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Abstract
Measurements of heavy-flavour hadrons in proton-proton collisions are important to test
pertubative Quantum ChromoDynamics and as a reference for measurements in heavy-ion
collisions. ALICE has measured several observables in this sector, e.g. the pT-differential
production cross-sections of prompt D mesons and semi-electronic decays of hadrons with
beauty or charm quarks at different energies. These measurements are compared to theoreti-
cal calculations, like Fixed-Order plus Next-to-Leading-Logarithms, which are affected by
large systematic uncertainties introduced by the heavy-quark mass, the renormalisation and
factorization scale. A possible way to reduce the systematic uncertainty on the models is
to consider ratios of pT-differential production cross-sections at different centre-of-mass en-
ergies. Therefore, such ratios were studied to investigate the possibility to reduce the large
range of values the theoretical parameters can assume. Unfortunately, the existing data has
too large uncertainties to be distinctive. Therefore, the production cross-section of electrons
from decays of heavy-flavour hadrons in pp collisions at a collision energy of

√
s = 2.76 TeV

was measured with a new method to reduce the systematic uncertainties. The resulting
cross-section and a measurement in Pb–Pb was used to improve the precision of the nuclear
modification factor.
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Zusammenfassung
Messungen von Heavy-Flavour Hadronen in Proton-Proton Kollisionen bieten die Möglich-
keit die Ergebnisse der pertubativenQuantenChromoDynamik zu überprüfen und stellen ei-
newichtige Referenz fürMessungen in Schwerionenkollisionen dar. Daher wurden in diesem
Sektor diverse Messungen mit Hilfe des ALICE Detektors durchgeführt, z.B. wurde der pT-
differentielle Produktionsquerschnitt von direkten D Mesonen und semi-elektronischer Zer-
fälle von Hadronen mit beauty und charm Quarks bei unterschiedlichen Kollisionsenergien
gemessen. Diese Messungen werden mit Berechnungen basierend auf verschiedenen Theo-
rien vergleichen, wie zum Beispiel Fixed-Order plus Next-to-Leading-Logarithms. Die sys-
tematischen Fehler der Ergebnisse dieser Theorien ist durch die Auswahlmöglichkeiten der
Renormierungs-, Faktorisierungsmaßstab und der Heavy-Quark Masse groß. Verhältnisse
zwischen pT-differentiellen Produktionsquerschnitten bei verschiedenen Kollisionsenergien
bieten die Möglichkeit diesen Fehler einzuschränken. Daher wurden solche Verhältnisse aus-
gewertet, um zu untersuchen, ob der Bereich, in dem die Werte der theoretischen Parameter
gewählt werden können, eingeschränkt werden kann. Leider sind die Messungenauigkeiten
der Daten noch zu groß. Daher wurden der Produktionsquerschnitt von Elektronen aus semi-
elektronischen Zerfällen von Hadronen mit beauty und charmQuarks in pp Kollisionen bei
einer Kollisionsenergie von

√
s = 2.76 TeV mit Hilfe einer neuen Methode bestimmt, um die

systematischen Unsicherheiten zu reduzieren. Das Ergebnis dieser Messung und eine Pb–Pb
Messungen wurden verwendet um die Genauigkeit des nuklearen Modifikationsfaktors zu
erhöhen.
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1. Introduction

1.1. Heavy quarks
The (bare) mass of the heavy quarks, i.e. charm and beauty, is significantly larger than the
Quantum ChromoDynamics (QCD) scale parameter λQCD ≈ 0.2GeV, e.g. the mass of the
beauty quark mb ≈ 4.75GeV/c2) or the charm quark (mc ≈ 1.5GeV/c2). Therefore, their
production can be described theoretically via perturbative QCD (pQCD) over the full range of
momenta while gluon and light quarks can only be treated perturbatively at high transverse
momenta [1]. Theoretical calculations achieve reasonable accuracy because of this unique
feature of the heavy-quark production. In hadronic collisions, the heavy quarks are produced
in initial hard scattering processes, which are at Leading Order (LO) gluon fusion and quark-
antiquark annihilation (Figure 1.1), and at Next-to-Leading Order (NLO) processes such as
gluon splitting and flavour excitation have to be considered in addition [1] (Figure 1.2).

b

b̄

q

q̄

b

b̄

Figure 1.1: Examples for leading order Feynman diagrams
for the production of a bb̄ pair. The left di-
agram shows gluon fusion and the right one
quark-antiquark-annihilation.

b̄

b

b̄

b

Figure 1.2: Examples for next-to-leading order Feynman dia-
grams for the production of a bb̄ pair. The left dia-
gram shows flavour excitation and the right one gluon
splitting.
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1. Introduction

Heavy-flavour quarks hadronise and form relatively long-lived particles, for example D
mesons. The lifetimes of the charm hadrons are in the order of 500 to 1000 fs and the life-
times of the beauty hadrons are about 1500 fs. Measurements of the production cross-section
of beauty and charm in pp collisions can be compared to pQCD calculations to check our
understanding of the underlying processes. In addition, these measurements provide an im-
portant reference for the measurements in Pb–Pb collisions, where the de-confined state of
matter, the Quark-Gluon-Plasma, is expected to be formed. The measurements of heavy-
flavour hadron decays can be performed in two different ways. Either the hadron is fully
reconstructed directly via its decay products, e.g. hadronic decay D0 → K−π+, or measure-
ments of electrons and muons from heavy-flavour hadron decays are performed. The first
method is affected by a large combinational background while the measurements in the lep-
ton channels have to handle with a hugh electron background from various other sources,
like π0 Dalitz-decays. These background contributions have to be evaluated and subtracted.
Until now the theory describes the data very well but it is affected by large uncertainties.
The measurements for observables linked to the charm and beauty quark tend to be at the
upper edge of the FONLL [2, 3] calculations, see e.g. Figure 4.1 or Figure 1.4.

Figure 1.3: Top : pT-differential cross-section for prompt D0, D+ and D∗+ mesons in pp colli-
sions at

√
s = 2.76 TeV compared with FONLL [2, 3] and GM-VFNS [4, 5] theoret-

ical calculations. Bottom: The ratio of the measured cross-section and the central
FONLL and GM-VFNS calculations. This plot is taken from [6].

8



1.1. Heavy quarks

Figure 1.4: (a) pT-differential inclusive production cross-section of electrons from beauty
hadron decays. The green dashed, red dotted, and blue dot-dashed lines represent
the FONLL [2, 3], kT-factorization [7], and GM-VFNS [4, 5] uncertainty range,
respectively. (b)-(d) Ratios of the data and the central calculation of pQCD cal-
culations for electrons from beauty hadron decays. For all panels, the error bars
(boxes) represent the statistical (systematic) uncertainties. This plot is taken from
[8].

This behaviour indicates that themeasurements could provide information about the FONLL
parameters. Therefore, we tried to use these measurements to reduce the range of the FONLL
parameter and, hereby, decrease the FONLL uncertainty bands. The spread of the FONLL
curves for the different scale choices is discussed briefly in subsection 3.1.2.
A brief description of the ALICE detector can be found in chapter 2, where only the sub-

9



1. Introduction

detectors used for the analysis descripted in chapter 6 are discussed in detail. The third
chapter deals with the theoretical description of the analysed processes. Not only the basic
steps to calculate or simulate the cross-sections are shown but also a study of the different
sources of uncertainties. In chapter 4 the published data used in this thesis are described.
The ratios of differential cross-sections at different centre-of-mass energies is calculated and
discussed in chapter 5. In chapter 6, the cross-section of the electrons from semi-electronic
decays of heavy-flavour hadrons at 2.76 TeV is measured using the method of tagging of the
electrons from photonic background.
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2. The ALICE Detector

Figure 2.1: The ALICE detector is built up of 18 different detectors which are indicated by
their acronyms. The central detectors (left side) are mounted inside the large
solenoid magnet which had already been part of the L3 detector at LEP.TheMuon
spectrometer with its dipole magnet is placed in forward direction (right side). An
additional blow-up of the innermost region, showing the Inner Tracking System,
the forward trigger and the multiplicity detectors, was added on the top right
position. This picture is taken from [9].

ALICE is one of the four main experiments at the Large Hadron Collider (LHC) at CERN.
It was primarily designed for data taking at heavy-ion collisions which is indicated by the
fact that the name is an acronym for ”A Large Ion Collider Experiment”.
The standard coordinate system in ALICE is a right-handed Cartesian coordinate system
where the origin is fixed by the interaction point. The z axis is aligned to the beam pipe and
the x axis points to the centre of the LHC. φ is the azimuthal angle around the z axis and θ
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2. The ALICE Detector

is the polar angle with respect to the beam axis. The polar angle is often expressed in terms
of pseudorapidity η. The two quantities are linked via Equation 2.1.

η =
1

2
ln
(
p+ pz
p− pz

)
≡ − ln

[
tan

(
θ

2

)]
(2.1)

The ALICE detector has an overall size of 16 × 16 × 26 m3 and a total weight of about 10 000 t
and was optimized to cope with the high particle densities expected from heavy-ion colli-
sions. It can be divided into two parts: the central-barrel detectors and the MUON spec-
trometer. The MUON spectrometer covers the range of −4 < η < −2.5 and is used for
measurements of muons, quarkonia and light vector mesons. The very heart of ALICE are
the central-barrel detectors which are covering the midrapidity region (|η| < 0.9). They are
embedded in the L3 solenoid magnet providing a uniform magnetic field of 0.5 T along the
beam direction. These detectors are the Inner Tracking System (ITS), the Time Projection
Chamber (TPC), the Transition Radiation Detector (TRD), the Time Of Flight detector (TOF),
the Photon Spectrometer (PHOS), the Electromagnetic Calorimeter (EMCal) and High Mo-
mentum Particle Identification Detector (HMPID) [10]. Inside the central region there are
three additional detectors, the Forward Multiplicity Detector (FMD), V0 and T0. These de-
tectors are used to determine the number of particles produced in the collision and their
spatial distribution. T0 is also used to measure the time when the collision has taken place
very precisely.
The ALICE detector is described in full details in [11]. In the following sections, more de-
tailed information about the sub-detectors needed for the analysis presented in chapter 6 is
given.

2.1. Inner Tracking System (ITS)
The ITS is the innermost detector system of the central barrel and is built up of six cylindrical
layers with three different types of silicon detectors. At radii of 3.9 cm and 7.6 cm from the
beam axis, the two innermost layers are mounted, the Silicon Pixel Detectors (SPD). These
provide a very good spatial resolution in the transverse plane (12 µm) and in the beam di-
rection (100 µm) [12]. The SPD layers are of central importance for the reconstruction of
primary and secondary vertices and for determining the distance of closest approach to the
primary vertex of reconstructed tracks. Both aspects are essential for the current way of
analysing heavy-flavour hadron decays. The intermediate and outer layers consist of Silicon
Drift Detectors (SDD) and double-sided Silicon Strip Detectors (SSD) at radii between 15 cm
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2.2. Time Projection Chamber (TPC)

and 43 cm. These two parts are also capable of providing particle identification information
via deposited energy. The ITS provides spatial resolution information (tracking) for charged
particles near the beam pipe [12] and contributes to the high momentum and angular reso-
lution of particle trajectories at ALICE.

2.2. Time Projection Chamber (TPC)
The main tracking detector of ALICE is the TPC. It provides momentum and particle iden-
tification information. The TPC is a cylindrical drift detector with a length of 5m and a
diameter of 5.6m covering a pseudorapidity range of |η| = 0.9. During all the runs which
are relevant for this thesis, it was filled with Ne (85.5%), CO2 (9.5%) and N2 (4.8%). The TPC is
divided into two drift regions by a central high-voltage electrode and the readout is divided
into 159 pad rows in radial direction [13]. Charged particles, passing through it, ionize the
gas molecules and, thereby, free electrons. These electrons drift towards the end plates of
the TPC which are equipped with multi-wire proportional chambers [12]. The coordinates
transverse to the beam direction are given by the signal position at the end-cap while the
third dimension is reconstructed via the drift time. The TPC is one of the main detectors for
particle identification which is determined by the specific energy loss per unit length

(dE
dx

)
given by the collected charge.

