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por su ayuda con todo lo relacionado con este programa ERASMUS tan peculiar por los
tiempos que nos ha tocado vivir. Gracias a Carlos Guerrero por haber comprendido mi
situación y permitirme empezar el doctorado desde Alemania.
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Abstract

In this thesis the dielectron (electron-positron pair) production cross section in proton-
proton collisions has been simulated as a function of their invariant mass and their trans-
verse momentum, for an energy of

√
s = 13 TeV and

√
s = 5.02 TeV. These have been

carried out using PYTHIA8 event generation. A series of studies have been conducted on
how to extract the cross section, first by directly using the information provided by this
software and then by imitating the signal extraction methods used with real experimen-
tal data. The effect on these simulations of the combinatorial background and photon
conversion pairs has also been investigated.

Resumen

En este trabajo se ha simulado la sección eficaz de la producción de dielectrones (pares
electrón-positrón) en colisiones protón-protón en función de la masa invariante de los
mismos y su momento transversal, para una enerǵıa de

√
s = 13 TeV y

√
s = 5.02 TeV.

Estas se han llevado a cabo mediante el programa de generación de eventos PYTHIA8.
Se han realizado una serie de estudios atendiendo al modo de extraer la sección eficaz,
primero utilizando directamente la información proporcionada por este software y después
imitando los métodos de extracción de señal utilizados con datos experimentales reales.
Aśı mismo, se ha investigado el efecto en estas simulaciones del fondo de combinatoria y
de los pares de conversión fotónica.
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1 Introduction

Mankind has always wondered about the nature and structure of the Universe we inhabit.
Millennia of evolution and development has made it possible to offer an explanation to
these concerns at a level never imagined before. On one side, the theoretical and math-
ematical progress that resulted in the Standard Model of particle physics has provided
the tools and framework to describe the Universe at its smallest scale. On the other, an
outstanding engineering work has led to the construction of particle accelerators with a
huge power, like the Large Hadron Collider located at CERN. With these machines we can
check if those theory predictions are indeed true and even make unexpected discoveries
that imply new challenges for science.

One of the main experiments of LHC is ALICE. With this detector the goal is to study
the so-called quark-gluon plasma (QGP). QGP is the hot and dense medium formed when
two heavy nuclei collide at ultra-relativistic energies. Is crucial to understand the creation
and evolution stages of this medium, because it can provide a large amount of information
about the quarks that form matter and the interaction between them. Because of its design
and the energies provided by the LHC is the perfect place to investigate these issues.

Due to their properties, dielectron (e+e− pairs) are used as a probe in the collisions
to study QGP. Is crucial to understand very well the dielectron production in proton-
proton collisions to, then, clarify the leptonic production in nuclei collisions. Recently the
possibility of the creation of this thermalized medium in high-multiplicity p-p collisions is
being taken into account [1], so it adds relevance to the matter.

Another motivation for the study of dielectron is charmonium production. Charmo-
nium is a particle made of a charm-anticharm quark pair, and its most common state is
the J/ψ meson. Is a remarkable particle because its experimental discovery in 1974 [2]
resulted in the confirmation of the existence of a fourth quark flavour. The finding was
made by two different groups simultaneously in the known as “November Revolution”
of particle physics. The main channel chosen to select charmonia in a collision is the
dielectron channel J/ψ → e+e−, so a profound understanding of dielectron spectrum is
vital, because it will be the major source of background in the charmonium signal.

In this thesis this will be carried out through simulations with PYTHIA8. To perform
a real exhaustive investigation one should take the data obtained in PYTHIA and do a
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Geant4 (or any other similar software) analysis, to really see how the ALICE detector
would respond. We are going to pass over this part of the analysis, so the results will
not be entirely realistic, but as a first approach and at the level of this thesis this will be
enough. Anyway the results will be a very good approximation.

This thesis is structured as follows: after this brief introduction, a few theoretical
ideas about the Standard Model and other concepts that appear in the thesis will be
covered in Chapter 2. In Chapter 3 a short description of the ALICE experiment will be
shown, and a few notions about the processes simulated by PYTHIA will be displayed
in Chapter 4. The results of the simulations will be presented in Chapter 5, followed
by a summary and an outlook for possible future investigations in Chapter 6. During
this thesis, unless specified otherwise, when we mention “electrons” we are referring to
electrons and positrons equally. In addition, we will use c = ~ = 1 for simplicity.
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2 Theoretical background

In this chapter the main concepts included in the thesis are summarized and clarified.
These include a brief explanation of the Standard Model and its interactions, basic prin-
ciples and variables of proton-proton collisions, some ideas about charged-particle multi-
plicity and a review of dielectron, its sources within the collision and the signal extraction
methods.

2.1 The Standard Model

Nowadays, the Standard Model is the physical model most widely accepted by the sci-
entific community, since is the most accurate in describing the very basic components
that makes up matter and the interactions between them. It was developed through-
out the 20th century, by means of the difficult task of unifying the two key theories of
the time: Quantum Mechanics and Special Relativity. This is how the Quantum Field
Theories (QFTs) used by this model came about. Decades of mathematical develop-
ment and a multitude of experimental verifications have shaped the current model. It is
worth mentioning that the unification of these two theories mentioned above has not been
satisfactorily resolved.

QFTs are based on the idea that for each type of particle there is an associated
field φ(x). These fields are functions that depend on the space-time coordinates xµ =
(x0, x1, x2, x3) = (t, x, y, z). From here arises the covariant nature that the mathematical
formulation of the theory must have. In turn, the evolution of these fields is marked
by a lagrangian density L, which must be invariant under Lorentz transformations. The
equations of motion or evolution of the fields can be obtained using the Euler-Lagrange
equations [3]

∂L
∂φr
− ∂

∂xα

(
∂L
∂φr,α

)
= 0;

r = 1, ..., N
α = 0, 1, 2, 3

(1)

with N the number of fields.
The first approaches to these QFTs arose around 1930 by physicists such as Dirac,

Heisenberg, Pauli and Jordan, who eventually abandoned them because of their com-
plexity and became detractors. It took twenty years for the fathers of the first QFT,
Quantum Electrodynamics (QED), to solve the difficulties: Feynman, Schwinger and
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Figure 1: The three generations of leptons and quarks, in order of increasing mass. Taken
from [4]

Tomonaga. Another fifteen or twenty years went by until the first electroweak theory
appeared thanks to Weinberg, to unify the electromagnetic and weak interactions. It
was also in the 1960s when Gell-Mann, among others, proposed the existence of quarks,
whose subsequent development would form Quantum Chromodynamics (QCD). All these
theories together compose the Standard Model as we know it today.

The Standard Model is based on three pillars:

• All matter is formed by elementary particles, which are classified into two types
of subatomic particles within three families or generations [4]: the leptons, formed
by the electron (e), the muon (µ) and the tauon (τ) together with their respective
neutrinos (νe, νµ and ντ ); and the quarks, grouped in up - down (u− d), strange -
charm (s−c) and bottom or beauty - top (b− t). Each quark can come with one out
of three colors (R, G and B) [5]. Of course, the presence of these particles implies
the existence of the corresponding antiparticle, characterized by the same quantum
numbers but with the opposite sign. This classification into families arises from the
masses of the particles, coinciding with the chronological order of their experimental
detection (see Fig. 1). All these elementary particles are fermions.
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• The particles mentioned above do not live in isolation from each other, but rather
there are interactions between them, giving rise to the physical effects we can detect
and measure. These interactions are the electromagnetic force, the weak force and
the strong force. For the moment, the gravitational force has had to be excluded of
the model.

