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Abstract

Within this thesis, the pT -differential production cross section of electrons from
semi-leptonic decays of heavy-flavour hadrons in proton-proton collisions at√

s = 5.02 TeV was measured with ALICE at the LHC. The measurement of elec-
trons from semi-leptonic decays of heavy-flavour hadrons requires a good knowl-
edge of the electron background. The main contribution from the background
sources is removed by tagging electrons from Dalitz decays and photon conver-
sions in the detector material. The production cross section of electrons from
semi-leptonic decays of heavy-flavour hadrons is compared to perturbative quan-
tum chromo dynamics and is used as a reference to compute the nuclear modifi-
cation factor of electrons from semi-leptonic decays of heavy-flavour hadrons in
Pb-Pb and Xe-Xe collisions.

Zusammenfassung

Diese Arbeit beschäftigt sich mit der Messung des pT -differentiellen Produk-
tionsquerschnitt von Elektronen aus semi-elektronischen Zerfällen von Heavy-
Flavour Hadronen in Proton-Proton Kollisionen bei einer Schwerpunktsenergie
von
√

s = 5.02 TeV mit ALICE am LHC. Die Messung von Elektronen aus semi-
elektronischen Zerfällen von Heavy-Flavour Hadronen erfordert eine genau Bes-
timmung des Elektronenhintergrund. Der Hauptanteil des Elektronenhintergrunds
wird durch die Identifizierung von Elektronen aus Dalitz Zerfällen und Photon
Konversionen entfernt. Diese Messung wird mit perturbativen Quatnumchromo-
dynamik verglichen und dient als Referenzmessung, um den nuklearen Modifika-
tionsfaktor von Elektronen aus semi-elektronsichen Zerfällen von Heavy-Flavour
Hadronen in Blei-Blei und Xenon-Xenon Kollisionen zu bestimmen.
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1 INTRODUCTION

1 Introduction

1.1 Quantum chromodynamics

Quantum Chromo Dynamics (QCD) is a gauge field theory describing the strong
interaction between quarks and gluons. It is a non-abelian gauge theory with
invariance under local SU(3) transformations. The Lagrangian of QCD is given
by:

LQCD =
n

∑
i=0

Ψi(iγµDµ −mi)Ψi−
1
4

Fa
µνFµν

a (1)

where n is the number of quark flavours and Dµ = ∂µ − 1
2 igAa

µλa, the covariant
derivative. The fields Ψi correspond to the quarks with flavour i. The gauge fields
Aµ = Aa

µλa, where λa corresponds to the eight generators of the SU(3) group,
correspond to the bosons of the strong interaction, called gluons. Compared to
Quantum Electro Dynamics (QED), QCD has three different charges called color
(red, blue, green). Besides, the gluons carry itself color charge, different from the
photon, which is a neutral particle. The field tensor Fa

µ can be written as:

Fa
µν = ∂µAa

ν −∂νAa
µ +gs fabcAb

µAc
ν (2)

where fabc and gs are the structure function and gauge coupling constant. Since
the generators of the SU(3) group do not commute, [Aa,Ab] = fabcAc 6= 0, the last
term of (2) leads to gluon self interactions. Although there is evidence for the
existence of quarks [1, 2], they were never detected as free particles [3]. The non-
observation of free quarks is described by the observation of color confinement,
which states that the coloured objects are always confined to color singlet states.
At the moment, the concept of color confinement is not yet understood from a
theoretical point of view.

At low energy scales the coupling constant of QCD (αs = g2
s/4π) is rather large

and perturbation theory cannot be applied and computational approaches like lat-
tice QCD need to be used.
Following the treatment of renormalization for QCD, the functional dependence
of αs with the energy transfer |q2| is given by [4]:

αs(|q2|) = 12π

(11 f −2n)ln( |q
2|

Λ2
QCD

)
(3)

where f is the number of colors and n the number of quark flavours. Since 11f-
2n > 1, αs decreases at larger energy scales [5, 6]. This behaviour is known as
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1 INTRODUCTION
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Figure 1.1: The strong coupling constant as function of the energy scale. Image
taken from [7].

asymptotic freedom and is experimentally tested for different energy scales, as
shown in Figure 1.1.

1.2 Quark Gluon Plasma
The observation of QCD as an asymptotically free gauge theory lead to the hy-
pothesis that there exists a phase transition between confined hadronic matter and
a plasma, where partons behave like free constitutes. This hypothesis can be un-
derstood by simple considerations. Hadrons have a finite size of approximately
1 fm. Therefore, with increasing density, these hadrons start to overlap, until the
original quark is in the vicinity of a considerable number of other quarks [8]. At
this point the original quark cannot identify the other quarks with which it formed
the hadron and the concept of a hadron loses its meaning, reaching a state of mat-
ter, where partons act as free particles. These state of matter is known as the Quark
Gluon Plasma [9].

The strongly interacting matter can be found in different phases, depending on
the temperature T and the baryochemical potential µB, quantifying the net baryon
density. A schematic sketch of these phases is shown in Figure 1.2.

7



1 INTRODUCTION

Figure 1.2: Phase diagram of strongly interacting matter. Image taken from [10].

At low temperatures T and small µB, quarks and gluons are confined in hadronic
matter, bound to color neutral objects as in ordinary nuclear matter of our environ-
ment, around µB ≈ 1 GeV. At large µB and small temperatures, an additional state
of matter is expected, the color superconductor, in which quark and gluons form
color Cooper pairs. This state of matter probably exists in the cores of neutron
stars, where µB is very large, due to extreme gravitational compression.
At sufficiently high baryochemical potential and temperature, the confined phase
is been separated from the deconfined phase by a sharp first-order transition. On
the other hand, at low µB, the phase transition from confined and deconfined mat-
ter is a rapid crossover process occurring in a small and well defined temperature
interval [11]. According to lattice QCD, the phase transition at zero baryochemi-
cal potential, which is investigated via ultra-relativistic heavy-ion collisions (e.g.
LHC), happens around T (µB = 0) = (156.5± 1.5) MeV [12]. Lattice QCD at
non-zero baryochemical potential also suggests the existence of a critical point,
where the phase transition changes from a crossover to first-order type.

The phase transition from the QGP to ordinary hadronic matter occurred in the
early universe after the Big Bang at vanishing baryochemical potential and high
temperature during the expansion and cooling of the early universe. On the other
hand, in neutron stars, the QGP is formed at large baryochemical potential and
temperature close to zero. Therefore the investigation of the QCD phase diagram
at different values of µB and T is crucial for our understanding of strong interac-
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2 OPEN HEAVY FLAVOUR

tions.

At these days, the region of high T and low µB is investigated via ultra-relativistic
heavy-ion collisions at the LHC and RHIC. The Beam Energy Scan (BES) pro-
gram of RHIC scans the QCD phase diagram for different values of T and high
µB to allow for the exploration of the first-order phase transition and the critical
point [13, 14]. In addition, in the future there will be another facility FAIR, prob-
ing the QGP at larger µB. On the other hand, the regime of temperatures close to
zero and large baryochemical potential is indirectly investigated in the context of
astrophysical studies.

2 Open heavy flavour

2.1 Heavy-quark production in p-p collisions

The production of heavy-quarks in pp collisions proceeds via initial hard partonic
scattering, since the mass of these heavy quarks i.e. charm (mc ≈ 1.27 GeV/c2)
and beauty (mb ≈ 4.18 GeV/c2) is much larger than the QCD scale parameter
λQCD ≈ 0.2 GeV. Because of their large mass, the production of heavy-flavour
quarks can be described theoretically via perturbative QCD (pQCD) calculations
over all momenta, whereas light quarks and gluons can only be described via
pQCD at high transverse momenta [15]. Therefore, the measurement of heavy-
quark production serves as an important test of pQCD calculations and improves
our understanding of the underlying processes. The production process of a hadron
carrying a heavy quark can be factorized into three different components [16]:

dσ
q′q′→Hq′X

dpT
= ∑

i, j=q,q̄,g
fi(x1,µ

2
f ) fj(x2,µ

2
f )

dσ i j→q′q̄′

dpT
Dq′→Hq′

(zq′,µ
2
f ) (4)

where q´ is referring to the heavy quarks, pT is the transverse momentum of the
hadron, and the hadrons containing a heavy quark, in the context of this thesis
mainly D or B mesons, are called Hq′ . The factorization scale µf is often set equal
to the momentum transfer in the given process. The different components of above
equation are described in the following:

• initial conditions fi(x1,µ
2
f ) fj(x2,µ

2
f ): The Parton Distribution Functions

(PDF) describe the probability to find a quark or gluon of type i (j) car-
rying the momentum fraction of xi (xj) of the colliding nucleon. The PDFs
have been studied in deep inelastic scattering experiments e−p→ e−X at
HERA [17] and also at the LHC [18].
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Figure 2.1: Examples for Feynman diagrams of heavy-quark production at Lead-
ing Order. The left diagram corresponds to gluon fusion, the right diagram to
quark-antiquark annihilation.

b
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b

Figure 2.2: Examples for Feynman diagrams of heavy-quark production at Next-
to-Leading Order. The left diagram corresponds to flavour excitation, the right
one to gluon splitting.

• Partonic scattering cross-section dσ i j→q′q̄′

dpT
: It can be calculated in perturba-

tive QCD. The production of a heavy quark-antiquark pair is in Leading Or-
der (LO) quark-antiquark annihilation and gluon fusion (Figure 2.1), where
at LHC energies the latter one is the dominating source. At next-to-leading
order (NLO) flavour excitation and gluon splitting (Figure 2.2) need to be
considered as well.

• Fragmentation function Dq′→Hq′
(zq′,µ

2
f ): It represents the probability of the

produced heavy-quark to create a hadron Hq′ with the momentum fraction z
= pT/pq′ . These functions are experimentally measured in e+e− collisions.

Heavy-flavour quarks hadronise and form relatively long-lived particles, for exam-
ple, the D-meson (lifetime of ≈ 0.5-1 ps) or B-meson (lifetime of ≈ 1.5 ps). The
measurement of heavy-flavour hadron decays can be performed in two different
ways. The hadron can be kinematically fully reconstructed via its decay products,

10



2 OPEN HEAVY FLAVOUR

for example, D0→ K−π+. Alternatively, electrons or muons from semi-leptonic
decays are measured. The latter method does not allow for a full access of the
decay kinematics but provides a higher branching ratio and bigger capabiltites
at high-momentum in comparison to the full reconstruction of heavy hadrons.
The measurement of the cross-section of electrons from semi-leptonic decays of
heavy-flavour hadrons in pp collisions is described in Section 4 and is compared
with the pQCD calculation of FONLL [19] in Section 5.

2.2 Heavy-quark production in nucleus-nucleus collision
In addition, to test pQCD calculations, the measurement of heavy-quark produc-
tion in pp collisions treated in this thesis serves as an important reference to probe
the properties of the QGP produced in heavy-ion collisions. Since heavy-quark
production requires large momentum transfers, larger than the thermal momen-
tum in the medium, they are dominantly produced in the early stages of the colli-
sion. The patrons propagate through the QGP, interact with the colored medium
and lose energy. Therefore, the comparison of the cross-section of heavy-flavour
hadrons in heavy-ion and pp collisions helps to understand the energy loss mech-
anism in the QGP and the properties of the QGP itself.