2.3. Time of Flight detector (TOF)
The TOF is a gas detector consisting of Multigap Resistive Plate Chamber (MRPCs), a type
of detector developed to meet the requirements of time resolution and number of read-out
channels [9]. It contains more than 150 000 individual cells with an area of 2.5 × 3.5 cm2 at
a radius of 3.7m [12] from the beam axis covering |η| = 0.9 and the full azimuth. The
TOF array provides additional information for particle identification by measuring the flight
time of the individual particles between the collision and the point were it is mounted. The
moment of collision is determined by the T0 detector, which is an array of quartz Cherenkov
counters positioned at +370 cm and −70 cm along the beam axis, if it is available [12]. If
this information is not available, the collision time is estimated using the arrival time of the
particles in the TOF or the bunch crossing time from the LHC. The resolution of the particle
arrival time is better than 100 ps which results in an overall time of flight resolution of about
150 ps. Using the time of flight and the momentum of a particle, one can determine its mass
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2. The ALICE Detector

and therefore identify the particle. The particle identification information provided by the
TOF detector complements the particle identification capability of the TPC.
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3. Theoretical calculations and
simulations

The essential parameters of theoretical calculations and simulations are:

• the heavy-quark masses,

• the Parton Distribution Functions (PDFs),

• the renormalisation and factorisation scales.

In this thesis,mc = 1.5GeV/c2 is used for charm quarks andmb = 4.75GeV/c2 for beauty
quarks, because these are the default values for FONLL [2] and POWHEG [14]. Additional
parameters like the renormalisation and factorisation scale are chosen in line with com-
mon practice. Hence, the transverse mass of the heavy-quark was set as the central value
µ = mT =

√
m2 + p2T . To estimate the systematic uncertainties introduced by these para-

meters, the calculations and simulations are repeated varying the values of the heavy-quark
masses and renormalisation and factorisation scales. The charm quark mass was varied from
1.3GeV/c2 to 1.7GeV/c2 and the beauty quark mass from 4.5GeV/c2 to 5.0GeV/c2. The
factorisation and renormalisation scales were varied using the 7-point scale variation:

(µR, µF ) = [(0.5, 0.5), (1, 0.5), (0.5, 1), (1, 1), (1, 2), (2, 1), (2, 2)] ·mT . (3.1)

The calculations and simulations reported in this thesis are computed using the set of PDF
called CTEQ6.6 as default. The systematic uncertainties related to this choice of PDFs were
obtained by repeating them for the full error set of these PDFs. The full uncertainty band
was calculated adding the uncertainties from mass, scales and PDFs in quadrature.
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3. Theoretical calculations and simulations

3.1. FONLL

3.1.1. Basic concept

The Fixed-Order plus Next-to-Leading-Logarithms (FONLL) calculations are based on a fac-
torisation approach developed by Matteo Cacciari, Paolo Nason and Mario Greco [2]. The
cross-section of a particle l is obtained by numerical convolution of the perturbative cross-
section of the heavy-quarkQ (dσFONLL

Q ), a non-perturbative fragmentation function (DNP
Q→HQ

)
and decay function (gHQ→l)

dσFONLL
l = dσFONLL

Q ⊗DNP
Q→HQ

⊗ gHQ→l. (3.2)

The perturbative cross-section is obtained by matching fixed next-to-leading order (NLO)
QCD with all-order resummation up to next-to-leading log (NLL) accuracy [3]. This is done
according to the following prescription

dσFONLL = dσFO + (dσRS − dσFOM0)×G(m, pT). (3.3)

dσFO is the massive NLO cross-section in which the mass of the heavy-quark is kept as a non-
vanishing parameter and its flavour enters only in the partonic scattering through flavour
creation processes, but not in the PDFs. dσFO matches the terms up to order α3

s in the re-
summed approach. To subtract from the resummed cross-section in massless limit (dσRS) the
fixed-order terms already contained in the FO, an approximation to the latter where only
logarithmic mass terms are retained (dσFOM0), is used [2]. G(m, pT) is a matching function
which tends to unity in themassless limit pT � m, where FO approaches the aforementioned
approximation of the fixed-order terms in the massless limit, FOM0, and its functional form
is

G(m, pT) =
p2T

p2T + a2m2
, (3.4)

with a = 5, because the difference dσRS − dσFOM0 turned out to be abnormally large below
pT = 5m [15]. For the resummation formalism the pertubative fragmentation functions
(pFF) for the parton i into a heavy-quark h are needed. Here i runs over all light partons
(the light quarks and anti-quarks, and the gluon), as well as the heavy-quarks and anti-
quarks. These fragmentation functions satisfy the Altarelli-Pairisi evolution equations and
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3.1. FONLL

their initial values at a given scale µ0 are calculable pertubatively. In the modified minimal
subtraction (MS) scheme they are given by

Dh(x, µ0) = δ(1− x) +
αs(µ0)CF

2π

[
1 + x2

1− x

(
log

µ2
0

m2
− 2 log (1− x)− 1

)]
+

, (3.5)

Dg(x, µ0) =
αs(µ0)TF

2π
(x2 + (1− x)2) log

µ2
0

m2
, (3.6)

Di(x, µ0) = 0, for i≠g, h. (3.7)

The first term describes the probability of a heavy-quark h to go into a heavy-quark h′. The
second term refers to the gluon-splitting contribution g → hh̄ and the third term is related
to the coupling of light to heavy quarks, which occurs only at next-to-next-to-leading order
and is therefore neglected. As usual, the first group invariant of the colour algebra TF is 1

2

and the second CF is 4
3
.

The pFFs are evolved to factorisation scale µF and convoluted with the NLO cross-section for
massless partons and DNP

Q→HQ
. DNP

Q→HQ
is a non-perturbative fragmentation function which

describes the hadronisation of the heavy quarks into heavy-flavour hadrons. These func-
tions for beauty and charm are based on a fit to LEP data [16, 17]. The integral of these
fragmentation functions is called fragmentation fraction. If needed, a function (gHQ→l) re-
ferring to the decay of the heavy-flavour hadron to the particle l has to be used [3, 15]. The
decay functions and branching ratios are extracted from experimental data. FONLL can only
yield calculations for one-particle inclusive heavy-quark distributions because the degrees
of freedom linked to the other particle are integrated over. Hence, it is not possible to study
correlations of the produced heavy-flavour quark or hadron with other objects in the final
state.

3.1.2. Spectra and uncertainties

The FONLL calculations were obtained using the published framework [18]. An overview
of the parameters used can be found in Table A.1. The FONLL calculations were performed
in pT-steps of 0.1GeV/c. The FONLL calculations for the pT-differential cross-section of the
charm quark via reconstruction of D0, D+ and D∗+ at

√
s = 7 TeV at midrapidity (|y|<0.5)

are shown in Figure 3.1. The corresponding plot for the cross-section at
√
s = 2.76 TeV can

be found in the appendix, Figure A.1.
From second panel of the afore mentioned figures, it is evident, that the FONLL uncer-

tainty band is driven by the variation of the factorisation and renormalisation scale. The
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3. Theoretical calculations and simulations
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Figure 3.1: The calculations for the pT-differential cross-section of D0, D+ and D∗+ at√
s = 7 TeV obtainedwithin the FONLL framework. The uncertainties introduced

by the scales, the quark mass and the PDFs are shown as blue, orange and violet
band, respectively. The full uncertainty band is shown in green. The two pads be-
low show the ratios of the scale and mass variation, as well as, the curves belong-
ing to the maximum and minimum deviations caused by the PDF uncertainties to
the central value of FONLL.
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(b) FONLL band and single curves for D+
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(c) FONLL band and single curves for D∗+

Figure 3.2: The ratio of the calculations for the pT-differential cross-section of D0, D+ and D∗+

at
√
s = 7 TeV and

√
s = 2.76 TeV obtained within the FONLL framework. The

uncertainties introduced by the scales, the quark mass and the PDFs are shown
as blue, orange and violet band, respectively. The full uncertainty band is shown
in green. The two pads below show the ratios of the scale and mass variation, as
well as, the curves belonging to the maximum and minimum deviations caused
by the PDF uncertainties to the central value of FONLL.
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3. Theoretical calculations and simulations

curves belonging to the different parameter values fill the FONLL band in a way that it is
hard to disfavour any parameter value on a three sigma level. The FONLL authors propose
that the ratios of such cross-sections at different collision energies gain more insights on the
different parameters [19]. Figure 3.2 shows the ratios of the calculations for the cross-section
of D0, D+ and D∗+ at

√
s = 7 TeV divided by the ones at

√
s = 2.76 TeV. Hereby, the ratios

were evaluated for each choice of the parameters separately because these are considered
fully correlated at different energies [19]. The curves for the different choices of the scales
group according to the choice of the factorisation scale which clearly helps to exclude specific
choices for this scale, see panel (b) of Figure 3.3. An exclusion of a combination of parame-
ter values using the ratio would be easier but this requires high precision data because the
width of the FONLL band itself decreases by about a factor of six. In addition, the FONLL
uncertainty band on the single measurements at one specific energy will not be reduced by
much because there the FONLL band is not driven by the factorisation scale but by the factor
between the two scales, see panel (a) of Figure 3.3.
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(b) FONLL scale curves for the ratio of
√
s = 7 TeV to√

s = 2.76 TeV

Figure 3.3: The FONLL calculation of the cross-section of D0 at
√
s = 7 TeV (a) and the ratio

of the cross-section at
√
s = 7 TeV and

√
s = 2.76 TeV with its full uncertainty

band (green) and the curves belonging to the different choices of the factorisation
and renormalisation scale.

For the calculations with electronic final state, the differential cross-sections were com-
puted according to

1

2πpT

d2σe±

dpTdy

∣∣∣∣
|y|<0.5

=
1

2πpT

dσe±

∆y dpT

∣∣∣∣
|y|<0.5

. (3.8)
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3.1. FONLL

Theresults fromdirect semi-electronic decay of beauty hadrons and decays via charmhadrons
were added up. The corresponding plots for the cross-sections of semi-electronic decay of
beauty and charm hadrons can be found in the appendix, Figure A.2, Figure A.3 and Fig-
ure A.4.
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3. Theoretical calculations and simulations

3.2. POWHEG
The POsitive Weight Hard Event Generator (POWHEG) [14] can be used to generate events
with heavy-flavour (top, beauty or charm) quark anti-quark pairs, which can be fed through
any Shower Monte Carlo program that compiles with the requirements of the Les Houches
Interface for User Processes [20], like PYTHIA [21, 22], to generate complete events. There-
fore, this approach is not limited to inclusive production but offers a more complete de-
scription of the final state, including decay kinematics, particle identification and, if needed,
detector response. The precision of POWHEG is NLO in the hard and leading-logarithm ac-
curacy in the soft/collinear regime by consistent combination of NLO calculation with parton
showers. In the POWHEG approach, the massive quarks are not active partons in the PDFs
and large logarithms are not resummed into heavy-quark PDFs. The production mechanism
for heavy-flavour quarks are flavour-excitation in the initial-state parton shower or gluon
splitting. In contrast to FONLL, only a subset of large logarithms are resummed because of
complex colour flow in parton-parton scattering which lead to only leading-logarithm accu-
racy of the Sudakov form factor for light partons [15]. For this thesis, POWHEG BOX V1 and
PYTHIA 6.4 with Perugia 2011 tune [23] were used to produce the charm and beauty events
and then shower, hadronise and decay them to stable particles. Note, that Pythia uses the
Lund string model for hadronisation which is tuned to data at leading, not next-to-leading
order accuracy. An overview of the parameters used for POWHEG-Box can be found in
Table A.2.

3.2.1. Event selection and yield extraction

Events having a primary vertex which is displaced by more than 10 cm were rejected, as
well as events with a multiplicity above 5 000 particles. The POWHEG events were analysed
in order to evaluate the yield of D mesons multiplied by the respective event cross-section
in between 0GeV/c and 40GeV/c. The values were stored depending on the particle type,
transverse momentum, polar angle and rapidity. The full range of the polar angle was used,
while the rapidity was restricted to the range from -2 to 2. For the D meson analysis, D0, D+

and D∗+ were identified in each event and it was checked if they really belong to a charm
quark by tracing back up to quark level. Most of the D mesons came from charm quarks,
only about 0.6% were feed-down from beauty and about 5h belong neither to charm nor
to beauty. Even though these non-charm and non-beauty D mesons were unexpected their
contribution is low enough to reject them without introducing any bias in the analysis. The
particle type, transverse momentum, polar angle and rapidity of the remaining D mesons
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3.2. POWHEG

were stored weighted by the event cross-section.
The POWHEG simulation for electrons fromheavy-flavour hadron decayswas not performed
for this thesis to save computing resources, knowing already from [15] that POWHEG will
not describe the data more accurate than FONLL does.

