtraction in quadrature would represent the
expected statistical fluctuations between the two spectra [139]. For the two com-
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pared spectra this is, however, not the case. The cut Pres20_MVA4 has a tighter
MVA cut than Pres17_MVA3, but a looser upper limit for nσe

ITS and a looser lower
limit for nσe

TOF if available (see Table 5.2). Therefore, the error bars obtained from
the subtraction in quadrature represent a lower bound on the ones which would
correctly account for the statistical correlation between the underlying data sets
of the two spectra.
Figure 5.36 shows no sign of a statistical incompatibility or a systematic trend (up-
or downwards) between the normal (black) and the inverted (red) cut selection.

5.11.3. Like-sign subtraction

Figure 5.37.: Left: Comparison of the signal + conversion mee spectrum based
on the MC truth (orange) and the spectrum extracted using like-
sign subtraction (green). Right: The R-factor used for the like-sign
subtraction.

The signal extraction in this analysis relies on the validity of Eq. (5.2), which
states that the like-sign subtraction can be used to extract the spectrum of the
unlike-sign signal pairs. In MC simulations this assumption can be tested using
the MC truth, i.e. information from the MC generator that is used to infer if a
dielectron is combinatorial (uncorrelated) or correlated. This study is based on a
subset of the MC data used for the efficiency correction. Dielectrons coming from
Hijing and the LF+J/ψ injections (see Section 5.8.1) are used. Since the decay
chains of heavy-flavour hadrons can be complicated, it is rather involved to de-
termine unambiguously if such correlations exist for dielectrons coming from such
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decays. To avoid this issue all dielectrons that have a heavy-flavour particle in the
decay chain of one of their tracks are discarded. In addition, correlated dielectrons
coming from conversions are also included in this study. They only affect the mass
range below ∼ 0.1 GeV/c2.
Figure 5.37 (left) shows a comparison of the mee spectra based on the MC truth
information (orange) and the like-sign subtraction method (green). To maximise
the statistical significance the test is performed on a pT,ee integrated spectrum and
in the centrality range of 0–40%. The spectra are obtained using the preselection
cut 20 (see Table 5.2) and the MVA cut 3 (see Section 5.4.3). No statistically
significant deviation is observable and therefore no systematic uncertainty is as-
signed to the signal extraction. Figure 5.37 (right) shows the R-factor used in the
like-sign subtraction, which, apart from a dip in the first bin, is compatible with
unity.

5.12. Discussion and outlook

In the centrality range of 0–40% the pT,ee spectra (see Fig. 5.30) are compatible
with the hadronic cocktail. An identification of thermal dielectrons on top of the
cocktail is not possible with the present statistical uncertainties. The analysis is
not sensitive to dielectron photo-production due to the large hadronic background.
The pT,ee spectra in 70–90% (see Fig. 5.24) exhibit an excess below 0.1 GeV/c with
respect to the hadronic cocktail and thermal radiation. In both mass ranges the
overall excess yield is in line with models of coherent photo-production. The three
compared photo-production models differ significantly in terms of the shape of
the pT,ee distribution. The model by Kłusek-Gawenda et al. (red) posits a sharp
peak at pT,ee → 0 GeV/c. This is in contrast to the calculations by Zhangbu et
al. (green and purple), which both result in a peak at pT,ee ≈ 0.04 GeV/c.
The measured spectrum in mee: 1.1 − 2.7 GeV/c2 (Fig. 5.24, top) shows a peak
around pT,ee ≈ 0.06 GeV/c. The model by Kłusek-Gawenda et al. seems incom-
patible with the data. The models by Zhangbu et al. are in better agreement with
the data, despite a peak position that is slightly too low. Therefore, it appears
that the models by Zhangbu et al. are favoured by the data. These two models
are too similar to differentiate between them.
In the mass range of 0.5 − 2.7 GeV/c2 (Fig. 5.24, bottom) only calculations by
Zhangbu et al. are available. Both models show excellent agreement with the data.
An important aspect to be addressed is the inclusion of resolution effects in the
model calculations. As discussed in Section 5.7, only estimations on these effects
are currently possible. As shown in Fig. 5.16 (right), the estimated effect of the
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resolution effects leads to a peak at non-vanishing pT,ee for the model by Kłusek-
Gawenda et al., and thus reduces the discrepancies to the data (see Fig. 5.25). The
resolution effects on the models by Zhangbu et al. are less pronounced. Applying
the resolution effects results in a similar agreement with data for all three models.
Despite these potential caveats for the comparison of different models, the pT,ee