The simplest way to compare both measurements is in taking the ratio of both of
the spectra. However, one can consider a heavy-ion collision as a superposition
of many independent nucleon-nucleon interactions. The number of binary colli-
sions NColl can be estimated via a comparision of a Glauber model [20] with the
experimentally measured multiplicity in the experiment. The number of binary
collisions can then be used to scale the differential yield of e.g electrons from
semi-leptonic decays of heavy-flavour hadrons in pp collisions to the differential
yield in heavy-ion collisions:

d2NAA

dpTdy
= NColl

d2Npp

dpTdy
(5)

This so called binary scaling can be violated because of the nuclear medium,
which is described in the next section.

2.3 Violation of binary scaling due to nuclear effects
The violation of binary scaling due to the presence of a strongly interacting medium,
is usually divided in two classes:

• Initial state effects arise from the characteristics of the incoming colliding
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2 OPEN HEAVY FLAVOUR

nuclei.

• Final state effects are a result of the hadronic matter which is produced in
heavy-ion collisions.

Initial and final states effects can be experimental studied with the nuclear modi-
fication factor RAA:

RAA =
d2NAA/dpTdy

< Ncoll > d2Npp/dpTdy
(6)

It is defined as the ratio of particle yield in nucleus-nucleus collisions to the binary
scaled p-p yield, where no QGP is formed. In absence of nuclear effects, RAA
is equal to unity. One can also define a similar observable for proton-nucleus
collisions, to investigate the initial state effects, since in such collisions the QGP
is not produced and therefore the nuclear modification factor is not affected by
final state effects.

2.3.1 Initial state effects

• Cronin effect: The Cronin effect can be described due to the increase of the
initial transverse momentum of the parton before the hard collision. This
effect is believed to come from multiple scattering of the initial partons on
the incoming opposite nucleus, resulting in a larger transverse momentum
for the initial parton. The resulting enhancement of the nuclear modification
factor is sketched in Fig. 2.3.

• Modification of PDF in a nucleus: The parton distribution functions show
a different behaviour when inside a nucleus compared to a free nucleon.
This effect can be evaluated by defining the following ratio:

RA
i =

f A
i (x,Q

2)

f N
i (x,Q2)

(7)

where f A
i is the PDF of parton species i of the nucleon inside the nucleus

and f N
i is the PDF of the free nucleon. The effect on RA

i as function of the
Björken x is illustrated in Fig. 2.4.

To investigate these phenomena and disentangle them from effects coming di-
rectly from the QGP, a reference measurement with proton-nucleus collisions is
needed, where no QGP is believed to be formed.

12



2 OPEN HEAVY FLAVOUR

Figure 2.3: Nuclear modification factor in proton-nucleus collision, showing the
Cronin effect. Image taken from [21].

Figure 2.4: Example of nuclear effects on the PDF as function of the Björken x.
Image taken from [22].
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2 OPEN HEAVY FLAVOUR

2.3.2 Final state effects

The initially produced partons traverse the QGP, interact with the medium and
lose energy, mainly because of multiple scattering processes and medium-induced
gluon radiation. The importance of both mechanisms is shortly described in the
following:

• Radiative energy loss: The energy loss due to gluon radiation is very im-
portant for partons produced at high pT and is different for gluons and
quarks. The reason for that is the fact that the QCD coupling factor, so
called Casimir factor, is different for gluon-quark (CF = 3

4 ) or gluon-gluon
coupling (CA = 3) and therefore the energy loss for particles coming from
gluon fragmentation is larger than for those coming from quarks. Since a
large fraction of light-flavoured hadrons is produced in the late stages of the
collisions from the fragmentation of gluons, whereas heavy-flavour hadrons
produced from the fragmentation of heavy quarks directly produced from
the early stage of the collision, the suppression of light mesons is expected
to be larger compared to mesons containing a charm or beauty quark.

Beside of the Casimir factor, the mass of the quark itself determines the
energy loss in the QGP, due to the so called dead-cone effect [23]. The dead-
cone effect predicts a suppression of the gluon radiation at angles smaller
than Θ0 =

m
E . Since Θ0 is larger for heavy quarks compared to light quarks,

the cone where gluon radiation is forbidden is larger for heavy quarks and
therefore the energy loss is smaller.
As a consequence for the above described phenomena the following energy-
loss hierarchy is expected:

∆Ebeauty < ∆Echarm < ∆Elight quark < ∆Egluon (8)

• Collisional energy loss: Partons can also lose energy via elastic collisions
with the constitutes of the hot and dense medium. It was pointed out that the
collisional energy loss should be comparable in magnitude to radiate energy
loss over a whole kinematic interval [15].

Figure 2.5 shows the comparison between the collisional (solid line) and
radiative (dashed line) fractional energy loss as a function of the momentum
p for light, charm and beauty quarks. The energy loss at lower momentum
(p < 10 GeV/c (15 GeV/c) for light and charm (beauty)) is dominated by
collisional energy loss mechanism rather than radiative ones.

14



3 THE ALICE DETECTOR

Figure 2.5: Comparison between the collisional (solid line) and radiative (dashed
line) fractional energy loss as function of the momentum of light, charm and
beauty quarks. Image taken from [24]

3 The ALICE detector

ALICE (A Large Ion Collider Experiment) is one of the four main experiments at
the Large Hadron Collider (LHC) at CERN. It is designed to address the physics
of strongly interacting matter and to study the QGP created in high-energy heavy-
ion collisions.

The detector is designed to be sensitive to a momentum interval from approxi-
mately 100 MeV/c to 100 GeV/c in order to study hadrons, electrons, muons and
photons created in the collision of heavy ions and protons [26].
ALICE has a size of 16 x 16 x 26 m3 and weights about 10.000 t. The detector
systems can be divided in three parts: The central barrel, the muon spectrometer
and the forward detectors.
The central barrel detectors cover the midrapidity range (|η | < 0.9) and are em-
bedded in the large solenoid magnet, from the L3 experiment of LEP, providing
a magnetic field of B = 0.5 T longitudinal to the beam direction. These detectors
are, from the innermost to the outermost, the Inner Tracking System (ITS), the
Time Projection Chamber (TPC), Transition Radiation Detector (TRD), Time of
Flight detector (TOF), Photon Spectrometer (PHOS), Electromagnetic Calorime-
ter (EMCal), Di-jet Calorimeter (DCal) and the High Momentum Particle Identi-
fication Detector (HMPID) [27].
The muon spectrometer covers the pseudo-rapidity region between -4 < η < -2.5

15



3 THE ALICE DETECTOR

Figure 3.1: The ALICE experiment during Run 2. Image taken from [25].

and is used to measure quarkonia, light vector mesons and muons from heavy-
flavour hadron decays.
The forward detectors are the Photon Multiplicity Detector (PMD) and the For-
ward Multiplicity Detector (FMD), used to measure photons and charged particles
at |η | ≈ 3, the plastic scintillation detector V0, used for triggering and the deter-
mination of centrality and event plane in Pb-Pb collisions, the Cherenkov detector
T0, used to deliver times (eg. for Time of Flight detector) and the longitudinal po-
sition of the interaction, and the Zero Degree Calorimeter (ZDC), used to measure
the centrality [27].
The ALICE experiment uses a right-handed orthogonal Cartesian coordinate sys-
tem, which is centered in the middle of the central barrel. The z-axis is parallel
to the beam direction and is pointing in the opposite direction of the muon spec-
trometer location. The x-axis points towards the centre of the LHC, whereas the
y-axis is pointing upwards[28].

More information regarding ALICE can be found in [26]. The detectors used in
this analysis are described in more details in the next sections.

16



3 THE ALICE DETECTOR

Figure 3.2: Layout of the ITS detector. Image take from [30]

3.1 Inner Tracking System
The Inner Tracking System (ITS) [29] is the innermost detector in the central bar-
rel of ALICE and consists of six layers of three different types of silicon detectors
and covers the pseudorapidity range of |η | < 0.9 (|η | < 2 for the first layer, |η | <
1.4 for the second layer). The layout of the ITS is shown in Figure 3.2.

Because of the high particle density expected at ALICE and the requirement to
achieve a high resolution on the primary vertex position and impact parameter, the
first two layers are built up of Silicon Pixel Detectors (SPD) and the intermediate
two layers of Silicon Drift Detectors (SDD)[31]. The SPD allows to determine
the position of the primary vertex with a resolution better than 100 µm and to
reconstruct the secondary vertex from decays of hyperons, B and D mesons [26].
The two outermost layers are built of double sided Silicon Strip Detectors (SSD),
which are crucial for the matching of tracks between the ITS and TPC. The SDD
and SSD layers provide, in addition, particle identification information via the
measurement of the specific energy loss dE/dx especially in the low momentum
region. Some characteristics of the ITS layers is shown in Table 1.a

3.2 Time Projection Chamber
The Time Projection Chamber (TPC) [32] is the main detector of ALICE. It is
a tracking detector with a total length of 5 m and a volume of ≈ 90 m3. The
TPC, shown in Fig. 3.3, is divided into two parts by a high-voltage electrode in

17



3 THE ALICE DETECTOR

Table 1: Characteristics of the six ITS layers

Layer Type r[cm] ± z[cm] |η | Resolution rφ × z[µm2]

1 SPD 3.9 14.1 ≤ 2.0 12 × 100
2 SPD 7.6 14.1 ≤ 1.4 12 × 100
3 SDD 15 22.2 ≤ 0.9 35 × 25
4 SDD 23.9 29.7 ≤ 0.9 35 × 25
5 SSD 38.0 43.1 ≤ 0.9 20 × 830
6 SSD 43.0 48.9 ≤ 0.9 20 × 830

Figure 3.3: Schematic view of the ALICE TPC. Image is taken from [32].

18
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Figure 3.4: A schemetical sketch of the working principel of MRPC used in the
TOF detector [34]

the center of the cylinder, providing a uniform electric field of 400 V/cm in both
drift regions. Charged particles traverse the detector and ionize the gas. Elec-
trons, generated by this ionization, drift longitudinally with respect to the electric
field towards the end plates of the cylinder, where multi-wire proportional cham-
bers (MWPC) are mounted. The readout is done via cathode pads arranged in
159 rows in the radial direction. The radial coordinate rΦ of the track is given
by the signal release on the cathode pads. The third spatial component is given
by the drift time of electrons needed to reach the end cap. Therefore, a three
dimensional reconstruction of the track is obtained and makes their momentum
measurement with a resolution of 1% at pT ≈ 1 GeV/c2 increasing to 3.5% at
pT ≈ 100 GeV/c2, possible [33].
Furthermore, the TPC allows for charged particle identification by measuring the
energy loss of a particle per track length (dE/dx) and the particle momentum [27].

3.3 Time of Flight detector

The Time of Flight (TOF) detector [26] has an internal radius of ≈ 370 cm and
an outer radius of ≈ 399 cm. Like the TPC, TOF covers the mid-rapidity-region
(|η | < 0.9) and the full azimuthal angle. The TOF detector is built of Multi-gap-
Resistive Plate chambers (MRPC), best suited for the desired intrinsic time reso-
lution of ≈ 100 ps in the ALICE experiment.

MRPCs offer a high and uniform electric field over the full gaseous volume. A
charged particle traversing these chambers ionizes the gas and starts an avalanche
of electrons, which will generate a signal on the readout cathode. The total signal
is then the sum of all the signals from the gaps [34]. The working principle of an

19



3 THE ALICE DETECTOR

Figure 3.5: Velocity β of charged particles as function of the momentum p for
Pb-Pb collisions at

√
sNN = 2.76 TeV. Image taken from [27].