• Every time an interaction of this kind takes place is due to the exchange of a certain
particle, which we call force carrier or intermediate particle. This mediators are the
photon (γ) for the electromagnetic force, the W± and Z0 bosons for the weak force
and the eight gluons (g) for the strong force 1. Mathematically, all these concepts
are described through internal symmetries and group theory. To these mediators
we must add the Higgs boson (H), which is responsible for the rest of the particles
in the model having mass [7].

In Fig. 2 are summarized the main properties of the particles mentioned above.
The Standard Model is still considered a “model” instead of a “theory” due to the

excessively large number of parameters to be determined from the experimental data.
These are the masses of the lepton and quarks (that are 9), the gauge coupling constants of
the Electroweak Theory and Quantum Chromodynamics (3), the CKM matrix parameters
(4) and the masses of the W± and Higgs bosons (2): 18 in total 2. Furthermore, certain
sectors are of the opinion that the number of elementary particles is too large, and that
some of them could be formed by combinations of the others, or that there is even a
lower level in the scale of matter. In spite of this, and of some other problems that it
has not been able to solve yet, it is the best framework we have to describe the Universe,
both because of the surprising and numerous theoretical predictions and because of the
precision of the experimental verifications.

1The boson behind the gravitational interaction would be the graviton G, but its existence has not
been yet proven [6].

2And this is considering that neutrinos has no mass, which has been proven wrong in several experi-
ments, adding 7 more free parameters [8].
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Figure 2: Fermions and bosons included in the Standard Model. Taken from [9]

2.1.1 Quantum Electrodynamics

QED was the first successful Quantum Field Theory. It was capable of describing the
interaction between electrically charged particles, which took place through the exchange
of photons (quanta of the electromagnetic field). One of the major advantages of this
theory is that the classical form of the interaction was known, so that it could be taken as
a starting point and adapted to the language of Quantum Mechanics and Relativity. And
the opposite: there was a way to check the results obtained when facing the problem by
other ways like gauge theories. This was crucial when studying the other two interactions,
since they cannot be addressed by classical physics.

The strength of this interaction is characterised by the factor [10]

α ≡ e2

4πε0
≈ 1

137 , (2)
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where e is the charge of the electron and ε0 is the permittivity in vacuum, and is called the
fine structure constant. Is a dimensionless quantity, and because is such a small number
it allows the application of perturbative calculations.

Using Heisenberg’s uncertainty principle is easy to prove [11] that the range of an
interaction is

R ≤ 1
MX

, (3)

where MX is the mass of the mediating particle. From here is immediate to verify that
the electromagnetic force has an infinite range, as the photon is a massless particle.

2.1.2 Weak interaction

As we already said, the weak force (as well as the strong force) has no classical equivalent,
so the way to clear the unknowns of this force was much more arduous. Unlike the
electromagnetic force, the bosons responsible of the weak force do have mass, and not a
small one: about 80 GeV for the W± and 91 GeV for the Z0 [3]. Therefore, according to
equation (3) their range is going to be very small, about 2× 10−3 fm. The first hints of a
new interaction in nature emerged when studying the β radiation, with the observation
that electrons were emitted as a continuum of energies. Pauli suggested that an additional
particle was emitted besides the electron [12], which would later be confirmed as the
neutrino.

One of the most surprising aspects of this force is the fact that it does not conserve the
discrete symmetries of P and C. This was experimentally confirmed by Wu in 1957 [13].
There were many problems completing the weak theory, until the discovery that it had
to be coupled to the electromagnetic force, thus the electroweak theory emerged. The
development of this theory also led to the Higgs mechanism of spontaneous symmetry
breaking and the proposal of the existence of the Higgs boson. The presence of this
particle has also been confirmed experimentally [14].

2.1.3 Quantum Chromodynamics

The Standard Model states that hadrons are formed by quarks, three for baryons and
two (quark-antiquark pair) for mesons, and that the mediator of the strong interaction
between two quarks is the gluon. This electric-neutral particle has no mass but does carry
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color charge. Therefore, like quarks, it cannot exist as an isolated particle. In the same
way, hadrons must be formed in such a way that they are colorless particles. This is what
is known as confinement, a concept which is still not very well understood today. The
concept of color was introduced into the theory to explain the apparent violation of the
Pauli exclusion principle by quarks. The strong interaction that occurs between hadrons is
a reflection or a residue of the interactions between the quarks that form them. Indirectly,
is the force responsible for protons and neutrons coming together to form nuclei. During
a strong process the color of the quarks may change, but not their flavour.

Experimentally it was observed that, unlike with QED, the coupling constant in this
processes αs was greater than 1 [4]. As a consequence, the perturbative calculations
seemed to be useless. However, one of the greater triumphs of QCD was the discovery
that the value of αs actually depended on the distance between the interacting particles.
When this distance is relatively small (on the order of the size of a proton and smaller) αs
decreases substantially; this is known as asymptotic freedom. This means that inside a
proton or some other similar particle the quarks can move without interacting much with
each other. As the distance increases, the strength of the interaction becomes greater
and greater, and the quarks attract more intensely. Because of this, and the confinement,
strong interaction is only observed at small distances, even when the mass of the gluon is
zero. It can be found that the coupling constant has the form [11]

αs(µ) = αs(µ0)
[
1 + 33− 2Nf

6π αs(µ0) ln(µ/µ0)
]−1

, µ2 >> 1 GeV2; (4)

where µ is the difference between the squares of the momentum and energy exchanged
µ2 ≡ |q2 − E2

q |, Nf the number of quark flavours and αs(µ0) the value of the constant
at a reference value, usually at µ0 = MZ the mass of Z0. This value is approximately
αs(µ0) = 0.118 ± 0.002. In Fig. 3 we can see the shape of αs extracted from different
experiments and compared to theoretical calculations.

At small distances (large transferred momentum), perturbative techniques (pQCD)
can be employed. However, at large distances this is not possible. That is the reason why
in those cases a technique called lattice QCD (lQCD) is used, in which spacetime is split
into a lattice of discrete points and numerical calculations are made on that lattice. The
number of points is then tended to infinity to obtain approximate results. The behaviour
of the quarks can be simulated with a potential in the following way: at short distances,
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Figure 3: Shape of the strong coupling constant as a function of µ. Good agreement is
observed between experimental data and the theoretical predictions. Taken from [11].

the exchange of one gluon predominates and it would have a Coulomb form; at longer
distances, other processes would dominate and the potential would be approximately
linear, so it would take the form

V (r) ≈ −4
3
αs
r

+ κr. (5)

It is a simple way of representing the potential between a quark and an antiquark. Spec-
troscopy experiments and then some lattice calculations have set the value of κ around 1
GeV/fm [15].

2.2 Proton-proton collisions

A major part of experimental physics focused on the investigation of subatomic particles
is based on collisions. Through accelerators, beams of particles with a high energy (cur-
rently reaching a few TeV) are directed towards a target, that can be another particle
approaching in the opposite direction, called colliding-beam experiment, or a fixed target,
which can be formed by a wide variety of elements. The objective is to check how the
particles of both the beam and the target behave when they collide with each other by
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the use of detectors. At sufficiently high energies a large number of new particles will
form, whose properties are also studied.

The advantage of using fixed targets is that their composition can be prepared in
advance. They can be made up of any minimally stable element. However, the energies
that are achieved are lower, since work is done in the center-of-mass frame and part of the
energy is used as kinetic energy of the target, so the energy available for the creation of
particles is lower. When two particles travelling in opposite directions collide technically
all the energy is available for this purpose, since the energy in this frame would be just [11]

ECM = 2EL, (6)

being EL the energy of the beams. Of course, this working method also has its disad-
vantages: the particles must be quite stable, and we must know how to produce them in
the laboratory with the required energy, as well as being able to direct them towards the
coming particle. The most commonly beams used are protons and electrons, as well as
atomic nuclei.