spectra in Fig. 5.24 can be regarded as the first indication of coherent dielectron
photo-production in peripheral HICs at the LHC.
The effect of the finite tracking resolution is to be addressed in a more rigorous
way than with the present estimation. In addition, more differential data analyses
could be used to address possible effects of a strong magnetic field, interactions
with the QGP or the initial geometry (see Section 3.3.2). A first step in this di-
rection are the event plane dependent spectra presented in Section 5.10. Here a
hint for a larger low-pT,ee yield for tracks in the event plane than for tracks out of
plane is found (see Fig. 5.31).
Very recently the STAR collaboration observed a correlation between the az-
imuthal angles of the dielectron and the individual e± tracks in UPCs and HICs
of 60–80% centrality. This result is interpreted as an indication of vacuum bire-
fringence caused by an enormous magnetic field [140]. The feasibility of analogous
analyses in ALICE is to be investigated.
Including Pb–Pb data from the heavy-ion run at the LHC in 2018 will double
the amount of data in peripheral collisions. The statistical uncertainties may be
further reduced by implementing additional background rejection methods. For
instance, the main cocktail contribution, which is coming from correlated decays
of heavy-flavour hadrons, could eventually be reduced by exploiting similar track
observables (e.g. DCA) as was done for conversion rejection.
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6. A search strategy for

highly-charged particles

Motivated by the theoretical considerations discussed in Section 3.4.1, a strategy
for searches of magnetic monopoles in Pb–Pb collisions at ALICE is developed.
Typically ALICE does not conduct searches for rare and heavy particles, like hy-
pothesised Beyond Standard Model particles. The reason for this is that the decay
products of such particles are characterised by high pT (> 50 GeV/c), for which
ALICE is not optimised (see Chapter 4). In addition, the maximum event record-
ing rate of ALICE in pp collisions is orders of magnitude lower than in ATLAS and
CMS. As the reach of exclusion limits from searches for rare particles depends on
the amount of available data, ALICE is usually not competitive in such searches
in pp collisions.
These arguments do not apply to the searches for magnetic monopoles in Pb–Pb
collisions. First, the amount of recorded data in Pb–Pb collisions is rather sim-
ilar among ALICE and ATLAS/CMS. For instance, in the latest Pb–Pb run at
the LHC in 2018 ALICE recorded 0.55 nb−1 [141] and ATLAS (CMS) 1.76 nb−1
(1.85 nb−1) [142, 143]. The LHC delivered 0.25 nb−1 in this period to Point 8,
where LHCb and MoEDAL are located. Thus, ALICE did not record orders of
magnitude less Pb–Pb data than ATLAS and CMS, and more than LHCb and
MoEDAL. Similarly, the drawback of ALICE in high-pT track reconstruction does
not play a role for magnetic monopole searches. These particles are expected to be
stable and thus are not searched via high-pT decay products but would be directly
detected as they traverse the detector. The higher the mass of the monopole, the
less collision energy that can be converted to kinetic energy of the monopole and
consequently the lower is the monopole pT. Therefore, it is beneficial that ALICE
has the lowest material budget of the four large detectors at the LHC. The low
material budget maximises the chances that a highly ionising particle (HIP), i.e. a
particle with stopping power (−dE/dx) values more than ten times higher than
for relativistic standard model particles, reaches sensitive detector elements that
allow its identification. It can be expected that monopoles would be accelerated
along the strong initial magnetic field in the HICs and thus they would be pri-
marily produced at mid-rapidity (|y| ≈ 0) [144]. Figure 6.1 shows the minimal
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kinetic energy of magnetic monopoles at mid-pseudorapidity to be detected by
the various different detectors at the LHC according to simulations. Owed to its
low material budget and comparably low B field, the ALICE detector requires the
lowest monopole energies [96].
In summary, the theoretical considerations discussed in Section 3.4.1 together with
unique capabilities of ALICE motivate searches for magnetic monopoles in Pb–Pb
collisions with ALICE.