MRPC used in TOF is shown in 3.4.
Particle identification in the TOF detector is based on the measurement of the time
of flight of a particle. With known time of flight t, momentum p and track length
L, the mass of the particle can be calculated in the following way [35]:

m =
p
c

√
c2t2

L2 −1. (9)

The TOF detector distinguishes electrons from kaons and protons up to pT ' 2.5
GeV/c and pT ' 4 GeV/c respectively as shown in Figure 3.5.

20



4 DATA ANALYSIS

4 Data Analysis
The goal of this analysis is the measurement of the cross-section of electrons from
semi-leptonic heavy-flavour hadron decays. In a first step, general event selection
criteria are applied to the analysed sample. The second step of the analysis con-
sists of selecting a sample of high-quality tracks through proper criteria. The third
step consists of applying particle identification (PID) using the TOF and TPC
detector information in order to select the inclusive electron candidate sample.
The yield of electrons from semi-leptonic heavy-flavour hadron decays is then
computed by subtracting the contribution of electrons that do not originate from
open heavy-flavour hadron decays. The dominant background sources are Dalitz
decays of light neutral mesons and photon conversions in the detector material.
Finally, the yield of electrons from heavy-flavour hadron decays is corrected for
the acceptance and reconstruction efficiency.
The cross-section is then compared to perturbative QCD models, like FONLL. Fi-
nally, this measurement serves as a reference to measure the nuclear modification
factor (RAA) in Pb-Pb and Xe-Xe collisions.

4.1 Data set and Monte Carlo simulations
In this analysis, a minimum bias (MB) sample of pp collisions at

√
s = 5.02 TeV

was used. The minimum bias trigger used in this data sample requires a signal in
both of the V0 detectors above a certain threshold.
Since the SDD is a rather slow detector compared to the other silicon detectors in
the ITS, a large fraction of events were recorded without the information from the
SDD. Accordingly to this, there exist two versions of the reconstructed data, one
with the information of the SDD and another one without it. In this analysis, the
reconstructed data without the SDD is used, since it offers larger statistics because
all events are included, also those with available SDD information, but not used in
the reconstruction step. The total number of events analysed in this thesis consist
of about 1000M MB events.

For this analysis, two different Monte Carlo samples are used. The minimum bias
Monte Carlo (MC) samples (LHC17l3b-fast & LHC17l3b-Cent-woSDD) were
produced using the PHYTHIA generator [36, 37] and transport code GEANT3
[38], which will be used to correct the spectrum of electrons coming from decays
of photons and neutral mesons. An additional MC sample (LHC18a4b2) also
based on the PHYTHIA generator and GEANT transport code is used, in which
each simulated pp event contains a cc or bb pair and heavy-flavour hadrons are
forced to decay semi-leptonically. This MC sample has been used to minimize
the statistical uncertainty on the reconstruction efficiency.
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Table 1: Summary of the data samples and Monte Carlo simulations used in this
analysis.

Period/Sample Number of events Additional information
Data

LHC17p-fast & 1000 M pp,
√

s = 5.02 TeV, minimum bias,
LHC17p-CENT-woSDD 43 runs, reconstruction pass 1
Monte Carlo simulations

LHC18a4b2 125 M PYTHIA HF enriched production,
GEANT

LHC17l3b-fast & 220 M PYTHIA,
LHC17l3b-cent-woSDD GEANT, minimum bias

A summary of all the data and Monte Carlo samples used in the analysis is pro-
vided in Table 1.

4.2 Event selection
The data set analysed in this thesis contains around 1000M events selected via a
minimum bias trigger. The condition of the trigger is also fulfilled by multiple
scattering between the proton beam and the gas inside the beam pipe. Further-
more, some of the events are occurring far away from the center of the central
barrel, difficult to reconstruct correctly, since the produced particles move outside
the detector acceptance.
This kind of events is removed by requiring the interaction vertex to be within 10
cm around the center of the detector in the direction of the beam. The interaction
vertex is reconstructed using at least two global tracks, reconstructed with TPC
and ITS. These event selection criteria are satisfied approximate by 88% (881M)
of all events.

4.3 Track selection
Electron candidates are required to fulfill the track selection criteria summarized
in Table 2. Tracks need to have at least a transverse momentum pT of 0.3 GeV/c
to reach the TOF detector in the magnetic field (B = 0.5 T) provided by the
solenoid magnet. Nevertheless, the cross section of electrons coming from de-
cays of heavy-flavour hadrons shown in this thesis starts at minimum pT of 0.5
GeV/c, because of the very small signal over background ratio and the low and
steep efficiencies to find electrons from decays of photons and neutral mesons.
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This makes the analysis below = 0.5 GeV/c unreliable and results in large statis-
tical uncertainties.

Each track needs to have at least 100 TPC clusters, out of a maximum of 159, used
for tracking among which a least 80 clusters have to be also used for the energy
loss calculation. The requirement on the number of clusters is used to improve
the discrimination between electrons and hadrons since on average electrons gen-
erate a larger number of clusters. This can be explained by the fact that electrons,
always at the Fermi plateau, have a larger energy deposition than minimum ioniz-
ing particles. Hadrons reach the Fermi plateau only for momenta larger than p =
20 GeV/c. Fake tracks comprise a significant number of TPC clusters originating
from more than one charged particle trajectory were rejected by requiring that the
χ2 per degree of freedom (ndf) of the track fit in the TPC is smaller than four.
Since clusters are not shared between tracks, the ratio of found over findable clus-
ters has to be larger than 60%, where findable cluster includes all geometrically
possible clusters which can be assigned to a track.
The track selection criteria in the ITS are used to reduce the number of electrons
from photon conversions in the material. Therefore, each track needs to have a
signal in at least three layers of the ITS, out of a maximum of four since the SDD
layer was not used for tracking, and in both of the SPD layers. To reduce the num-
ber of electrons from the background, the distance of closest approach (DCA) of
tracks to the primary vertex is required to be smaller than 2 cm (1 cm) in the lon-
gitudinal (radial) direction.
Kinks are particles which suddenly change their direction of flight, e.g. because
of bremsstrahlung effects. The tracks before this change are called kink mothers,
after the change kink daughters. Both are excluded from the analysis.
The analysis is restricted to tracks within |η | < 0.8 to avoid the edges of the detec-
tors, where the systematic uncertainties related to particle identification increase.

4.4 Electron candidates

For particle identification, the TOF and TPC detector information is used. In order
to discriminate between different particle species, the commonly nσ quantity is
used. It is defined as the deviation of the measured signal Sα in the detector α ,
e.g. dE/dx in the TPC and the time-of-flight in TOF, from that expected Ŝi

α for
particle i in terms of the detector resolution σ i

α :

nσ
i
α =

Sα − Ŝi
α

σ i
α

. (10)
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Table 2: Summary of track selection criteria for electron candidates in the TPC-
TOF and TPC-only analysis.

Track and PID TPC-TOF TPC only
cuts analysis analysis
pmin

T 0.5 GeV/c 0.5 GeV/c
|η | < 0.8 < 0.8

Number of TPC clusters ≥ 100 ≥ 100
Number of TPC dE

dx clusters (PID) ≥ 80 ≥ 80
Number of ITS hits ≥ 3 ≥ 3

χ2/clusters of the track fit in the TPC < 4 < 4
Ratio found / findable TPC clusters ≥ 0.6 ≥ 0.6

Requirement of hits in the SPD layers both layers both layers
DCA to the primary vertex in xy < 1 cm < 1 cm
DCA to the primary vertex in z < 2 cm < 2 cm

Kink mothers and daughters excluded excluded
TOF t - < TOF t > |el (-3 to 3 σ ) -

TPC dE
dx - < TPC dE

dx > |el (-0.5 + µ(p) to 3.0) σ (0 + µ(p) to 3) σ

Since the analysis focus on electrons, i = e.

Up to a momentum of 3 GeV/c, the TOF detector is essential to remove the con-
tamination due to kaons, protons and deuterons, as shown in Figure 3.5 and 4.1.
Above 3 GeV/c, TOF is not able to discriminate between electrons and hadrons
anymore. Since it reduces the acceptance and therefore the statistics of tracks, it is
not used anymore. To extend the analysis to larger pT ,only the particle identifica-
tion capabilities of the TPC detector are used. The analysis where TPC and TOF
are used is performed in the pT interval between 0.5 - 6 GeV/c, and is referred
to later in the text as "TPC-TOF". The analysis where only the TPC is used is
performed in the pT interval between 2 - 10 GeV/c is referred to as "TPC-only".
The TPC-TOF analysis between 3 - 6 GeV/c is performed to have an overlapping
pT interval between both strategies in order to check that both analyses strategies
provide consistent results.

For the TPC-TOF strategy, electrons are selected by rejecting all particles outside
3nσ e

TOF , shown in Figure 4.1. This helps to remove a large fraction of hadrons be-
low 3 GeV/c. The nσ e

TPC distributions, before and after TOF selection, are shown
in the upper and lower panel of Fig. 4.2, respectively. By definition, the electrons
should be populated around nσ e

TPC ≈ 0, while hadrons are mainly not. Therefore,
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Figure 4.1: nσ e
TOF as function of the tracks momentum p. Tracks inside the black

lines are selected as electron candidates in the TPC-TOF analysis.

an additional selection on the nσ e
TPC is applied to increase the purity of the elec-

tron sample, as described in the next paragraph.

The usage of the selection based on the nσ e
TPC is based on the assumption that the

mean and width of the electron distribution are located at zero and unity. In the
analysed data sample a shift of that expectation was observed. In the data taking
period, the gas gain in the TPC chambers was relatively low, leading to difficulties
in describing the behaviour of the energy loss by electrons correctly. Accordingly,
the electron spline does not describe the distribution correctly and leads to a devi-
ation from the expectation.
The position of the electron mean and width was extracted directly from data by
applying the TPC-TOF selection criteria to all tracks (shown in Table 2), consider-
ing the nσ e

TPC distributions for different track momentum p and fitting the electron
distribution with a Gaussian function, which is expected since the signal is given
in nσ e

TPC . An example of one Gaussian fit is shown in Fig. 4.3 [panel (c)]. In
addition, Fig. 4.3 shows the nσ e

TPC distributions, after TOF selection, together
with the mean and width extracted from the Gaussian fits. In the right panel, the
electron mean, in larger momentum bins, is shown together with a function used
to parametrize it.
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Figure 4.2: nσ e
TPC as a function of the track momentum before TOF selection

[panel (a)] and after TOF selection [panel (b)]. Tracks inside the black lines are
selected as electron candidates in the TPC-TOF [panel (b)] and TPC only [panel
(a)] analysis, respectively.
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For low track momentum, a linear dependence of the electron mean as function of
the momentum is observed which gets flat for track momenta above≈ 1.5 GeV/c.
Since later in this analysis, the TPC PID efficiency is corrected with a constant fac-
tor, by expecting the electron distribution to be of Gaussian shape, with mean zero
and width unity, we would clearly introduce a bias in the efficiency correction, be-
cause of the shifted electron mean in the analysed data sample. Accordingly, in
order to keep the constant TPC PID efficiency correction, a momentum dependent
selection in the TPC is introduced. The shift in the TPC selection is changed by a
parametrization function of the electron mean, shown in Fig. 4.3 [panel (b)]:

µ(p) = min(0.12,0.017+0.071 · p). (11)

A parametrization function of the electron width is not needed since above p = 0.5
GeV/c, the width is equal to unity. Therefore, in the TPC-TOF analysis, electron
candidates are selected within -0.5 + µ(p) < nσ e

TPC < 3, corresponding to a TPC
PID efficiency of 70%.
A tighter selection in the TPC (0 + µ(p) nσ e

TPC < 3), TPC PID efficiency of 50%,
is required for the TPC only analysis in order to reduce the contamination due
to pions at large momentum since the relative difference in the energy loss for
electron and pions reduces as function of momentum.