3.2.2. Simulated production cross-sections

The yields times the event cross-sections were transformed into differential cross-sections by
integrating over the polar angle and from -0.5 to 0.5 in rapidity. Then the differential cross-
section was calculated by dividing by the number of events, the pT-binwidth (0.2GeV/c) and
a factor of 2 coming from the averaging of anti-particle and particle, as well as, multiply by
a factor of 1000 to go from mb to µb, as reported in Equation 3.9.

dσ
dpT

=
ND/D̄

2∆y∆pT

∣∣∣∣∣
|y|<0.5

· σevent
Nevents

(3.9)

The uncertainties on the POWHEG values were determined by variation of the heavy-
quarkmasses, the renormalization and factorization scale using the alreadymentioned 7-point
scale variation. The upper and lower uncertainties on the POWHEG cross-section was deter-
mined by taking the maximum and minimum of all the values calculated with the different
variation settings per bin, respectively. After rebinning the maximum and minimum varia-
tion values to the binning of the measurement at the respective centre-of-mass energy, the
uncertainties were given by subtracting the central value. The POWHEG results for the
cross-sections are compared to the measured data and the FONLL calculation. Figure 3.4
shows the cross-sections at 7 TeV, the corresponding plots for 2.76 TeV can be found in the
appendix Figure A.5.
All cross-section results match the data and the FONLL calculations within the uncertainty

bands, but the data has a tendency to lie at the upper edge of the FONLL band.
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Figure 3.4: Comparison of the measured pT-differential cross-section of D0, D+ and D∗+ pro-
duction at

√
s = 7 TeV to FONLL calculations (red) and POWHEG simulations

(green). The two panels below show the ratios of data to the central value of
POWHEG and FONLL. In all panels, the statistical and systemtical uncertainties
are represented by the bars and boxes, respectively.
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4. Published ALICE data

Table 4.1: Overview of published measurements of the charm and beauty cross-sections from
ALICE

Measurement Energy Lint |y| pT reference

D mesons 2.76 TeV 1.1 nb−1 0.5 1− 12GeV/c [6]
D mesons 7 TeV 5 nb−1 0.5 1− 24GeV/c [24]
Hb/c → e 2.76 TeV 1.1 nb−1 0.8 0.5− 12GeV/c [13]
Hb/c → e 7 TeV 2.6 nb−1 0.5 0.5− 8GeV/c [12]
Hb → e 2.76 TeV 0.9 nb−1 0.8 1− 10GeV/c [8]
Hb → e 7 TeV 2.2 nb−1 0.8 1− 8GeV/c [25]

Hb → J/ψ 7 TeV 5.6 nb−1 0.9 1.3− 10GeV/c [26]
D+

s 7 TeV 4.8 nb−1 0.5 2− 12GeV/c [27]
c vs multiplicity 7 TeV ' 5 nb−1 0.5 1− 20GeV/c [28]
b vs multiplicity 7 TeV ' 5 nb−1 0.9 > 1.3GeV/c [28]

The analysis discussed in this thesis requires measurements of the same observable at two
different collision energies in a comparable rapidity range. Therefore, only the D meson
measurements and the measurements of electrons from semi-electronic decays of hadrons
carrying charm or beauty quarks can be used. These measurement are briefly described in
the following sections.

4.1. D meson analyses
The pT-differential cross-sections of prompt, i.e. feed-down subtracted, charmedmesonswere
measured via reconstruction of their hadronic decays D0 → K−π+, D+ → K−π+π+ and
D∗+ → D0π+ and their charged conjugates [24, 6]. These measurements were performed in
the rapidity range |y| < 0.5 and for transverse momenta in the range 1 < pT < 12GeV/c at
2.76 TeV and 1 < pT < 24GeV/c at 7 TeV.
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4. Published ALICE data

Due to their large lifetime (cτ ≈ 123 µm and 312 µm for D0 and D±, respectively), the D
mesons do not decay at the primary vertex. The high-precision tracking provided by the
Inner Tracking System (ITS) and the Time Projection Chamber (TPC) is used to reconstruct
the displaced secondary vertices. To further reduce the combinatorial background, the decay
π± and K± are identified using themeasurement of the specific energy loss dE/dx in the gas of
the TPC and the time of flight of the particle from the interaction point to the Time-Of-Flight
(TOF) detector. The final signal yields were extracted using an invariant mass analysis. The
secondary vertex belonging to the decay D∗+ → D0π+ cannot be resolved from the primary
vertex. Hence, topological selections on the D0 and kinematic selections on the final decay
products were applied. For low pT, the additional pion is expected to have low momentum
and is referred to as a ’soft pion’.
The pT-differential cross-section for D0 production can be calculated from the raw signal yield
extracted with the invariant mass analysis via the following formula:

dσD+

dpT

∣∣∣∣
|y|<0.5

=
1

2

1

∆y∆pT

fprompt(pT) · ND±raw(pT)
∣∣∣
|y|<yfid(pT)

(Acc× ε)prompt(pT) · BR · Lint
(4.1)

where ND±raw(pT) is the measured inclusive raw yield and fprompt is the fraction of prompt
mesons in the raw yield, whichwas obtained using the production cross-section for Bmesons
from FONLL pQCD calculations. More details about this can be found in [24]. The acceptance
times the efficiency (Acc× ε)prompt accounts for the vertex reconstruction, track reconstruc-
tion and selection as well as the topological cuts [24]. It was determined using Monte Carlo
simulations based on the GEANT 3 transport code [29]. ∆pT is the width of the pT-bins used
in the analysis. BR stands for the respective decay branching ratio. Lint is the integrated
luminosity, which is given by the number of minimum bias events divided by the respective
cross-section. The cross-section is given for the average over particle and anti-particle, there-
fore, an additional factor 1

2
comes along. The results of the measurements at

√
s = 7 TeV

and
√
s = 2.76 TeV are shown in Figure 4.1 and Figure 1.3, respectively.

A description of systematic uncertainties and their treatment can be found in section 4.2
of [24] and section 3.2 of [6]. The BR cancel in the calculation of ratios of differential cross-
sections at two different collision energies because it is independent of the collision energy.

26



4.1. D meson analyses
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Figure 4.1: The pT-differential cross-section for prompt D0, D+ and D∗+ in pp collisions at√
s = 7 TeV compared with FONLL [2, 3] and GM-VFNS [4, 5] theoretical calcu-

lations. The symbols are positioned horizontally at the centre of each pT interval.
The normalization uncertainty is not shown. This plot is taken from [24].

27



4. Published ALICE data

4.2. Semi-electronic decay of heavy-flavour hadrons
The pT-differential cross-section of electrons from semi-electronic decays of heavy-flavour
hadrons was measured in proton-proton collisions at mid-rapidity in the momentum range
of 0.5 < pT < 8GeV/c and 0.5 < pT < 12GeV/c at 7 TeV and 2.76 TeV, respectively.
The first step was to select tracks which fulfil some electron identification cuts, e.g. specific
energy loss (dEdx ) in the TPC between one standard deviation below and three standard devia-
tions above the expected value of electrons and TOF-based discrimination for low momenta.
A detailed description of these cuts can be found in section 3.4 of [12] and in [13]. Then
corrections for acceptance and efficiency were applied. The resulting inclusive electron and
positron yields per minimum bias triggered collision were averaged because the spectra of
decay electron and positron are identical for all relevant sources [12]. Equation 4.2 summa-
rizes how the yield of electrons from semi-electronic decays of heavy-flavour hadrons was
calculated.

1

2πpT

d2N e±

dpTdy
=

1

2

1

2πpcentreT

1

∆y∆pT

N e±

raw(pT)

(εgeo × εreco × εeID)

1

NMB
(4.2)

To remove the electron background from other sources, like Dalitz-decays of light neutral
mesons, the so-called ’cocktail subtraction’ method [12] was used. For the cocktail subtrac-
tion method measured momentum distributions of the relevant background sources are used
and a cocktail of electrons from these is calculated using a Monte-Carlo hadron-decay gen-
erator. The cocktail contains electron distributions from the following sources:

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

• conversion of decay photons

• dielectron decays of light vector mesons (ρ, ω and φ)

• dielectron decays of heavy quarkonia (J/ψ and Υ)

• weak K → eπν (Ke3) decays

• partonic hard scattering processes, like Drell-Yan processes and the conversion of di-
rect real and virtual photons

A detailed description of the cocktail and its ingredients can be found in Figure 4.3. The
final differential cross-sections of the electrons from semi-electronic decays of heavy-flavour
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4.3. Semi-electronic decays of beauty hadrons

hadrons are calculated by multiplying with the minimum bias cross-section (σMB) and are
shown in Figure 4.2 and Figure 4.3.

4.3. Semi-electronic decays of beauty hadrons
This measurement is similar to the measurement of electrons from semi-electronic decays of
heavy-flavour hadrons because it selects electron candidates using the TPC and TOF detec-
tors. In addition to the cocktail subtraction method, one uses the fact that beauty hadrons
decay at a displaced secondary vertex because of their long lifetime (cτ ≈ 500 µm). This leads
to a broad distribution of the distance of closest approach to the primary vertex, denoted
as impact parameter, for the electrons coming from their decay. Therefore, a selection on
the impact parameter was used to maximize the signal-to-background ratio. The remaining
background was estimated using a PYTHIA [22] simulation which was re-weighted to match
the pT-distributions of the relevant electron sources measured with ALICE. The background
cocktail surviving the selection cuts were subtracted from data. In addition, an analysis tech-
nique based the azimuthal electron-hadron correlations [13] was tested for the 2.76 TeV data.
The resulting measurements are shown in Figure 1.4 and Figure 4.4. A detailed description
can be found in [8] and [25].
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4. Published ALICE data

Figure 4.2: pT-differential cross-section of electrons from heavy-flavor hadron decays com-
pared to pQCD calculations from FONLL (red) [2, 3], GM-VFNS (blue) [4, 5] and
kT-factorization (green) [7]. Uncertainties on the theory calculations originate
from the variation of the factorization and the renormalization scales and from
the heavy-quark masses. The ratios data/theory are shown in the lower panels,
where the dashed lines indicate the additional theoretical uncertainties relative to
unity. This plot is taken from [13].30
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Figure 4.3: The measured electron spectrum from heavy-flavour hadron decays is compared
to a FONLL calculation for inclusive charm and beauty hadron semileptonic de-
cays on an absolute scale in the upper panel. The ratio of the measured spectrum
to the FONLL pQCD calculation is shown in the lower panel. This plot is taken
from [12].
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4. Published ALICE data

Figure 4.4: (a) pT-differential invariant cross sections of electrons from beauty and from
charm hadron decays. The error bars (boxes) represent the statistical (system-
atic) uncertainties. The solid (dashed) lines indicate the corresponding FONLL
calculations (uncertainties) [2, 3]. Ratios of the data and the FONLL calculations
are shown in (b) and (c) for electrons from beauty and charm hadron decays,
respectively, where the dashed lines indicate the FONLL uncertainties. (d) Mea-
sured ratio of electrons from beauty and charm hadron decays with error boxes
depicting the total uncertainty. This plot is taken from [25].
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5. Ratios of production cross-sections
at different collision energies

5.1. Measurements

Table 5.1: Published data used and the corresponding database links
Measurement Energy Database link

D mesons [6] 2.76 TeV hepdata.cedar.ac.uk/view/ins1115187/short
D mesons [24] 7 TeV hepdata.cedar.ac.uk/view/ins944757/short
Hb/c → e [13] 2.76 TeV hepdata.cedar.ac.uk/view/ins1296860/short
Hb/c → e [12] 7 TeV hepdata.cedar.ac.uk/view/ins1115824/short
Hb → e [8] 2.76 TeV hepdata.cedar.ac.uk/view/ins1296861/short
Hb → e [25] 7 TeV hepdata.cedar.ac.uk/view/ins1126962/short

The measured cross-section values corresponding to the ALICE publications, used in this
thesis, are taken from the Durham database (Table 5.1). The data are given with a total and a
statistical uncertainty per bin. Therefore, the systematic uncertainties were recalculated via
quadratic subtraction of the statistical uncertainties on a bin per bin base:

∆syst,i =
√
∆2

total,i −∆2
stat.,i (5.1)

The normalization uncertainties of the measurements at different energies are different be-
cause these are related to the minimum bias cross-section. Hence, these uncertainties were
added again to the systematic uncertainties as shown in Equation 5.2.

