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Abstract

In ultrarelativistic heavy-ion collisions the quark-gluon plasma (QGP), a deconfined
state of quarks and gluons, is created. Partons lose energy as they traverse the QGP
and this interaction with the medium can be studied using beauty-hadrons as probe.
Overall goal of this analysis is to contribute to the general understanding of the
QGP and its characteristics. To analyze the interaction with the medium reference
measurements with p−Pb collisions, where no QGP is created, are obtained to
estimate the cold nuclear matter effects. The semi-leptonic decay of beauty-hadrons
was used to observe particle production as a function of pT. This approach is based
on the comparatively large decay length of beauty-hadrons (cτB ≈ 500µm). From
the inclusive electron yield the background sources were subtracted by a cocktail
approach and the raw pT spectrum was obtained in mid-rapidity minimum-bias
p−Pb collisions at

√
sNN = 5.02 TeV.

Kurzfassung

In Kollisionen von ultrarelativistischen Schwerionen entsteht das Quark-Gluon-Plasma
(QGP), ein Zustand in welchem das Confinement der Quarks und Gluonen aufge-
hoben ist. Partonen, welche das Medium passieren, interagieren damit und verlieren
dabei Energie. Um diese Interaktion zu charakterisieren haben sich Beauty-Hadrons
bewährt. Übergeordnetes Ziel dieser Analyse ist die Akquisition von Wissen über
das QGP und seine Eigenschaften. Dabei sind Referenzmessungen notwendig, um
Effekte abzuschätzen, die alleine aus der Interaktion von p−Pb stammen, also auf-
grund von kalter, nuklearer Materie auftreten und nicht auf die Entstehung des
QGP zurückzuführen sind. Der semi-leptonische Beauty-Hadron Zerfall wiurde ver-
wendet um Erkenntnisse über die Teilchenproduktion als Funktion von pT zu erlan-
gen. Dieser Ansatz basiert auf der vergleichsweise lange Zerfallslänge von Beauty-
Hadronen (cτB ≈ 500µm). Mit Hilfe einer sogenannten Cocktail-Methode wurden
sämtliche Untergrundquellen vom inklusiven Elektronenspektrum entfernt und das
unkorrigierte pT Spektrum von Elektronen aus Beauty-Hadron Zerfällen bei mit-
tlerer Rapidität und minimalem Bias in p−Pb Kollisionen mit einer Schwerpunkt-
senergie von

√
sNN = 5.02 TeV wurde bestimmt.
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1 Introduction

1 Introduction

One of the largest research areas for physicists is quantum chromodynamics (QCD)
which is the theory of particles interacting via the strong force. These particles are
quarks and gluons which do not exist as free particles in nature but are bound in
color neutral hadrons. Quarks carry color charge while antiquarks carry anticolor
charge. The exchange particles of the strong interaction are gluons which carry color
and anticolor as well. Coming from group theory 9 different combinations of color
and anticolor exist for gluons, where 8 of them contribute to the strong interaction
[12]. Thus color charged gluons interact with themselves. Furthermore, QCD is
based on the SU(3) gauge group.

From quantum electrodynamics (QED) it is known that particles of opposite charge
are not always influenced by the complete charge of the other one, since e.g. a single
electron charge in vacuum creates dipol pairs, such as e+e−−pairs, surroundig it.
If the distance between the electron (particle one) and the incoming charge carrier
(particle two) is large enough, a shield occurs resulting in a smaller charge of particle
two in the potential of particle one [12]. This is called vacuum polarization. For the
strong interaction there is not only the contribution of the just explained “fermion-
loop shield” but also the “gluon-loop antishield” coming from the selfinteraction
of the gluons [12]. Therefore the coupling constant of the strong interaction αs

decreases with increasing momentum transfer, which is equivalent to decreasing
distance between the interacting particles. This behavior, which is opposite to that
of the QED constant, can be seen in Fig. 1. This phenomenon is called asymptotic
freedom because for high Q2 (Q2 →∞) αs decreases (αs → 0). Quarks and gluons
build bound color neutral hadronic states (confinement) and cannot be observed
isolated under normal conditions. ”Within the hadron, the strong interaction affects
them comparatively little, but strongly confines them within a small volume.” [13].
But for high energy densities (little less than 1 GeVfm−3) quarks and gluons are set
free and deconfinement is created [29].
In Fig. 2 the potential of the strong interaction is plotted which is approximated

by the following equation:

VQCD(r) = −4

3

αs

r
+ kr (1)

The first part of this equation describes the attractive interaction while the second
one describes the creation of quark-antiquark pairs due to increasing potential for
larger distances (∼ fm). This second part is originating from virtual gluon exchange
between two quarks, where a color field with a tube like character with constant
energy density exists. In other words the field lines attract each other due to the
self-interaction of the gluons. Furthermore, the hypothetical energy to divide two
quarks would be infinite. The color energy created by the strong potential becomes
already big enough to create new quark-antiquark pairs when pulling apart the
quarks at distances larger than 1−2 fm leading to new color neutral hadrons.
Quarks in hadronic states have to be divided into valence- and sea quarks. Valence

quarks are the quarks that define the attributes such as mass, spin, charge and
momentum of a hadronic state while sea quarks are virtual quark-antiquark pairs
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1 Introduction

Figure 1: Energy dependence of the coupling constant of the strong interaction [27].

created by the radiation of a gluon resulting in pair production near a valence
quark and surrounding it like a sea [30]. This is mainly important for deep inelastic
scattering, especially with small Bjorken-x.
Hadronic states can be divided into two groups of color neutral particles which

are mesons and baryons. Mesons consist of quarks and antiquarks where one quark
carries a certain color which is annihilated by the corresponding anticolor of the
antiquark. Baryons contain 3 constituents of quarks where each quark carries a
different color than the others. Therefore the colors cancel each other out and a
bound color neutral state is obtained. For both, mesons and baryons, exist corre-
sponding antiparticles. Since quarks and antiquarks carry half-integer spin, mesons
carry integer spin while baryons carry half-integer spin. The mass of the hadronic
states depends not only on the mass of the constituents but the spin wave func-
tion, the contribution from gluon interaction and, most of all, on chiral symmetry
breaking. In total, this leads to a mass much higher than that of the valence quarks.

Deconfinement and confinement are two of the keywords from the above para-
graphs. They describe whether quarks occur as free particles or in a bound hadronic
state. Between these two states a phase transition is expected. To obtain this tran-
sition very extreme conditions of temperatures and energy densities compared to
normal nuclear matter have to be fulfilled.
After the Big Bang the universe was so dense that pressure and temperature were

so high that the quark-gluon plasma (QGP) was formed (see Fig. 3). The bary-
ochemical potential µB describes how much energy is necessary to add a baryon
(e.g. neutron or proton) to the system, in other words: it indicates the imbalance
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1 Introduction

Figure 2: Potential of the strong interaction in dependence of the distance between
quark and antiquark with average radii of various quarkonia as comparison[28].

between mater and antimatter and is zero for perfect balance [31] which was ap-
proximately the case for the Big Bang. QGP can also be created by ultra relativistic
heavy ion beam collisions because high enough temperature and energy density are
fulfilled. Heavy ions are necessary because when the beams collide each nucleon
inside the corresponding nucleus collides with a multitude of nucleons which fulfills
the QGP conditions. Since we live in a world consisting of matter the baryochem-
ical potential is positive nowadays, which leads to differences in the ratio of initial
number of baryons to the final one between the formation of the QGP created by
the Big Bang and the QGP created by ultrarelativistic heavy ion beam collisions
[10]. In the QGP deconfinement is present. Thus, quarks and gluons appear as free
particles.
For deeper understanding of the QGP heavy ion collisions are performed to recre-

ate the QGP and obtain information about it by measuring final state particles
coming from the collisions. Heavy ion beams (APb = 208) are accelerated close to
the speed of light and then a collision between both beams is forced. Due to the
ultrarelativistic speed of the ion beams the ions become stronly Lorentz contracted
and pancake shaped before the collision. This whole process can be spectated in
Fig. 4. After about τ ≈ 1 fm/c the QGP is created. For this, the critical tem-
perature Tc of 156 MeV has to be exceeded [10]. Because of a very high density
gradient compared to the surrounding, the QGP expands very quickly and there-
fore cools off which leads to a very small lifetime of τ ≈ 10 fm/c [10]. In other
words the energy density decreases. After dropping under the chemical freeze-out
temperature (Tch ≈ Tc), which means that the particle composition of the matter
ceases to change [13], hadronic freeze out begins. Quarks and gluons start to build
hadronic states and the QGP absolves a phase transition into the hadron gas (HG).
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1 Introduction

Figure 3: Phasediagramm of QCD [11].