4.5 Hadron contamination
4.5.1 Hadron contamination for the TPC-TOF analysis

The tracks selected via the selection criteria described in sections 4.3 and 4.4 still
contain hadrons, contaminating the inclusive electron sample. In order to remove
the remaining hadrons, the nσ e

TPC distribution is fitted in different momentum in-
tervals and from these fits, the hadron contamination is computed.

Electrons are described by a Gaussian function, while pions are described by a
convolution of a Landau curve and an exponential function over the whole mo-
mentum range p. The Landau function is used since a Gaussian function is not
able to describe the pion tail well and would lead to an underestimation of the
contamination due to pions. The exponential function is needed as a correction
function. The TPC signal corresponds to several measurements of the energy loss
in a given track length. Since charged particles can loose a relatively large amount
of energy due to δ - electrons, the TPC signal follows a Landau distribution. To
remove the large tail of the TPC distribution, a truncated mean is used, which
nevertheless modifies the distribution. The modification is described by the above
mentioned exponential function. This effect is more pronounced for pions than
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Figure 4.3: nσ e
TPC as function of the track momentum after TOF selection together

with the electron mean and width extracted from the Gaussian fits [panel (a)]
and the electron mean together with a parametrization function [panel (b)]. In
addition, an example of an Gaussian fit to extract the electron mean is shown
[panel (c)].
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Figure 4.4: Distribution of the nσ e
TPC for the momentum slices between 0.8 to

0.9 GeV/c [panel (a)] and 3.1 to 3.2 GeV/c [panel (b)] with the fit for electrons
(red), pions (green), kaons (grey), protons (blue) and the ratio between fit and data
(cyan).

for electrons. A more detailed description can be found in [39].

As it is shown in figure 4.2 [panel (b)], there is still a large number of protons
which cross the electron band around 1 GeV/c and lead to an increase of the
hadron contamination. A Gaussian function is used to describe the protons cross-
ing the electron band at low momentum. The kaons crossing the electron band
around 0.5 GeV/c shows a stronger suppression compared to the proton line and
does not lead to a significant contamination at this momentum. For larger mo-
mentum, the energy loss of protons and kaons gets quite similar and therefore one
function is used to describe them [40]. This function is a template, which was
extracted from data to fit the distribution of kaons and protons at large momentum
simultaneously. The nσ e

TPC distribution for different momentum together with
the fits of electrons (red), pions (green), kaons (grey), protons at low momentum
(blue) is shown in the Figure 4.4. The ratio between fit and data (cyan) is also
reported in the plots.

The hadron contamination C(p) for each momentum slice is calculated consider-
ing the following function:

C(p) =

∫ xmax
xmin

( fπ(x)+ fK(x)+ fp(x))dx∫ xmax
xmin

( fπ(x)+ fK(x)+ fp(x)+ fel(x))dx
(12)

where xmin = -0.5 + µ(p) and xmax = 3 are the selection in the TPC PID for the
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Figure 4.5: Hadron contamination as function of track momentum in linear [panel
(a)] and logarithmic [panel (b)] scale together with two different parametrization
functions for the TPC-TOF analysis.

TPC-TOF analysis and fi the fit function for the particle type i, described before.
Figure 4.5 shows the hadron contamination C(p) as function of the track momen-
tum in linear and logarithmic scale. The hadron contamination for the TPC-TOF
analysis strategy starts to be important above momenta of 4 GeV/c reaching a
maximum at 7 GeV/c of 20 %. The protons crossing the electron line at approxi-
mately 1 GeV/c cause a contamination of about 1%.

Since the cross section in this thesis is given as function of the transverse momen-
tum pT , the hadron contamination has to be transferred from a function of p to pT .
This is done by applying a weight to each track with momentum p and transverse
momentum pT . These weights are given by the parametrization function of the
hadron contamination, shown in Figure 4.5. A Landau-plus-Gaussian function or
an Error plus Gaussian function are used to describe the hadron contamination as
function of the track momentum. The Gaussian function is needed to describe the
contamination due to protons accurately. Since the Landau function describes the
low momentum better than the Error function, the following function is used as
parametrization:

C(p) = 6.63 ·Landau(p,14.29,3.53)+0.02 ·Gaus(p,0.88,0.03) (13)

The Error function will be used to estimate the systematic uncertainty due to the
hadron contamination.
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Figure 4.6: Raw yield of inclusive electrons before (red) and after (black) subtrac-
tion of the hadron contamination as function of pT for the TPC-TOF analysis.

Figure 4.6 shows the inclusive electron yield before (red) and after (black) the
subtraction of the hadron contamination.

4.5.2 Hadron contamination for the TPC only analysis

The estimation of the hadron contamination for the TPC only analysis follows
the same procedure as for the TPC-TOF analysis but starting from a momentum
above 2 GeV/c. As shown in Figure 4.2 [panel (b)], deuterons start to cross the
electron band at a momentum of approximately 2 GeV/c. During the crossing,
it is difficult to fit an appropriate function to the deuteron, since the electron and
deuteron distributions overlap. In the case of the proton line in the TPC-TOF
analysis (described in the last section) the proton line was largely suppressed and
therefore the exact position of the proton distribution could be judged from Figure
4.2 [panel (b)]. In the deuteron case, the suppression is much lower, and there-
fore the contamination due to deuterons much higher. Therefore the usage of a
fit function, which deviate from true deuteron distribution, could have a not neg-
ligible effect on the hadron contamination. Correspondingly, the position of the
deuteron distribution is extracted directly from data and then fixed for the hadron
contamination estimation.

The position of the deuteron distribution is extracted in the following way. In the
first step, a sample of deuterons is needed, which is obtained by using the TOF
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Figure 4.7: nσ e
TPC for tracks selected as deuterons via TOF as function of the track

momentum [panel (a)] and the projection of nσ e
TPC in the momentum slices 1.8 -

2.0 GeV/c simultaneously with the Gaussian fit [panel (b)].

detector. Tracks which satisfy the track selection criteria in Table 2 and are within
-3 < nσd

TOF < 3 are selected as deuterons. Figure 4.7 [panel (a)] shows the tracks
satisfying the selection criteria as function of the track momentum and nσ e

TPC .
In order to extract the position of the deuteron distribution, the nσ e

TPC distribu-
tion shown in Figure 4.7 is projected within a given momentum interval ∆p = 0.2
GeV/c in the momentum range where the deuteron line crosses the electron line
(1.6 GeV/c < p < 2.4 GeV/c). Figure 4.7 [panel (b)] shows the projected distribu-
tion together with the Gaussian fit, from which the mean and width is extracted.
This mean and width are now used to fix the deuteron distribution for the compu-
tation of the hadron contamination.

The hadron contamination is now evaluated in the same way as for the TPC-
TOF analysis. The electron distribution is described via a Gaussian function, the
pion distribution via a Landau function convoluted with an exponential function,
whereas protons and kaons are described simultaneously via a template extracted
from data, since there dE/dx values are quite similar in the momentum range be-
tween 2 - 10 GeV/c. The deuteron distribution is described via a Gaussian func-
tion. The nσ e

TPC distribution for different momentum slices together with the fits
of electrons (red), pions (green), kaons + protons (grey) and deuterons (blue) and
the ratio between fit and data (cyan) is shown in Figure 4.8.

The hadron contamination C(p) for each momentum is now calculated with the
following function:
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Figure 4.8: nσ e
TPC distribution for the momentum slices between 2.0 - 2.2 GeV/c

[panel (a)], 5.0 - 5.2 GeV/c [panel (b)] and 8.0 - 8.2 GeV/c [panel (c)] for the TPC
only analysis with the fit for electrons (red), pions (green), kaons + protons(grey),
deuterons (blue) and the ratio between fit and data (cyan).
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Figure 4.9: Hadron contamination as function of p in linear (left) and logarith-
mic (right) scale with two different parametrization functions for the TPC only
analysis.

C(p) =

∫ xmax
xmin

( fπ(x)+ fK+p(x)+ fD(x))dx∫ xmax
xmin

( fπ(x)+ fK+p(x)+ fD(x)+ fel(x))dx
(14)

where xmin = 0 + µ(p) and xmax = 3 are the selection criteria in the TPC and fi the
fit functions used for the different particle species, described above. The hadron
contamination as function of the momentum is shown in linear and logarithmic
scale in Figure 4.9. The hadron contamination due to the deuterons is 20% at 1.9
GeV/c and reaches a maximum of 70% at large momentum, due to pion, kaons
and protons approaching again the electron line, shown in Fig. 4.2 [panel (a)].
A Landau function best describes the hadron contamination C(p) as function of
the track momentum:

C(p) = 4.82 ·Landau(p,15.95,3.89)+0.23 ·Gaus(p,1.87,0.11) (15)

The inclusive electron yield before (red) and after (black) the subtraction of the
hadron contamination is shown in Figure 4.10. When comparing the ratio be-
tween both yields, we observe that at pT = 2 GeV/c the hadron contamination
as function of pT due to deuterons is below 1%. This can be explained by the
fact that the hadron contamination as function of p needs to be transformed to
a contamination as function of pT , which is done by applying a weight to each
track with momentum p and transverse momentum pT , and since for each track
the following relation is valid: pT ≤ p.
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Figure 4.10: Raw yield of inclusive electron candidates before (red) and after
(black) subtraction of the hadron contamination as function of pT for the TPC
only analysis.

4.6 Electrons from background sources
The raw spectrum obtained after removing the hadron contamination still con-
tains electrons from different sources, other than from the semi-leptonic decays of
heavy-flavour hadrons. These background sources are

• Dalitz decays of light neutral mesons (π0, η and η
′
)

• conversions of photons in the detector material

• Di-electron decays of light vector mesons (ρ , ω and Φ)

• Di-electron decays of heavy quarkonia (J/ψ and ϒ)

• weak K→ e π ν (Ke3) decays

The most important background sources are Dalitz decays of light neutral mesons
and photon conversions. These electrons are always produced as electron-positron
pairs with a small invariant mass mee. Such a correlation does not hold for elec-
trons from semi-leptonic decays of heavy-flavour hadrons. This property is used
in the invariant mass method to estimate the background due to electrons coming
from Dalitz decays of light neutral mesons and photon conversions.
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Electrons from Dalitz decays of light neutral mesons and photon conversions are
reconstructed statistically by pairing an electron (positron) track with opposite
charge tracks identified as positrons (electrons), called associated electrons in the
following, from the same event selected with the requirements listed in Table 3.
These track criteria are less restrictive than the criteria applied to select the elec-
tron candidates (listed in Table 2), to maximise the probability of finding the true
associated electron pairs.