2.2.1 Kinematic variables

There are a set of quantities that, because of their utility and interest, are always used in
particle collision experiments. In relativistic terms, a particle with energy E, rest mass
m0 and momentum p is described by its four-momentum [16]

P = (E,p) = (E, px, py, pz). (7)

In the accelerator the z-axis is often defined as the beam axis. Taking this into account,
the momentum of the particle can be divided into longitudinal and transverse momentum

pL = p cos θ = pz, (8)

p⊥ = p sin θ =
√
p2
x + p2

y, (9)

with θ the polar angle or angle with the direction of the beam. p⊥ is invariant under
Lorentz transformations in direction z, but pL is not invariant [17]. p⊥ gives a rate of
new created particles, since is new momentum arising in the perpendicular direction to
the beam. We can also define the transverse mass as

m2
⊥ = m2

0 + p2
⊥. (10)
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In a system of particles, the invariant mass m is obtained as [11]

m2 = E2 − p2, (11)

being E and p the total energy and momentum. It has the same value in every reference
frame. Is easier to evaluate in the CM-frame since p2

CM = 0 . For a single particle the
invariant mass and the rest mass are the same.

In 2→ 2 processes are widely used the so-called Mandelstam variables:

s = (P1 + P2)2 = (P3 + P4)2, (12)

t = (P1 − P2)2 = (P3 − P4)2, (13)

u = (P1 − P4)2 = (P2 − P3)2, (14)

where P1 and P2 are the four-momenta of the incident particles and P3 and P4 the four-
momenta of the outgoing ones. This way,

√
s is the energy in the CM-frame and

√
t is

the momentum transfer.
Velocity is not an additive quantity under several Lorentz transformations, so a new

variable is defined, called the rapidity y. It can be expressed as [18]

y = arctanh β = 1
2 ln

(
1 + pz
1− pz

)
, (15)

with3 β = v/c. Is a dimensionless quantity and it can be positive or negative. At high-
relativistic regimes, y ∼= 0 if the particle is detected perpendicularly to the beam axis and
y → ±∞ if is detected in the same direction. Under a Lorentz transformation parallel to
the beam axis we obtain [19]

y′ = y − arctanh β. (16)

Thereby, when two particles are detected, the difference between their rapidities are indeed
invariant:

y′1 − y′2 = y1 − y2. (17)

Sometimes y can be difficult to determine, because one needs the energy and the
polar angle of the particle, and we do not always have both. In those cases there is an
alternative: the pseudorapidity η [20]. For ultra-relativistic particles it can be showed
that [19]

y ≈ − ln tan θ2 = η. (18)
3Here we have written c explicitly for clarity
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2.2.2 Fundamental concepts in hadron-hadron collisions

Before the discovery of quarks, when studying electron-proton and proton-proton collisions
it was noticed that proton was made of smaller charged particles inside of it 4. This
entities were called partons, forming the first model capable to explain the experimental
data of collisions involving protons: the parton model. This model, in which multiple
simplifications are made, starts from the idea that partons are the basic constituents of
hadrons. They are fixed for each hadron, but there is also a cloud of partons constantly
being emitted and absorbed called sea quarks. So that the hadron is not modified, since
partons do not affect its quantum numbers, this fluctuations inside of it must take place
in an lower energy scale Q2 than that which the confinement occurs [22]. In the model is
also considered that the momentum of this partons is almost colinear with the momentum
of the proton [11]. Each one will carry a fraction x of the total momentum available. This
way we can form what we call the Parton Distribution Functions (PDFs) fi(x,Q2), that
gives the probability of a parton of type i (quark, gluon or sea quark) carrying a fraction
x of the momentum at the scale Q2 [23]. Beforehand pQCD cannot be used to obtain
the PDFs because of the energetic scales involved, so they have to be deduced from
experimental data [24]. By convolution of parton cross sections with PDFs one can get
hadron collisions cross sections.

The most common shape presented by PDFs is the one we see in Fig. 4. At small
energy scales (left) we can see how the proton structure is given basically by the valence
quarks (two u and one d), and that the contribution of virtual partons is small. One can
appreciate that the sea quarks appear at low x because gluons with large momentum are
suppressed by the form of gluon propagator [24]. On the other hand, at higher Q2 (right)
fluctuations grow and we observe a larger contribution of sea quarks and gluons for small
x, and the role of valence quarks is less and less important.

At typical LHC energies the total hadron-hadron cross section is around 100 mb [22].
According to the way in which the interaction takes place we can classify the processes
between hadrons (where naturally we include p-p processes) in the following ones:

• Elastic scattering: hh→ hh (see Fig. 5 left).

• Single diffractive: hh → h + X + gap, with X any new species not present in the
4More precisely, they were detected for the first time in deep inelastic electron scattering [21].
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Figure 4: Examples of several Parton Distribution Functions for two values of the mo-
mentum transfer Q2: 10 GeV2 (left) and 104 GeV2 (right). Taken from [25]

original beam and gap an empty rapidity region between the two of them (Fig. 5
center). In a process like this, one of the beams is excited and then it decays in a
set of products that can be later detected.

• Double diffractive: hh → X1 + X2 + gap. In this case both beams have broken up
(Fig. 5 right).

To the diffractive processes one could also add multi-gap processes, e. g. central diffractive
[26]. Depending on their transverse momentum, particles produced in a collision can be
classified into two groups [17]: hard particles, when the moment is very high (they come
from processes with Q2 > 2 GeV2), or soft particles, when p⊥ is low. With the first ones
pQCD can be applied, but not with the latter.

Inelastic and diffractive cross sections in p-p collisions are one of the basic observables
when studying Particle Physics, so that they are always of great interest for the com-
munity. To study this hadronic cross sections are usually used concepts from Regge the-
ory [27]. In this theory diffractive processes take place through the exchange of Pomerons,
which are defined as singlet color objects with the quantum numbers of the vacuum (rep-

13



Figure 5: Elastic, single diffractive and double diffractive processes between two protons.
A Pomeron is being exchanged. Taken from [27]

resented as a P in Fig. 5). The total cross section would be the sum of all cross sections
of the processes mentioned above.

If in the collision hard parton-parton interactions have occurred we can define also
underlying events (UE) or processes with low momentum transfer (therefore pQCD will
not be useful either [22]). These are the remains of a scattering interaction like beam
remnants, parton shower or hadronization. We will discuss them in Chapter 4.

2.3 Charged-particle multiplicity

The charged-particle multiplicity is defined as the number of charged particles produced in
one event. Despite its simplicity and the fact that is a very simple quantity to measure in
the laboratory it is a very useful tool. This is due the probability of producing n charged
particles P (n) in the final state is closely related to their production mechanism [28]. This
function is called multiplicity distribution. However, from a theoretical point of view, it
is very challenging to determine because of the lower scales of energies usually involved
in this processes. When P (n) follows a Poisson-like distribution it means that there are
no correlations between the particles (the production of a new particle is independent of
the already created ones). Any deviation from this behaviour suggests the presence of
correlations.

There have been several attempts to deduce an analytical form that describes the
multiplicity distributions at different energies

√
s. One of the first ones was Feynman,
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who started with the idea that the mean number of any kind of particle grows as [29]

〈N〉 ∝ lnW ∝ ln
√
s, W =

√
s/2. (19)

Through phenomenological arguments he concluded that the probability function of find-
ing a particle i depended on the function fi(p⊥, x = pL/W ). Feynman’s hypothesis claims
that fi does not depend on W at high energies, what is known as Feynman scaling.