This whole process is visualized in Fig. 4. In the HG, for temperatures below the
kinetic freeze-out, hadron momenta stabilize for distances too large for hadrons to
interact because no inelastic processes occur anymore.

To understand the properties of the QGP and how it influences particle production
is one of the main targets of nowadays physicists. As pointed out earlier, the dom-
inant part of the hadron mass is caused by chiral symmetry breaking. In the QGP
chiral symmetry becomes recovered again [13]. Since there is no symmetry breaking
for heavy quarks, which means that higgs mass and QCD mass do not differ [32],
this is not important for heavy quarks.
Partons passing through the QGP loose energy i.e. via radiation or collisional

processes. This energy loss depends on various variables such as distance tra-
versed inside the QGP, medium density, quark mass and color charge (Casimir
factor) [33] [27]. Thus, heavy-flavored quarks, which are quarks such as beauty (b)
or charm (c), loose less energy in the QGP but much less than gluons: ∆Eb < ∆Ec <
∆Egluon Therefore the energy loss of high energy partons in the QGP (QCDmedium)
is an interesting property because it characterizes the strength of the interaction.
Since it is not possible to observe the quarks directly, the influence of the QGP
medium has to be extracted from the measured hadrons created in the hadronic
freeze-out by the influenced quarks. It is compared to a measurement where no
QGP is created (e.g. p−Pb and pp) to determine the energy loss caused only by
the interaction with the medium [13]. The interaction with the medium leads to
a suppression of particle production at large transverse momenta compared to the
corresponding measurement in pp collisions. Therefore the nuclear modification fac-
tor is an excellent property to compare the behavior of partons in the QCDmedium

to that of QCDvacuum by comparing the nuclear modification factor of the respective
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1 Introduction

Figure 4: Evolution of the colliding beam particles[14].

measured hadron. Concrete, the yield of a given particle is measured as a function
of pT in heavy-ion collision and compared to that of a corresponding superposition
of many independent nucleon-nucleon collisions. If the yields are equal the nuclear
modification factor is unity. In the following equation the expected number of binary
collisions is described by 〈Ncoll〉.

RAA =
dNAA/dpT

〈Ncoll〉dNpp/dpT
∝ QCDmedium

QCDvacuum

(2)

Thus, in case this ratio is unity the QGP does not effect particle production. As
pointed out above, the energy loss of partons varies among quarks and gluons which
leads to different nuclear modification factors since the repective energy loss in the
QCDmedium is strongly differing. Thus, the suppression differs in strength and leads
to the following expected hierarchy: Rb

AA > Rc
AA > Rgluon

AA [33].

This analysis focuses on particles which contain a beauty-quark or antiquark.
Heavy-flavored hadrons are qualified for analyses of the QGP because heavy quarks
are generated more quickly (< 0.1 fm/c [3]) than the QGP (≈ 0.3 fm/c [3]) and
are therefore sensitive towards the complete temporal and spatial evolution of the
QGP. Furthermore the flavor composition of beauty-quarks and antiquarks is ap-
proximately constant inside the QGP due to two characteristics. The temperature
of the QGP of about 156 MeV corresponds to a mass larger than light quarks such
as strange, up and down quark. Therefore they can be created in quark antiquark
pairs in the QCDmedium due to the high temperature [34]. Thus, first characteristic
of the beauty-quarks is the high mass of 4.2 GeV/c2 which is much heavier than the
mass which corresponds to the temperature of the QGP. Second characteristic is the
small amount of pair annihilation due to the small number density of beauty-quark
and antiquark.
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1 Introduction

In addition, because of the high mass of the beauty-quark compared to ΛQCD ≈ 218
MeV which is called the QCD mass scale, theoretical methods for cross section cal-
culations (perturbativ methods) can be applied to calculate the cross section theo-
retically [35].

At the LHC pp, Pb−Pb and p−Pb collision systems are measured. These 3 differ-
ent collisions have to be considered because they correspond to different scenarios.
The main focus of the ALICE experiment is to examine central Pb−Pb colilisions
because they create the QGP. For a comparison of QCDmedium to QCDvacuum pp
collisions are studied where it is assumed that no QGP is formed. A direct compar-
ison neglects the cold nuclear matter (CNM) effects which are estimated by p−Pb
collisions. In this collision setup it is also assumed that no QGP is formed. The
CNM effects can be for example a modification of the parton distribution funtion
(PDF) in a nucleus compared to that of a free proton [3] or multiple scattering inside
the nucleus ( kT−broadening) which can change the resulting heavy-flavor hadron
momentum spectrum [15]. Thus, they have to be considered for an interpretation
of the RAA [2]. Since the nuclear modification factor varies with different center-of-
mass (CMS) energy, collision system, pT, centrality and pseudorapidity differential
analyses have to be performed.

Figure 5: Nuclear modification factor of electrons from beauty-hadron decas in
p−Pb and Pb−Pb collisions [4].

Figure 5 shows the nuclear modification factor in central Pb−Pb collisions at mid-
rapidity with a center-of-mass energy of

√
sNN = 2.76 TeV and in p−Pb with a
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1 Introduction

center-of-mass energy of
√
sNN = 5.02 TeV. The nuclear modification factor was

obtained by using the semi leptonic decay of B−hadrons including the indirect
decay of B → D → e. Due to the presence of the QGP suppression is visible at
high pT e.g. at 7 GeV/c where the nuclear modification factors deviate about 0.5
because of the proclaimed energy loss of beauty-quarks in the QGP.
In this thesis electrons coming from the semi-leptonic decay of B−hadrons gen-

erated in p−Pb collisions with a center-of-mass energy of
√
sNN = 5.02 TeV are

studied. At first the analysis strategy will be explained in Chapter 2 and why the
semi-leptonic decays of B−mesons are suitable to examine the QGP. This will be
followed by Chapter 3 where for this thesis important sub-detectors of the ALICE
detector will be explained. Details of the analysis, such as track - and event selec-
tion, as well as the Monte Carlo and data sample will be described in Chapter 4.
Topic of the 5th Chapter is the electron and positron identification. In the 6th Chap-
ter the impact parameter distribution will be analyzed. After this the background
distribution and subtraction will be discussed in Chapter 7. Chapter 8 will be a
general discussion of all outpointed results as well as a summary and outlook.
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2 Analysis strategy

2 Analysis strategy

Since the QGP cools down and hadronic freeze-out starts to occur, only hadronic
states are left. Hadronic states containing a heavy quarks, for example D− or
B−mesons, have a lifetime (decay length) of e.g. cτB± ≈ 490 µm, cτB0 ≈ 460 µm
[5] and cτD0 ≈ 120 µm, cτD± ≈ 310 µm [6]. Since this time is short compared
to the necessary for a particle to reach the detectors (“free streaming” in Fig. 4),
the hadrons cannot directly be measured by the ALICE detector. Therefore decay
products with a longer lifetime and high enough appearance, which are measurable
for our experimental setup, have to be considered. The resulting decay product has
to fulfill different criteria which are lifetime, tractability and distinctness.

Charged particles such as electrons or positrons (leptons) are therefore good can-
didates because sub-detectors of the ALICE experiment such as the Time-of-Flight
detector (TOF) and the Time-Projection-Chamber (TPC) can reconstruct the path
of charged particles with extreme high precision and will provide particle identific-
cation (PID) which will be further explained in Chapter 3. Theoretically, hadronic
decay modes of the B−hadrons could also be used for analysis but for this, the
branching ratios of the different decays have to be multiplied which leads to a much
weaker signal compared to the semi-leptonic approach [13]. The term electron will be
used for both electrons and positrons in the whole thesis. Electrons from B−hadron
decays originate either from direct decays (b → e ≈ 11 %) or from cascade decays
(b → c → e ≈ 10 %) [3]. Consequently, an advantage of a semi-leptonic approach
is that there is a high amount of detectable particles created by the beauty-decay
(b→ e ≈ 20, 5 % probability) and the low pT reach [13] [3].