In order to include all electrons from photon conversions and Dalitz decays of
π0, the invariant mass of these unlike sign pairs is restricted to be lower than 140
MeV/c2. Pairs from other light mesons (η , η ′) are only included for unlike sign
pairs with an invariant mass lower than 140 MeV/c2. However, due to the small
contribution of other light mesons to the electron background, the difference is
negligible [41].
The pool of unlike sign pairs contains pairs of electrons from decays of the above
mentioned sources and many uncorrelated, random pairs. To estimate the contri-
bution of these random pairs, the invariant mass distribution of the like sign pairs
is used. Each electron track is paired with an associated track of the same sign.
The yield of electrons coming from Dalitz decays and photon conversions is now
evaluated for each pT interval of the inclusive electron candidates using:

Nphotonic,raw(pT) = NULS(pT)−NLS(pT), (16)

where NULS and NLS are the yields of unlike and like sign pairs. Figure 4.11 shows
the yield of like and unlike sign pairs in the momentum interval of 0.5 - 0.6 pT of
the inclusive electron candidates.

Due to detector acceptance and tracking inefficiencies, not all electrons from
Dalitz decays and photon conversions in the inclusive electron sample are tagged
with this method. Therefore, the raw yield of tagged electrons is corrected for the
efficiency to find the associated electron (positron), hereafter called tagging effi-
ciency. The tagging efficiency εtag is calculated using the minimum bias Monte
Carlo sample, since it offers a larger statistics of Dalitz decays and pair production,
compared to the enhanced MC sample, where heavy-flavour hadrons are forced to
decay semi-leptonically. The tagging efficiency is now calculated as the ratio of
electrons for which the partner is found in the pool of associated tracks (Nfound)
and all electrons from Dalitz decays and photon conversions, passing the selection
criteria listed in Table 2, as function of pT of the inclusive track candidates:

εtag(pT ) =
Nfound(pT )

Nphotonic(pT )
(17)
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Table 3: Summary of track selection criteria for associated tracks

Track and PID Associated
cuts candidates
pmin

T 0.1 GeV/c
|η | < 0.8

Number of TPC clusters ≥ 60
Number of TPC dE

dx clusters (PID) ≥ 60
Number of ITS hits ≥ 2

χ2/clusters of the momentum fit in the TPC < 4
Ratio found / findable TPC clusters > 0.6

Requirement of hits in the SPD layers kAny
DCA to the primary vertex in xy < 1 cm
DCA to the primary vertex in z < 2 cm

Kink mothers and daughters excluded
TOF t - < TOF t > |el in between not used

TPC dE
dx - < TPC dE

dx > |el in between -3 to 3 σ
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Figure 4.11: Invariant mass distribution of like sign (black) and unlike sign (red)
pairs in the pT interval of the inclusive electron candidates from 0.5 - 0.6 GeV/c.
The green line corresponds to the selection criterion of only selecting pairs with
an invariant mass lower than Mee = 140 MeV/c2.
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Figure 4.12: Weight factors for the π0 (red) and η (blue) distribution as function
of pT of the mother meson.

Since εtag depends only on the pT -shape of the mother particles (π0, η) it has to
be guaranteed that the distribution of these mother particle as function of pT in
Monte Carlo reflects the one measured experimentally. The simulated π0 and η

pT -distributions are weighted so as to match the measured π± pT - spectra [42]
and the corresponding η pT - spectra respectively. In this analysis, the spectrum
of charged pions is used to calculate the weight factors, since they provide a lower
statistical uncertainty than the spectrum of neutral pions. For medium and large
transverse momentum the approximation is valid using the argument of isospin
symmetry, where the pion family forms a triplet. At low transverse momentum,
decays of resonance can break this symmetry. Therefore, as a cross check, also
weights using the neutral pion spectrum are used. At low transverse momentum a
difference of ≈ 3% at the level of the final production cross-section of electrons
from semi-leptonic decays from heavy flavour hadrons was observed (see Fig.
A.1). Figure 4.12 shows the weights for the π0 (red) and η (blue) distribution
applied to the π0 and η distribution in Monte Carlo as function of pT of the
mother meson.

In Figure 4.13 the tagging efficiency as function of pT of the inclusive electron
candidates for the TPC-TOF and TPC only analysis is shown. They agree within
statistical uncertainties, which is expected since the track selection criteria of the
associated tracks are the same for both analyses. The statistics of tracks in the TPC
only analysis is increased compared to the TPC-TOF analysis, but not changing
the relative amount of found electron-positron pairs.
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Figure 4.13: Tagging efficiency calculated from the minimum bias Monte Carlo
sample for the TPC-TOF and TPC only analysis as function of pT of the inclusive
electron candidates.

The yield of electrons from Dalitz decays of light neutral mesons and photon
conversions is now evaluated via:

Nphotonic =
NULS−NLS

εtag
(18)

The raw yield of "non-photonic" electrons can now be calculated by subtracting
the yield of electrons coming from Dalitz decays and photon conversions, from the
inclusive yield. Figure 4.14 shows all spectra needed to calculate the raw yield of
"non-photonic" electrons for the TPC-TOF and TPC only analyses, on the left and
right side, respectively. The electrons from Dalitz decays and photon conversions
have the largest contribution at low momentum and their contribution decreases
for large momentum.

The yield of "non-photonic" electrons still contains electrons from di-electron de-
cays of light vector mesons, heavy quarkonia and weak decays of kaons. The most
dominant sources are J/ψ and Ke3. This subtraction is done after the correction for
acceptance, efficiency and normalization. For completeness, they are described in
this section.
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Figure 4.14: Decomposition of the inclusive raw spectrum into its components for
the TPC-TOF [panel (a)] and TPC only [panel (b)].

The contribution from Ke3 is obtained by multiplying the fully corrected photonic
background with the following function

f (pT ) = 0.0125 · exp(−2.0 · log(2.5 · pT )) (19)

which describes the ratio of electrons from Ke3 decays and from the photonic
background. This function was extracted from MC and is valid in the momentum
region discussed in this thesis. Since this ratio is valid for the pp collisions at

√
s

= 2.76 TeV and
√

s = 7 TeV it is assumed that it is also true for pp collisions at√
s = 5.02 TeV.

The contribution of electrons from J/ψ decays is obtained using the spectral shape
from the parametrization of the differential interpolated J/ψ cross sections in pp
at
√

s = 5.5 TeV [43]. The integrated cross section of electrons from J/ψ is then
rescaled using the

√
s dependence which is also obtained from [43] and subtracted

from the remaining fully corrected "non-photonic" yield.
The contribution from di-electron decays of light vector mesons are negligible
compared to contributions from the photonic sources [40].

4.7 Efficiency correction
The spectrum of "non-photonic" electrons still needs to be corrected the geomet-
rical acceptance (εgeo) of the detectors, the reconstruction efficiency (εrecon) and
the electron identification efficiency (εeID). All of them were obtained from the
enhanced Monte Carlo simulation except the TPC PID efficiency, which was cal-
culated as the integral of a Gaussian function with mean zero and width unity. In
the TPC-TOF analysis, the TPC selection corresponds to a TPC PID efficiency

40



4 DATA ANALYSIS

of 70%, whereas for the TPC only analysis it corresponds to a TPC efficiency of
50%.

Figure 4.15 shows the efficiency correction due to the track selection criteria (Ta-
ble 2), the geometrical acceptance and the electron identification (expect TPC
PID) as function of pT of the "non-photonic electron spectrum for the TPC-TOF
(red) and TPC only (black) analysis.
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Figure 4.15: Reconstruction efficiency εrecon× εgeo× εeID as function of pT for
the TPC-TOF and TPC only analysis.

The reconstruction efficiency for the TPC-TOF case shows a steep rise for mo-
menta below 1 GeV/c and flattens out for higher momenta. This behaviour is
explained by the fact that tracks need to have at least a momentum of 0.3 GeV/c
to reach the TOF detector. The reconstruction efficiency for the TPC only case
is higher compared to the TPC-TOF case since the TOF detector has a smaller
geometrical acceptance than the TPC. Furthermore, the TPC-TOF reconstruction
efficiency is lower, because of the matching of tracks from the TPC to the TOF
detector.
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4.8 Normalization

The spectrum was normalized to the number of minimum bias events. The number
of events was evaluated with the following formula:

NMB = NVertex + fVertex ·Nno Vertex (20)

where NVertex describes the number of events with a vertex from tracks surviving
the event selection, fVertex describes the fraction of events passing the event selec-
tion and Nno Vertex describes the number of events where no vertex from the track
could be found. The second term of the equation is an estimate of events without
tracks in the central barrel, but a signal in the V0 detectors. Since the minimum
bias cross section was measured including such events, the second term is needed
to allow for a correct normalization.
In addition to the normalization on the number of events, the yield of electrons
coming from heavy flavour hadrons is normalized to unit rapidity by dividing with
the rapidity range investigated in this analysis. Since electrons have a low mass
compared to their momenta, the pseudorapidity is about equal to the rapidity. The
yield was divided by ∆y = ∆η = 1.6.
To obtain a production cross section the spectrum has to be multiplied with the
minimum bias cross section of pp collisions at σMB = 50.9 ± 1.1 mb. More de-
tails about the measurement of the minimum bias cross section σMB can be found
in [44].

The final invariant production cross section of electrons (e−+e+
2 ) is given by divid-

ing the raw yield Ne
raw, after subtracting the hadron contamination and the back-

ground from photonic electrons, by the number of analysed events (NMB), by the
value of the transverse momentum at the centre of each bin (pcentre

T ) and its width
∆pT , by the width ∆y of the covered rapidity interval, by the geometrical accep-
tance (εgeo) times the reconstruction (ε reco), PID efficiencies (εeID) and a factor of
two to obtain the charge averaged invariant differential yield, since in this analysis
the distinction between positive and negative charges is not done:

1
2π pT

dσ e

d pT dy
=

1
2

1
2π pcentre

T

1
∆y∆pT

Ne
raw

εgeo× ε reco× εeID
σMB

NMB

From this final production cross section the background sources coming from J/ψ
and Ke3 need to be subtracted to obtain the final invariant production cross section
of electrons and positrons coming from semi-leptonic decays of heavy-flavour
hadrons.
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Figure 4.16: The pT -differential cross-section for electrons from heavy-flavour
hadron decays for the TPC-TOF and TPC only analyses. In addition the ratio
between the two cross sections in the overlapping pT region is shown.

Figure 4.16 shows the final cross section as function of the transverse momentum
for the TPC-TOF and TPC only analyses before evaluating the systematic un-
certainties. The analysis coming from "TPC-TOF" and "TPC only" agree within
statistical uncertainties.

4.9 Systematic uncertainties
Several sources of systematic uncertainties affecting the measurement are consid-
ered and are described in the following sections:

• Track selection criteria on the electron candidates
• TPC PID selection
• Pseudorapidty - window
• Selection criteria in the SPD
• TPC - TOF matching
• TPC - ITS matching
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Figure 4.17: Ratio of the cross section obtained with the default selection criteria
and with the varied selections of the track selection for the electron candidates
listed in Table 4. The left panel shows the TPC-TOF analysis, where as the TPC
only analysis is shown in the right panel. In the appendix A.2 to A.6 the variations
are shown in a clearer way in different plots.

• Associated track selection and the invariant mass cut

• Weights used to correct the pT shape of the spectra of light mesons

• Hadron contamination parametrization

• Subtracting of J/ψ and Ke3

The systematic uncertainties arise from the residual discrepancy between MC,
used to determine the efficiency corrections, and data, and are estimated by vary-
ing the track selection and PID requirements around the default values chosen in
the analysis. The different contributions were evaluated, by looking at the ratio
of fully corrected cross-sections. In the end, the systematic uncertainties from
different contributions are summed in quadrature, since they are considered un-
correlated.