Figure 6.1.: The minimal kinetic energy necessary for magnetic monopoles at mid-
pseudorapidity to reach detector elements that can be used in their
searches at different detectors at the LHC [96].

6.1. Concept

For readers not familiar with the TPC in ALICE it is advisable to first read the
corresponding parts in Chapter 4.
The reconstruction of tracks corresponding to HIPs by the standard algorithms is
rather unlikely as the involved procedures are not optimised for this task. There-
fore, the most reliable and unbiased data set for the search is not the reconstructed
data but rather the raw data. This raw data contains information on the clus-
ters of detector hits, including potentially malfunctioning regions of the detector.
The TPC (Chapter 4) is selected as the most suitable sub-detector in ALICE to
conduct monopole searches on raw data. It provides up to 159 three-dimensional
track points (x, y, z) along with −dE/dx information at each track point. Thus,
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searches with the TPC can exploit the high −dE/dx of monopoles as well as
their curvature along the B field. The latter would require dedicated track re-
construction, which is computationally very expensive, especially for Pb–Pb raw
data. The −dE/dx information, in contrast, can be directly used as input for the
search without further data preprocessing steps. Due to these aspects the search
is based primarily on the analysis of recorded −dE/dx information. However, in
case an anomaly in the −dE/dx-based search is encountered, the track curvature
along the B field could be used to determine if magnetic charges are involved.
For HIPs at β < 0.9999 the dominant energy loss mechanism is ionisation, which
is described by Eq. (3.18) [97]. For masses below 100 GeV/c2 monopoles at the
LHC could exceed this β value and the total −dE/dx would be even higher as
bremsstrahlung starts to become significant. However, monopole production in
HICs is not expected to be the result of hard scattering processes but rather a
consequence of to the involved B fields. The estimated β values are thus expected
to be smaller than 0.995 [144], justifying the consideration of ionisation only. Nev-
ertheless, if the monopole −dE/dx would be higher, for instance because it has
multiple unit charges or bremsstrahlung is relevant, the presented search strategy
would still be applicable.
In the following, −dE/dx values for electrically and magnetically charged parti-
cles are compared. For electrically charged particles the −dE/dx calculations are
based on the Bethe-Bloch equation Eq. (4.2). For magnetic monopoles −dE/dx
is calculated using the Ahlen equation Eq. (3.18). The validity of both equations
is restricted to β > 0.1 [96].
Figure 6.2 shows the −dE/dx values according to these equations for protons,
fully ionised carbon ions and magnetic monopoles of unit charge in Argon gas as
a function of β. The stopping power for relativistic (i.e. β ≈ 1) monopoles is three
(two) orders of magnitude higher than for the protons (carbon ions).
The dynamic range of the −dE/dx measurement with the TPC reaches up to
≈ 60 times the −dE/dx of a minimally ionising particle (MIP), which corresponds
approximately to the minimum −dE/dx of the proton in Fig. 6.2). Thus, a rela-
tivistic monopole would exceed this range by far. The TPC is not designed and
calibrated for the large charge depositions by tracks with monopole-like stopping
power. To conduct a search for such tracks it is crucial that the characteristics
of the hypothetical signal is known with maximum precision. Ideally, one would
study the TPC data corresponding to tracks with −dE/dx values in the same
range as for monopoles. Observing such high −dE/dx tracks would allow the
formulation of reliable search criteria based on expectations that are derived from
empirical data. This would be in contrast to the monopole searches conducted by
ATLAS, which are primarily based on models of the response [145].
As electrically charged particles slow down (β → 0) their stopping power increases
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Figure 6.2.: Comparison of −dE/dx in Argon calculated for protons (red), carbon
ions (green) and magnetic monopoles (blue) of unit magnetic charge
g as a function of β.