For different decay sources electrons have different impact parameter distribu-
tions. This parameter is defined as the closest perpendicular distance between re-
constructed trajectory of the spectated particle towards the primary vertex and is
often referred to as Distance of Closest Approach (DCA). Electrons originating from
B−mesons have a larger impact parameter distribution compared to other electron
sources because the DCA depends on the decay length of the mother particle which
is larger for beauty-hadrons [13].
In Fig. 6, the impact parameter distributions for electrons originating from different

decays are shown. Due to the sizable decay length of beauty-hadrons the DCA
distribution of the corresponding electrons is comparatively large followed by the
one of electrons from semi-leptonic decays of charm-hadrons. Furthermore, the DCA
distributions of electron background sources such as electrons coming from photon
conversion inside the detector material [13] or electrons coming from Dalitz decays
can also be seen in Fig. 6. Further details will be explained in Chapter 7. In Fig. 6
are also the impact parameter cuts sketched which were used in the analysis [36].
By applying cuts on the impact parameter, the signal-to-background ratio (S/B)

between electrons originating from beauty-hadron decays compared to the rest
(background) can be optimized. Thus, after cuts, only left and right tail of the
impact parameter distribution are used for further analysis since the S/B is best for
large DCA. Then the contribution of the electron background can be estimated by

8



2 Analysis strategy

Figure 6: Impact parameter distributions for electrons from various decays in√
s= 7 TeV pp collisions with PYTHIA for |y| < 0.8 and 1 < pT < 6 GeV/c

with sketched DCA cut [36].

other ALICE measurements and subtracted from the inclusive electron spectrum.
On one hand the signal-to-background ratio increases for very large impact param-
eters but on the other hand there are fewer electrons at large impact parameter.
Thus, a cut has to be applied where the signal is not too sensitive towards statistical
fluctuations and the S/B is good.
This kind of analysis was already performed for data from 2013 but the data from

2016 has ≈ 2.4 as much events as in 2013 to increase the signal for larger impact
parameter [3].
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3 A Large Ion Collider Experiment

3 A Large Ion Collider Experiment

The ALICE detector is used for studies of heavy-ion collisions in order to analyze
the QGP and its characteristics as well as its influence on particle production. Par-
ticle identification (PID), primary and secondary vertexing and tracking at a large
transverse momentum range (100 MeV/c ≤ pT ≤ 100 GeV/c) are the main purposes
of the detector. The good momentum resolution of the order of 3 % for pT = 40
GeV/c can be derived from [16]. For lower momentum the resolution decreases
(improves). The general composition of the ALICE detector, consisting of a muon
arm at forward rapidity and a central barrel at mid-rapidity, is shown in Fig. 7.
Furthermore, the central barrel consists of different detector layers around the nom-
inal collision point. A solenoid magnet which encloses the detector system (object
number 10 in Fig. 7) generates a field of 0.5 T parallel to the beam. Imperative
for the whole system is the right-handed Cartesian coordinate system which has its
origin at the nominal interaction point (IP). Perpendicular to the z-axis, which is
parallel to the beam direction and has negative values in direction of the muon arm,
are the x- and y-axis. While the x-direction points towards the accelerator center,
the y-axis is aligned upwards. Two angles are defined around the interaction point.
On the one hand is the azimuthal angle φ which increases counter clockwise from
the x-axis (on the x-axis: φ = 0) to the y-axis (on the y-axis: φ = π/2). On the
other hand is the polar angle θ which increases from the z-axis (where θ = 0) to the
x, y plane (where θ = π/2). For this and additional information see [18]. Details of
the ALICE detector and its performance can be found in [16] and [8].

Figure 7: The ALICE detector and its subsystems [8].

The inner most detector is the Inner Tracking System (ITS, number 1 in Fig. 7)
which is mainly used for reconstruction of the primary vertex and secondary vertices
and is therefore situated closest to the nominal collision point. It consists of multiple
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3 A Large Ion Collider Experiment 3.1 Time-Of-Flight detector

layers which can be seen in the right upper edge of Fig. 7. It is surrounded by the
Time Projection Chamber (TPC, number 3 in Fig. 7) which has the main purpose to
determine the energy loss and the trajectory of charged particles. Wrapped around
the TPC is the Transition Radiation Detector (TRD, number 4 in Fig. 7) which can
be used to separate electrons from other charged particles. The next outer layer is
the Time-of-Flight (TOF) detector (number 5 in Fig. 7) that measures the time-
of-flight. Furthest from the interaction point are the three calorimeters HMPID,
EMCal and DCal (number 7, 8, 9 in Fig. 7). Various detectors used e.g. for
triggering are installed close to the beam pipe. The event selection will be described
in the next chapter while in this chapter the detectors relevant for this thesis will
be discussed.

3.1 Time-Of-Flight detector

The time-of-flight detector (TOF), already mentioned above, is positioned in a dis-
tance of about 3.7 m from the nominal interaction point and can measure charged
particles in a rapidity range of |y| < 0.9 and azimuthal range of 2π. The detected
observable is the time a particle needs from the interaction point to the TOF [8].
Tthe velocity β of the charged particles can be calculated from this (see [8]). For
this, a very precise time resolution is necessary which is fulfilled by the detector by
usage of multigap resistive plates. Combining scintillators for the start time mea-
surement (t0) with a time resolution < 80 ps and the resistive plate chambers (RPC)
of the TOF detector for a measurement of the arrival time (t1) with a time resolu-
tion of < 40 ps leads to a total resolution of σ2

TOF = σ2
t0

+ σ2
t1

about σTOF < 90 ps.
With information such as track length L and momentum p provided by the tracking
detectors ITS and TPC, the mass of the particle can be calculated via the following
equation taken from [20]:

m =
p

c

√
t2c2

L2
− 1 (3)

In addition to that, the TOF can distinguish between different relativistic particles
with the same momentum p by comparing different hypothesizes with a correspond-
ing time difference ∆t which is defined in [20] as:

∆t ≈ Lc

2p2
· (m2

1 −m2
2) (4)

Dividing this value by the time resolution leads to an interesting and often used
observable:

NσTOF
electron

=
∆t | e
σTOF

=
tmeasured − texpected | e

σTOF

(5)

which expresses the deviation in time taken by the measured particle to the ex-
pected values for the electron hypothesis in units of the detector resolution σTOF [3].
How this is used for electron identification is explained in Chapter 5.1.
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3 A Large Ion Collider Experiment 3.2 Time Projection Chamber

3.2 Time Projection Chamber

For reconstruction of particle tracks the time projection chamber (TPC) is used. It
is a cylindrical gas chamber with an extent of 5m lenght and diameter measuring
charged particles in a rapidity range of |y| < 0.9 and azimuthal range of 2π. In
the center of the TPC is the central electrode which divides the TPC into 2 drift
regions. At top and bottom of the cylindric chamber are the readout chambers
which are divided into 159 pad rows [38]. This gas is a mixture consisting of 90 %
Ar and 10 % CO2, which becomes ionized by passing charged particles along their
track [42]. The primary electrons from the ionisation process, called drift electrons,
then drift along a strong electric field (400 V/cm) towards the readout chambers
in the end plates. A gating grid is used to seperate the drift volume and the the
avalanche volume where an avalanche process occurs [39]. In this process, the drift
electrons collide with multiple gas atoms releasing aditional drift electrons leading
to a chain reaction where more and more drift electrons are released. This chain
reaction is called avalanche process [39]. Separation of the 2 regions is necessary to
prevent drift electrons from unwanted events of entering the avalanche region and to
prevent the ion cores of drifting towards the central electrode and the drift volume.
Electrons that enter the avalanche region reach the readout chambers where the
signal is amplified and measured. The energy loss of the respective charged parti-
cle corresponds to the amplified signal because the energy deposit of the charged
particle is proportional to the amount of free electrons which is proportional to the
amplified signal. Two space coordinates can be reconstructed by the projection of
the track on the pad plane. The third one is then calculated by the time-of-flight
and the driftvelocity of the electrons [9]. The momentum of the particle can be
calculated from the radius of the curvature and the trace since the magnetic field is
known and the unknown charged particle was under influence of the Lorentz force.
With information about the average specific ionisation energy loss and the momen-
tum, the mass of the respective particle and therefore the particle species can be
identified via the Bethe-Bloch-Formula. The energy loss resolution depends on sev-
eral parameters such as e.g. the energy loss, pseudorapidity and track density inside
the detector and is approximately 5.5 % for low and 6.8 % for high multiplicity [24].
Furthermore, an analog variable to NσTOF

electron
exists for the TPC which compares the

energy loss of a particle to the expected one for a certain particle species (in units
of the detector resolution) and is called NσTPC

electron
[3]. Since this work focuses on

electrons the expected average energy loss corresponds to an electron hypothesis:

NσTPC
electron

=
(dE/dx)measured − (dE/dx)expected | e

σ(dE/dx)
(6)

How this can be used for electron identification is explained in Chapter 5.2.1.