4.9.1 Systematic uncertainties due to the selection of electron candidates

For the estimation of the systematic uncertainties due to the selection of the elec-
tron candidates the track selection criteria listed in table 4. The variations taken
into account are shown in Figure 4.17 for the TPC-TOF [panel (a)] and TPC only
[panel (b)] analyses.
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Figure 4.18: Examples of difference distributions between the cross section ob-
tained with the default selection and with the varied selection for two pT bins for
the TPC-TOF analysis.

The variations are tested via the Barlow criterion [45], were possible statistical
fluctuation of the cross section are taken into account. In this analysis all varia-

tions with |σ2
def.−σ2

var|√
σ2

def.+σ2
var

> 2 are considered to be significant for the determination of

the systematic uncertainty and are investigated further to check if a trend is ob-
served in the ratios of the cross section from the default and the varied selections.

Since for the TPC-TOF case, no systematic trend was observed, an RMS approach
was used to estimate the systematic uncertainty. This approach was used to avoid
an overestimation of the systematic uncertainties on the final cross section, which
would be obtained if all track selection criteria, e.g. TPC cluster, TPC PID cluster,
would be evaluated independently. For each pT interval of the final cross-section,
the difference between the cross section obtained with the default selection cri-
terion and with the varied one listed in table 4 is calculated. This difference is
divided by the cross section obtained with the default selection to obtain a rel-
ative difference. This procedure is repeated for all considered variation. Figure
4.18 shows examples of such a distribution for two different pT intervals. These
distributions are attached to the appendix for every pT interval evaluated in the
TPC-TOF analysis (Fig. A.7 - A.9). From these plots, the RMS and the mean are
extracted to estimate the systematic uncertainty associated to each pT interval.
The systematic uncertainty assigned to the track selection of the electron candi-
dates, do not cause a significant systematic effect and varies around 1 - 2% in the
whole momentum region.
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Table 4: Summary of cut variations to estimate the systematic uncertainties linked
to the track selection and particle identification for electron candidate tracks.

Source of Uncertainty Reference Variations
TPC clusters > 100 > 90,> 95,> 105,

> 110
TPC PID clusters > 80 > 70,> 75,> 85,> 90

ITS hits > 3 > 2,> 4
TOF PID ± 3.0 σ ± 2.0 σ , ± 2.5 σ , ± 3.5 σ , ± 4.0 σ , ± 5.0

DCAxy [cm] < 1 < 2 ,< 4

DCAr [cm] < 2 < 1

Kink mothers Excluded Included

In the TPC only analysis, we observed a systematic trend in varying the number
of TPC PID clusters, whereas all other variations are not significant and are not
considered further. Figure 4.19 shows the ratios between the cross section ob-
tained with the default selection criteria and with the varied selections of the TPC
PID clusters. A systematic uncertainty of 1% is assigned to the whole transverse
momentum range between 2 and 10 GeV/c, which is found to be similar to the
TPC-TOF analysis.

4.9.2 Systematic uncertainties due to the photonic electron subtraction

For the estimation of the systematic uncertainties due to the photonic background
subtraction, the associated track selection criteria were varied. The variations
taken into account are summarized in Table 5 and the ratio of the cross sections
obtained with the default and varied selection criteria are shown in Figure 4.20 for
the TPC-TOF [panel (a)] and TPC only [panel (b)] respectively.
Similarly to the estimation of the systematic uncertainty due to the selection of
electron candidates, the Barlow criteria was used to take into account possible
statistical fluctuations.

For the TPC-TOF case no systematic trend was observed and therefore again an
RMS approach was used to calculate the systematic uncertainty due to the pho-
tonic electron subtraction. The difference distribution of the cross section obtained
with the default selection criteria and the varied selection criteria for each pT in-
terval are shown in the Appendix in Figure A.22 - A.24. A maximum systematic
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Figure 4.19: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria on the TPC PID clusters [panel (a)] and
simultaneous variation of both the TPC and TPC PID number of clusters.

Table 5: Summary of variations to estimate the systematic uncertainties linked to
the track selection and particle identification for associated candidate tracks.

Source of Uncertainty Reference Variations
pMin

T (GeV/c) > 0.1 > 0.0 ,> 0.15

Mass cut (GeV/c2) < 0.14 < 0.10, < 0.12, < 0.16, < 0.18, < 0.2

TPC clusters > 60 > 50,> 70,> 80
TPC PID clusters > 60 > 50,> 70,> 80

DCAxy [cm] < 1 < 0.5 ,< 2

DCAr [cm] < 2 < 0.5 ,< 1, < 4

ITS hits ≥ 2 ≥ 1, ≥ 3
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Figure 4.20: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria for all variations concerning the associated
track selection criteria for the TPC-TOF and TPC only analysis. In the appendix
A.12 to A.21, the variations are shown in a clearer way in many plots.

uncertainty of 4% at low transverse momentum, decreasing up to 2% at the high-
est transverse momentum, 6 GeV/c is assigned for the TPC-TOF analysis. As
expected, the systematic effect due to the variation of the track selection criteria
on the associated tracks is especially important at the low pT interval, since in this
pT interval most of the electrons are coming from photonic sources, and the final
cross-section is therefore sensitive to variation which is changing the number of
photonic electrons.

For the TPC only analysis strategy, a trend in the variation of the invariant mass
selection cut and the minimum pT of electrons is observedwhereas all other vari-
ations are not significant and are neglected. A systematic uncertainty of 1 % be-
tween 2 and 5 GeV/c is assigned, which is similar like for the TPC-TOF analysis.

4.9.3 Systematic uncertainties from other sources

In contrast to the estimation of the systematic uncertainties due to the selection
of electron candidates and due to the photonic electrons, described in the last
sections, the systematic uncertainties from sources described in this section were
considered separately. This is due to the fact that the variations considered in this
section are not only testing the quality of the tracks but also other parts of the
analysis, e.g. background subtraction and detector and track properties, which
will be pointed out in more details when the systematic source is discussed. The

48



4 DATA ANALYSIS

(a)

2 3 4 5 6 7 8 9 10

)c (GeV/Tp

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

R
at

io

this thesis

 = 5.023 TeVs)/2, pp - + e+ (e→c,b 
2 / m < 0.14 GeV/c2m < 0.10 GeV/c
2 / m < 0.14 GeV/c2m < 0.16 GeV/c
2 / m < 0.14 GeV/c2m < 0.16 GeV/c
2 / m < 0.14 GeV/c2m < 0.18 GeV/c
2 / m < 0.14 GeV/c2m < 0.20 GeV/c

(b)

2 3 4 5 6 7 8 9 10

)c (GeV/Tp

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

R
at

io

this thesis

 = 5.023 TeVs)/2, pp - + e+ (e→c,b 
 = 0.1 (GeV/c)min

T
 = 0 (GeV/c) / pmin

T
p

 = 0.1 (GeV/c)min

T
 = 0.15 (GeV/c) / pmin

T
p

 = 0.1 (GeV/c)min

T
 = 0.20 (GeV/c) / pmin

T
p

Figure 4.21: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria of the invariant mass cut [panel (a)] and the
minimum pT of electrons [panel (b)].

systematic sources described in this section are:

• TPC PID selection
• Pseudorapidty - window
• Selection criteria in the SPD
• TPC - TOF matching
• TPC - ITS matching
• Weights used to correct the pT shape of the spectra of light mesons
• Hadron contamination parametrization
• Subtracting of J/ψ and Ke3

For these sources, a systematic uncertainty is assigned where a systematic trend
in the ratio of the cross section obtained with the default selection criterion and
varying the other aspects of the analysis strategy is observed. Since an RMS
approach is not possible with the limited number of variations which are possible,
the maximum variation in those cases is used as an estimate of the systematic.

• The variation on the TPC PID selection was considered separately from the
track selection criteria on the electron candidates because we observed a
shift of the electron candidates in this data sample and a systematic effect
was observed when varying the TPC PID selection. On the other hand, the
variation on the TPC PID serves as a test of the TPC PID efficiency correc-
tion and the description of the electron spline. Figure 4.22 shows the ratio
of the cross section obtained with the default TPC PID selection and with
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Figure 4.22: Ratio of the cross section obtained with the default TPC PID selec-
tion and the varied one for the TPC-TOF [panel (a)] and TPC only analysis [panel
(b)].

the varied selection for the TPC-TOF [panel (a)] and TPC only [panel (b)]
analyses.
For the TPC-TOF analysis a systematic uncertainty of 2% between 2-3
GeV/c, 3 % between 3-4 GeV/c and 5% between 4-6 GeV/c, whereas for
the TPC only analysis a systematic uncertainty of 2% between 4-6 GeV/c,
3% between 6-8 GeV/c and 5% between 8-10 GeV/c was assigned. This
trend in the systematic uncertainties could be partly due to the fact, that at
larger pT the relative number of hadrons compared to electrons is increas-
ing and the variation on the TPC PID is varying this relative number.

• The analysis was performed in the pseudorapidity window |η | < 0.8. To
test the detector performance on the edges (i.e. distortions) of the detector
and our description of the detector material at the edges, the pseudorapidity
window is varied to |η | < 0.5,|η | < 0.6 and |η | < 0.7. For each of the η ,
the hadron contamination had to be recalculated since the relative hadron
contamination is changing as function of η . Fig. 4.23 shows the nσ e

TPC dis-
tribution as function of η . One can clearly recognize that the pion band is
moving away from the electron band leading to a lower hadron contamina-
tion at large |η |. This can be explained by the fact, that the dE/dx resolution
for tracks with a larger length in the TPC is better compared to shorter
tracks.
The TPC signal for a track is collected in clusters and each part of a track
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TPC distribution as function of the the pseudorapidity |η |. Elec-
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10nσ e

TPC .

belongs to a certain cluster. The track length associated with one cluster
is larger for larger η , since the track traverses the TPC diagonally. The
ionization of the gas due to the track is fluctuating and the total deposit on
one cluster is following a Landau distribution. If the associated track length
for one cluster gets larger, the relative fluctuations get smaller, leading to
a better dE/dx resolution (width of the TPC signal is smaller). When the
electrons and pions are distributed around their expectation value, at larger
η they are separated by the same distance, but their distribution widths are
smaller. The pion tail is not reaching the electron signal so easily, leading
to a lower relative hadron contamination.
Fig. 4.24 shows the ratio of the cross section obtained with the default η se-
lection and the with the varied η selection for the TPC-TOF and TPC only
analysis. In the TPC-TOF analysis strategy, a systematic uncertainty of 5%
between 0.5 and 1 GeV/c was assigned, whereas in the TPC only strategy a
systematic of 4% was assigned between 5 and 10 GeV/c.

• To test the robustness of the photonic-electron tagging method, the number
of clusters in the SPD required for electron candidates has been released to
a single hit in any of the two layers or the first layer, increasing in this way
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Figure 4.24: Ratio of the cross section obtained with the default η selection and
with the varied selection for the TPC-TOF [panel (a)] and TPC only [panel (b)]
analysis.

the fraction of electrons coming from photon conversions in the detector
material. Figure 4.25 shows the ratio of the cross section obtained with the
default SPD selection and the varied one for the TPC-TOF and TPC only
analysis. Due to the SPD variation a systematic uncertainty of 3% between
0.5 and 2 GeV/c and the whole momentum interval was assigned for the
TPC-TOF and TPC only analysis, respectively.