drastically. Consequently, they deposit an over-proportionally large fraction of
their energy just before they stop. This intense energy deposition is called Bragg
peak. At β ≈ 0.1, which is the lower limit of the validity range of Fig. 6.2, the
−dE/dx of the proton is still roughly an order of magnitude lower than that for
a relativistic monopole. In the Bragg peak (β ≤ 0.1) of carbon ions, however,
−dE/dx is in the same region as for a relativistic monopole of unit charge. Nu-
clear fragments in the TPC, i.e. products of collisions between nuclei belonging
to detector material and particles created in HICs, could in principle have atomic
numbers up to the one of the main component of the TPC gas, Argon (Z=18).
Such fragments are not tracked as they do not come from the primary interaction
vertex and are thus in general not relevant to analyses of HICs. For the present
search, however, they may allow an investigation of what the TPC data would look
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like if tracks with −dE/dx values comparable to the one expected for magnetic
monopoles pass through the TPC.
If the charge deposition in a TPC read-out channel, a so-called pad (Fig. 6.3), ex-
ceeds the maximally measurable signal, the observed signal is expected to remain
above the maximum value, the so-called threshold, for a time period that is propor-
tional to the total charge deposition. This so-called Time Over Threshold (TOT)
behaviour is caused by the read-out electronics. It shall be studied and calibrated
under real data taking conditions as it would play a central role in a monopole
search. As Fig. 6.2 shows, a proton’s Bragg peak should result in −dE/dx values
more than 60 times larger than the minimal −dE/dx value of a proton. Therefore,
it should exhibit the time over threshold behaviour. To verify this expectation,
one has to find a stopping proton in the TPC raw data. Subsequently, one could
study higher −dE/dx values by searching for heavier nuclear fragments.

6.2. Data structure

Before discussing the event selection in TPC raw data, the structure of the data
shall be outlined. The TPC provides information on the x, y and z position and
charge deposition. The x and y coordinates are inferred from the read-out pad
location (see Fig. 6.3) and z from the time at which the charge signal arrives and
the drift velocity. The charge is read out in 72 different sectors, which are framed
by the support structures in Fig. 6.3 (left). Figure 6.3 (right) shows two sectors
(one called inner chamber and one outer chamber). They contain read-out pads
which are organised in pad rows. The pad area is on the order of ≈ 5 × 10 mm2

and the z resolution is typically on the order of ≈ 1 cm.
Clusters of pad signals are formed by grouping adjacent pads, which indicate a
charge signal, in the pad direction (i.e. along a given pad row) and the z direction.
Saving information like position and measured charge for a cluster rather than for
individual pads is more resource efficient (see [148] for details). In the following,
clusters are analysed in terms of the maximal signal amplitude in the cluster. The
TPC signal amplitude is the digitised charge information of integers in the range of
0 − 1000, where 1000 corresponds to charge deposition expected from a track with
a stopping power approximately 60 times higher than that for a minimally ionising
particle. Thus, each cluster is represented by the highest charge deposition in the
pads and time bins associated to this cluster. In the presence of a high −dE/dx
signal, that is spread out due to charge diffusion and TOT, the clusterisation may
split large clusters at local minima of the signal, which correspond to fluctuations.
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Figure 6.3.: Left: Schematic geometry of the TPC and its sectors, which are framed
by the support structures (green) [146]. Right: Structure of two sec-
tors in terms of pad rows and individual pads [147].

Therefore, it is expected that there are multiple clusters in azimuthal (pad) and z
(time) direction that are associated to the same charge deposition.