Considering that the maximum possible y at a collision also grows as ln
√
s it is

concluded that
dN
dy = const. (20)

Consequently,
dN
dη

∣∣∣∣∣
η=0
≈ const. (21)

Koba-Nielsen-Olesen scaling (KNO) was proposed in 1972 and is based on Feynman
scaling, but taking into account the correlations. In this case, it can be shown that P (n)
scales as [30]

P (n) = 1
〈n〉

Ψ
(
n

〈n〉
:= z

)
+O

(
1
〈n〉2

)
, (22)

where Ψ(z) is a function independent of the energy. As a consequence every multiplicity
distribution plotted as a function of z will fall into the same curve. This result as been
noted as an approximation [31], so in reality P (n) does not follow a universal function.

Another possibility is the use of the Negative Binomial Distribution (NBD)

PNBD
p,k (n) =

 n+ k − 1
n

 (1− p)npk, (23)

which gives the probability for having k successes after n failures in a Bernuilli experi-
ment with a success probability of p [32]. So that one can apply this to the multiplicity
distribution the relation between p and 〈n〉 has to be taken into account, getting to [33]

PNBD
〈n〉,k (n) =

 n+ k − 1
n

( 〈n〉/k
1 + 〈n〉/k

)n 1
(1 + 〈n〉/k)k

. (24)

The physical origin of this shape of the multiplicity distribution has yet to be understood.
With a couple of simple assumptions, if we consider k − 1 the fraction of the already
present n particles stimulating emission of additional ones we can see that
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1. k increases if the η-interval considered is enlarged;

2. k decreases with increasing
√
s for a fixed η-interval.

Multiplicity distributions at high energies have been successfully fitted with a com-
bination of two 5 NBD-shaped components: one for soft events and one for semi-hard
events [34]. A fit with experimental data shows that the soft components follows KNO
scaling and the semi-hard violate it.

At the actual LHC energies, multiplicity distributions are modeled according to QCD
inspired models, considering that multi-parton interactions are going to rule the shape
of this distributions. With different models from Monte Carlo event generators a good
agreement between the experimental data and the predictions can be achieved, as we can
see in Fig. 6.

Figure 6: Primary-charged-particle multiplicity as a function of η (a) and multiplicity
distribution (b). The bottom panels show the ratio between the experimental data and
the predictions from MC simulations. Taken from [35]

5Sometimes more than two.
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2.4 Dielectrons

As we already know, electrons are not sensitive to strong interaction. This is the reason
why they are widely used in the study of high-energy ion collisions, as they can escape
from the QGP medium without hardly any interactions, so they carry information about
it at the moment of their creation [36]. Furthermore, electron-positron pairs are produced
in every stage of the collision, so they also offer the possibility of showing the whole
evolution of the system.

In multiple investigations (PHENIX and STAR Collaborations at
√
s = 200 GeV

[37–39], ALICE at
√
s = 7 and 13 TeV [1, 40]) the dielectron production in p-p collisions

is well described by a cocktail of known hadronic sources. According to the invariant
mass of the dielectron they proceed from one type of process or another. In the low mass
region (mee < 1.1 GeV) the dielectrons come from the two-body decay of a vector meson
like ρ(770)0, ω(782) and φ(1020). In addition, we can also find contributions from Dalitz
decays of pseudoscalar and vector mesons:

π0 → e+e−γ η → e+e−γ

φ→ e+e−η φ→ e+e−π0

ω → e+e−γ

Matter in fact the process π0 → e+e−γ will be the most prominent. In Fig. 7 we can
see the Feynman diagram of these two processes. In the direct decay of a vector meson
(right) the intermediate of the process is a photon; in a Dalitz decay, in addition to the
dielectron pair, a photon or a pseudoscalar meson is produced (center and left). All this
particles are light mesons, because they only contain u, d or s quarks.

In the intermediate region (1.1 < mee < 2.7 GeV) the main contribution is the semilep-
tonic decay of charm and beauty hadrons. This electrons are correlated as follows: at
early stages of the collision a heavy quark-antiquark pair (c or b) is created, to preserve
flavour conservation. Each one will form an open charm (D) or beauty (B) meson, which
in turn will decay through the semileptonic way. Then this electrons are detected at the
same time, resulting into a dielectron. These processes give rise to a continuum at inter-
mediate masses. Thanks to these dielectrons it is possible to extract the initial kinematic
relation between the original quark and antiquark, although in the case of beauty b is
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Figure 7: Feynman diagrams of the decay of the particles that contribute to the dielectron
spectrum: a ) a vector meson (V) decay in dielectron through a photon; b) diagrams of
the two types of Dalitz decay, in which a vector meson decays into a dielectron and a
pseudoscalar (P) meson or a pseudoscalar or a scalar (S) meson decay into a photon and
a dielectron. Taken from [41]

very weakened due to the large mass of the quark. The branching ratio of a semileptonic
decay of a D meson is about 10% [42]. As we go up in the mass range the number of
events is usually lower, so there will be more statistical uncertainty.

At higher masses (3 < mee < 4 GeV) one expects the contributions from two-body
and Dalitz decays of charmonium J/ψ and its radial excitation ψ(2S).

In Fig. 8 the results from a p-p collision at
√
s = 13 TeV in the ALICE experiment

are shown. On the left the dielectron cross section as a function of the invariant mass
mee is plotted. The experimental data is compared to the hadron cocktail obtained in
Monte Carlo simulations with PYTHIA, so the charm and beauty cross sections could
be extracted. The data is in good agreement with what was expected from the previous
calculations. On the right the cross section as a function of the transverse momentum
p⊥,ee is shown for three different intervals of mass.

However, the main contribution that arise from the measurement is the so-called com-
binatorial background. This signal of the spectrum comes from electrons originated in
different mother particles, mainly due because of the method followed to extract the signal
(see subsection 2.4.1). Electrons from photon conversion are another significant source of
background; these are electron-positron pairs that comes from a photon that has entered
in the detector and has interacted with the surrounding materials. These pairs will ap-
pear with an apparent finite invariant mass, so they will affect the signal. Clearly all this
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Figure 8: Dielectron cross sections as a function of the invariant mass (left) and the
transverse momentum (right) for p-p collisions at

√
s = 13 TeV. The data is compared to

the results of Monte Carlos simulations. At bottom left the ratio between the data and
the expected values is shown, proving that they are in good agreement. Taken from [40].

background implies some trouble, and it has to be eliminated or, at least, minimized. In
the next sub-section some techniques will be shown to do so.

The Fig. 9 provides a very visual description of all the electron sources contributing
to the dielectron spectrum. The true signal is given by the processes showed at the top
(decays from light mesons) and the bottom (correlated electrons from D and B mesons).
In the center is shown the photon conversion process, which produce real pairs but are
considered as background. Above all this processes the combinatorial background will
appear, composed by pairs of electrons coming from different mother particles.

2.4.1 Measurement and data analysis

Even though in every experiment focused on the study of dielectrons the signal extraction
methods are quite similar in this thesis were selected the techniques conducted in [40],
but they are quite similar every time the dielectron signal is measured. The data was
originally taken in the ALICE experiment (see Chapter 3) during the 2016 LHC pp run
at
√
s = 13 TeV.
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Figure 9: Processes that form the dielectron signal: decays of light hadrons (top), photon
conversion (middle) and decays from heavy flavour mesons (bottom). The blue area forms
the signal, and the red area, the background. Taken from [43]

The first step is to select only the electron candidates with p⊥,e > 0.2 GeV in the
range |η| < 0.8. In a real situation one does not know the origin of each electron, so
some statistical-based methods need to be applied to eliminate the background B and
extract the actual signal S. All the selected electrons found in an event are paired to
form dielectrons. By doing so opposite-sign pairs N+− but also same-sign pairs N++ and
N−− are obtained. Of course the latter are not part of the signal.