3.3 Inner Tracking System

This detector consists of 6 silicon detector layers where the two outermost layers are
the Silicon Strip Detectors (SSD), the two middle layers are the Silicon Drift De-
tectors (SDD) and the innermost layers are the two Silicon Pixel Detectors (SPD).
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3 A Large Ion Collider Experiment 3.4 V0 detector

They are positioned around the beam pipe at the collision point and will be refered
to as Inner Tracking System (ITS) layers. Target of the ITS is to measure with
high precision the position of the primary vertex and the closest distance of a cer-
tain track to the primary vertex in the plane transverse to the beam direction[38].
Furthermore the vertices of secondary decays can be determined. Within a range
of 2π in azimuthal angle and |η| < 0.9 in pseudorapidity charged particles can be
detected with the ITS. The DCA is separated into 2 dimensions which are dxy and
dz. The DCA has to be obtained since the track of a particle does not suffice to
determine the secondary vertex.

Figure 8: Impact parameter resolution for the xy-plane in dependency of the tran-
severse momentum for various collision scenarios [8].

In Fig. 8 the resolution of dxy (denoted as d0,xy in Fig. 8) for different collision
scenarios is shown as a function of the transverse momentum. For increasing trans-
verse momenta the resolution decreases. It is better than 100 µm for transverse
momenta above 1 GeV/c [22] which gives the necessary spatial resolution for the
determination of the position of the secondary vertex.

3.4 V0 detector

The V0 detector consists of 2 units of scintillating counters V0A and V0C which
are respectively placed at z = −340 cm and at z = 90 cm from the interaction
point [22]. The V0A covers a pseudorapidity range of 2.8 < η < 5.1 while the V0C
covers the pseudorapidity range of −1.7 < η < −3.7. This detector setup is used
as minimum bias trigger and demands coincident signals in both detectors with the
crossing of both beams [23].
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4 Track and event selection

4 Track and event selection

4.1 Data

The data was collected in 2016, distributed over 31 runs, in which the main electron
identification (eID) detectors were functioning well. In all samples combined a total
of above 297·106 events are available before application of any analysis cuts. After
application of event cuts such as pile-up rejection and z-vertex cut 252 · 106 events
are still left for further analysis. Details on the event cuts can be derived from
Chapter 4.4. The runs used for analysis are:

• 265309, 265332, 265334, 265336, 265338, 265339, 265342, 265343, 265344,
265377, 265377, 265378, 265381, 265383, 265384, 265385, 265387, 265388,
265419, 265420, 265421, 265422, 265424, 265426, 265427, 265435, 265499,
265500, 265501, 265521, 265525

4.2 Monte Carlo simulation

The Monte Carlo (MC) is a generated sample in which particles are “virtually”
created and transported through the detector geometry and response. For particles
from the MC sample exists the MC truth information in which all properties such
as momentum, particle species, mother particle, et cetera are registered. The effi-
ciency of the selection criteria is obtained by simultaneously applying the selection
criteria on data and the MC. The efficiency of the selection criteria can be directly
obtained by the MC truth information since the properties of the input and output
are known. The MC sample was generated with the HIJING generator [43]. Since
beauty- and charm-hadrons are rare the information about them have large statis-
tical uncertainties [13]. Thus, the statistics of electrons from heavy-flavored hadron
decays was enhanced by generating pp events with PYTHIA [44] where each event
contains one 〈cc̄〉 and 〈bb̄〉 pair of which 500 % decay via electrons. Therefore they
were added to the HIJING events. The MC sample consists of 128 · 106 events in
31 runs. For comparability to data the detector status has to be similar to data in
each run which is why the numbers of the runs in data and the MC are equal. The
runs used for analysis are:

• 265309, 265332, 265334, 265336, 265338, 265339, 265342, 265343, 265344,
265377, 265377, 265378, 265381, 265383, 265384, 265385, 265387, 265388,
265419, 265420, 265421, 265422, 265424, 265426, 265427, 265435, 265499,
265500, 265501, 265521, 265525

4.3 Track selection

For analysis only tracks fulfilling various selection criteria, see Table 1, are taken
into account. This corresponds to tracks which were reconstructed with the ITS
and the TPC and originate from a single adequately reconstructed particle trajec-
tory [25]. Kink particle rejection is one important aspect because these candidates
are inconsistent with a track hypothesis of a continuous particle trajectory. These
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4 Track and event selection 4.4 Event selection

direction changes arise from e.g. decays [26]. The reconstructed track must have
“generated” a signal in 4 ITS layers and in atleast 110 out of 159 TPC pad rows
(TPC clusters). Further details ca be found in [8].

Observable Cut value
TPC and ITS refit required
χ2 /TPC cluster < 4
Kink mothers and daughters rejected
Number of ITS clusters ≥ 4
Requirement of SPD pixels both
Number of TPC clusters ≥ 110
Number of dE/dx clusters (PID clusters) ≥ 80
Ratio found/findable TPC clusters > 0.6
DCA to the primary vertex in radial direction < 1 cm
DCA to the primary vertex in z-direction < 2 cm

Table 1: Overview of standard track selection cuts.

The requirement of a DCA in xy plane to 1 cm and in z direction to 2 cm rejects
only < 1 % of electrons from beauty-hadron decays [3]. Another requirement are
hits in both SPD pixel layers to reduce the amount of electrons produced via photon
conversion in the detector material at large distances from the primary vertex [3].

4.4 Event selection

To only use good events all events for further analysis have to fulfill certain crite-
ria [3]. Events with no SPD vertex or a primary vertex with less than one contrib-
utor to the vertex are removed [3]. Only events with a primary vertex within 10
cm from the nominal center of the coordinate system in direction of the beam are
used (z < 10 cm) [3]. Furthermore, the difference between both vertices in beam
direction has to be below 0.5 cm and the resolution of the SPD vertex in z- direction
has to be less than 0.25 cm [3]. All events are presented for minimum bias.
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5 Electron identification

5 Electron identification

Target of this chapter is to describe how the electrons are extracted from the back-
ground of other charged particles. Various hadronic background sources occur but
there are also muons that could be misidentified. Since the mass of muons and
pions do not deviate much. The term pions will be used for both particle species
in this chapter. In this chapter a selection on the impact parameter was applied,
as described in Chapter 6, which reduces the hadron contamination additionally to
the selection criteria described in Chapter 5.1 and Chapter 5.2. Thus, constant PID
is possible up to pT ≤ 8 GeV/c [49]. However, the impact parameter selection in-
creases protons from secondary decays compared to no impact parameter cut. Only
charged particles with p ≥ 0.3 GeV/c are detected by the TOF and TPC detec-
tors due to strong magnetic field; nevertheless in the following the low momentum
boundary will be pointed out multiple times as 0 GeV/c for better visualization.
E.g. in the momentum interval of 0 ≤ p ≤ 0.5 GeVc charged particles only exist
in the momentum interval of 0.3 ≤ p ≤ 0.5 GeV/c.

5.1 Electron identification with the TOF detector
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Figure 9: NσTOF
electron

as a function of momentum in p−Pb collisions at
√
sNN = 5.02

TeV.

For electron identification (eID) with the TOF detector the property NσTOF
electron

,
explained in Chapter 3.1, is used. In Fig. 9 the NσTOF

electron
distribution is plotted

in dependence of momentum after a cut of
∣∣∣NσTOF

electron

∣∣∣ ≤ 3σ. The NσTOF
electron

distri-

bution is centered around 0 with a standard deviation of approximately 1. The
distribution of NσTOF

electron
matches a Gaussian distribution due to the fact that the

measured velocity of high ultra relativistic electrons is randomly distributed around
β ≈ 1 caused by the finite detector resolution. Assuming highly relativistic elec-
trons is justified since the minimum momentum detected by the TOF detector is 0.3
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5 Electron identification 5.1 Electron identification with the TOF detector

Figure 10: Velocity β versus momentum with bands for different particle species
[21].

