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Abstract

A few moments after the Big Bang, the universe was in a state of matter called the
quark-gluon plasma. Nowadays, this state is recreated by colliding heavy ions in particle
accelerators. Heavy quarks are used as probes to study this medium created in heavy-
ion collisions. Since the quarks decay quickly into other particles information about the
properties of the quarks is not directly accessible. However, information about these
heavy quarks can be accessed through electrons decayed from hadrons containing heavy
quarks. In ALICE (A Large Ion Collider Experiment), one of the main experiments
at CERN’s Large Hadron Collider (LHC), past research has been performed using
rectangular selections for the electron identi�cation. In this project we have developed
electron identi�cation models through the use of machine learning to improve upon
these rectangular selections. We have applied the machine learning models to detector
simulation data of a minimum bias pp collision generated by PYTHIA8 provided by
the ALICE collaboration. By �xing the model purity to match the purity of the best
performing rectangular selection, the e�ciency was improved by up to 37%, depending
on the model and transverse momentum of the electron. While �xing the e�ciency
of the best performing rectangular selection resulted in a 1:0% increase in the purity.
In general, the best performing model was XGBoost. To check for the possible bias
in di�erences between simulation and data, a test dataset was shifted with respect to
the training sample and the impact on the performance of the models was evaluated.
These results imply that machine learning models have the potential to more accurately
identify electrons and help in the determination of the properties of heavy quarks and
the quark-gluon plasma.
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1 INTRODUCTION 1

1 Introduction

In the very early universe, in the first 10 microseconds after its creation, the universe was
permeated by a state of matter called the quark-gluon plasma (QGP) [1]. The QGP is a
state of matter which exists at extremely high densities and/or temperatures. It is a medium
consisting of deconfined strongly interacting quarks and gluons [2]. Normally quarks and
gluons must be bound together forming hadrons and cannot be found isolated. Quarks are
subatomic particles which carry a color charge and gluons are the carriers of the strong force.
This force binds these quarks together into particles like protons and neutrons. To reconstruct
the extreme circumstances of the early universe, heavy nuclei collisions are performed in
powerful accelerators to create the QGP. Recent theoretical work has shown that deconfined
states of quark-matter is likely to be found in the core of neutron stars [3] and the QGP also
plays a key role in understanding the phase diagram of quantum chromodynamics (QCD)
which is the fundamental theory behind the strong force. So studying the behavior of the
QGP is very relevant to different physical problems and scales.

Since the QGP is formed and disappears very quickly, we need to use probes to study
it. One important probe for the QGP is heavy quarks. These quarks are considered heavy
for two reasons. First, because their mass is much larger than the non-perturbative energy
scale of QCD, so their properties can be calculated using perturbative QCD. Secondly, their
mass is larger than the temperature of the quark-gluon plasma, implying that the thermal
production in the QGP has negligible effect on their production and that the heavy quarks
are produced early in the collision. These two reasons imply that heavy quarks are created
before the QGP and therefore witness the entire evolution of the QGP, making them excellent
probes. This will be discussed in further details on Sec. 2.

Recent theoretical work has shown that the angular difference between quark/anti-quark
pairs (especially charm/bottom quarks) are strong candidates as probes to measure transport
mechanisms of the QGP [4]. Since quarks cannot be found free in nature, their properties can
only be indirectly accessed through the decay products of hadrons containing these quarks,
such as D/B mesons or Λc=Λb baryons. In this project, we use the decay products of these
charmed and beauty mesons/baryons, in particular the electrons. They are a great choice
because they make up approximately one tenth of the total amount of decay products. To
access information about these electrons we must first find ways to identify them out of the
information given by a detector, separating them from other particles such as pions, protons
and kaons. For this study, we have used monte carlo simulations of the “A Large Ion Collider
Experiment” (ALICE). The details about the ALICE experiment and the sub detectors that
are relevant for this study are described in detail on Sec. 3.