In fact, is assumed that these same-sign pairs in the same event can be used to estimate
the combinatorial background through the geometric mean

√
N++N−−. In addition, to

adjust the different detector acceptance to opposite and same-sign pairs a correction factor
R is inserted, with the form

R = M+−

2
√
M++M−−

, (25)

where M+− and M±± are opposite-sign and same-sign pairs from mixed events, respec-
tively. After doing all that, the signal is extracted according to the following equation:

S = N+− −B = N+− − 2R
√
N++N−−. (26)
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Figure 10: The spectra of opposite-sign pairs, combinatorial background and signal are
shown for minimum bias (left) and high-multiplicity events (right). Taken from [40]

In Fig. 10 is shown the shape of this spectra, before subtracting the combinatorial
background B and after doing so, for minimum-bias and high-multiplicity events..

In addition, dielectrons coming from photo conversion in the material of the detector
will cause a lot of background in the lower mass region. To get rid of it, first they are
selected by certain cuts and triggers on the different parts of the detector (see section
3.2), eliminating more than 93% of them. After that, the ones that passed the selection
are removed using their orientation to a magnetic field in the detector. Less than 1% of
those remaining will contribute to the final spectrum [1].

2.4.2 Hadronic cocktail

Experimental data is compared to the expected contribution from each hadron mother
obtained by the use of a fast Monte Carlo simulation.

To get an approximation of the pion p⊥-spectrum the charged-hadron spectrum was
scaled by the pion-to-hadron ratio calculated in [1]. For the rest of the particles, it was
made a fit of the ratios η/π0, ρ/π0 and ω/π0 measured at p-p collisions with

√
s = 2.76

and
√
s = 7 TeV [44,45]. For φ a scaling was also made but with m⊥ this time, replacing

p⊥ with
√
m2 −m2

π + p2
⊥ [46]. This results were obtained with PYTHIA6 and PYTHIA8.

The decays of this particles were originally simulated in [1] with the event generator
EXODUS. The contribution from J/ψ was simulated with PYTHIA6.4 at

√
s = 13 TeV
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and was normalized to its cross section, extrapolated from measurements of
√
s = 7 TeV.

The contribution from Ψ(2S) was normalized from the J/ψ cross section. After doing
all that a Monte Carlo simulation is conducted to obtain the detector response to these
contributions.

To get the contributions from related semileptonic decays of charm and beauty mesons
two event generator were used: Perugia 2011 tune for PYTHIA6.4 and POWHEG. Both
have NLO (next-to-leading order) processes integrated. The two results obtained with
the two of them are slightly different [40].
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3 ALICE experiment

ALICE (A Large Ion Collider Experiment) is a detector located at the CERN complex,
more precisely in the Large Hadron Collider (LHC). The main goal of this experiment
is to study the quark-gluon plasma via ultra-relativistic heavy-ion collisions [47]. This
plasma is formed when matter is subjected to a pressure and temperature so high that
quarks and gluons can be found in a deconfined state, something impossible in the usual
conditions we found matter. The main reason behind focusing on this is to understand
better the strong interaction, since QCD predicts the existence of this plasma.

Its dimensions are 16×16×16 m3, and it features 18 different detector systems, each
one designed for a specific purpose. It has been optimized to provide an excellent Par-
ticle Identification (PID) at the extremely high particle multiplicity present in the LHC.
The major part of ALICE its the central barrel, formed by different concentric layers of
detectors (see Fig. 11). These are the Inner Tracking System (ITS) with six planes of
Silicon Pixel (SPD), Drift (SDD) and Strip (SSD) Detectors, the Time-Projection Cham-
ber (TPC), three arrays of Time-of-Flight (TOF), Ring Imaging Cherenkov (HMPID)
and Transition Radiation (TRD) detectors for PID, and two electromagnetic calorimeters
(PHOS and EMCal). Several smaller detectors (ZDC, PMD, FMD, T0, V0) are dis-
tributed at small angles for global event characterization and triggering. For its relevance
in dielectron detection we are going to focus on the ITS, TPC, V0 and TOF.

3.1 ALICE detectors and dielectron

3.1.1 Inner Tracking System

It has been optimized for particle identification and tracking of low-momentum particles
(below 200 MeV). Another function is the improving of resolution for particles recon-
structed by the TPC. It serves as a stand-alone particle spectrometer. Another essential
capability of the ITS is the determination of the position of the primary interaction vertex
and the identification of secondary vertices. This is crucial for the localization of related
electrons.

The ITS consists of six cylindrical layers of three different silicon-based detectors. It
covers the pseudorapidity range of |η| < 0.9 at radii between 3.9 and 43.0 cm. The nature
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Figure 11: Schematic view of the ALICE experiment and its multitude of different detec-
tion systems. Taken from [48]

of the layers is the following:

• The first two layers are formed by Silicon Pixel Detectors (SPD). They are located
at radii of 3.9 and 7.6 cm, covering a range of |η| < 2 and |η| < 1.4. It is made of
10 million hybrid silicon pixel cells with a dimensions of 50 µm in rφ direction and
425 µm in z direction.

• The next two layers are Silicon Drift Detectors. They are located at radii of 15 and
23.9 cm, covering both a range of |η| < 0.9.

• The two outer layers have Silicon Strip Detectors (SSD). They are located at radii
of 38 and 43 cm, covering both a range of |η| < 0.98. These, and the two before,
can be used for PID through energy loss signal dE/dx in the non-relativistic region.

3.1.2 Time Projection Chamber

The TPC is a gas chamber-based detector, and the main tracking device. In addition, is
also a particle identification detector in the region of the relativistic rise, up to momenta
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of about 50 GeV. It covers |η| < 0.9 for tracks with full radial track length. In the p⊥
range, it covers from about 0.1 GeV to 100 GeV with good resolution. The detector is
a cylinder with an inner radius of 85 cm and an outer radius of 250 cm for the active
volume. The overall length along the z direction is 500 cm.

The active volume is filled with a gas mixture of Ar-CO2. When a charged particle
enters in the detector it ionizes the molecules of the gas. Thanks to a high voltage applied
to the cylinder, the new electrons present travels toward the end of the chamber, carrying
information about the energy of the particle with them. Because of the high number of
pads distributed in the detector and the measurement of the arrival time of the electrons
(which is translated into z coordinates) it counts with 557 million voxels to reconstruct
three-dimensional tracks of the particles. This leads to the capacity of forming up to 159
spacial points per track.

The nature of each particle is determined from its mass, that can be obtained thanks
to its energy loss dE/dx and its momentum. The momentum can be determined with a
constant magnetic field applied in the detector.

3.1.3 Time-of-Flight detector

This array is designed for large acceptance and average momenta. It measures the arrival
time of particles relative to the event collision time. The area of coverage is about 140 m2

with 160 000 individual cells at a radius close to 4 m. It covers the central pseudorapidity
region for PID in the intermediate momentum range. Coupled with the ITS and TPC is
capable of providing event-by-event identification of larges samples of pions, kaons and
protons. It is also a gaseous detector.