GeV/c. The variable NσTOF
electron

is defined as the difference between time measured
and time expected for electrons divided by the detector resolution. Particles which
are slower than the hypothesis for electrons have positive values of NσTOF

electron
. The

heavier hadrons are slower for the same momentum and disturb the symmetry of
the Gaussian distribution in the positive area of the NσTOF

electron
distribution in Fig. 9

leading to an asymmetric shape of the distribution. Origin of the asymmetry of
entries for momenta p < 1 GeV/c are pions due to their small mass of 139 MeV/c2

which can be seen in Fig. 10 where electrons and pions can not be separated by
velocity for momenta above approximately 0.5 GeV/c. In Fig. 10 the velocity β
measured with the TOF detector versus momentum is shown. Distinct bands oc-
cur for the different particle species which vanish for increasing momentum. The
heavier a particle species is, the later its band merges with the other bands. For
momenta up to 1.5 GeV/c for kaons and up to 3 GeV/c for protons a distinction
from electrons is still possible by using only the TOF detector. In this thesis eID
with the TOF detector is used within the full range in momentum since a negligible

amount of approximately 0.3% of all electrons are rejected by the
∣∣∣NσTOF

electron

∣∣∣ ≤ 3σ

cut [49].
For further analysis Fig. 9 was investigated in more detail. By a projection of the
NσTOF

electron
distribution in momentum slices the different momentum intervals were

analyzed. Due to the decreasing amount of entries for increasing momentum the
range in momentum for the described projection varied depending on the momentum
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Figure 11: NσTOF
electron

distribution for 6 ≤ p ≤ 7 GeV/c in p−Pb collisions at
√
sNN

= 5.02 TeV.

interval. In the momentum interval of 0 ≤ p ≤ 1.5 GeV/c a Gaussian fit could not
be used because electron band, pion band and kaon band merge in this momentum
interval. The spectrum of 1.5 ≤ p ≤ 20 GeV/c was divided into three areas,
1.5 ≤ p ≤ 4, 4 < p ≤ 10 and 10 < p ≤ 20 GeV/c. For the low p interval
each momentum slice had a width of 0.5 GeV/c while it was 1 GeV/c in the second
and 2.5 GeV/c in the third interval. An example projection for the momentum
interval of 6 ≤ p ≤ 7 GeV/c is shown in Fig. 11. Due to the “approaching”
hadron distribution for lower momenta and the cut right tail the Gaussian fit (in
red) covers the range between −3 ≤ NσTOF

electron
≤ 1.5σ. With a χ2

red = 1.23 fit and
data differ only slightly.
The fit results of the MC and data are compared in Fig. 12. Shown are mean and

standard deviation of the Gaussian fit on the y-axis in dependence of momentum.
The corresponding fit results do not match within uncertainties of the fit. In addition
the difference between the standard deviations of the Gaussian fits from data and
MC divided by the standard deviation from MC is shown in the upper panel of
Fig. 13. The difference of the means in is shown in the lower panel of Fig. 13. The
deviations between the standard deviations is below 9 % and below 0.32 NσTOF

electron

for the means. The main purpose of the TOF detector is to reduce contamination
caused by kaons up to 1.5 GeV/c and up to 3 GeV/c for protons [49] which is used
to improve the measurement with the TPC significantly. This is achieved by the

selection of
∣∣∣NσTOF

electron

∣∣∣ ≤ 3σ [49] [3].
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Figure 12: Comparison of the Gaussian fit parameters of the NσTOF
electron

distribution
from MC and data in p−Pb collisions at

√
sNN = 5.02 TeV.
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Figure 13: Difference between the standard deviations of the Gaussian fits from
data and MC divided by the standard deviation from MC and difference between
the means of the Gaussian fits of the NσTOF

electron
distribution from MC and data in

p−Pb collisions at
√
sNN = 5.02 TeV.

5.2 Electron identification with the TPC detector

The specific energy loss measured with the TPC is used to distinguish electrons
from other charged particles. In theory the TPC is calibrated in a way that the
NσTPC

electron
distribution is pseudorapidity independent. In addition, all runs used for

analysis should be consistent. These two properties are therefore analyzed in order
to remove possible incongruities.
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5 Electron identification 5.2 Electron identification with the TPC detector

5.2.1 Momentum dependence

Figure 14: Energy loss vs momentum for charged particles of various species [51].

In Fig. 14 the energy loss of various charged particles is plotted versus momentum.
Discrete lines indicate the expected energy loss for the respective particle species.
The electron line differs from the shape of the line of the other particle species
because for momenta of the order of GeV/c the energy loss of the electrons is
constant which corresponds to the “Fermi Plateau” of the Bethe-Bloch formula
[41]. This is not yet the case for π, K, p and d at low momenta due to their bigger
masses. Therefore the energy loss distribution of electrons is intersected by all other
particle species. The intersection differs mostly in momentum since the energy loss
is nearly constant for the “Fermi Plateau” and the hadrons have not reached the
“Fermi Plateau” yet.
In this case the energy loss determined by the TPC detector does not contain

enough information for separating hadrons and electrons. Therefore the information
provided by the TOF detector also has to be taken into account for PID. Figure 15
shows the NσTPC

electron
distribution defined in Eq. 6, versus momentum after a cut

on
∣∣∣NσTOF

electron

∣∣∣ ≤ 3σ has been applied. The electrons can be found in a range of∣∣∣NσTPC
electron

∣∣∣ ≤ 3σ around 0 NσTPC
electron

while a large hadron distribution, mainly pions,

is in a negative area of NσTPC
electron

. Furthermore, the intersections of the energy loss
distribution of electrons with other particle species can also be seen in Fig. 15 in form
of lines crossing the electron distribution. A comparison with Fig. 14 shows that
the first line is caused by kaons while the second line is caused by protons. These
lines occur even though the NσTOF

electron
selection has been applied. By a comparison of
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Figure 15: NσTPC
electron

distribution after NσTOF
electron

cut as a function of momentum in
p−Pb collisions at

√
sNN = 5.02 TeV.

the amount of entries of kaon and proton line in Fig. 14 and in Fig. 15 it becomes
evident that the contamination has already been reduced significantly.
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Figure 16: Projection of the NσTPC
electron

distribution after TOF cut fitted by various
fit functions in p−Pb collisions at

√
sNN = 5.02 TeV.

Analog to the method described in Chapter 5.1, as shown in Fig. 11 the same
procedure was used for the NσTPC

electron
distribution after application of the NσTOF

electron

selection. Since for high momenta only fewer electrons exist and the electron dis-
tribution becomes overlapped by the hadron distribution the range in momentum
was 0 ≤ p ≤ 6 GeV/c with a momentum width of 0.5 GeV/c for momenta below
4 GeV/c and 1 GeV/c for higher momenta. The pion dE/dx distribution is the dom-
inant background source and situated at negative values for NσTPC

electron
in this momen-
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tum range. Therefore, a Gaussian fit was used in a range of −1 ≤ NσTPC
electron

≤ 3σ.
The left boundary was obtained by usage of various fits for the various particle
species. An example is shown in Fig. 16 where the distributions of pions and kaons
overlap the electron distribution. Here, e.g. the pion distribution is well described
by a Landau multiplied with an exponential tail. The number of entries is plotted
versus NσTPC

electron
for various momentum intervals showing how the overlap or con-

tamination depends on momentum. The amount of entries decreases for increasing
momentum. In order to limit the contamination as much as possible while ensur-
ing a precise determination of the fit parameters (in order to reduce the systematic
uncertainty as much as possible) the left boundary was determined as −1NσTPC

electron
.
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Figure 17: Projection of the NσTPC
electron

distribution after TOF cut for 2.5 ≤ p ≤ 3.0

GeV/c in p−Pb collisions at
√
sNN = 5.02 TeV.

In Fig. 17 an example of the NσTPC
electron

distribution for a momentum range of 2.5 ≤
p ≤ 3 GeV/c is shown. Most entries come from the hadrons, mainly pions fitted
by a Gaussian in green between −6 ≤ NσTPC

electron
≤ 1σ (χ2

red = 165), covering the
interval of −12 ≤ NσTPC

electron
≤ −0.5σ which is followed by the electron candidates

in a range of −3 ≤ NσTPC
electron

≤ 3σ (χ2
red = 1.07). In Fig. 18 the fit results from MC

and data are shown which do not agree within fit uncertainties. In addition, the
difference of the standard deviations of the Gaussian fits from data and MC divided
by the standard deviation from MC is shown in the upper panel of Fig. 19 while the
lower panel shows the deviations between the means. For momenta above 5 GeV/c
mean and standard deviation from data deviate stronger from the corresponding
average value (about 0.29 σTPC

electron for the means and about 0.14 σTPC
electron for the

standard deviations) since the amount of entries of electron candidates decreases
which causes a worse fit. This is not the case for MC since the electrons are enhanced
in MC. For momenta below 5 GeV/c the standard deviations from data and MC
deviate less than 5 % while the means deviate less than 0.15 NσTPC

electron
. By calculating

the fraction of electrons with a Gaussian approach in the range of −1 to 3 times the
standard deviation around the mean the amount of electrons does only vary below
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Figure 18: Comparison of the Gaussian fit parameters of the NσTPC
electron

distribution
from MC and data in p−Pb collisions at

√
sNN = 5.02 TeV.