∆syst,i =
√

∆
′2
syst,i +∆2

norm,i (5.2)

∆norm,i =
(

dσ
dpT

)
i
· fnorm.,i (5.3)
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5. Ratios of production cross-sections at different collision energies

The i denotes the respective pT-bin and the normalisation uncertainties are calculated by
multiplying the value of the differential cross-section in the corresponding bin with the val-
ues of the relative normalization uncertainty (fnorm.,i) taken from the respective publication.
As already discussed in chapter 4 the uncertainties on the branching ratios are not taken
into account for the analysis of the ratios. For this analysis, the systematic and statistical
uncertainties were treated separately.

5.2. Rebinning
The cross-sections have to be measured with equal binning in order to calculate the ratios.
Therefore, the measurements at 7 TeV were rebinned to be in line with the measurement
at 2.76 TeV. For the measurements of electrons from semi-electronic decay of heavy-flavour
hadrons, two bins between 5 and 6GeV/cwere averaged. Since this production cross-section
is normalized to the mean transverse momentum of each bin, the following formula has to
be used to

cnew =
c1 · pT,1 + c2 · pT,2

pT,1 + pT,2

(5.4)

Here, c1 and c2 are the values of the cross-section in the first and the second bin, respectively,
while pT,1 and pT,2 are the corresponding mean transverse momenta. For the D meson mea-
surements, the bin contents of two bins in the following ranges were averaged in the usual
way, 2-4 GeV/c, 4-6 GeV/c and 6-8 GeV/c. The statistical uncertainties of the different bins
were added in quadrature and divided by the number of bins added up. Assuming that the
systematic uncertainties in neighbouring bins are correlated, these were added linearly. For
the D mesons, the following formulas were used

∆stat.,new bin =
1

2

√
∆2

stat.,bin1 +∆2
stat.,bin2 (5.5)

∆syst.,new bin =
1

2
(∆syst.,bin1 +∆syst.,bin2), (5.6)
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while the electron uncertainties have to be recalculated taken the mean transverse momen-
tum of the bins into account:

∆stat.,new bin =

√
(∆stat.,bin1 · pT,1)2 + (∆stat.,bin2 · pT,2)

2

pT,1 + pT,2

(5.7)

∆syst.,new bin =
(∆syst.,bin1 · pT,1 +∆syst.,bin2 · pT,2)

pT,1 + pT,2

(5.8)

5.3. Ratios
The ratios were calculated by dividing the measurements at 7 TeV by the ones at 2.76 TeV.
The upper and lower uncertainties were determined according to the following equations,
where R denotes the ratio:

∆Rup

R
=

√(
∆σ7TeV,up
σ7TeV

)2

+

(
∆σ2.76TeV,down
σ2.76TeV

)2

(5.9)

∆Rdown

R
=

√(
∆σ7TeV,down
σ7TeV

)2

+

(
∆σ2.76TeV,up
σ2.76TeV

)2

(5.10)

The POWHEG and FONLL ratios were calculated for every variation separately because the
theoretical parameters were assumed to be equal for the different energies. The variations
with respect to the PDF error set were not performed with POWHEG because according to
[15] the resulting uncertainties are subdominant in the kinematic region of interest. The
total uncertainty band is calculated by adding the uncertainties introduced by the different
types of variations in quadrature. To simplify the comparision with data, the FONLL and
POWHEG ratios were rebinned to match the data binning. The POWHEG simulations for
the measurements of the electrons from semi-electronic decays of beauty and charm hadrons
were not evaluated because the comparison with the FONLL calculations already indicates
that the measurements of the electrons from semi-electronic decays of beauty and charm
hadrons have too large uncertainties.

5.4. Results
Figure 5.1 and Figure 5.2 show that both the statistical and systematic uncertainties of the data
are much larger than the FONLL uncertainty bands and, therefore, nothing can be learned
about the parameters. Most of the problems concerning the statistical uncertainty are con-
nected to the low statistics available for the data at 2.76 TeV. Since the systematic uncertainty
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(c) D∗+

Figure 5.1: The ratio of pT-differential cross-sections of D0, D+ and D∗+ at
√
s = 7 TeV and

2.76 TeV measured with ALICE compared to POWHEG simulation (green) and
FONLL (red).

are too large, too, the suggestion cannot only be to take more data to reduce the statistical
uncertainties, the analysis techniques have to evolve to reduce the systematic uncertainties
as well.
The FONLL bandwidth was used to estimate the maximum uncertainty allowed to be able to
reject a specific setting of FONLL parameter at a 3σ-level to estimate how much the uncer-
tainties have to be reduced. When re-analysing with improved methods, the position of the
ratio points will problably change. Therefore, two different cases were analysed.
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(b) Hb/c → e

Figure 5.2: The ratio of pT-differential cross-sections of electrons from semi-electronic decays
of beauty and charm hadrons at

√
s = 7 TeV and 2.76 TeV measured with ALICE

compared to FONLL (red boxes).

In the first case, the maximum allowed uncertainties were calculated using the distance be-
tween the extreme and the central values of the FONLL band.

∆Rdata, upper =
1

3
(RFONLL, max − RFONLL, central) (5.11)

∆Rdata, lower =
1

3
(RFONLL, central − RFONLL, min) (5.12)

The resulting mocked-up data for the D mesons can be seen in Figure 5.3 and Figure 5.4.
For the second case, the assumption that the data points lie at the upper or lower edge of the
FONLL band was used. The maximum total uncertainty on the data ratio allowed would be
1
3
times the distance of the lowest and the highest FONLL values for this scenario.

∆Rdata, max =
1

3
(RFONLL, max − RFONLL, min) (5.13)

The plots showing the mocked-up data sets for electrons from semi-electronic decays of
beauty and charm hadrons can be found in the appendix, Figure A.6 and Figure A.7. The
uncertainty estimates were performed in five different pT-bins, see Table 5.2, which summa-
rizes the maximum uncertainties on the ratio of cross-section measurements at

√
s = 7 TeV

and 2.76 TeV allowed in order to be able to disfavour some parameter values.
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5. Ratios of production cross-sections at different collision energies

Table 5.2: Maximum allowed total uncertainty on the single measurement of heavy-flavour
cross-sections determined using the ratio of FONLL calculations at

√
s = 7 TeV

and 2.76 TeV assuming the relative uncertainties is the same for both energies.
pT-bin [GeV/c] D0 D+ D∗+ Hb → e Hc → e

Data at the upper edge of the FONLL band
0− 1 9.0% 9.0% 8.9% 3.6% 8.2%
1− 2.5 9.1% 9.0% 9.4% 3.5% 5.0%
2.5− 4 5.7% 5.8% 6.0% 3.2% 3.6%
4− 6 4.3% 4.3% 4.5% 3.0% 2.8%
6− 25 2.3% 2.3% 2.3% 2.1% 1.7%

Data at the lower edge of the FONLL band
0− 1 14.7% 14.7% 14.4% 4.2% 12.5%
1− 2.5 14.8% 14.7% 15.7% 4.1% 6.3%
2.5− 4 7.6% 7.7% 8.1% 3.7% 4.2%
4− 6 5.2% 5.3% 5.5% 3.5% 3.2%
6− 25 2.5% 2.5% 2.6% 2.2% 1.9%

Data at the centre of the FONLL band
0− 1 +4.0%

−6.6%
+3.9%
−6.7%

+4.1%
−6.4%

+1.5%
−2.4%

+2.1%
−6.8%

1− 2.5 +2.9%
−7.3%

+2.9%
−7.2%

+3.0%
−7.6%

+1.4%
−2.3%

+2.0%
−3.4%

2.5− 4 +2.2%
−4.0%

+2.3%
−4.1%

+2.3%
−4.3%

+1.3%
−2.0%

+1.7%
−2.2%

4− 6 +1.8%
−2.8%

+1.8%
−2.8%

+1.9%
−2.9%

+1.3%
−1.9%

+1.4%
−1.6%

6− 25 +1.1%
−1.3%

+1.1%
−1.3%

+1.1%
−1.3%

+1.0%
−1.1%

+1.0%
−0.8%
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Figure 5.3: The ratio of pT-differential cross-sections of D0, D+ and D∗+ at
√
s = 7 TeV and

2.76 TeV evaluated using FONLL. Here the mocked-up data is assumed to lie at
the centre of the FONLL reference, which leads to rather small asymmetric un-
certainties allowed to be still decisive.
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Figure 5.4: The ratio of pT-differential cross-sections of D0, D+ and D∗+ at
√
s = 7 TeV and

2.76 TeV evaluated using FONLL. Here themocked-up data is assumed to lie at the
lower edge of the FONLL reference, which leads to a little bit larger uncertainties
allowed to be still decisive compared to the first case.

40



6. Electrons from heavy-flavour hadron
decays in pp collisions at
√
s = 2.76 TeV

In the previous chapter, we learned that we have to improve the precision of our measure-
ments to constrain the parameters of the theory and, hereby, learn more about the produc-
tion processes. Since the signal-to-background ratio in the measurements of electrons from
heavy-flavour hadron decays is very low at low transverse momenta, the systematic uncer-
tainty is dominated by the contribution from the background subtraction in this kinematic
region. In the published analysis [13], the electron background was subtracted using the
cocktail-subtraction method. The cocktail of electrons from the various background sources
is calculated from the measured spectra of these sources using a Monte-Carlo hadron-decay
generator. It contains electron distributions from the following sources:

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

• conversion of decay photons

• dielectron decays of light vector mesons (ρ, ω and φ)

• dielectron decays of heavy quarkonia (J/ψ and Υ)

• weak K → eπν (Ke3) decays

• partonic hard scattering processes, like Drell-Yan processes and prompt real and virtual
photons

The dominating sources of background electrons are theDalitz-decays of light neutralmesons
and the photon conversions, while the hard scattering processes get important towards high
pT, too. A detailed description of the cocktail and its ingredients can be found in Figure 4.3.
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√
s = 2.76 TeV

To avoid large systematic uncertainties affected by the use of the background cocktail, an-
other analysis method was applied, which does not use a background cocktail to reject the
electrons from the dominating sources. This method, called photonic method in this thesis,
exploits the fact that these processes create electron-positron pairs which can be identified
in data directly via their low invariant mass. The electron candidate tracks belonging to such
pairs are excluded from the analysis.
Figure 6.1 shows the comparison of the spectra of electrons from heavy-flavour hadron de-
cays obtained via cocktail-subtraction and the photonic method measured in p–Pb collisions
at

√
sNN = 5.02 TeV [30]. The spectra are compatible within uncertainties but the result

using the photonic method has much smaller systematic uncertainties especially in the low
pT-region.

Figure 6.1: Comparison of the heavy-flavour electron pT-spectrum obtained via the cocktail-
subtractionmethod and photonic method for p–Pb collisions at

√
sNN = 5.02 TeV.

The left panel shows the respective pT-spectra and the right panel the ratio of both
[30].