The basic unit of the system is a 10-gap double-stack Multi-gap Resistive-Plate Cham-
ber (MRPC) strip, which dimensions are 122 × 13 cm, with an active area of 120 × 7.4
cm2. This area is in turn divided into two rows of 48 pads. The overall active region
length is 741 cm.

3.1.4 V0 system

It is formed by the V0A and V0C detectors, which are two arrays of scintillator counters
on either side of the ALICE interaction point. The V0 is used as minimum bias trigger
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and for rejection of beam-gas background. The triggers are given by particles coming
from initial and secondary interactions. It can be used to determine the centrality of a
collision via the measurement of the event multiplicity. The detector also contributes to
the measurement of luminosity in proton-proton collisions.

The two arrays cover a range of 2.8 < η < 5.1 for the V0A and −3.7 < η < −1.7 for
the V0C. They are divided into 32 counters distributed in 4 rings.

3.2 Particle tracking and PID

We are going to briefly elaborate on the usual process followed for particle tracking and
PID in ALICE, focusing on the dielectron detection.

The track determination process begins at the SPD, the innermost detector of ALICE.
There, the primary vertex has to be located, from which the tracking of the particle
continues through the TPC. To reconstruct the primary vertex a pair of points in the two
layers of the SPD are taken, which must be close in azimuthal angle in the transverse
plane. The resolution of their position depends on the charged-particle multiplicity of the
track. The location of secondary vertices is conducted in further tracking analysis. It is
very important to have high-resolution tracks to study particles with a very short mean
life such as charm and beauty decays.

The electrons are selected enforcing basic criteria to the reconstructed tracks at the
ITS and TPD, in addition to the kinematics constraints that one needs (in this case,
|η| < 0.8 and p⊥,e > 0.2 GeV [40]). Tracks on the ITS must have hits in at least 5 out of
6 of the layers, and around 100 points out of 159 available on the TPC [1]. Requiring a
maximum distance of closest approach (DCA) to the primary vertex and the transverse
plane (DCAxy < 1 cm) and in longitudinal direction (DCAz < 3 cm) one manages to re-
duce the contribution of secondary tracks. To eliminate electrons from photon conversion
is required that they have one hit in the first layer of the SPD.

To carry out the identification of charged particles the information provided by the
ITS, TPC, TRD, TOF and HMPID is collected. Each one of these detectors will be
optimal for its own specific momentum range. The best results are obtained combining
the data of several detectors.

Like we have already said, the four outermost layers of the ITS are used for PID in
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a low-momentum range through the ionization energy loss dE/dx. The same applies to
the TPC. When these detectors fail, in the region of minimum energy loss, the TOF
comes into play to identify the particle. The energy loss depends at first order on the
charge of the particle, its velocity β and Lorentz factor γ, and can be described with a
Bethe-Bloch curve. This can be parametrized with a formula proposed by the ALLEPH
collaboration [49]:

f(βγ) = P1

βP4

[
P2 − βP4 − ln

(
P3 + 1

(βγ)P5

)]
, (27)

with P1−5 some fit parameters. In Fig. 12 we can see the results of the measurement
of dE/dx as a function of the momentum, and the predicted Bethe-Bloch curve (black
lines), for several different charged particles. In most regions the identification is quite
easy, but in some of them we appreciate overlap of the different curves. In those cases
more sophisticated methods have to be applied like Gaussian fitting to the energy loss.

To identify the electrons, the information mainly comes from the data provided by the
TPC and the TOF. The way of expressing the response of a detector to PID is via the
deviation of the expected and the measured ionization energy loss for a certain kind of
particle i and momentum n

(
σDET
i

)
, normalized by the detector resolution

(
σDET

)
. Like

that, one can select the electrons and reject other charged particles. In [40], electron are
accepted if

∣∣∣n (σDET
i

)∣∣∣ < 3.
To further suppress the remaining conversion pairs another selection criteria is applied

[1]: when the extrapolation of these tracks to the point of collision is made it appears a
non-vanishing artificial opening angle between the electron and the positron with respect
to the internal magnetic field of the detector. This angle will be situated in a plane
perpendicular to the magnetic field with more preference, so with the right selection cut
a large number of the remaining pairs can be removed.
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Figure 12: Experimental results of the ionization energy loss dE/dx of different species of
particles in the TPC. It is also shown the expected values from the Bethe-Bloch formula.
Taken from [50]
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4 PYTHIA8

PYTHIA is a Monte Carlo based event generator designed to simulate proton-proton
collisions, mostly, but also lepton, proton-nucleus and nucleus-nucleus collisions, at high
energies (CM energy must be greater than 10 GeV [51]). Thanks to its ability to simulate
this variety of processes is a software widely used by the research community, being
very useful for both theoretical and experimental work, mainly in LHC investigations.
It has a very complex physics model implemented based on QCD theory, but also on
experimental data through phenomenological models. Because of that, it can simulate a
proton-proton collision with a multitude of several processes between the partons and all
the new particles created in the collision. With this powerful tool we can simulate this
high-energy collisions and look for the dielectrons. The outgoing particles created in the
process are produced in the vacuum.

Here we see this schematic in Fig. 13 that represents a very simplified way of see how
PYTHIA treats collisions, and even so one can appreciate how complex the proton

Figure 13: Schematic figure of a proton-proton collision in PYTHIA. Taken from [52]
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collisions in the simulations are, and of course, in real life. The steps of the collision
this figure depicts are the following ones:

• Partonic scattering. As a consequence of the fact that protons are not elementary
particles and they are indeed made of partons (quarks, gluons and sea quarks)
to describe the collision one must have into account this particles, that will be
the ones interacting at high energies. PYTHIA is capable of include single but
also multiple scattering between the partons. Perturbative QCD is assumed to
describe the interactions, with the regularization of the cross section divergence
when pT → 0 [53].

• Parton shower. In addition to the Multiparton Interactions (MPI), calculation of
Initial State Radiation (ISR) and Final State Radiation (FSR) cross sections has
to be implemented in the algorithms [51]. This is essential in order to predict what
the final state of the system will be after a collision in an experiment, e. g., the
LHC [54]. In the course of a process like this a gluon, for example, can split into
heavy-flavour quark-antiquark pairs [26].

• Beam remnants and color reconnection. After all these interactions between
the partons have taken place, it is possible that some other partons have been left
behind, the ones that have not interact yet. They are called beam remnants. These
partons are not part of the ISR or the FSR [55] and can be quite complicated
sometimes. Also, to preserve flavour conservation, when a sea quark is torn away
from the proton it must leave behind the correspondent antiquark in the beam
remnant. We call this partons companion quarks [56]. In the unlikely event that no
sea quarks need to be added because there is no valence quarks left in the hadron
the beam remnant is represented as a gluon.

As a consequence of these processes we will end up with a certain number of colored
partons connected via the so-called strings, so that the whole system is colorless.
However, the increase of the average transverse momentum as a function of the
charged particle multiplicity present in data from the LHC could not be explain at
first, so the color reconnection mechanism (CR) had to be introduced [57]. In order
to fit the data, studies suggest that CR is produced in such a way that the string

30



Figure 14: Mechanism of color reconnection (CR): (a) After a hard scattering process,
the partons would end up connected via string. (b) Other steps of the collision like
MPI and ISR would create more partons and their respective color string. (c) To fit the
experimental data available, the strings have to be as short as possible. Figure taken
from [59].

length is as short as possible [58]. In Fig. 14 we see how this process would be carried
out. Currently there are three different CR models implemented in PYTHIA, each
with its own method of reducing the string length [51].