6.3. Demonstration

The search for stopping nuclear fragments starts with a preselection of potentially
interesting events. The criterion for event selection is that there has to be a TPC
sector which exhibits a TOT of three clusters in at least three consecutive pad
rows (see Fig. 6.3). This aims at a radially outwards going nuclear fragment that
deposits enough charge to result in non-vanishing TOT in its Bragg peak. Apart
from fragments, this selection also yields tracks with momentum vectors along the
z-axis. Such tracks would produce a signal in several consecutive time bins around
a pad position, mimicking TOT of a high −dE/dx signal. Using more compli-
cated event selection criteria, which can suppress this background by performing
a simplified tracking, was found to be computationally too expensive. For test
purposes the event selection is applied to a subset of the data set from the Pb–Pb
run in 2015. The fraction of selected events is 2.5 × 10−4. In total 650 events were
selected for this test.
In the next step, events with promising tracks are selected based on histograms of
the charge distribution of clusters in the x−y and z−y plane. For this demonstra-
tion it is judged visually if a track appears to correspond to a particle that stopped
in the TPC. A more sophisticated automated selection could be implemented in
the future, as at this stage the data volume is already massively reduced.
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Figure 6.4.: Projection of the TPC signal of a selected track in the x− y and z− y
plane. See text for details.

Figure 6.4 shows the x−y and z−y projections of clusters that belong to a selected
track. The shown cluster positions represent the central positions of clusters. The
colour indicates the highest signal amplitude within the cluster. It exceeds 1000 if
two clusters are projected into the same bin, which is the case in Fig. 6.4 (right) at
the lower end of the track. The increase of the signal, and thus −dE/dx, towards
the end of the track in the bottom half of Fig. 6.4 is clearly visible. Figure 6.4
(right) also shows that at the end of the track the signal appears to be smeared
out in the z direction, which is interpreted as TOT.
To calibrate the −dE/dx measurement based on the charge deposition, it is nec-
essary to infer the energy loss by means that are independent of the −dE/dx
measurement. This is achieved by deducing the particle species of a track using
geometrical observables.
The ratio pT/Z, where Z is the charge of a particle, can be determined via the
track curvature, which is estimated from manually selected track points. These
points are encircled in Fig. 6.4. The corresponding x, y, z coordinates are fit with a
helical track template1. The ratio pT/Z is estimated using the relation pT/Z = Br,
where B is the strength of the magnetic field along the beam direction and r the
curvature radius of the track. The fit for pT/Z is performed at a given track point
using in addition the ten track points before and the ten track points afterwards.
No fits are performed for track points within a distance of less than ten track
points from the track start or track end point.
To identify the particle species a further quantity is necessary. Since the tracks

1Using the class AliRoot/STEER/STEER/AliRieman.h.
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under consideration stop in the TPC one can extract the remaining range for a
track at each point. This quantity can also be extracted from the coordinates of
the manually selected track points.

Figure 6.5.: Left: Comparison of pT/Z and the remaining range values to expec-
tations of nuclei of varying charge Z and mass (not indicated). Right:
Comparison of the measured TPC signal and the remaining range to
expectations of various nuclei. Expectations are based on [149].