2.5 % between data and MC. Thus, the deviations between data and the MC are
small for calculating the electron yield.
Furthermore the hadron contamination as a fraction of the electron sample ob-

tained for the fits of the various particle species is shown in Fig 20 in the momentum
range of 1.4 ≤ p ≤ 8.4 GeV/c. The contamination increases with increasing mo-
mentum since the overlap of the electron distribution with the distribution of pions
increases. For a selection of −0.5 ≤ NσTPC

electron
≤ 3σ the contamination is at maxi-

mum 15,4 % and below 3 % for momenta below 6 GeV/c while a high efficiency of
about 69 % is fulfilled [49]. Thus, this selection was used to determine the inclusive
electron yield.
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Figure 19: Ratio of the standard deviations and difference between the means of
the Gaussian fits of the NσTPC

electron
distribution from MC and data in p−Pb collisions

at
√
sNN = 5.02 TeV.
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Figure 20: Hadron contamination in dependence of momentum for various NσTPC
electron

cuts in p−Pb collisions at
√
sNN = 5.02 TeV.
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5.2.2 Pseudorapidity dependence

To describe a particle’s trajectory relative to the beam axis the spatial coordinate
pseudorapidity (η) is often used which is defined as:

η ≡ − ln
[

tan
(θ

2

)]
=

1

2
ln
( | p | + pL
| p | − pL

)
(7)

The variables defined in this equation are p := momentum, pL := momentum along
the beam axis and θ := polar angle. With the detector setup data was recorded
in a pseudorapidity range of |η| ≤ 0.8 to provide long tracks in the TPC. For
different polar angles the projection of the track on the pad plane and therefore the
measured signal and specific ionization energy loss varies. In order to remove this
angular dependence, the TPC has to be well calibrated thus the measured specific
ionization energy loss depends only on momentum. Unfortunately this was not
completely the case for the data used in this thesis. In dependence of η the NσTPC

electron

distribution was analyzed. In addition, the range in momentum of 0 ≤ p ≤ 5
GeV/c was used since in this momentum interval the hadron contamination is at
maximum 5 %. The pseaudorapidity dependence was analyzed in the range of −0.8
≤ η ≤ 0.8 in steps of 0.1 pseudorapidity units analog to Chapter 5.2.1 where the
momentum dependence was obtained. The projections from data and MC were
fitted with a Gaussian in the range of −1σ ≤ NσTPC

electron
≤ 3σ. The fit results are

shown in Fig. 21 where the pseudorapidity is plotted on the x-axis while mean and
standard deviation are on the y-axis. In the upper panel of Fig. 21 the mean of the
electron distribution from data and MC is shown where the green line represents
a logistic growth fit of the mean from data which deviates from the approximately
constant mean from MC (fluctuations below 2 %). The logistic growth fit is not
symmetric around 0 pseudorapidity but shifted by about −0.065 pseudorapidity
units. Its equation is given in Chapter 9 in Eq 9. Due to the logistic growth the
specific energy loss measured with the TPC is not pseudorapidity independent and
has to be corrected. One possible explanation is the asymmetry of the collision setup
of p−Pb. In addition, the lower panel of Fig. 21 shows the standard deviations of
the electron distributions from data and MC which differ by about 4 % with overall
changes of about 1 % over the full pseudorapidity range.
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Figure 21: Fit parameters of pseudorapidity slices from data and MC in comparison
in p−Pb collisions at

√
sNN = 5.02 TeV.

5.2.3 Electrons per event

A run wise consideration of the electrons per event ensures that all runs taken
into account for analysis are consistent since the amount particles of a certain
particle species should be constant per event and independent of the run index.
Thus, also the amount of electrons per event should be constant. Furthermore a
comparison of data and MC is possible. If the small fluctuations of the electrons
per event in dependence of the run index is well represented by the MC the ratio
(Nelectrons

Nevents
)data/(

Nelectrons

Nevents
)MC is constant. To do so, different momentum intervals

were inspected. Mean and standard deviation were obtained run wise by the pro-
jection method of Chapter 5.2.1. Therefore, the corresponding fit parameters were
used to calculate the amount of electrons Nelectrons in each run by calculating the
integral of the distribution scaled by bin and momentum width. This value was
divided by the number of events Nevents in each run. The value of Nelectrons

Nevents
is slightly

depending on the run index. This is well reproduced in MC which can be seen in

Fig. 22 where (Nelectrons

Nevents
)data

/
(Ntextelectrons

Nevents
)MC is shown in dependency of the run

index. The zero degree polynomial describes the points well (χ2
red = 1.93).

Thus, in this momentum range (Nelectrons

Nevents
)data

/
(Nelectrons

Nevents
)MC is independent of the

run index concluding that the data is well represented by the MC. For higher mo-

menta (Nelectrons

Nevents
)data

/
(Nelectrons

Nevents
)MC spreads more due to the decrease of entries

for increasing momentum and therefore sensitivity towards statistical fluctuations.
Thus, this leads also to larger fluctuations of Nelectrons

Nevents
which can be seen in the

appendix in Fig. 34.
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Figure 22: (Nelectrons

Nevents
)data

/
(Nelectrons

Nevents
)MC for 0.3 ≤ p ≤ 0.4 GeV/c in p−Pb collisions

at
√
sNN = 5.02 TeV.

5.3 Summary for eID

It was shown in [49] that a selection of
∣∣∣NσTOF

electron

∣∣∣ ≤ 3σ and a range of −0.5 ≤
NσTPC

electron
≤ 3σ ensure a precise separation of electrons from other charged particles.

This selection has an efficiency about 69 % [49]. The cut of NσTOF
electron

reduces signif-

icantly hadron contamination caused by kaons for momenta below 1.5 GeV/c and
for momenta below 3 GeV/c for protons. A selection of −0.5 ≤ NσTPC

electron
≤ 3σ sup-

presses the contamination caused by pions and other hadrons sharply. Furthermore
the impact parameter cut additionally decreases the hadron contamination and the
resulting electron impurity is shown in Fig. 20. Finally electrons are identified and
separated.

27



6 Impact parameter distribution

6 Impact parameter distribution

As described in Chapter 2 the signal-to-background ratio for electrons originating
from beauty-hadron decays is increased by a cut on the impact parameter. This also
reduces the hadron contamination. The impact parameter distribution in xy−plane
and in z−direction were analyzed. Since target of this thesis is the raw electron
yield in dependence of pT only the analysis results of the xy−plane are shown
here. Results for the impact parameter in z−direction are shown in the appendix
in Chapter 9.

6.1 Momentum dependence

In Fig. 23 the dxy distribution is shown in dependence of pT. The number of entries
decreases with increasing impact parameter and the center of the distribution is
centered at approximately 0 µm. In addition, the amount of entries decreases with
increasing pT and also the width of the dxy distribution narrows.
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Figure 23: dxy distribution in dependence of pT in p−Pb collisions at
√
sNN = 5.02

TeV.

This distribution was inspected in momentum slices with an analog procedure as
in Chapter 5.2.1. The whole spectrum of 25 GeV/c was divided into the regions
0 ≤ pT ≤ 4, 4 < pT ≤ 10 and 10 < pT ≤ 25 GeV/c with a width of 0.5,
1.0 and 2.5 GeV/c for each momentum slice in the respective region. A Gaussian
fit function was used in a small impact parameter range of −50 ≤ dxy ≤ 50µm
because the width of the dxy distribution is depending on pT.
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6 Impact parameter distribution 6.1 Momentum dependence

Two momentum slices are shown in a range of −500 ≤ dxy ≤ 500µm in Fig. 24.
The data is well described by the fit in Fig. 24a (χ2

red = 1.18) and also in Fig. 24b
(χ2

red = 1.66). The amount of entries between −1500 ≤ dxy ≤ 1500µm decreases
from about 3 · 106 for 2 < pT ≤ 2.5 GeV/c to 2.2 · 104 for 8 < pT ≤ 9 GeV/c.
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(a) dxy distribution for the momentum interval 2 ≤ pT ≤ 2.5 GeV/c.
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(b) dxy distribution for the momentum interval 8 ≤ pT ≤ 9 GeV/c.