• As described in section 4.6, the tagging efficiency depend on the pT -shape
of the π0 and η spectra, which need to be reweighed since they disagree
in data and Monte Carlo. To estimate a systematic uncertainty due to this
reweighing, the used reweighing function is varied, by considering the up-
per and lower extrema of the uncertainties of the measured spectra. Figure
4.26 shows the ratio of the cross section obtained with the default reweight-
ing function and with the varied one. For both analyses, no systematic un-
certainty was assigned.

• The systematic uncertainty due to the hadron contamination is estimated us-
ing a different parametrization (shown in Fig. 4.5). Figure 4.27 shows the
ratio of the cross section obtained with the default parametrization and the
varied one for the TPC-TOF and TPC only analysis.
For the TPC-TOF analysis, the error function was used to describe the
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Figure 4.25: Ratio of the cross section obtained with the default SPD selection
and with the varied selection on the requirement concerning hints in the SPD for
the TPC-TOF [panel (a)] and TPC only [panel (b)] analysis.
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Figure 4.26: Ratio of the cross section obtained with the default reweighting func-
tion and with the varied ones for the TPC-TOF [panel (a)] and TPC only [panel
(b)] analysis.
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Figure 4.27: Ratio of the cross section obtained with the default hadron contam-
ination parametrization and with the varied one for the TPC-TOF [panel (a)] and
TPC only [panel (b)] analysis.

hadron contamination of a Landau. In this case, a systematic uncertainty
of 4% was assigned in the transverse momentum region between 5 and 6
GeV/c.
For the TPC only analysis, a different procedure was used, since the error
function showed no difference to the Landau function. Here the systematic
uncertainty was calculated by using the upper and lower statistical uncer-
tainties of the hadron contamination to estimate a parametrization. In the
TPC only analysis, a systematic uncertainty of 1 % between 6-7 GeV/c, 2
% between 7-8 GeV/c and 5 % between 8-10 GeV/c was assigned.
The final spectrum is most sensitive to the variation of the hadron contami-
nation at larger momentum since the relative amount of hadron (especially
pions) is increasing monotonically as function of momentum. For the TPC-
TOF analysis this effect begins to be important at a lower momentum inter-
val then the TPC only analysis, since a looser TPC PID selection is used in
the TPC-TOF analysis.

• The subtraction of the background electrons contribution from the J/ψ and
Ke3 decays are affected by the uncertainty on the input distribution. This
results in an uncertainty of 100% on the J/ψ and Ke3 spectra, like in similar
analysis [40]. Figure 4.28 shows the ratio of the cross section obtained
with the default selection and the varied one, not removing the background
source, for the TPC-TOF and TPC only case. For the subtraction of the
Ke3 component a systematic uncertainty of 4 % between 0.5 and 0.6 GeV/c,

54



4 DATA ANALYSIS

(a)

1 2 3 4 5 6

)c (GeV/Tp

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

R
at

io

 = 5.023 TeVs)/2, pp - + e+ (e→c,b 
Ke3 / default
JPsi / default

(b)

2 3 4 5 6 7 8 9 10

)c (GeV/Tp

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

R
at

io

this thesis

 = 5.023 TeVs)/2, pp - + e+ (e→c,b 

Ke3 subst. / no subst.

J/Psi subst. / no subst.

Figure 4.28: Ratio of the cross section obtained with the default selection criteria
and the varied one concerning the subtraction of the J/ψ and Ke3 component for
the TPC-TOF [panel (a)] and TPC only [panel (b)] analysis.

2% between 0.6 and 0.7 GeV/c and 1% between 0.7 and 0.9 GeV/c was
assigned in the TPC-TOF analysis, whereas no systematic was assigned for
the TPC only analysis strategy, since it starts at 2 GeV/c.
For the subtraction of the J/ψ component a systematic uncertainty of 1%
between 1.5 and 3 GeV/c and 3% between 3 and 6 GeV/c was assigned for
the TPC-TOF analysis, whereas 2 % between 2 - 3 and 6 -8 GeV/c and 3%
between 3 - 6 GeV/c was assigned in the case of the TPC only analysis.

• The systematic uncertainty due to the TPC-ITS matching was taken from
[46].
The uncertainty for the TPC-TOF matching was estimated by using charged
particle tracks since they offer a larger statistical sample. First of all, the
ratio between charged particle tracks with and without the TOF detector,
in data and MC is calculated. Both ratios are compared with each other,
as shown in Figure 4.29 as function of transverse momentum, and is used
to assign a systematic uncertainty. This amounts to 2% for both analysis
strategies, both for the TPC-ITS and for the TPC-TOF matching.

4.9.4 Total systematic uncertainty

The total systematic uncertainty was calculated by summing the contributions
from all the sources described in the last three sections in quadrature since they
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Figure 4.29: Ratio of the efficiency to find a track before and after TOF between
Data and Monte Carlo. The ratio is used to estimate the systematic uncertainty
due to the TPC-TOF matching.

are considered to be uncorrelated. The total systematic uncertainties are summa-
rized in Table 6 and shown in Figure 4.30 for the TPC-TOF [panel (a)] and TPC
only [panel (b)] analyses. At low transverse momentum, the largest contribution
to the systematic uncertainty is coming from the variation of the η- window and
from the uncertainties in the determination of the photonic background. At large
transverse momentum, the most significant systematic uncertainty is coming from
the subtraction of the hadron contamination.
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Table 6: Summary of the total systematic uncertainties

Transverse momentum (pT ) in GeV/c Total systematic uncertainty (%)
TPC-TOF TPC-only

0.5-0.6 8.8 -

0.6-0.7 7.3 -

0.7-0.8 7.2 -

0.8-0.9 7.4 -

0.9-1.0 6.9 -

1.0-1.1 5.1 -

1.1-1.2 5.2 -

1.2-1.3 5.4 -

1.3-1.4 5.1 -

1.4-1.5 4.8 -

1.5-1.75 4.8 -

1.75-2.0 4.6 -

2.0-2.25 4.0 4.7

2.25-2.5 4.3 4.8

2.5-2.75 4.1 4.8

2.75-3.0 4.1 4.8

3.0-3.5 5.6 5.3

3.5-4.0 5.5 5.3

4.0-4.5 6.9 5.5

4.5-5.0 6.9 5.5

5.0-5.5 8.0 7.2

5.5-6 8.2 7.2

6-7 - 7.0

7-8 - 7.2

8-10 - 9
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Figure 4.30: The total systematic uncertaitny together with each component for
the TPC-TOF [panel (a)] and TPC only [panel (b)] analysis.

5 Results and discussion

The final invariant production cross section of electrons from decays of heavy-
flavour hadrons, containing a charm or beauty quark, in proton-proton collisions
at
√

s = 5.02 TeV as function of pT is shown for the TPC-TOF and TPC only
analyses in Fig. 5.1. In the overlapping region of both analyses between 2 and
6 GeV/c, the production cross sections agree within statistical and systematic un-
certainties, as shown in the right panel.

For the final cross-section, the TPC-TOF measurement is used below 3 GeV/c
and above the TPC only measurement is used because of the lower statistical
and systematic uncertainties. The final pT -differential production cross section of
electrons coming from decays of heavy-flavour hadrons is shown in Figure 5.2 to-
gether with the FONLL pQCD calculation. The FONLL calculation was obtained
via the published framework [47] for hadrons containing a charm or beauty quark.
To compare with the final production cross section in this thesis, the FONLL cal-
culations for charm and beauty quarks were added up. The uncertainties of the
FONLL calculations are shown as a red band and reflect different choices for
the charm and beauty quark masses, the factorization and renormalization scales.
They also reflect the uncertainty on the set of parton distribution functions used in
the FONLL calculations. The measured production cross section lies on the upper
edge of the theoretical prediction.

Since similar measurements for pp collisions at
√

s = 2.76 TeV [48],
√

s = 7 TeV
[40, 49] and

√
s 13 TeV [50], ratios of the cross sections at different energies
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Figure 5.1: The pT -differential cross-section for electrons from semi-leptonic
heavy-flavour hadron decays for the TPC-TOF and TPC only analyses on the left
side. In addition the ratio between the cross section obtained in the two analyses
strategies is shown in the overlapping pT region between 2 and 6 GeV/c.
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Figure 5.2: The pT - differential cross section for electrons from semi-leptonic
decays of hadrons containing a charm or beauty quark in pp at

√
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compared to the theoretical prediction of this cross- section given by FONLL. On
the lower panel, the ratio between the measured cross section and the mean value
given by FONLL together with the model prediction band is shown.
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can be compared with similar FONLL calculations. The statistical and system-
atic uncertainties of the cross-sections were added in quadrature to calculate the
ratios. The ratios calculated with FONLL have smaller uncertainties, compared
to the uncertainties from the production cross section calculated with FONLL.
Therefore in principle, these ratios allow to constrain some of the input param-
eters of FONLL in a much better way, than only comparing the cross sections
[51]. Figure 5.3 shows the ratio of the production cross section in pp at

√
s =

5.02 with the production cross section in pp at
√

s = 2.76 , 7 and 13 TeV together
with the FONLL calculations. The ratios of production cross sections are affected
by large statistical and systematic uncertainties, which make it difficult for the
moment to constrain any of the parameter inputs in FONLL. High statistic data
(ALICE Run3) and a reduction of the systematic uncertainties especially at pT >
2 GeV/c can improve the uncertainties on the data and allow to constrain some of
the FONLL input parameters.

The production cross-section of electrons from semi-leptonic decays of heavy-
flavour hadrons is used as a reference for the production of electrons from semi-
leptonic decays of heavy-flavour hadrons in heavy-ion collions, where the QGP
is formed. The production cross-section obtained in this thesis is used together
with similar measurements in Xe-Xe[52] and Pb-Pb[53] collisions to estimate the
nuclear modification factor in Xe-Xe and Pb-Pb collisions.

Fig. 5.4 shows the nuclear modification factor RAA in Xe-Xe collisions at
√

s
= 5.44 TeV for central (0-20%) and peripheral (20-40%) events for electrons
(black marker) or muons (red marker) from semi-leptonic decays of heavy flavour
hadrons. The measurement of electrons from semi-leptonic decays of heavy-
flavour hadrons was measured at mid-rapidity (|y| < 0.8) using the ITS, TPC and
TOF detector of ALICE, the measurement of muons were performed at forward-
rapidity (2.5 < y < 4.0) with the muon spectrometer. Since the center of mass
energy of the reference and the XeXe collisions differ, the pp reference is scaled
using the ratio of the production cross section at

√
s = 5.02 and 5.44 TeV cal-

culated with FONLL. In the overlapping region between pT = 3 - 6 GeV/c both
nuclear modification factors RAA’s agree well within statistics and systematic un-
certainties. This is also expected by theory since the branching ratios of B or D
mesons in the semi-leptonic channel is similar due to lepton universality. This
comparison serves also as a cross-check of the measurement of electrons from
semi-leptonic decays of heavy-flavour hadrons in Xe-Xe and p-p collisions.
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Figure 5.3: Ratio of production cross section as function of pT in pp for different
collision energies, compared to the theoretical prediction by FONLL (red band).
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Figure 5.4: Nuclear modification factor RAA in Xe-Xe collisions as function of pT
obtained from the analysis of electrons and muons from semi-leptonic decays of
heavy flavour hadrons.