Therefore, the data collected in pp collisions at
√
s = 2.76 TeV were re-analysed using the

photonic method. The resulting production cross-section of electrons from semi-electron
decays of charm and beauty hadrons can be also used as an improved reference spectrum for
the Pb–Pb collisions [31].
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6.1. Data set and Monte Carlo simulations

6.1. Data set and Monte Carlo simulations
For this analysis, the minimum bias data sample taken in pp collisions at

√
s = 2.76 TeV

in spring 2011, the LHC11a period, was used. The minimum bias trigger requires at least
one hit in the SPD or in either of the two V0 arrays, which has to coincide with the signal
from the beam position monitors. During this data taking period, the Silicon Drift Detector
(SDD) layers were not read out for a sizeable fraction of events because these detectors are
slower than the other silicon detector types and the data taking period was very short. Cor-
respondingly, there are two versions of reconstructed data for this period, one with the SDD
information and another one without it. The latter sample offers higher statistics because
all events are included, also those with SDD available but its information is not used in the
reconstruction procedure.
The analysis presented in this thesis is based on the second reconstruction pass (pass 2) of
the data sample without SDD and was performed on Event Summary Data (ESD). The ESD
contains lists of global event properties, e.g. the information about the triggers, and recon-
structed tracks or particles including their associated detector hits and calorimetric clusters.
The data sample without SDD was only used for cross-checks.
Two additional reconstruction passes are available which could not be used to perform this
analysis. The description of the expected signals in the TPC for the various particle types,
called TPC splines, were fitted to raw data without correction for the η-flattening in pass
3 which oppose the use of this data sample. For Pass 4, no Monte Carlo (MC) simulation
with enhancement of electrons from heavy-flavour existed. In addition, the statistics of the
minimum bias MC for both of these reconstruction passes is low. Since the Time of Flight
detector (TOF) was used for particle identification (PID), the data selection was reduced to
eight runs in which the performance of the TOF detector is considered good. In total about
43.8M events were analysed, which correspond to an integrated luminosity Lint ≈ 0.8 nb−1.

Two different Monte Carlo (MC) samples were used for this analysis. The minimum bias
Monte Carlo sample (LHC12e6) was produced using the PYTHIA generator [21, 22] and the
Geant 3 transport code [29]. For the other sample (LHC12a9), a special PYTHIA MC simula-
tion was used in which a trigger on charm and beauty hadrons decaying semi-electronically
was employed. In addition, another enhanced PYTHIA MC simulation (LHC11b10b) was
used for cross-checks. For this MC sample, the trigger included events with π0, η, J/ψ and
B → J/ψ, too. To perform a MC closure test, which should proof the applicability of the
photonic method, two additional minimum bias MC samples (LHC12f1a, LHC12f1b) were
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√
s = 2.76 TeV

used. These MC samples were generated using the PYTHIA [21, 22] and the PHOJET [32, 33]
generator for LHC12f1a and LHC12f1b, respectively.

Table 6.1: Summary of the data sample and Monte Carlo simulations used in this analysis
Period / Sample Number of events additional information

Data

LHC11a 43.8 M pp,
√
s = 2.76 TeV, minimum bias,

8 runs, reconstruction pass 2

Monte Carlo simulations

LHC12e6 32.1 M PYTHIA, minimum bias
LHC12a9 2.29 M PYTHIA, enhanced (trigger on

events with bb̄ or cc̄ production
LHC11b10b 2.69 M PYTHIA, enhanced (trigger on

events with π0, η, J/ψ and B → J/ψ
and bb̄ or cc̄ production

LHC12f1a 12.6 M PYTHIA [21, 22], minimum bias,
reconstruction pass 4

LHC12f1b 10.7 M PHOJET [32, 33], minimum bias,
reconstruction pass 4

6.2. Event selection
The primary collision vertex can be reconstructed using reconstructed tracks in the event or
correlated hits in the two Silicon Pixel Detector (SPD) layers. For this analysis, only events
which provide a vertex from reconstructed tracks were used, which are about 80.5% of all
the events in the data sample. Edge effects from being at the limit of the central barrel
acceptance were minimised by requiring that the primary vertex is within ±10 cm around the
nominal centre of the experiment along the beam direction. Pile-up events were identified
and rejected using the SPD as in former analyses [12, 13]. About 72% of the events in the
data sample fulfil these event selection criteria.
The analysis was performed using the same binning as for the Pb–Pb measurement [31]
to improve the statistics in each bin and to be able to calculate the nuclear modification
factorRAA. For theRAA, the measured invariant yield in Pb–Pb collisions is compared to the
respective result in pp collisions scaled with the average number of binary nucleon-nucleon
collisions for the respective centrality class. TheRAA is used to to quantify the energy loss in
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6.3. Track selection

theQuark-Gluon-Plasma and to learn more about its physical properties by comparing with
different theoretical models.
Therefore, neighbouring bins above pT = 1.5GeV/c were merged at the beginning of the

analysis. The bins below pT = 1.5GeV/c were not merged before the correction steps be-
cause the efficiencies used in this analysis have a steep rise in this region and merging bins
there would reduce the precision of the final result.

6.3. Track selection
In the magnetic field (B = 0.5 T) provided by the solenoid magnet, the minimum pT of
particles needed to reach the TOF detector is about 0.3GeV/c. However, the spectra shown
in this chapter start at a minimum transverse momentum of 0.5GeV/c because of the low
signal-to-background ratio and the low and steep efficiencies of finding the electrons from
photonic sources, the track selection and the particle identification below 0.5GeV/c, which
makes the analysis very difficult andwould lead to large statistical uncertainties. The analysis
was performed using tracks inside the pseudorapidity range |η| < 0.8, which is close to the
maximum acceptance of the detectors.
Since electrons from photonic background sources are produced in electron-positron pairs,
two categories of analysis tracks were used. The electron candidates fulfil similar selection
criteria as the ones used in the former analysis [13]. The associated tracks were used to build
up the aforementioned pairs and have to satisfy looser track selection criteria to increase the
efficiency of finding the electron-position pairs, see Table 6.2.

• Fake tracks which 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 momentum fit in the TPC is smaller than four.

• The track quality in the TPC is characterised by the number of clusters used for the
reconstruction and re-fit of the track. Not all clusters used for tracking are used for
the energy loss calculation, e.g. clusters close to the border of TPC sectors are not
considered. Only tracks for which at least 110 (out of a maximum of 159) clusters were
used for the tracking and at least 80 for the energy loss calculation were accepted in
this analysis. The requirement on the number of TPC clusters is used to improve the
discrimination of electrons and pion because electron tracks have, on average, a higher
number of clusters. This is true due the fact that the energy deposition of electrons
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Table 6.2: Summary of the track selection imposed on the electron candidates and the asso-
ciated tracks

Type Electron
candidates

Associated tracks

pmin
T 0.5GeV/c 0.1GeV/c
η 0.8 0.8
ITS and TPC refit required required
χ2/ TPC clusters < 4 < 4
Number of TPC clusters ≥110 ≥60
Number of TPC dE

dx clusters (PID) ≥80 ≥60
Ratio found / findable TPC clusters > 0.6 > 0.6
Number of ITS hits ≥3 ≥2
Requirements of SPD layes both any
Distance of closest approach to the
primary vertex in xy

< 1 cm < 1 cm

Distance of closest approach to the
primary vertex in z

< 2 cm < 2 cm

Kink mothers excluded excluded
TOF t− TOF t|el ± 3σ not used

TPC dE
dx −

〈
TPC dE

dx

〉
|el +3.2

−1.0 σ ± 3σ

on the Fermi plateau is approximately 1.6 times larger than for minimum ionizing
particles.

• In addition to the restriction on the minimal number of ITS hits, hits in both SPD layers
were required to minimise the contribution from electrons from photon conversions
in the ITS.

• To reject background tracks and non-primary tracks, the maximal distance of closest
approach (DCA) of the tracks to the primary vertex was restricted to 1 cm in radial
direction and 2 cm along the beam direction.

• Tracks which were identified as kink mothers or daughters were rejected from the
analysis. Kinks are particle tracks which at some point change direction very rapidly,
e.g. pions which decay into muons and neutrinos or electrons which suffer from
bremsstrahlung. The track before the change of direction is stored as kink mother
and the track afterwards is called kink daughter.
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6.4. Determination of the remaining hadron contamination

For the analysis described in this thesis the Time Projection Chamber (TPC) and the Time
of Flight (TOF) detector were used to identify the electrons. In the pT-region up to about
2GeV/c, the information from TOF is essential to remove the contamination from hadrons,
like pions, kaons and protons, as shown in panel (a) of Figure 6.2.

• The electron selection starts by rejecting all particle tracks outside ±3σ around the
expected time-of-flight for electrons which removes hadrons from the electron candi-
date sample. Since this selection removes kaons, proton and deuterons in the pT-region
where their lines cross the electron line in the TPC, a further refinement of the selec-
tion can be reached by introducing a rejection of tracks based on the deviation from
the expected dE

dx for electrons in the TPC, see panel (b) of Figure 6.2.

• During the data recording period used in this analysis the TPC was operated at a high
gain which improves the energy loss resolution compared to the data set taken at 7 TeV
[12]. As a consequence, the electron-pion separation is improved and tracks within
−1.0σ and 3.2σ instead of 0σ and 3σ can be selected. The upper edge of this selection
was changed to 3.2σ to select more electron candidate tracks.

• As in the former analyses [12, 13], the average spectrum of positrons and electrons
were determined.

6.4. Determination of the remaining hadron
contamination

After these cuts there was still some hadron contamination which had to be subtracted sta-
tistically. This was done by assigning to each track (of a given momentum p and transverse
momentum pT) a weight which describes the probability of the track to be a hadron. This
weight is given by a function obtained by fitting the electron component and the different
hadron components of the TPC dE

dx -distribution in various p-slices with a width of 0.4GeV/c.
The TPC signal corresponds to several measurement of the energy loss of the particle in

an effective track length and, therefore, should follow the Landau distribution of series mea-
surements. To remove the large Landau-tail of the TPC signal distribution, a truncated mean
requirement is used which modifies the distribution. This modification can be described by
a exponential correction function. In addition, the resulting modified Landau has to be con-
voluted with a Gaussian to take detector effects into account. More detailed description of
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Figure 6.2: The TPC dE
dx as a function of the momentum before [panel (a)] and after [panel (b)]

applying the selection with TOF. In panel (a) the contributions from kaons (K),
protons (p), deuterons(d), pions (π) and electrons are indicated by the respective
symbol. The TPC PID selection is shown as the black lines in panel (b) and all
tracks inside this band are used for the further analysis steps.
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6.4. Determination of the remaining hadron contamination

the parametrisation of the TPC signal can be found in [34, 12].
The pion and electron dE

dx -distributions were described by the combination of Landau, expo-
nential and Gaussian function. At lowmomenta the protons and kaons are suppressed by the
TOF selection, while at higher momenta the kaon and proton dE

dx -lines approach each other
[12]. Therefore, a template which was extracted from data was used to fit the kaon and pro-
ton dE

dx -distributions simultaneously. Figure 6.3 shows the distribution of the TPC dE
dx -signals

in the momentum slices between 2.0GeV/c and 2.4GeV/c with simultaneous fit of electron
(red), pion (green) and kaon (grey) distributions as well as the difference (magenta) and the
ratio (blue) of the data to these fits.
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Figure 6.3: The distribution of the TPC dE
dx signals in the momentum slices between 2.0GeV/c

and 2.4GeV/cwith simultaneous fit of electron (red), pion (green) and kaon (grey)
distributions. In addition, the ratio (blue) between data and fit as well as the
deviation (magenta) of the fit relative to the data is shown.

The hadron contamination in each of these slices was evaluated in the following way:

Fraction of contamination =

∫ xmax
xmin

(fπ(x) + fK(x))dx∫ xmax
xmin

(fπ(x) + fK(x) + fel(x))dx
, (6.1)

where xmin = −1.0 and xmax = 3.2 are the TPC PID cuts and fi(x) are the fit functions for
the respective particle type i. Figure 6.4 shows the fraction of hadrons as a function of the
momentum in linear (left) and logarithmic (right) scale. It was parametrised using different
functional forms.
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Figure 6.4: The fraction of hadron selected with the PID requirements on the TOF and a se-
lection of tracks with a deviation from the expected energy loss for electrons in
the TPC in between -1.0σ and 3.2σ.