Figure 24: dxy distribution for various momentum intervals in p−Pb collisions at√
sNN = 5.02 TeV.
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6 Impact parameter distribution 6.1 Momentum dependence

In addition, the MC was also inspected in momentum slices and the obtained
fit parameters were compared with the corresponding values for data as shown
in Fig. 25 and Fig. 26. For increasing pT the mean increases while the standard
deviation decreases. The mean for data is shifted from about −15µm for 0 ≤ pT ≤
1 GeV/c towards about −6µm for 20 ≤ pT ≤ 25 GeV/c concluding that the mean
for data is shifted about 9 µm over the full range in pT. For MC the shift from about
−14µm for 0 ≤ pT ≤ 1 GeV/c towards −3µm for 20 ≤ pT ≤ 25 GeV/c amounts
about 11 µm. The standard deviation obtained for data decreases from 154 µm for
0 ≤ pT ≤ 1 GeV/c towards 21 µm for 20 ≤ pT ≤ 25 GeV/c. Thus, an overall
shift of about 133 µm occurs. For MC the standard deviation is shifted about 121
µm from about 144µm for 0 ≤ pT ≤ 1 GeV/c towards 23 µm for 20 ≤ pT ≤ 25
GeV/c.
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Figure 25: Comparison of the Gaussian mean of the dxy projection for data and MC
in p−Pb collisions at

√
sNN = 5.02 TeV.
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6 Impact parameter distribution 6.1 Momentum dependence
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Figure 26: Comparison of the Gaussian standard deviations of the dxy distributions
from data and MC in p−Pb collisions at

√
sNN = 5.02 TeV.

Furthermore, the compatibility of the fit parameters was investigated in depen-
dence of pT which is shown in Fig. 27. In Fig. 27a the mean of the Gaussian fit for
data is subtracted by the mean of the Gaussian fit for MC while in the lower figure
the difference between the standard deviations for data and MC is divided by σ for
MC in dependence of pT. For pT ≤ 4 GeV/c the means deviate less than 1.5 µm
and approximately 2.5 µm for higher pT. Furthermore, as shown in Fig. 27b, the
standard deviations of the Gaussian fits deviate less than 8 % over the full range in
pT.
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6 Impact parameter distribution 6.2 Angular dependence
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(a) Difference between the means of the Gaussian fits of the dxy distributions from data
and MC in dependence of pT in p−Pb collisions at

√
sNN = 5.02 TeV.
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(b) Difference of the standard deviations of the Gaussian fist of the dxy distributions from
data and MC in units of σMC in dependence of pT in p−Pb collisions at

√
sNN = 5.02

TeV.

Figure 27: Compatibility of the Gaussian fit parameters of the dxy distributions
from data and MC in dependence of pT in p−Pb collisions at

√
sNN = 5.02 TeV.

Also a cross check was performed whose results are shown in the appendix in
Chapter 9. For pT larger than 15 GeV/c cross check and Gaussian method deviate
because the Gaussian fit worsens due to decreasing number of entries.

6.2 Angular dependence

Furthermore, the dxy distribution was analyzed to approve angular independence.
The dxy distribution was divided into two bins of equal width for η and four bins
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6 Impact parameter distribution 6.3 Conclusion and impact parameter cut

of equal width for φ. Then the respective bins were analyzed as in Chapter 6.1 and
the fit results of the Gaussian fits were compared. An example is shown in Fig. 28
where the difference of the mean of the Gaussian for data is shown for a comparison
of different η and φ bins.
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Figure 28: Comparison of the mean of the Gaussian from data for various bins for
polar and azimuthal angle in dependence of pT in p−Pb collisions at

√
sNN = 5.02

TeV.

The mean of the Gaussian from data deviates 0.41 µm ± 2.4 % between both eta
bins. First and third azimuthal angle bin deviate 8.78 µm ± 1.5 % for 0 ≤ p ≤ 5
GeV/c. Consequently the impact parameter distribution is depending on φ but
independent of η. A possible explanation was that the collisions were shifted from
the nominal collision point in the xy−plane-

6.3 Conclusion and impact parameter cut

Even though the MC was already worsened to match the data it does not yet
represent the data sufficient and a small correction has to be applied to remove the
deviations of the means of the dxy distributions from data and MC. Furthermore,
the azimuthal angle dependency has to be removed. In order to reduce the hadron
contamination and separate the electrons from beauty-hadron decays a selection on
the impact parameter was applied. Since S/B and width of the impact parameter
distribution depend on pT the impact parameter cut is also pT dependent. Because
S/B of electrons originating from beauty-hadron decays increases for large impact
parameter only left and right tail of the dxy distribution are used for further analysis.
The same cut as in [3] was applied which was determined by Monte Carlo simulations
to maximize the significance of electrons originating from beauty-hadron decays
[3]. Thus, electron candidates with an impact parameter |dxy| > 0.0054 + 0.078 ·
exp(−0.56 · pT) were selected. In this equation the impact parameter is given in cm
and pT in GeV/c.
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7 Electron background

In order to separate electrons that originate from beauty-hadron decays, background
sources have to be subtracted from the inclusive electron yield. In general, there
are 3 types of background electrons such as electrons originating from conversion
porcesses, electrons coming from Dalitz decays and electrons originating from charm-
hadron decays. In addition, there is hadron contamination caused by charged kaons,
charged pions and protons from the primary vertex or protons originating from de-
cays of Σ or Λ baryons. In general, π0 decays are the largest contribution to back-
ground and includes electrons coming directly from the decay and electrons coming
from conversion caused by the interaction of decay photons with the detector mate-
rial. Electrons originating from decays of light neutral mesons such as π0, η, η′, ρ, ω
and φ are called Dalitz electrons. They are produced close to the primary vertex
due to their short decay length and therefore their decay vertex cannot be distin-
guished from the primary vertex within the detector resolution. Photons created in
decays, for example π0 , with a branching ratio of π0 → γγ ≈ 98.823 % [3], interact
with the detector material creating conversion electrons (γ → e+e−). Since hits in
both pixel layers of the SPD are required, only electrons coming from conversion
in the beam pipe or the first layer contribute to the electron sample. Furthermore,
there are strange-hadron decays of K0

S, K mesons and Λ baryons which decay into
π0 and therefore contribute to the same background sources as π0. Due to the im-
pact parameter cut the importance of electrons coming from secondary decays of π0

increases and is comparable with the one from primary decays [3]. The idea is to
remove background sources of electrons coming from conversions, and Dalitz decays
by using the MC truth information. By multiplying the identified particle yields in
MC by a transverse momentum dependent “weighting factor”, the scaled identified
particle yields from the MC correspond to the particle yields in data. Since in the
MC the origin fo each detected particle is known from the MC truth information.
The contamination of the electron yield after applying the selection criteria can be
directly identified. Because all particle yields are calculated per event, the contam-
ination is extracted in percent of the inclusive electron spectrum and therefore the
background sources is directly subtracted from the inclusive electron spectrum in
data. For this reason, the identified particle yields in data have to be obtained.
The particle yields of various background sources were taken from other ALICE
measurements in p−Pb at

√
sNN = 5.02 TeV where the corresponding yields had

been analyzed in multiplicity bins. All yields were multiplied and 2π pT and by
the multiplicity bin width for normalization. Electrons coming from charm-hadron
decays were separated by usage of the kinematic distribution for D−mesons derived
from [49] since the selection criteria are equal to the selection criteria performed in
this analysis. The relative importance of the respective background sources strongly
depends on the transverse momentum [13]. In the pT interval of 0.1 − 0.9 GeV/c
the background spectrum is dominated by electrons originating from conversion and
Dalitz decays. Electrons originating from charm-hadron decays dominate the back-
ground source spectrum in range of transverse momentum of 0.9− 5.5 GeV/c. For
transverse momenta above 5.5 GeV/c hadron contamination is the most important
background source.
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7 Electron background 7.1 Subtraction of the background sources

7.1 Subtraction of the background sources

Data was taken from [47] for π±, K±, K0
S and Λ from [50] where the transverse

momentum dependencies of the particle yields were studied for various multiplicity
bins. Charged pions were used because no measurement for the respective neutral
meson existed while this analysis was performed and it is assumed that the neutral
pions have the same particle yields as their charged counterparts which is based
on symmetry arguments (Nπ0 = (Nπ− + Nπ+)/2). The background contribution
created by light neutral mesons, K± mesons and Λ baryons was estimated by a
cocktail approach. For this, the kinematic distributions were taken from HEPData
or obtained by mT− scaling of the kinematic distribution of charged pions from
[47]. Because the charged pion disribution is described best and is the largest single
electron background source, its particle yield was used as the reference spectrum.
This particle yield can be described by a Tsallis distribution [48]. In Fig. 29 the pT
dependent pion yield divided by the number of events is shown which is fitted with
a Tsallis function colored in red.
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Figure 29: Transverse momentum dependent particle yield of charged pions (π+ +
π−)/2) at mid-rapidity fitted with a Tsallis function in p−Pb collisions at