• Hadronization. The di-quark states, i. e. quark-antiquark pairs that can be
found in the system begin to move apart, so the string between them grows and the
energy stored in it increases, until it breaks and forms a new quark-antiquark pair.
If there is enough energy, the process will repeat itself until a new pair cannot be
formed. This is the process in which new hadrons are created, or hadronization. The
colored partons are transformed like that into color singlets or colorless particles.
In PYTHIA this mechanism is implemented via the Lund model [60], that will be
discussed below. Then, the new particles will decay (if it is the case) with their
respective branching ratio.

From all this particles produced by PYTHIA we will select the electrons and positrons,
and then pair them to form the dielectron we are looking for.
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4.1 The Lund model

Let’s go a little deeper into the physical model used by PYTHIA (and some other event
generators [52]) to describe the hadronization process. This model is based on the fact
that the confinement that occurs between a quark-antiquark pair can be described by a
potential of the form like the eq. 5 [15]. The linear term will be the only one taken into
account to describe the fragmentation and hadronization of the quark pairs.

If we consider the behaviour of a couple of massless particles (like a qq̄ pair in this
simplified case), its classical motion can be described with a Hamiltonian of the form [61]

H = T + V = |p1|+ |p2|+ κ|z1 − z2|, (28)

where p1 and p2 are the momenta and z1 and z2 the positions of these particles. If
one solves the Hamiltonian and calculates the equations of motion, considering that the
particles move out along the z-axis, he will obtain∣∣∣∣∣dpz,1/2

dt

∣∣∣∣∣ =
∣∣∣∣∣dpz,1/2

dz

∣∣∣∣∣ = κ, (29)

where the sign depends on where the particle is moving to. The motion of the system
will then be like a ”yo-yo”, since as seen from the CM frame the particles move away and
come together at regular intervals at the speed of light. We can see this in Fig. 15(a). As
each quark usually emerge with a different energy, the most common way of seeing this
is applying a boost, like we see in Fig. 15(b).

Assuming that the string is not going to break, we would see a simple harmonic
motion, in which the quarks split with a certain amount of energy and separate for a
period of time t = ECM/2κ. In that moment, all the energy has been transferred to the
string, which pulls the quarks back to their starting position. When its length is zero (at
t = ECM/κ), now are the quarks that have the energy again, so they start to move away
in the opposite direction, and the process begin again. In present models it is consider the
the string breaks so fast that it is enough to take into account only the first elongation [15].

When the invariant mass of the system is larger than the invariant mass of the quark-
antiquark pair, then the string will break. The new pair q′q̄′ will repeat the same process
as the previous one, until the available energy is insufficient to create a new pair (Fig.
16). Generally, the evolution of each string is independent of the others, so the breaking
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Figure 15: Motion of the massless-two-particle system in the CM frame (a) and after a
boost (b). Adapted from [15].

can be described in the most convenient order [51]. In addition, during the whole process
of pairs creation the color of the particles must be adequate for the entire system to be
colorless.

But what happens if we consider that the particles are created with a certain mass
and transverse momentum? Then they would appear like virtual particles. In that case,
the Lund model takes ideas from the concept of quantum tunnelling [55]. According to
Quantum Mechanics, the pair of quarks may be created at the same point in space to
preserve local flavour conservation. But classically, they should be located at a certain
distance so the string that joins them can get an amount of energy equivalent to their
transverse mass m⊥. Therefore, the quarks pass from the point of creation to the zone
classically allowed via tunnelling, with a probability given by

exp
(
−πm

2
⊥

κ

)
= exp

(
−πm

2

κ

)
exp

(
−πp

2
⊥
κ

)
, (30)

with the string tension κ ≈ 1 GeV/fm ≈ 0.2 GeV2. This leads to a suppression of the
production of heavy quarks, with a ratio of [61]

uū : dd̄ : ss̄ : cc̄ ≈ 1 : 1 : 0.3 : 10−11. (31)

Therefore, strange and charm production can never occur during this soft process (it takes
place in perturbative processes).
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Figure 16: Schematic of how the iterative process of string breaking and pair creation
leads to new hadrons. Taken from [52].

If we wanted to also include heavy quarks we would have to extend this model so
simplified. Let us assume that we want to simulate the fragmentation process of a cc̄ pair.
In this case the particles would not move at the speed of light, so the trajectory described
by them would be a hyperbola. Its asymptotes would be the straight lines formed by the
motion of the massless particles, as we can see in Fig. 17. From the relativistic description
of the force dpz/dt = ±κ, the equations of this new behaviour would be [15]

pz,c(t) = p0 − κt, (32)

Ec(t) =
√
p2
z,c(t) +m2

c , (33)

zc(t) = E0 − Ec(t)
κ

, (34)

with p0 = p(t = 0) and E0 = E(t = 0). The antiparticle c̄ would follow the mirror
trajectory. The fragmentation process would be carried out the same way but taking into
account the new motion curves.

The pair of quarks that has been created will dictate the flavour of the meson, but
its nature has not been fully established. For this purpose, the program has six different
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Figure 17: Motion of two massive particles in the CM frame. The asymptotes are the
trajectories of the massless particles. Adapted from [61].

multiplets available, which will be selected depending of the spin of the quarks and certain
simple rules of probability. The multiplets are [55]

• Pseudoscalar meson: L = 0, S = 0, J = 0

• Vector meson: L = 0, S = 1, J = 1

• Axial vector meson: L = 1, S = 0, J = 1

• Scalar meson: L = 1, S = 1, J = 0

• Another axial vector meson: L = 1, S = 1, J = 1

• Tensor meson: L = 1, S = 1, J = 2

S is the spin, L the internal orbital momentum and J = L + S. The production of
baryons is not as well understood as that of mesons, and the program includes three
different models for it: di-quark, simple popcorn and advanced popcorn.
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5 Results

Now we present the results obtained in the simulations. These were carried out in
PYTHIA version 8.240, with the tune Monash 2013 [62]. In Fig. 18 the cross section
at
√
s = 13 TeV as a function of the dielectron invariant mass is shown. Minimum bias

events were simulated, with the same cuts than in [40]: only electrons with a p⊥ higher
than 0.2 GeV in the range |η| < 0.8 were selected. To ensure that the events are indeed
minimum bias events the option SoftQCD:inelastic = on was activated in the code.
The contributions of each individual source of dielectron to the spectrum are also plotted,
so the blue plots would be the sum of all of these contributions. Is worth noticing that the
peaks of some of them like φ and J/ψ are much narrower that in the original result, and
the low-energy tail is missing. This is due the fact that we have not simulated the transit
of these particles through a detector, so our data does not show this Bremsstrahlung
effect.
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Figure 18: Cross section of dielectron production in pp collisions at
√
s = 13 TeV as a

function of the invariant mass.

The transverse momentum p⊥ shown in Fig. 19 is also in good agreement with the
data. Even if we are more interested in the cross section as a function of the invariant
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Figure 19: Dielectron cross section as a function of the transverse momentum at
√
s = 13

TeV.

mass, this momentum plots can be used to check if the simulations are doing good, and
the results here are also the expected ones. In Fig. 20 is plotted the p⊥ of the mesons
that produce dielectron in their decay. The particles with a lower momentum are light
mesons (π0, ρ0, ω and φ) and the charmonium will highlight at higher momentum.