On the other hand, Fig.5.5 shows the RAA for the most central (0-10%) and semi-
central (30-50%) collisions in Pb-Pb collisions at

√
s = 5.02 TeV together with

different theoretical predictions. The cross section measured in this analysis is
used as pp reference up to a momentum of pT = 10 GeV/c. Above pT = 10
GeV/c, the reference was obtained by scaling the measurment at

√
s = 7 TeV by

the ATLAS collaboration [56] with the ratio of the cross section at the two colli-
sions energies computed by FONLL [57].

First of all, a strong suppression is observed from what is expected from a bi-
nary scaling at large pT , which was discussed in section 2.3. This behaviour is
a signature for the medium induced energy loss on heavy quarks traversing the
QGP produced in heavy-ion collisions. In addition, a centrality dependence of the
nuclear modification factor is observed, which is compatible with the hypotheses
of the partonic energy loss dependence on the medium density being larger in a
hotter and denser QGP, which is produced in central collisions. Both observations
are also seen in Xe-Xe collisions.

The theoretical models shown in Fig. 5.5 differ in their implementation of the
medium properties and dynamics of the medium evolution, e.g., how heavy quarks
lose their energy in the medium. They also differ in the implementation of the
hadronisation process, the nuclear modification of the parton distribution func-
tions and the input of the heavy-flavour cross-section. Most of the models show
good agreement with the data in both centrality classes. The predictions of

63



5 RESULTS AND DISCUSSION

(a)

Figure 5.5: Nuclear modification factor of electrons from semi-leptonic decays
of heavy-flavour hadrons for Pb-Pb collisions as function of the transverse mo-
mentum together with several theoretical models [54]-[55]. In the left panel most
central collisions are shown, whereas the right panel shows semi-central colli-
sions.

MC@sHQ+EPOS2 [54], PHSD [58] and TAMU [59] models also include the
modification of the parton distribution functions, which is needed to describe the
suppression of the RAA at low pT .
The nuclear modification factor in central Pb-Pb collisions is well described by
TAMU [59] at pT < 3 GeV/c within the uncertainties. At larger pT the model
tends to overestimate the RAA, which can be explained by the missing implemen-
tation of the radiative energy loss in the model, which becomes dominant at large
pT .
The CUJET3.0 [60] and Djordjevic [61, 62] models show a good description of
the RAA in both centralities, indicating that the dependencies of the radiative en-
ergy loss on the path length in the QGP are well understood.
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6 CONCLUSION

6 Conclusion
The production cross-section of electrons form semi-leptonic decays of heavy-
flavour hadrons was measured in the transverse momentum interval between 0.5
GeV/c and 10 GeV/c at mid-rapidity in proton-proton collisions at the center of
mass energy of

√
s = 5.02 TeV via the photonic tagging method, to estimate the

dominate background sources.

The production cross-section was compared to perturbative QCD calculation FONLL
and shows good agreement within uncertainties. The measurement shows a better
precision than the pQCD calculation itself, and also lies at the upper edge of the
theoretical prediction. Therefore a more precise pQCD calculation is needed to
improve our understanding of the underlying phenomena. This could be achieved
in adding NNLO and NNNLO resummation terms to the pQCD calculation, since
FONLL includes only terms up to NLO. On the other hand, data can be used
to restrict some of the input parameters of FONLL, which could be achieved by
comparing the ratio of the production cross-section from semi-leptonic decays of
heavy-flavour hadrons at different collision energies in proton-proton collisions.
Since the statistical and systematic uncertainties of these ratios are to large to
draw any conclusions they need to be improved. The statistical uncertainties can
be reduced with high statistical data in the future Run 3 and 4 of the ALICE exper-
iment, whereas the systematic uncertainties can be reduced by e.g. a new analysis
strategy.

On the other hand, the production cross-section of electron from semi-leptonic
decays of heavy-flavour hadrons was used as a reference for the same measure-
ment in heavy-ion collisions to investigate the medium induced energy loss for
heavy-flavour particles. The nuclear modification factor shows a strong suppres-
sion both in Pb-Pb and Xe-Xe collisions, which is expected from the violation of
binary scaling, due to nuclear matter effects. In addition, the nuclear modifica-
tion factor was compared to model calculations with different implementation of
the medium properties and the dynamics of the medium, showing the importance
of both radiative and collisional energy loss mechanism, to explain the observed
behaviour of the nuclear modification factor.
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A Appendix

A.1 Electrons from background sources
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Figure A.1: Final production cross section of electrons from semi-leptonic decays
of heavy flavour hadrons using for the weight calculation charged and neutral pion
spectrum together with the ratio for the TPC-TOF analysis.
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A.2 Systematic uncertainties due to the selection of electron
candidates

A.2.1 TPC-TOF analysis
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Figure A.2: Ratio of the cross section obtained with the default selection crite-
rion and with the varied selection criteria, varying the DCAxy and DCAz for the
selection of electron candidates.
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Figure A.3: Ratio of the cross section obtained with the default selection criterion
and with the varied selection criteria, varying the TOF PID selection for electron
candidates.
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Figure A.4: Ratio of the cross section obtained with the default selection criterion
and with the varied selection criteria, varying the number of TPC cluster and TPC
cluster used for PID for the selection of electron candidates.
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Figure A.5: Ratio of the cross section obtained with the default selection criterion
and the varied selection criteria, varying different combination of criteria for the
selection of electron candidates.70
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Figure A.6: Ratio of the cross section obtained with the default selection criterion
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selection of electron candidates.
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Figure A.7: Distributions of the difference between the cross section obtained
with the default selection criteria and the varied selection criteria due to electron
candidates for all pT - intervals considered in this analysis.
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Figure A.8: Distributions of the difference between the cross section obtained
with the default selection criteria and the varied selection criteria due to electron
candidates for all pT - intervals considered in this analysis.

73



A APPENDIX

0.15− 0.1− 0.05− 0 0.05 0.1 0.15

var-def/def

0

2

4

6

8

10

12

14

16

18

20

22

this thesis

3.25 GeV/c
RMS+|mean| = 1.3%

0.15− 0.1− 0.05− 0 0.05 0.1 0.15

var-def/def

0

2

4

6

8

10

12

14

16

18

this thesis

3.75 GeV/c
RMS+|mean| = 0.8%

0.15− 0.1− 0.05− 0 0.05 0.1 0.15

var-def/def

0

2

4

6

8

10

12

14

16

this thesis

4.25 GeV/c
RMS+|mean| = 1.5%

0.15− 0.1− 0.05− 0 0.05 0.1 0.15

var-def/def

0

5

10

15

20

25

this thesis

4.75 GeV/c
RMS+|mean| = 1.3%

0.15− 0.1− 0.05− 0 0.05 0.1 0.15

var-def/def

0

2

4

6

8

10

12

14

16

this thesis

5.25 GeV/c
RMS+|mean| = 1.1%

0.15− 0.1− 0.05− 0 0.05 0.1 0.15

var-def/def

0

2

4

6

8

10

12

14

this thesis

5.75 GeV/c
RMS+|mean| = 1.4%

Figure A.9: Distributions of the difference between the cross section obtained
with the default selection criteria and the varied selection criteria due to electron
candidates for all pT - intervals considered in this analysis.
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A.2.2 TPC only analysis
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Figure A.10: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying simultaneously different combina-
tion of selection criteria for the selection of electron candidates for the TPC only
analysis.
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Figure A.11: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying simultaneously different combina-
tion of selection criteria for the selection of electron candidates for the TPC only
analysis.
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A.3 Systematic uncertainties due to the subtraction of electron
from photonic sources

A.3.1 TPC-TOF analysis
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Figure A.12: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying the number of required ITS hits for
the associated tracks.
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Figure A.13: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying the cut on the invariant mass of the
electron pairs.
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Figure A.14: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying the minimum pT of the associated
tracks.
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Figure A.15: Ratio of the cross section obtained with the default selection cri-
teria and with the varied selection criteria, varying the selection in nσ e

TPC of the
associated tracks.
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Figure A.16: Ratio of the cross section obtained with the default selection cri-
teria and with the varied selection criteria, varying the DCAxy and DCAz of the
associated tracks.
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Figure A.17: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying the number of TPC cluster and TPC
cluster for PID of the associated tracks.
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Figure A.18: Ratio of the cross section obtained with the default selection crite-
ria and with the varied selection criteria, varying simultaneously pair mass and
minimum pT .
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Figure A.19: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying simultaneously different combina-
tion of selection criteria of the associated track candidates. 83



A APPENDIX

1 2 3 4 5 6

)c (GeV/Tp

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

R
at

io

 = 5.023 TeVs)/2, pp - + e+ (e→c,b 
 / defaultσ2±ITS hits: 3, TPC 
 / defaultσ2±ITS hits: 1, TPC 
 / defaultσ4±ITS hits: 3, TPC 
 / defaultσ4±ITS hits: 1, TPC 

1 2 3 4 5 6

)c (GeV/Tp

0.8

0.85

0.9

0.95

1

1.05

1.1

R
at

io

 = 5.023 TeVs)/2, pp - + e+ (e→c,b 
 = 0.0 (GeV/c) / default

T
TPC (PID) cluster: 50 (50), min p

 = 0.0 (GeV/c) / default
T

TPC (PID) cluster: 80 (50), min p
 = 0.0 (GeV/c) / default

T
TPC (PID) cluster: 80 (80), min p

 = 0.15 (GeV/c) / default
T

TPC (PID) cluster: 50 (50), min p
 = 0.15 (GeV/c) / default

T
TPC (PID) cluster: 80 (50),min p

 = 0.15 (GeV/c) / default
T

TPC (PID) cluster: 80 (80),min p
 = 0.20 (GeV/c) / default

T
TPC (PID) cluster: 50 (50),min p

 = 0.20 (GeV/c) / default
T

TPC (PID) cluster: 80 (50),min p
 = 0.20 (GeV/c) / default

T
TPC (PID) cluster: 80 (80),min p

1 2 3 4 5 6

)c (GeV/Tp

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

R
at

io

 = 5.023 TeVs)/2, pp - + e+ (e→c,b 
 / defaultTPCσ2±TPC (PID) cluster: 50 (50), 
 / defaultTPCσ4±TPC (PID) cluster: 50 (50), 
 / defaultTPCσ2±TPC (PID) cluster: 80 (50), 
 / defaultTPCσ4±TPC (PID) cluster: 80 (50), 
 / defaultTPCσ2±TPC (PID) cluster: 80 (80), 
 / defaultTPCσ4±TPC (PID) cluster: 80 (80), 

Figure A.20: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying simultaneously different combina-
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Figure A.21: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying simultaneously different combina-
tion of selection criteria of the associated track candidates.
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Figure A.22: Distributions of the difference between the cross section obtained
with the default selection criteria and the varied selection criteria due to associated
tracks for all pT - intervals considered in this analysis.
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Figure A.23: Distributions of the difference between the cross section obtained
with the default selection criteria and the varied selection criteria due to associated
tracks for all pT - intervals considered in this analysis.
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Figure A.24: Distributions of the difference between the cross section obtained
with the default selection criteria and the varied selection criteria due to associated
tracks for all pT - intervals considered in this analysis.
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A.3.2 TPC only analysis
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Figure A.25: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying different combination of selection
criteria of the associated track candidates for the TPC only analysis strategy.
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Figure A.26: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying different combination of selection
criteria of the associated track candidates for the TPC only analysis strategy. 91
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Figure A.27: Ratio of the cross section obtained with the default selection criteria
and with the varied selection criteria, varying different combination of selection
criteria of the associated track candidates for the TPC only analysis strategy.
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