Over the past years, multiple rectangular selections have been created and optimized by
experts in the collaboration that runs the ALICE experiment. We would like to propose
to improve upon these rectangular selections. Because, with better electron identification
capabilities, we can make more accurate statements on the properties of the heavy quarks
and the quark-gluon plasma. In this context, the main question posed in this project is:
“How can we improve electron identification in the ALICE detector?”. Not all electrons
produced in the collision and the subsequent particle shower are detected by the detector.
This is reflected in the tracking efficiency, which gives the probability an electron will be
reconstructed. After the tracks are reconstructed, we need to separate them into different
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particles, such as electrons, pions, kaons and protons. The way we select them will determine
the particle identification efficiency or PID efficiency for short. We propose to apply a few
machine learning models to perform the PID selection. The models that will be tried are
described in Sec. 5. All models are trained and tested on the same simulation with the same
tracking efficiencies. So in further sections, where the model efficiency will be discussed, this
refers solely to the PID efficiency. We have found that using machine learning classification
algorithms quickly improved upon the manual rectangular selections, as presented in Sec.
4. However, there are two main factors to take into account when you make a selection, its
efficiency and contamination. As previously explained, the efficiency of a selection in this
project is the PID efficiency. The model contamination is the percentage of misidentified
particles (particle that are not electrons, such as pions, that are tagged as electrons). These
two factors are highly connected. To increase efficiency selection criteria must be made less
strict, but relaxing these criteria also means that it is more likely that particles will be wrongly
selected which results in a higher contamination. The perfect model should have an efficiency
of 1 and 0 contamination, but unfortunately this is unattainable in the current experimental
setup. The focus in this project lies in finding a balance in the efficiency and contamination
which creates a selection from which we can draw statistically relevant conclusions about the
properties of these electrons.
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2 Quantum chromodynamics and the quark-gluon plasma

Quantum chromodynamics (QCD) is the theory behind the strong interactions of the Stan-
dard Model. An in depth understanding of QCD is necessary for making new discoveries in
the �eld of subatomic particle physics. QCD has some similarities to quantum electrody-
namics (QED). However, an important di�erence between QED and QCD is that in QED
there is only one kind of charge, the electric charge. In QCD there are three di�erent kinds
of charges labeled `color'. Color charge, of course, has nothing to do with actual visible color.
Color has properties analogous to electric charge, most importantly color is conserved in all
physical processes. In QED the photons mediate the interactions, in QCD on the other hand,
a massless particle the gluon mediates the interactions. A gluon responds to the presence or
motion of the color charge very much like the way a photon responds to electric charge. In
contrast to photons, gluons carry color charge meaning they can interact with themselves,
this is not the case with photons which carry no electric charge. [5]

In the standard model only quarks and gluons carry color charge. Quarks are spin-1/2
particles that carry fractional electric charge. At the moment, we know of six di�erent quark
`
avors': up, down, strange, charm, beauty and top. In ordinary matter, only the up and
down quarks play a signi�cant role. The remaining four quarks are a lot heavier and are all
unstable.

QCD and QED have a lot of similarities, but there are some key di�erences. For example,
the strength with which gluons react to color charge is much stronger than the reaction of
photons to electric charge. Another di�erence is that gluons themselves are able to carry
unbalanced color charge unlike photons which carry no charge. Therefore, unlike photons
gluons can interact with each other. There are 8 physical gluon states forming a color-SU(3)
octet, SU(3) is the Lie group which describes the color symmetry. QCD can be summarized
in one line by its Lagrangian:.

LQCD =
1

4g2
Ga

�� Ga
�� +

X

j

�	 j (i
 � D � + mj )	 j

Ga
�� = @� Aa

� � @� Aa
� + if abcAb

� Ac
�

D � = @� + it aAa
� [5]

(1)

where A is the gluon �eld, 	 j is the quark �eld and mj is the quark mass. This equation
describes the strong interaction completely, however it is very hard to solve.

Quarks and gluons have never been seen 
ying free in nature, so for QCD to describe the
world it must have an explanation why quarks and gluons cannot exist as isolated particles.
Quarks and gluons must form hadrons together, this is called con�nement. There is another
di�erence between the observed reality and the world of quarks and gluons. For QCD to
describe the world the u, and d quark masses must be very small. If this is the case an
additional symmetry called chiral symmetry arises [5]. However there is no such symmetry
among the strongly interacting particles. So for QCD to describe the strong force chiral
symmetry must be spontaneously broken. So even though in its concept QCD is simple
enough, relating it to observation is very hard. There are three known approaches to this.
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Figure 1: Illustration of asymptotic freedom, the coupling \constant" � decreases with in-
creasing momentum [5].

First, you could solve the QCD Lagrangian, however this is very hard due to con�nement
and the breaking of chiral symmetry, this is only possible with very powerful machinery.
Recently this has been done using lattice QCD calculations [6]. Secondly, you could try to
approximate results with models which simplify QCD and try to get insight into the matter
in that way. Finally, you can consider physical circumstances in which the equations that
govern QCD become easier.