The hyperbolic tangent does not describe the contamination at lowmomenta very well and
its rise at high momenta seems to be too steep and overestimates the contamination above
4.0GeV/c. Therefore, it was not used in the further analysis.
The Error function

f(p) = 0.499952 + 0.499960 · Erf(0.446 076 (GeV/c)−1 · p− 3.04141) (6.2)

describes the hadron contamination best. The Landau function shown was used to evaluate
the systematic uncertainty.
The effect of subtracting the hadron contamination from the inclusive electron yield as

a function of pT is shown in Figure 6.5. The hadron contamination begins to be important
above pT = 3GeV/c and reaches up to 17% of the yield at 5 GeV/c. At low and intermediate
pT the hadron contamination accounts for less than 1% of the inclusive electron yield.
After all these selection steps and the removal of the hadron contamination, we obtained a
raw inclusive electron spectrum as a function of transverse momentum.

6.5. Spectrum of electrons from photonic sources
The raw inclusive electron spectrum still contains electrons from various sources. As men-
tioned before, the most important source of electron background are the Dalitz-decays of
light neutral mesons and the photon conversions. Since the resulting electrons are created
in pairs of unlike charge sign coming from the decay or conversion of a relatively light par-
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Figure 6.5: The raw yield of inclusive electrons as a function of transverse momentum with
(black) and without (red) hadron contamination subtraction.

ticles, they can be identified by reconstructing low mass unlike sign pairs.
The electron candidate tracks, which fulfil the strict track selection, were paired with the
associated tracks which have the opposite charge to build up a pool of unlike sign pairs.
This pool contains pairs from the sources mentioned above and combinatorial background.
The combinatorial background was estimated from like sign pairs which were build up by
pairing electron candidates and associated tracks with the same charge. In each pT-bin of
the inclusive electron spectrum, the yield of electrons from photonic sources was evaluated
using

Nphotonic =
NULS −NLS

εtagging
(6.3)

with εtagging =
Nfound

Nphotonic
(6.4)

whereNULS andNLS are the amount of unlike and like sign pairs with a invariantmass smaller
than the requirement on the pair mass, respectively. In this analysis, the invariant mass was
restricted to values below the mass of the π0 (0.14GeV/c2), see Figure 6.6.
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Figure 6.6: The distributions of the unlike and like sign pairs in the pT-bin of the inclusive
electron spectrum between 0.5GeV/c and 0.6GeV/c as a function of invariant
pair mass. The maximal mass of the pair used in this analysis is indicated by a
green line.

The tagging efficiency εtagging quantifies the probability that a photonic electron in a given
pT-bin is measured. It was calculated in the minimum bias MC sample (LHC12e6) by calcu-
lating the ratio of photonic electrons for which the partner is found in the pool of associated
tracks (Nfound) divided by all electrons from photonic sources (Nphotonic) as a function of the
transverse momentum of the electron candidate (pT, inc). Figure 6.7 shows the tagging effi-
ciency as a function of transverse momentum of the electron candidate evaluated using the
knowledge from MC truth (red) or by determining the number of found electrons by sub-
traction of the number of unlike sign pairs from the number of like sign pairs (blue). In this
analysis the tagging efficiency evaluated using the information from MC truth was used.
Since the tagging efficiency depends on the pT-shape of mother particles and the pT-shape

of the π0 spectrum in MC differs from the measured one, the MC distribution had to be
reweighed. The weighting factors were calculated as the ratio of the measured [35] and the
simulated π0 transverse momentum distributions. The spectra of the other light mesons (η,
ρ, ω, η′ and φ) in the simulation were re-weighted to distributions obtained via mT-scaling
[36] of the π0 pT-spectrum. More detailed information about this procedure can be found in
[37].
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Figure 6.7: The tagging efficiency as a function of transverse momentum of the electron can-
didate evaluated using the knowledge from MC truth (red) or with selecting the
detected electrons in a similar way as for data (blue).

The raw yield of ”non-photonic” electrons is obtained by subtracting the raw yield of ”pho-
tonic” electrons from the inclusive yield. Figure 6.8 summarizes all the ingredients needed
to calculate the raw yield of electrons from non-photonic sources (shown in blue). The afore
mentioned hadron contamination is shown in green. The slight rise below p = 1.2GeV/c is
an artefact from multiplying the Error function with a very large number of inclusive elec-
tron candidates. It has no specific physical meaning and does not change the spectrum of
electrons from non-photonic sources very much. The spectrum of electrons from photonic
sources is drawn in red.
The non-photonic raw yield still contains electrons from dielectron decays and weak Kaon

decays (Ke3). Therefore, the dominate contributions of the remaining cocktail (Ke3 and J/ψ)
still had to be subtracted. This subtraction was done after correction for acceptance and effi-
ciency and normalisation. The remaining cocktail components were taken from the cocktail
belonging to the published result [13]. The contribution from dielectron decays of light vec-
tor mesons (ρ, ω and φ) are of no practical importance compared to contributions from the
photonic sources [12].
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Figure 6.8: The raw inclusive, photonic and non-photonic spectrum as a function of trans-
verse momentum as well as the hadron contamination.

6.6. Efficiency correction
The next step was to correct the raw spectrum of non-photonic electrons for the geomet-
rical acceptance (εgeo) of the detectors, the reconstruction efficiency (εreco) and the electron
identification efficiency (εeID). The correction was done in a similar way to [13].
The efficiencies for geometrical acceptance, reconstruction and the electron identification

with TOF were obtained from the full detector simulation included in the enhanced MC
sample (LHC12a9), while the TPC electron identification efficiency was calculated as the in-
tegral of a Gaussian function with µ=0 and σ=1. The TPC PID selection interval (in between
−1.0σTPC,dE/dx and −3.2σTPC,dE/dx) corresponds to an efficiency of 84.07% which was cor-
rected separately.
In addition, to the efficiency correction, the measured pT-spectrum has to be corrected for
effects ofmomentum resolution and energy loss in the detectormaterial due to bremsstrahlung.
Theses modifications of the pT-spectrum can be expressed by a response matrix which acts
on the natural distribution. To estimate the inverted response matrix, which is needed to
restore the natural distribution, a Bayesian unfolding procedure was applied.
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6.7. TOF correction factor
An additional correction factor for the TOF efficiency had to be introduced because the distri-
butions of the TOF signals from electrons are different in data and MC.This correction factor
fTOF was evaluated using electron tracks, which had been identified as electron tracks from
photon conversion via topological cuts and their invariant mass because, hereby, a rather
clean electron sample was created. For these electron tracks, the track selection criteria
listed in Table 6.3 were applied.

Table 6.3: Summary of the track selection imposed on the electron from photon conversion
used to evaluate the TOF correction factor

Type TOF electron candidates

η 0.8
ITS and TPC refit required
χ2/ TPC clusters < 4
Number of TPC clusters ≥110
Number of TPC dE

dx clusters (PID) ≥80
Number of ITS hits ≥3
Distance of closest approach to the primary vertex in xy < 1 cm
Distance of closest approach to the primary vertex in z < 2 cm
Kink mothers excluded
TPC dE

dx −
〈
TPC dE

dx

〉
|el ± 3σ

Differently from the analysis, we did not introduce any requirement on the SPD because
demanding one hit in any of the SPD layers would already halve the statistics but the width
and mean of the TOF distribution with and without SPD requirement are very similar, see
Figure A.8.
Figure 6.9 shows the distribution of the TOF signals for electrons from photon conversion

as a function of the particle momentum on the left panel and the projection of the TOF signals
in the momentum range between 0.5GeV/c and 1.0GeV/c.
The distribution has a tail towards larger time-of-flight values and the mean µ and width

σ of the Gaussian core of the distribution deviate from the expectation, µ=0 and σ=1. Com-
paring the distributions of the TOF signals in data and in the enhanced MC (LHC12a9), see
Figure 6.10, we realized that both Gausssian cores have different means and widths.
By integrating the distributions in data and MC in within ± 3σ around the expected time-

of-flight for electrons, an efficiency of (94,96 ±0.56)% for data and (97,0 ±1.7)% for MC was
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(a) TOF distribution
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(b) Projection of the TOF signals in the momentum
range 0.5GeV/c < p < 1.0GeV/c

Figure 6.9: Panel (a) shows the distribution of the TOF signals for all selected tracks in data
as a function of the particle momentum. The projection of the TOF signals in the
momentum interval 0.5GeV/c < p < 1.0GeV/c is shown in panel (b).
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(a) TOF distribution
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(b) Projection of the TOF signals in the momentum
range 0.5GeV/c < p < 1.0GeV/c

Figure 6.10: Panel (a) shows the distribution of the TOF signals for all selected tracks in the
enhancedMC (LHC12a9) as a function of the particle momentum. The projection
of the TOF signals in the momentum interval 0.5GeV/c < p < 1.0GeV/c is
shown in panel (b).

found. The correction factor was evaluated by dividing the efficiency computed from real
data by the one obtained fromMC.The resulting correction factors for different TOF cuts are
shown in Table 6.4. The uncertainties on the electron selection efficiencies in data and MC
were propagated to the TOF correction factor for the TOF selection with in ± 3σ resulting in
an uncertainty of 2%.
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Table 6.4: The TOF correction factors for different TOF cuts obtained for MC (LHC12a9)
TOF selection[σ] MC

±2.0 0.962
±2.5 0.971
±3.0 0.979
±3.5 0.984
±4.0 0.988
±5.0 0.993

The enhanced MC sample has very little statistics in terms of electrons from photon con-
versions because it was created with a triggering on events with heavy-flavour production
which makes such electrons less common. Therefore, this check was performed for the other
enhanced Pythia MC sample (LHC11b10b) and the minimum bias MC (LHC12e6) to confirm
that the value is reasonable. Since the values from these MC samples differ at maximum by
0.5% for the TOF selection in between ±3σ, no further checks on the heavy-flavour enhanced
MC sample (LHC12a9) were made.

6.8. Normalisation
The spectrum was normalized to the number of minimum bias events, which survive the
event selection. The number of events was calculated using the following formula

NMB = Nvertex + fvertex ·Nno vertex (6.5)

where fvertex is the fraction of events which have passed the event selection criteria and
Nno vertex is the number of events where no vertex from track could be found. Nvertex denotes
the number of events with a vertex from tracks which have passed the event selection. The
second term is an estimated for the events without tracks in the central detectors but hits
in the V0 detector which would have passed the event selection. It was needed because the
minimum bias cross-sectionwasmeasured including events which had only signals in the V0.

In addition, the measured yield of electrons from heavy-flavour decays was normalised to
unit rapidity by dividing by the rapidity range ∆y = 1.6. For electron, which have usu-
ally negligible mass compared to their momentum, the pseudorapidity and rapidity are the
same. Therefore the rapidity range was determined by the pseudorapidity range∆η = 2·0.8.
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To obtain a production cross-section, the spectrum was multiplied with the minimum bias
cross-section for pp collisions at

√
s = 2.76 TeV, σMB = (55.4± 1.0)mb. The minimum bias

cross-section was measured via van-der-Meer scans in pp collisions selecting events which
gave signals in the SPD or both sides of the V0 scintillator detector. The resulting cross-
section had to be corrected for the difference in efficiency between requiring at least one hit in
the V0 arrays (MBOR) or hits in both (MBAND). This was done by dividing by the normalisation
factor MBAND

MBOR
. More detailed information about the measurement of the minimum bias cross-

section can be found in [38].
Thefinal invariant production cross-section for electrons ( e++e−

2
) fromheavy-flavour hadron

decays was thus calculated using the following equation:

1

2πpT

d2σe±

dpTdy
=

1

2

1

2π pcentreT

1

∆y∆pT

N e±

raw(pT)

(εgeo × εreco × εeID) · fTOF
σMB

NMB
(6.6)

Figure 6.11 shows the cross-section for electrons from semi-electronic decays of beauty and
charm hadrons measured in this analysis before evaluation of the systematic uncertainties.
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Figure 6.11: The pT-differential cross-section for electrons from heavy-flavour hadron decays
using the photonic method. The statistical uncertainties are shown as bars.