√
sNN =

5.02 TeV.

How much data and the Tsallis function deviate can be seen in Fig. 30 where
the data values are divided by the respective value of the Tsallis function. The
average ratio is 0.93 with a standard deviation of 9 %. For heavier particles, such
as η′, ρ, ω and φ, where no data was available, this Tsallis function was used as
reference paramterization for mT−scaling in order to obtain the respective kinematic
distribution. The mT−scaling is based on the parameter mT =

√
p2T +m2

0 where one
assumes that the invariant particle yields differentiated by transverse momentum or
transverse mass are equal [46]:

1

pT

d2N

dpTdy
=

1

mT

d2N

dmTdy
(8)
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7 Electron background 7.1 Subtraction of the background sources

At mid-rapidity the invariant pT spectrum of a particle can thus be obtained by
scaling the parameterization of the kinematic distribution of a reference particle [46]
which is π0 in this thesis. Because no kinematic distribution exists for η′, ρ, ω and
φ, the Tsallis function obtained for the charged pions was mT− scaled. An example
can be seen in Fig. 31 where the yield of η′ is shown as a function of pT.
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Figure 30: Ratio of measured pT distribution for charged pions ((π+ + π−)/2) and
the corresponding Tsallis fit function in p−Pb collisions at

√
sNN = 5.02 TeV.

In order to subtract conversion and Dalitz electrons, the transverse momentum
distributions were compared to the respective distributions from the MC. Because
the particle yields in data differ strongly from the particle yield from the MC , the
kinematic distribution of the background cocktail has to be scaled by “weighting
factors” as explained above. Afterwards the background cocktail can be subtracted
from the inclusive spectrum. How the “weighting factors” were calculated is shown,
for instance, for π0 in Fig. 32. In the left figure the pT distribution of π0 for data
(colored in red) and for MC (represented in blue) are shown. By division of the
particle yields in data and MC, the pT dependent “weighting factor” is obtained
which is shown for π0 in the right figure. This was done for each background
component and subtracted from the inclusive electron spectrum.
Because the same selection criteria as in the ALICE Analysis Note from 2013 [49]

explained in Chapter 5 and 6 were applied, the background from hadron contamina-
tion and the contribution of electrons from charm-hadron decays can be calculated.
By subtraction of the background sources from the inclusive spectrum after track
and event selection, eID and requirement of the impact parameter, the raw b → e
spectrum was obtained which is shown in Fig. 33 with the inclusive spectrum and
various background sources as a function of transverse momentum. Even though
a selection was applied on the impact parameter and on the NσTPC

electron
distribution

there is still contamination caused by protons which is about 10 % (4 %) in the pT
interval 1.0 ≤ p ≤ 1.1 GeV/c (1.1 ≤ p ≤ 1.2 GeV/c) [3].
As pointed out above, conversion and Dalitz electrons are the main background

sources for transverse momenta below 0.9 GeV/c. For higher transverse momenta
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Figure 31: η′ yield obtained by mT−scaling of the Tsallis fit function of charged
pions in p−Pb collisions at

√
sNN = 5.02 TeV.

it is exceeded by the contribution of electrons coming from charm-hadron decays
which is dominant until 5.5 GeV/c from where on the hadron contamination dom-
inates. Below 0.7 GeV/c the amount of electrons originating from beauty-hadron
decays is smaller than the 3 background sources combined, especially due to elec-
trons coming from conversion and electrons coming from Dalitz decays. In the
range of 0.7 until 1.2 GeV/c the share of electrons coming from charm-hadron de-
cays from the inclusive spectrum increases. For momenta between 1.2 to 1.4 GeV/c
the contribution of electrons originating from beauty-hadron decays and electrons
coming charm-hadron decays are approximately equal. Furthermore the signal-to-
background ratio in this region is approximately 1/3. It increases for increasing
momentum until the maximum S/B of approximately 5.8 is reached between 4 and
4.5 GeV/c where the hadron contamination becomes important. Furthermore, for
momenta above 4.5 GeV/c the S/B decreases again due to the increasing hadron
contamination. The goal of this analysis is to correct this spectrum in terms of
geometrical acceptance (pseudorapidity and φ dependence), eID, reconstruction ef-
ficiency and impact parameter selection efficiency which is not done in this thesis
but is described in the outlook in Chapter 8.
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Figure 32: Calculation of the weighting factor for π0 in p−Pb collisions at
√
sNN =

5.02 TeV.
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Figure 33: Signal and background yields of electrons from various sources after the
impact parameter cut in p−Pb collisions at

√
sNN = 5.02 TeV.

38
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8 Discussion, summary and outlook

In this thesis the raw pT-dependent yield of electrons originating from beauty-hadron
decays in minimum-bias p−Pb collisions at

√
sNN = 5.02 TeV was measured. First

the NσTOF
electron

distribution and the NσTPC
electron

distribution were inspected by projec-
tions in momentum slices which were fitted by Gaussian functions. The electron

candidates were separated from other charged particles in range of
∣∣∣NσTOF

electron

∣∣∣ ≤ 3

and −0.5 ≤ NσTPC
electron

≤ 3 with an efficiency of 69 %. A pseudorapidity depen-
dence of the NσTPC

electron
distribution was observed, as well as the dependence of the

dxy distribution on the momentum and on the azimuthal angle. Furthermore the
signal-to-background ratio of electrons from beauty-hadron decays was enhanced
by a selection on the impact parameter. With the NσTPC

electron
selection the hadron

contamination was reduced to maximum 15.4 % at 8 GeV/c. The rest of the elec-
tron background was subtracted from the inclusive spectrum by a cocktail approach
where the various particle yields from the MC were re-weighted to match the particle
yields from data. The data for the various background sources of the background
cocktail was obtained from other ALICE measurements or by mT− scaling. Then
the various background sources were subtracted and the uncorrected raw pT yield,
which was divided by the number of events, of electrons originating from beauty-
hadron decays was obtained. Target of this analysis is the corrected pT spectrum of
electrons from beauty-hadron decays with estimated uncertainties. Thus, the raw
yield has to be corrected for geometrical acceptance and the efficiency of the track
reconstruction, TOF electron identification, TPC electron identification, proton con-
tribution in the pT interval 1.0 ≤ pT ≤ 1.2 and impact parameter cut selection.
Furthermore the systematic uncertainties have to be estimated by repetition of the
analysis with modified selection criteria such as track selection and eID selection.
After this the results will be compared to the results of the ALICE Analysis Note
2013 [49]. Finally, the corrected yield with estimated uncertainties of electrons from
beauty-hadron decays will be used to estimate cold nuclear matter effects. Then
the determined effects will be used to analyze hot nuclear matter effects in Pb−Pb
collisions to study the interaction of QCD probes with the QGP and characterize
its properties.
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9 Appendix

9 Appendix

Logistic growth fit

f(x) =
0.284

exp(−4.46·(|x+0.038|−0.459)) +1
− 0.0654 (9)
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Figure 34: (Nelectrons

Nevents
)data

/
(Nelectrons

Nevents
)MC in the momentum range of 1.0 ≤ p ≤ 2.0

GeV/c in p−Pb collisions at
√
sNN = 5.02 TeV.

The ratio between data and MC for the amount of electrons per event in momentum
range of 1.0 ≤ p ≤ 2.0 GeV/c is described by the value of approximately 0.088 ±
0.03 % electrons per event scaled by bin width and momentum width (χ2

red = 27).
The value for run index 265332 deviates significantly from the others since for this
run index exists only a total of 414769 events for data and 7613 events for MC which
explains the sensitivity towards statistical fluctuations.
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Figure 35: cross check mean dxy in p−Pb collisions at
√
sNN = 5.02 TeV.
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Figure 36: cross check σ dxy in p−Pb collisions at
√
sNN = 5.02 TeV.
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Figure 37: cross check ∆mean dxy in p−Pb collisions at
√
sNN = 5.02 TeV.
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Figure 38: cross check σratio dxy in p−Pb collisions at
√
sNN = 5.02 TeV.
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Figure 39: cross check ∆σ dxy in p−Pb collisions at
√
sNN = 5.02 TeV.
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Figure 40: standard deviation dz in p−Pb collisions at
√
sNN = 5.02 TeV.
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Figure 41: mean dz in p−Pb collisions at
√
sNN = 5.02 TeV.
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