The most fundamental simpli�cation of QCD is in collision events in which strongly
interacting particles are produced in electron-positron annihilation at high energy which
create a jet-like appearance. In such a collision you see most particles collimated in jets that
share a common direction. From these jet-events, and many other types, you can �nd the
coupling constant of QCD, as shown in Fig. 1. A question that arises with this phenomenon
is: \Why are there jets in stead of simply particles?" This is because the strength with which
gluons couple depends radically on their energy and momentum. Gluons which carry a lot of
energy and momentum couple weakly whereas the less energetic gluons couple strongly. So
fast-moving quarks or gluons rarely emit radiation in the form of a gluon that signi�cantly
alters the 
ow of energy and momentum, that is why the jets are collimated 
ows. On the
other hand there can be a great deal of soft radiation, that is why there are so many particles
inside of the jets. So although we cannot directly see quarks and gluons we can see them as

ows of energy. So in short, gluon coupling strength decreases with increasing energy and
momentum. This phenomenon is referred to as \asymptotic freedom".

High temperature QCD describes the behavior of matter which permeated the universe
just after the Big Bang and it can be investigated experimentally with the collisions of heavy
nuclei. In high temperature QCD the net baryon density is assumed small, net baryon
density is the excess of quarks in regards to the number of antiquarks. Net baryon density
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and temperature are often treated as independent variables in the phase diagram of QCD.
More details on the subject of QCD can be found in Ref. [5].

In a heavy nuclei collision both jets and a QGP are formed. The jets travel through
the QGP and can be used as one of the probes to determine the inner mechanisms of the
QGP. Jets which travel through the QGP lose a large amount of energy [7]. The distance the
jets travel through the QGP is on the length scale of fm, 10� 15m. Losing that much energy
in such a short distance corresponds to a very largedE=dx. This con�rms that matter
produced in a heavy-ion collision is strongly coupled. Quantifying this energy loss can be
done by simply counting the number of a particular particle or a type of jets (N) at �xed
transverse momentum (pt ) in p-p, versus heavy-ion collisions. To do this we can use the
nuclear modi�cation factor:

RAA =
dN AA =dpt

hNcoll i dN pp=dpt
[7] (2)

wheredN AA =dpt is the number of jets/particles produced in pp or heavy-ion collisions for a
transverse momentum interval. An important check for the usefulness of theRAA is to make
sure that RAA = 1 for color neutral probes, because color neutral partons do not interact
with the QGP. So in short, if RAA = 1 the probe does not interact with the medium1, and
vice-versa in case ofRAA 6= 1. The RAA of nearly every hadron produced in a heavy-ion
collision is suppressed at highpt , which is an indicator that the QGP created in this event
is very dense and opaque to highly energetic partons [8]. This phenomenon is called \jet
quenching" and it shows that the QGP is very strongly interacting. With jet quenching
some of the transport properties of the QGP medium have been shown.

However, the nature of the QGP is not known, is it more gas-like or liquid-like? We
can shed light into this question by looking at the distribution of charged tracks, which is
actually anisotropic. The azimuthal particle distribution is shown on Fig. 2. Nuclei are not
spherical but lumpy, so the QGP formed in a heavy-ion collision is also lumpy. If the QGP
were a gaseous plasma with limited interaction this lumpiness would quickly spread out into
an isotropic plasma. However, in the azimuthal distribution of the particles we see that the
distribution is not isotropic and in the case of the top right and bottom left picture in �gure 2
it even is elliptical. This rules out that the QGP behaves like a weakly interacting gas. This
means that the QGP behaves like a relativistic liquid, but it does not yet answer what the
properties of this state are. If the QGP is governed by relativistic hydrodynamics the initial
lumpy shape of the QGP would give rise to pressure gradients and these pressure gradients
would subsequently give rise to anisotropic 
ows. These anisotropic 
ows will damp out if the
liquids viscosity is high. However in the azitmuthal distribution we see several anisotropies.
This indicates that the QGP created in an heavy-ion collision has a remarkably low viscosity
[7]. So in short the QGP is a strongly coupled liquid of decon�ned quarks and gluons with
low viscosity.