A MC closure test was performed to demonstrate that the photonic method can be ap-
plied to pp data to evaluate the cross-section of electrons from heavy-flavour hadron decays
without biasing the result. The MC closure test was performed using two minimum bias
MC samples produced using the Pythia and the Phojet event generators. For the MC closure
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test, one of the MC samples was used as data and the other MC sample was used to evaluate
the acceptance and efficiency. Since the MC samples were created using different genera-
tors, the distributions in the MC sample used to correct for acceptance and efficiency had to
be re-weighted to correct their shapes to match the descriptions in the MC sample used as
data. The resulting pT-differential cross-section of electrons from semi-electronic decays of
heavy-flavour hadrons should be equal to the simulated cross-section. Figure 6.12 shows the
results of the MC closure test. The MC samples used for the MC closure test have very little
statistics. Therefore, the number of tracks especially at high transverse momenta get very
low and the photonic method cannot be used anymore to evaluate a precise value. This effect
is reflected by the fact that cross-sections evaluated using the photonic method is too low
above pT = 3GeV/c for the Pythia MC sample and above pT = 2.5GeV/c for the Phojet MC
sample. Hence, the MC closure test is affected by the low statistics of the MC samples used
but it does not show a sign of problems in the region where the statistics is large enough.
Hence, the photonic method can be used in pp collisions.
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(b) Phojet as data

Figure 6.12: Comparison of the cross-section stored in the MC truth and the one evaluated
using the photonic method. Here, one of the MC samples (LHC12f1a or LC12f1b)
was used as data and the other one was used to correct for acceptance and effi-
ciency. The distributions in the MC used to correct were re-weighted to match
the ones in the MC used as data. Panel (a) shows the result when the Pythia MC
sample was used as data and panel (b) the one using the Phojet MC sample as
data.
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6.9. Systematic uncertainties
To estimate the systematic uncertainties, the requirements for the track selection and elec-
tron identification were varied separately in a similar way as in [13]. The individual contri-
butions were estimated looking at the ratio of fully corrected cross-sections.
If not mentioned differently the statistical uncertainties of the ratios shown in this section
were calculated using binomial error propagation. The binomial error propagation takes the
fact into account that the numerator is a sub-set of the denominator and, therefore, the un-
certainties are correlated.
To ensure that the measured production cross-section of electrons from semi-electron de-

cays of charm and beauty hadrons (Hb/c) is not biased by the lack of the information from
the SDD, the cross-sections for the data samples with and without SDD were compared.
Figure 6.13 shows that the results with and without the information from the SDD are com-
patible within statistical uncertainties. Hence, no contribution to the systematic uncertainty
was assigned.
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Figure 6.13: The cross-section for electrons from heavy-flavour hadron decays evaluated us-
ing the data sample with and without the information from the SDD.
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6.9. Systematic uncertainties

6.9.1. Systematic uncertainties belonging to the selection of
electron candidates

The spectrum of electrons from heavy-flavour hadron decays has limited statistics which
restricts the precision and sensitivity of estimating the systematic uncertainties via ratios
of differential cross-sections obtained by varying the track selection criteria. Therefore, the
systematic uncertainty from track selection criteria, which do not depend on the source of
the electron tracks, was evaluated using the spectrum of the inclusive electrons to profit from
the higher statistics compared to the spectrum of electrons from heavy-flavour decays.

Table 6.5: Summary of the systematic uncertainties linked to the track selection and particle
identification for electron candidate tracks

Source of Uncertainty Reference Variations Uncertainty

TPC clusters1 110 100, 105, 115, 120 1%
TPC PID clusters1 80 70, 75, 85, 90 negligible
ITS hits 3 2, 4 negligible
SPD kBoth kAny, kFirst 20% for 0.5-0.7 GeV/c
DCA radial 1 cm 2 cm, 0.5 cm negligible
DCA z 2 cm 4 cm, 1 cm negligible
Kink mothers1 Excluded Included 2% above 1.5GeV/c
TOF PID1 3.0σ 2.0σ, 2.5σ, 3.5σ,

4.0σ, 5.0σ
covered by the

uncertainty of the
correction factor

TPC PID lower
boundary1

-1.0σ 0.25σ, -0.0σ,
-0.25σ, -0.5σ,
-0.75σ, -1.3σ

negligible

TPC PID upper
boundary1

3.2σ 1.0σ, 1.5σ, 2.0σ 1%

[1] These tests were performed on the inclusive electron yield and the cross-section of electrons from
heavy-flavour hadron decays.

• The quality requirements of the tracks in the TPCwas varied by changing theminimum
number of clusters used. For this check, the parametrisation of the hadron contami-
nation from the standard track selection was used but by requiring more clusters used
for tracking, electrons and pions can be distinguished better because electrons in aver-
age have a larger number of clusters than minimum ionizing particles. Therefore, the
deviations in the last bin were expected to be larger than in the other bins because in
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this bin the hadron contamination, which is mostly misidentified pions, has the largest
impact on the measured production cross-section. This effect is also visible when the
number of PID clusters was varied because the number of PID clusters and the number
of clusters used for tracking depend on each other. For the variation of the TPC clus-
ters used for tracking and the calculation of the energy loss a systematic uncertainty
of 1% was assigned, see Figure 6.14.

• The maximum number of hits in the ITS was reduced to 4 instead of 6 because the SDD
was not used for reconstruction in the data sample used in this analysis. Therefore,
using only tracks which have 4 hits in the ITS will largely reduce the number of tracks.
In addition the minimum number of hits in the ITS was limited to two by the additional
requirement of having 2 hits in the SPD. Figure A.9 indicates that the track selection
using the ITS information does not correspond to a systematic uncertainty.

• To test the robustness of the photonic method against taking more electrons from pho-
ton conversion into account the SPD requirement was lowered to ask for at least one
hit in any of the layers because this adds all electrons from photons converting in the
first layer and in the very first part of the second layer to the electron candidate tracks.
In addition, the cross-section was determined with a SPD selection asking for at least
one hit in the first layer. For both variations, more tracks from photon conversion to
which a hit in the first SPD layer was assigned falsely, are kept in the electron candi-
date sample. Figure 6.15 shows that, for these looser SPD requirements, more tracks
were kept in the region below 1.5GeV/cwhichwere not compensated by the efficiency
corrections because they are not included in the MC description to the same amount.
Since the information from the SDD improves the tracking in the ITS, the variation of
the SPD requirement was cross-checked using the data sample where the information
of the SDD is available, see Figure 6.15. Using this data sample, no effect from chang-
ing the SPD requirement was visible. Hence, the structure in the data sample without
SDD seems to be caused by keeping to many electron candidate tracks which are not
from decays of heavy-flavour hadron decays. We used the additional information from
the data sample with SDD and assigned 20% systematic uncertainty linked to the SPD
requirement in thepT-region from 0.5 to 0.7GeV/c because both data samples show an
excess in this kinematic region.

• To test the systematic effect of the maximum distance of closest approach (DCA) for
electron candidate tracks in the radial and z direction the value of this selection cri-
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(b) TPC PID clusters

Figure 6.14: Variation of the required TPC clusters for tracking and PID of electron candidate
tracks performed on the inclusive spectrum. The variation of the clusters used
for tracking is shown in panel (a) and panel (b) displays the ones used for the
energy loss calculation.
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(a) Without SDD
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(b) With SDD

Figure 6.15: The production cross-section for electrons from semielectronic decays of beauty
and charm hadrons for different requirements on the hits in the SPD on electron
candidate tracks with and without SDD information. For panel (a) the data sam-
ple without SDD information was used and panel (b) shows the same variation
for the data sample with the information from SDD.
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6.9. Systematic uncertainties

terion was varied by a factor of 2. Since the resulting cross-sections are compati-
ble within statistical uncertainties, no systematic uncertainty was assigned, see Fig-
ure A.10.

• As mentioned before kink mothers were excluded from the analysis, but if the descrip-
tion and abundance of such tracks in the MC simulation is consistent with data, the
analysis result should not change when including this type of tracks. Therefore, the
analysis was repeated including the kink mothers and the result was compared with
the result excluding kink mothers. The difference between including and excluding the
kink mothers is shown in Figure 6.16 and corresponds to 2% systematic uncertainty
above 1.5GeV/c. The problematic of the kink mothers is one of the issues which have
to be investigated further in future.
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Figure 6.16: The yield of inclusive electrons evaluated excluding and including the kink
mothers.

• For the variation of the TOF PID selection, the respective TOF correction factors for the
different selection intervals were used. Figure 6.17 clearly shows that the maximum
deviation from the variation of the TOF PID requirement is about 2% at high pT and
even lower for the other pT-regions. Since the uncertainty on the TOF correction factor
is already 2%, we did not assign any additional uncertainty linked to the TOF PID.
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Figure 6.17: The variation of the TOF PID cuts for electron candidate tracks performed on
the inclusive spectrum.

• In contrast to the test performed on the TPC clusters, the hadron contamination was
not subtracted when varying the TPC PID requirement. This leads to larger deviations
in the last bin compared to the other bins when varying the lower bound of the TPC
PID selection criterion because the amount of misidentified hadrons depends on this
selection. If the lower boundary of the TPC PID requirement was chosen to be 0.25σ
above the expected electron signal, no hadron contamination was expected but the
reference, which has a lower boundary at -1.0σ, is affected by an hadron contamination
described by Equation 6.2. Therefore, the ratio of these cross-sections was expected to
be about 17% below 1 in the last bin. According to Figure 6.18, a systematic uncertainty
belonging to the TPC PID selection accounts for 1%.

6.9.2. Systematic uncertainties due to the photonic electron
subtraction

• The restriction on the minimum transverse momentum of the associated track does
not contribute to the systematic uncertainty. The respective plot can be found in the
appendix (Figure A.11).
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(a) TPC PID upper boundary
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(b) TPC PID lower boundary

Figure 6.18: The variation of the TPC PID cuts on electron candidate tracks performed on
the inclusive spectrum. The variation of the upper boundary of the TPC PID
selection is shown in panel (a) and panel (b) displays the variation of the lower
one.
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Table 6.6: Summary of the systematic uncertainties linked to the photonic electron
subtraction

Source of Uncertainty Reference Variations Uncertainty

pmin
T 0.1GeV/c 0.0GeV/c,

0.05GeV/c,
0.15GeV/c

negligible

TPC (PID) clusters 60 (60) 80 (50 , 60, 70, 80),
70 (50), 60 (50), 50

(50)

2%

ITS hits 2 1, 3 2% above 3.0GeV/c
DCA radial 1 cm 2 cm, 0.5 cm 1%
DCA z 2 cm 4 cm, 1 cm negligible
TPC PID 3.0 σ 2.0σ, 4.0σ 1%
Pair mass 0.14GeV/c2 0.10GeV/c2,

0.12GeV/c2,
0.16GeV/c2,
0.18GeV/c2,
0.20GeV/c2

1%

Method of calculating
the tagging efficiency

MC truth US-LS 2% below 1.5GeV/c

Weights standard tilted up, tilted
down

5% for 0.5-0.7 GeV/c
2% for 0.7-0.9 GeV/c
1% below 1.5GeV/c

• According to Figure 6.19, the variation of the minimum number of clusters used for
tracking and the calculation of the energy loss in the TPC accounts for 2% systematic
uncertainty.

• For the associated electron candidates a restriction on the minimal number of hits in
the ITS was used. Changing this requirement from at least 2 hits to 1 hit or 3 hits,
respectively, has no influence on the result below 3GeV/c which has to be taken into
account for the systematic uncertainty. Above 3GeV/c, a systematic uncertainty of 2%
was assigned, see Figure 6.20.

• The analysis was performed requiring a maximum distance of closest approach (DCA)
to the primary vertex of 1 cm in radial direction and 2 cm along the beam axis for the
associated electron tracks. The DCA was varied in the same way as for the electron
candidate tracks and according to Figure A.12 1% systematic uncertainty was assigned.
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(b) TPC PID clusters

Figure 6.19: The variation of the required TPC clusters for tracking and PID on associated
electron tracks.
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Figure 6.20: The variation of the requirements on the number of ITS hits for associated elec-
tron tracks.

• Figure 6.21 indicates that the systematic uncertainty linked to the loosening or tight-
ening of the track selection based on the TPC PID for the associated electrons is 1%.

• Varying the maximum invariant mass still taken into account for this analysis, yields
a systematic uncertainty of 1%, see Figure A.13.