Figure 6.5 (left) shows the comparison of the found values of pT/Z and the remain-
ing range of the track points to the values expected for nuclei of various charges
(Z) and masses (not indicated) [149]. The track under consideration can be iden-
tified rather unambiguously as a proton (Z = 1).
The comparison of the measured TPC signal and the expected stopping power for
a proton with a given remaining range is shown in Fig. 6.5 (right). The shown
TPC signal is the maximum signal amplitude in the cluster which is selected as a
track point. To deal with TOT in Fig. 6.4 (right), the row of bins in z direction
which contains a selected cluster and the two adjacent bin rows (i.e. the ones above
and below), are scanned in the direction which would be expected for TOT (i.e. to-
wards z = 0) for further clusters within 10 centimeters. If a cluster is found, the
corresponding signal amplitude is added to the one associated to the original track
point and the search continues for another 10 cm. Clusters which are associated
to track points by this procedure are framed in squares in Fig. 6.4 (right). They
indicate the duration of a potential TOT signal. Along the track such clusters
are found several times but presumably they do not indicate a TOT signal but
are caused by noise or other tracks. These misidentifications cause the peaks at
large remaining range in Fig. 6.5 (right). Figure 6.5 (right) further shows that the
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TPC signal amplitude does not continue to rise with −dE/dx as the track has
less than 50 cm range left, but remains constant at the maximum signal value of
1000. Below 10 centimeters of range the TPC signal amplitude jumps to a value
just above 2000, indicating that TOT clusters are found. Around the Bragg peak
the signal amplitude reaches values just above 4000. That the measured signal
amplitude in Fig. 6.5 (right) rises before the expectation when approaching the
track end point is attributed to the finite resolution of the track points and the
resulting uncertainty of the track end point position.

Figure 6.6.: Projection of the TPC signal of a fragment candidate in the x−y and
z − y plane. See text for details.

The example of the proton track suggests that stopping power values well above
the usual range can be measured in the TPC raw data. The proton −dE/dx in
the Bragg peak is still roughly an order of magnitude lower than the typical values
for a magnetic monopole (see Fig. 6.2). Nuclear fragments heavier than a proton
are needed to learn about the TPC response in this stopping power realm. The
aforementioned 650 events from raw data are used for this purpose. The events
are inspected visually for potential candidates of heavy fragments.
Figure 6.6 shows the clusters of a selected candidate event. The x − y (left) and
z − y (right) projections exhibit signs of a nuclear reaction, i.e. several fragments
originating from the same point. The track corresponding to a heavy fragment,
indicated by the encircled cluster positions, can be identified by the substantial
TOT in the z − y projection. Due to the short track length, a track identification
using pT/Z and the remaining range is not possible. However, based on the found
TOT to −dE/dx correspondence in the case of the proton track, one can perform
an analysis of the TOT signal for this track to identify it via its −dE/dx.
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Figure 6.7.: Comparison of the measured TPC signal and the remaining range
to expectations of various nuclei of varying charge Z and mass (not
indicated). Expectations are based on [149].

Figure 6.7 shows the expected TPC signal for nuclei with various charges Z and
isotopes with mass numbers of A = 2Z and A = 2Z − 1. The different isotopes
cannot be distinguished. The fragment is most likely of charge Z = 4 (±1).

6.4. Discussion and outlook

The TPC is not calibrated for tracks with stopping powers that are expected for a
magnetic monopole. Using the TPC signal in the Bragg peak of nuclear fragments
allows the investigation of this −dE/dx regime. The examples of the proton track
and the heavier nuclear fragment demonstrate the feasibility of a high −dE/dx
calibration under real data taking conditions.
Refining the event preselection, the tracking and development of an automated
track candidate selection should allow future studies to find more heavy fragments
and to establish an understanding of the TPC signal in conditions as expected
for a monopole. Robust search criteria for HIPs, like e.g. monopoles, can then be
derived from the results of the high −dE/dx calibration. Based on the TPC sig-
nal associated to the Bragg peak of heavy fragments, a lower bound for the TOT
expected from the monopole can be defined. The search criterion for magnetic
monopoles could require this TOT in a certain number of consecutive pad rows
in a TPC sector. If the search aims, for instance, at traversing monopoles one
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could demand that this TOT is measured in all or at least most pad rows. The
only background for such a search should be the very unlikely case of extremely
high fragment density in a TPC sector. It is expected that a signal region can be
defined, which is practically background free.
To complete a search for magnetic monopoles, simulations are needed to estimate
the monopole detection efficiencies in the phase space of the monopole kinematics,
mass and charge. The GEANT4 implementation of magnetic monopoles [150] was
made available in the ALICE simulation framework for this purpose. It allows
simulations of the propagation of magnetic monopoles through a realistic model
of the ALICE detector. These simulations were cross checked against the results
in [96], like e.g. Fig. 6.1 [151]. Once the search is carried out, the corresponding
efficiencies could be estimated from these simulations.
Interpretation of the search results in terms of a monopole mass limit would re-
quire that monopole production cross sections are extracted for HICs based on
the models discussed in Section 3.4.1. There is ongoing effort in the theory com-
munity to achieve this goal. Without the input of the monopole production cross
section a search could, nonetheless, be interpreted in terms of the first limits on
the magnetic monopole production cross section in HICs in a fiducial phase space
region (similarly to [102]).
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7. Conclusion