Detectors have improved a lot in the past decades and with these added improvements
other observables can be used as probes. For instance, azimuthal correlations between heavy
quark-antiquark pairs (Q �Q) are suggested as a probe to study the transport properties of

1The RAA = 1 could be achieved as well in case the suppression and enhancement of the particle production
cancels perfectly. That might be tested by changing the conditions of the collisions, such as the energy and
impact parameter.
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Figure 2: Azimuthal distribution of charged tracks (green) and the energy in the CMS
electromagnetic and hadronic calorimeter (red and blue). Figure from Ref. [7].

the quark-gluon plasma[4]. Heavy quarks are useful probes because they are created initially
and witness the complete evolution of the QGP. Two other important characteristics of these
heavy quarks is why they are considered heavy. The mass energy of a heavy quark is much
larger than the standard QCD energy threshold and the mass energy of a heavy quark is also
much larger than the temperature of the QGP. The second reason means that thermalization
of these heavy quarks within the QGP is negligible [8]. Azimuthal correlations between
these quark-antiquark pairs are used to probe the e�ects of the medium on heavy-quark
propagation. Upon passing through the QGP the momentum and relative angle of heavy
quarks generated in the same event is expected to be altered. This alteration can be observed
from the fragmentation and decay products of those heavy quarks [9]. When the QGP cools
down below a temperature of 155MeV [7] the heavy quarks hadronize and form unstable
hadrons, such as D and B mesons, which decay further. In this project the focus lies on
charmed and bottom mesons and baryons and their decay products, for example, theD 0,
D + and B 0 mesons and �c and � b baryons. This particles have multiple decay channels, and
we have focused on the ones which include electrons or positrons. This project will work in
the electron/positron identi�cation, hence the decay mode of interest is thee+ semileptonic
mode. For example,

D + ! K � � + e+ � e[10] (3)

The behavior of QCD at high net baryon densities is also interesting. It gives new insight
on the problems of con�nement and the breaking of chiral symmetry. In high density QCD
\color superconductivity" arises [5]. This is the state of matter which is expected to be
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Figure 3: A sketch which illustrates the current understanding regarding the QCD phase
diagram. With on the x-axis the excess of quarks over antiquarks parametrized by the
chemical potential for baryon number� b[7],[11]

found in the center of neutron stars [7]. Combining our knowledge of the high-temperature
and high-density QCD we can construct a phase diagram of the di�erent phases of hadronic
matter. Figure 3 shows a schematic of our current knowledge on the QCD phase diagram.

To study the concepts of QCD experimentally one must use a particle detector. In this
project the detector used is the ALICE detector. The next chapter discusses the properties
of the ALICE detector and the three main detector components used in this project: The
ITS, TPC and TOF.
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3 ALICE Detector

ALICE is a particle/nuclear physics experiment focused in studying heavy-ion collisions at the
CERN Large Hadron Collider (LHC) which focuses on QCD. The main purpose of ALICE is
to research the physics of strongly interacting matter and the quark-gluon plasma at extreme
values of temperature and/or energy density in collisions between heavy nuclei. The detector
consists of a barrel part in the centre which measures hadrons, electrons and photons, and a
forward muon spectrometer. The azimuth axis is along the beam direction. The central barrel
provides complete azimuthal coverage, it covers radial angles from�4 to 3�

4 and it is embedded
in a large solenoid magnet. From the centre outwards the barrel contains an Inner Tracking
System (ITS), a cylindrical Time-Projection Chamber (TPC), three particle identi�cation
arrays of Time-of-Flight (TOF), Ring Imaging Cherenkov (HMPID) and Transition Radiation
(TRD) detectors, and two electromagnetic calorimeters. [12]

3.1 Tracking detectors

The main tracking detectors are the ITS and the TPC, but the TRD is also used for tracking
in some situations to improve the transverse momentum resolution at high momentum.

Starting from the beam pipe, the ITS is the �rst detector. The geometry of the detector
is illustrated on Fig. 4. The main tasks of the ITS consist of:

ˆ Localizing the primary and secondary vertices from hyperon and charmed meson decays
with a resolution better than 100� m.

ˆ Tracking and identifying particles with momenta lower than 200 MeV/c, these particles
are not detected by the TPC.

ˆ Improving the momentum resolution for particles with high momentum also detected
in the TPC.

The ITS consists of six layers of silicon detectors, these six layers are made up of three
di�erent kinds of silicon sensors. The two innermost layers consist of silicon pixel detectors
(SPD), the two middle layers consist of silicon drift detectors (SDD) and the two outermost
layers are silicon strip layers.

The layers consisting of SPD are essential for determining the position of the primary
vertex and for measuring the impact parameter of secondary tracks. Because the two inner-
most layers are very close to the collision the silicon detectors must be able to cope with
the high track density that is expected in this region. The SPD have a high segmentation,
this leads to an excellent signal to noise ratio. The two middle layers consist of SDD these
detectors give a true 2-dimensional position information. Anodes collect the charge drifting
perpendicularly to the beam direction. The two outer layers of the ITS are responsible for
matching the tracks from the ITS to the TPC. Here the track density is smaller which allows
the use of lower resolution detectors [13].
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