An analysis of the cross section as a function of the charged-particle multiplicity was
also conducted. In Fig. 21 the probability of an event having a certain multiplicity at
mid-pseudorapidity |η| < 1 is shown. The probability at

√
s = 5.02 TeV is also displayed,

because the multiplicity was also useful to check the healthiness of the simulations. Both
distributions are quite similar, reaching higher multiplicities when the energy of the col-
lision is higher. We extracted the mean value of the multiplicity (that is around 13) and
represented the cross section for the events with a multiplicity close to this value, lower
and higher. The results are plotted in Fig. 22. For low multiplicity the dielectron cross
section is lower than the other two cases. The cross sections for mean and high multi-
plicity are practically the same. This means that actually multiplicity does not affect too
much the number of dielectrons produced in a collision. The more number of charged
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Figure 20: transverse momentum of the light and J/ψ mesons that decay in dielectron.

particles in an event higher is the probability of produce electrons, but because usually
in an event there are very few of them the cross sections for mean and high multiplicity
are very similar.

5.1 Signal extraction

In the simulations one have a great advantage when collecting the data, since with
PYTHIA all the information concerning the creation of particles is available, so one can
choose which ones accept and which ones reject with quite freedom. In fact, to draw this
plot, just the electron and positron pairs in a single event with the same origin (or related
in the case of open mesons) were selected. Of course this information does not exist in
a real experiment, so the next thing was trying to imitate the modus operandi of [40].
To do this every electron found in each event was paired. These pairs were classified into
same-sign (N±±) and opposite-sign (N+−) pairs. Then the combinatorial background was
estimated like in 2.4.1 and extracted from the opposite-sign spectrum. Instead of the geo-
metric mean, the arithmetic mean was the one chosen for the estimation. It was not found
any difference in the spectra when using one or the another, and the arithmetic mean is
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more efficient numerically speaking. Since actual experimental data was not included, the
acceptance correction R for opposite and same-sign pairs in the ALICE detector was not
considered here. This factor is very close to one and its removal will not affect substan-
tially the final signal. The estimation of the background and the N+− counts are shown
in Fig. 23. After extracting the signal and scaling properly to get the cross section the
plot in Fig. 24 was obtained.

Now the blue points are the result of extracting the signal, and the coloured lines
are the individual contributions expected when selecting the dielectrons “by hand”. The
spectrum is quite similar as the ones shown before and in agreement with the expected
value, just point out the presence of a flatter area in the low mass region, around 0.5 GeV.
It looks like the combinatorial background contamination is most likely to appear in that
region.

The dielectron cross section as a function of the transverse momentum obtained with
this last method is shown in Fig. 25. In this plot is more difficult to see any changes with
respect to the invariant mass plot, so in Fig. 26 a comparison between the two methods
has been made. Here it appears more clearly the flat area that was not there in the first
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Figure 24: Dielectron cross section as a function of mee at
√
s = 13 TeV. The same method

of signal extraction explained in [40] has been used here.

place. Because of some serious memory problems in the cluster where the simulations
have been made there are more events in the first case that in the second method. This is
reflected in the bigger statistical fluctuations that can be observed in the region of higher
masses. The ratio between these two histograms should be always one, but because of
the fluctuations is hard to appreciate this behaviour.

5.2 Pairs from photon conversion

The next thing was adding what would be the equivalent of dielectrons from photo con-
version. The numerical method of producing this pairs is inspired by the method used in
the program Geant4 [63].

It was considered that a certain fraction of the photons created in an event would
give rise to an electron/positron pair, and each one of them would take a random fraction
of the energy of the photon E±. To choose their momenta the function suggested by
Urban [64] was used, in which the polar angle is obtained with three random numbers r1,
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Figure 25: Dielectron cross section as a function of the transverse momentum at
√
s = 13

TeV, using the signal extraction method.
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Figure 27: Dielectron cross section with “artificial” photon conversion, contributing 0.06%
(left) and 0.006% (right) of all photons.

r2 and r3 and the expression
θ± = me

E±
u, (35)

with
u = − ln r2r3

a
if r1 <

9
9 + d

(36)

and
u = − ln r2r3

3a else, (37)

being a = 5/8 and d = 27. e+ and e− are considered coplanar with the parent direction,
and the azimuthal angle φ is generated isotropically. With this information and the energy
conservation the vector of the electron momentum is generated, to be later rotated to the
global reference system.

In Fig. 27 the result of adding these artificial pairs is shown. In the first case (left)
it was considered that only 6% of photon conversion pairs were remaining after the first
selection cut on the ITS. Then, thanks to the selection of the angle with the magnetic field,
only the 1% left survived, so this probability of 0.06% were chosen to decided whether a
photon would produce a pair or not. A strange bump can be seen around 0.5 GeV, telling
that this probability is way too high. After reducing it by an order of magnitude (right)
a small fraction of this bump is still remaining.

The reason why the shape of this points and why they appear at that invariant mass
is not fully understood. One certain conclusion is that the rejection methods used for
photon conversion pairs in real experimental data are very effective.
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The same simulations have been also made for a collision energy of
√
s =5.02 TeV. This

is because there are some interesting publications in which the dielectron cross section in
p-p collisions is studied [36], to then compare it to the cross section at the same energy
but for p-Pb collisions. So here it can be found our version of the same spectrum. The
results can bee seen in Fig. 28.
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Figure 28: Dielectron cross section as a function of the invariant mass (left) and the
transverse momentum (right) for

√
s = 5.02 TeV.

Both cross sections are very similar to the ones at
√
s = 13 TeV, only a little reduced

as expected. In Fig. 29 a comparison between these two energies is shown. The ratio
should be the same regardless of the invariant mass, but because the big fluctuations at
the end of the plot this behaviour is difficult to identify.

The results of the simulations at this energy with the other two considered cases can
be seen at Appendix A.
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6 Conclusions and outlook

The dielectron cross section as a function of the invariant mass and the transverse mo-
mentum has been simulated for a couple of collision energies. The results are the expected
according to the real experimental data, only with little discrepancies due to the fact that
a Monte Carlo simulation of the detector has not been conducted. Two ways of obtain
this cross section have been tried: using the information provided directly by PYTHIA,
selecting only the real dielectron candidates, and with the signal extraction methods for
real life situations. A small difference in the low mass region appeared when using the sig-
nal extracting method, suggesting that the background coming from there is more likely
to show up around that region.

Because with PYTHIA these effects can not be simulated, the possible photon conver-
sion pairs that can affect the plots were included artificially. To do this, the code of this
process found in Geant4 was adapted to the codes in PYTHIA. Trying different amounts
of photon conversion pairs an alteration of the signal around 0.5 GeV was found. The
conclusion was that the methods followed with real experimental data to eliminate the
contribution of these pairs are really effective, but the reason why they appear in that
region is not fully understood.

The results were very similar for the two collisions energies presented here, except for
an expected reduction of the cross section value when the energy is smaller. No other
differences were found between the two situations.

One thing that can be made for the benefit of this topic is to performance a Monte
Carlo simulation of the behaviour of ALICE to this data. It would help to understand bet-
ter the response of the detector and to be more confident when comparing the simulations
to the experimental data. Another thing that can be made is to repeat the simulations
with a larger number of events, to reduce the fluctuations found at some points that made
more difficult the task of coming to conclusions. A suggestion for future investigations is
to conduct the simulations for proton-lead or even lead-lead collisions, because it would
help the understanding of the leptonic production in these collisions and, therefore, in the
QGP.
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A Simulations at
√
s = 5.02 TeV
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Figure 30: dσ/dmee at
√
s = 5.02 TeV, dielectron selected “by hand”.
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Figure 31: dσ/dm⊥,ee at
√
s = 5.02 TeV, dielectron selected “by hand”.
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Figure 32: dσ/dmee at
√
s = 5.02 TeV, signal extraction method.
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Figure 33: dσ/dm⊥,ee at
√
s = 5.02 TeV, signal extraction method.
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