This thesis presents a machine learning based approach to the rejection of photon-
conversion background, which is one of the most important and critical steps in
the analysis of dielectrons in heavy-ion collisions. A strategy for data-driven per-
formance evaluation and optimisation of the signal selection is introduced. The
superiority of this method with respect to conventional photon-conversion rejec-
tion is demonstrated.
Employing these new tools, Pb–Pb collisions at

√
sNN = 5.02 TeV are analysed.

The results show evidence for dielectron photo-production in heavy-ion collisions
at LHC energies. A comparison to corresponding model calculations points to a
rather good, but imperfect overall agreement. For a more rigorous comparison
detector resolution effects will have to be taken into account in the models. Mo-
tivated by several theoretical proposals, the analysis is carried out for dielectrons
in and out of the event plane. Despite large statistical uncertainties, the results
could be interpreted as sign for a larger dielectron photo-production yield in the
spectra that are based on tracks in the event plane.
The second project of this thesis deals with the design and demonstration of a
strategy for a magnetic monopole search with ALICE. Due to the exotic proper-
ties of magnetic monopoles, the expected detector response to these hypothetical
particles cannot be inferred unambiguously from standard detector calibrations.
This problem is overcome by exploiting the similarity in the energy deposition of
stopping nuclear fragments and magnetic monopoles. A search for these fragments
is carried out on raw data of the ALICE Time Projection Chamber. Candidate
tracks are analysed using a custom track fitting procedure. The particle species
associated to the tracks is determined by the comparison of the track parameters
to calculated expectation values. These results can be regarded as a successful
proof of concept for a monopole search with the ALICE detector. Extending these
studies should allow the first magnetic monopole search in heavy-ion collisions at
the LHC. The results of such searches could provide the experimental basis for the
most stringent, general mass limit on magnetic monopoles.
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A. Kinematic variables

This section provides the definitions of the kinematical variables used in this thesis.
In the following natural units are used, i.e. c = 1.
In relativity the kinematics of a particle is defined by its four-momentum, which
is determined by the energy E and the three-momentum vector ~p = (px, py, pz)
associated to the particle:

p = (E, px, pz, pz).

Based on this four-vector the following particle properties are defined:

• Invariant mass m0: p2 = E2 − ~p 2 = m2
0

• Transverse momentum: pT =
√

p2
x + p2

y

• Transverse mass: mT =
√

p2
T +m2

0

• Rapidity: y = 1
2

ln E+pz

E−pz
= arctanhpz

E
.

The determination of y requires information on E or the particle species, which
implies m0. In experiments this information is often not available. For highly
relativistic particles (|~p| ≫ m0) this is not problematic. In these cases the rapidity
y along the beam axis, which usually defines the z-axis, can be approximated by
the pseudorapidity η:

η = − ln tan
θ

2
,

where θ is the angle between the beam axis and ~p. The transverse direction
(θ = π/2) corresponds to η = 0, θ = π/4 to η = 0.88 and θ → 0 to η → ∞.
For pairs of particles, like dielectrons, the pair four-momentum p1,2 is defined via
the sum of four-momenta (p1 and p2) of the two individual particles (denote by
the indices 1 and 2) as:

p1,2 = p1 + p2.

Using this definition the same quantities as in the single particle case above can
be defined for pairs.
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