• By default, the tagging efficiency is evaluated using the number of identified electrons
from the MC truth. This information can be obtained using unlike sign and like sign
pairs in a similar way as for data, too. Therefore, the results using the two differ-
ent methods to compute the tagging efficiency were compared. According to Fig-
ure 6.22, the result was only influenced by the difference of the tagging efficiencies
below pT = 1.5GeV/c where a systematic uncertainty of 2% was assigned.

• As mentioned before the transverse momentum distribution of the photonic sources is
not described correctly in the MC simulations, which leads to the need of weights to
correct the shape of those distributions. The weights were calculated using the central
values of the measured spectrum of π0 and depend on the slope of the spectrum of
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Figure 6.21: The variation of the TPC PID selection for associated electron tracks.

π0 used. Therefore, additional weights were calculated for which the measured val-
ues at the lowest transverse momenta measured were shifted up by their systematic
uncertainties and the values at the highest transverse momenta were shifted down,
and vice versa, see Figure A.14. The values in between the lowest and the highest pT

were obtained by interpolation. Using these weights the systematic uncertainty intro-
duced by re-weighting the distributions on the enhanced MC sample (LHC12a9) was
evaluated. The first two bins (0.5-0.7 GeV/c and 0.7-0.9 GeV/c) are affected by an un-
certainty of 5% and 2%, respectively. The remaining bins are only influenced by 1% up
to pT = 1.5GeV/c, see Figure 6.23.

6.9.3. Systematic uncertainties from other sources

• For this analysis, events with a primary vertex reconstructed using tracks was used.
To ensure that this choice did not bias the result, the cross-section was evaluated keep-
ing the event if the primary vertex was reconstructed with the information from the
SPD, too. For these events an additional requirement on the resolution of the vertex
z position was introduced if only the z position of the vertex was reconstructed. The
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Figure 6.22: Comparison of the cross-section using the two methods for evaluating the tag-
ging efficiency.

resolution along the beam direction had to be better than 0.25 cm. Figure A.15 shows
that the choice of events with track vertex only does not bias the result.

• The analysis was performed using tracks inside |η| < 0.8 which is close to the max-
imum acceptance of the detectors used. To ensure that the result was not affected
by problems caused by being at the edges of the detectors, the cross-section inside
|η| < 0.7 and |η| < 0.6 was determined and compared to the reference result. The η-
range used for this analysis is fine and no systematic uncertainty linked to the η-range
was found, see Figure A.16 in the appendix.

• The systematic uncertainties linked to the track matching were taken from [12, 13].
For the matching of the information from TOF and the TPC, the uncertainty was taken
from [12, 13].

• At high transverse momenta, the hadron contamination starts to play an important
role. To estimate the systematic uncertainty corresponding to the method to deter-
mine it and the subtraction procedure, the fit of the fraction of hadron contamination
was repeated using a Landau function as functional form and moving the point at the
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Figure 6.23: Comparison of the production cross-sections obtained using weights from tilted
pion spectra to the reference weights.

upper and lower edges of the statistical uncertainty, see Figure A.17 in the appendix.
In accordance with Figure 6.24, 3% and 8% systematic uncertainty were assigned for
3-4 GeV/c and for 4-5 GeV/c, respectively.

• The stability of the unfolding procedure used to correct for acceptance and efficiency
was checked by varying the number of iterations used. Comparing the results for 8,
100 and 1000 iterations with the reference cross-section which was evaluated using 10
iterations proves the stability of the unfolding procedure used, see Figure A.18 in the
appendix.

• In addition, the cross-section corrected for acceptance and efficiency extracted from
the minimum bias MC sample (LHC12e6) using the unfolding procedure and direct
correction were compared to ensure that the unfolding procedure was not biasing the
result, see Figure A.19. For the direct correction method the tracking efficiency from
MC as a function of the reconstructed transverse momentum after the simulation of the
detector response is used to divide the raw spectrum for electrons from heavy-flavour
hadron decays with. This test was performed using the minimum bias MC sample
because the shape of the transverse momentum distributions of the electrons in the
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Table 6.7: Summary of the systematic uncertainties neither linked to the track selection and
particle identification for electron candidate nor to the subtraction of the photonic
electrons directly

Source of Uncertainty Reference Variations Uncertainty

Event selection Primary
vertex from
long tracks

only

Primary vertex
from long tracks

and SPD

negligible

|η| 0.8 0.6, 0.7 negligible
Track matching [12, 13] 2%
TPC-TOF matching 2%
Hadron contamination Error function Landau function,

fit to upper and
lower edges of the
contamination

3% for 3-4 GeV/c
8% for 4-5 GeV/c

Unfolding 10 iterations 8, 100, 1000 negligible
Efficiency correction
method

unfolded direct negligible

TOF correction factor 2%
Remaining cocktail
components (J/ψ,Ke3)

3.8% for 0.5-0.7 GeV/c
1.1% for 0.7-0.9 GeV/c
2.4% for 4-5 GeV/c

MC closure - Minimum bias MC
generated with
Pythia or Phojet

negligible

enhanced MC (LHC12a9) do not match the ones in data. This mismatch is caused by
the triggering on events with heavy-flavour quark production and leads to the need of
applying the Unfolding procedure.

• Additional contributions to the systematic uncertainty are the uncertainty belonging to
the TOF correction factor (2%) and the systematic uncertainty of the remaining cocktail
components (J/ψ,Ke3).

6.9.4. Total systematic uncertainty

The total systematic uncertainty was calculated by summing the different contributions in
quadrature because these were considered as uncorrelated which is already reflected by in-
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Figure 6.24: The variation of the function used to describe the hadron contamination.

vestigating the variations separately. The resulting systematic uncertainty for the different
transverse momentum bins are summarized in Table 6.8.

Table 6.8: Summary of the total systematic uncertainties

.

Transverse momentum range Total systematic uncertainty

0.5-0.7GeV/c 21.5%
0.7-0.9GeV/c 5.5%
0.9-1.1GeV/c 5.1%
1.1-1.3GeV/c 5.1%
1.3-1.5GeV/c 5.1%
1.5-2.0GeV/c 5.0%
2.0-2.5GeV/c 5.0%
2.5-3.0GeV/c 5.0%
3.0-4.0GeV/c 6.2%
4.0-5.0GeV/c 9.9%

The uncertainty belonging to the minimum bias cross-section is given separately and is
called normalization uncertainty in the following.
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6.10. Result
The pT-differential cross-section for electrons from heavy-flavour hadron decays at mid ra-
pidity in pp collisions at

√
s = 2.76 TeV using the photonic method is shown in Figure 6.25.
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Figure 6.25: The pT-differential cross-section for electrons from heavy-flavour hadron decays
at mid rapidity in pp collisions at

√
s = 2.76 TeV using the photonicmethod. The

statistical and systematic uncertainties are shown as bars and boxes, respectively.

To compare the cross-sections, calculated in this thesis and the published one [13], the bin-
ning of the published result had been adjusted to the new binning by averaging neighbouring
bins according to

cnew =
c1 · pT,1 + c2 · pT,2

pT,1 + pT,2

(6.7)

Here, c1 and c2 are the values of the cross-section in the first and second bin, respectively,
while pT,1 and pT,2 are the corresponding mean transverse momenta. The statistical uncer-
tainties of the bins were added in quadrature and divided by the number of bins added up
taking the mean transverse momentum of the bins into account. Assuming that the system-
atic uncertainties in neighbouring bins are correlated, these were added linearly.

∆stat.,new bin =

√
(∆stat.,bin1 · pT,1)2 + (∆stat.,bin2 · pT,2)

2

pT,1 + pT,2

(6.8)

∆syst.,new bin =
(∆syst.,bin1 · pT,1 +∆syst.,bin2 · pT,2)

pT,1 + pT,2

(6.9)
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6.10. Result

The photonic method was applied to reduce the systematic uncertainties compared to the
published result for which the cocktail-subtraction method was used. Figure 6.26 demon-
strates that cross-section measured in this analysis has remarkable lower systematic uncer-
tainties, especially for the bins up to pT = 2.5GeV/c. In this transverse momentum range, it
was reduced by more than a factor of 3. A direct comparison of the systematic uncertainties
of the result of this analysis and the published one can be found in Table 6.9.
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Figure 6.26: Comparison of the new systematic uncertainties and the published ones.

Table 6.9: Comparison of the total systematic uncertainty of the cross-section evaluated in
this thesis and the published one.

.

pT range Photonic
method

Published
Lower

Uncertainty

Published
Upper

Uncertainty

Reduction
factor

0.5-0.7GeV/c 21.5% 73.8% 74.8% 3.5
0.7-0.9GeV/c 5.5% 46.9% 47.7% 8.6
0.9-1.1GeV/c 5.1% 39.0% 39.7% 7.7
1.1-1.3GeV/c 5.1% 35.1% 35.7% 6.9
1.3-1.5GeV/c 5.1% 24.2% 24.6% 4.8
1.5-2.0GeV/c 5.0% 19.7% 20.0% 4.0
2.0-2.5GeV/c 5.0% 15.6% 15.8% 3.1
2.5-3.0GeV/c 5.0% 13.8% 13.9% 2.8
3.0-4.0GeV/c 6.2% 12.8% 13.0% 2.1
4.0-5.0GeV/c 9.9% 11.5% 11.5% 1.2
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Even though the new result is about 20% higher it is compatible with the published result
within uncertainties, see Figure 6.27.
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Figure 6.27: The cross-section of electrons from heavy-flavour decays compared to the pub-
lished result. The statistical and systematic uncertainties are shown as bars and
boxes, respectively.

The large deviation in the last bin (4-5 GeV/c) is an effect of having very limited statistics.
This problem can be cured by using a slightly different analysis approach for the data at
intermediate pT where the requirement on the TOF is removed. For the published result, this
analysis type was used above 2.0GeV/c and was combined with the TPC-TOF approach and
an analysis based on the EMCal using triggered events which was employed to evaluate the
cross-section above 4.5GeV/c [13].
The difference between the new and the published result is caused by two different aspects.

First of all, the inclusive electron spectrum evaluated using the recent analysis code is 2%
higher than the one belonging to the published result, see Figure 6.28.
Both inclusive electron spectra shownwere determined using the TPC and TOF detector to

identify electron candidates. This difference is caused by changes in the way the information
from the TOF detector is used in the current ALICE analysis framework.
In addition to the difference of the inclusive electron spectrum, the corrected yield of the

electrons from photonic sources is about 3% lower than the one for electrons from conver-
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Figure 6.28: The inclusive electron spectrum corrected for efficiencies using the enhanced
MC (LHC12a9) compared to the inclusive electron spectrum of the publication
where the electron candidates were selected using the TOF detector and the TPC.

sions or decays of light particles but still compatible within uncertainties, see Figure 6.29.
For this comparison, the systematic uncertainties of the photonic spectrum were evaluated
varying the track selection criteria linked to the selection of electrons from photonic sources.
Since the signal-to-background ratio is very low, this difference of 3% between the back-

ground estimation accounts for about half of the difference of the published and the new
cross-section, see Figure 6.30.
In Figure 6.31, the cross-section of electrons from semi-electronic decays of beauty and

charm hadrons measured with the photonic method is compare to pQCD calculations from
FONLL [2]. In addition, the published result is shown for completeness. The uncertainty
on the FONLL calculations from different choices for the quark mass, factorization and nor-
malisation scale, as well as the uncertainty from the PDF set used, are indicated by the red
boxes. The FONLL calculation is consistent with both measurements of the production cross-
section.
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Figure 6.29: The spectrum of electrons from photonic sources corrected for efficiencies using
the enhanced MC sample (LHC12a9) compared to the cocktail components from
conversions or decays of light particles. The systematic uncertainties of the pho-
tonic spectrum were evaluated varying the track selection criteria linked to the
selection of electrons from photonic sources.
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Figure 6.30: Comparison of the cross-section for electrons from heavy-flavour hadron decays
evaluated using the photonic method or the cocktail-subtraction method within
the current ALICE analysis framework.
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Figure 6.31: Comparison of the production cross-sectionmeasuredwith the photonic method
and the published one with the pQCD calculations from FONLL.
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7. Conclusions

In the last section, the pT-differential production cross-section for electrons from semi-electronic
decays of beauty and charm hadrons was measured with ALICE in the transverse momentum
range 0.5GeV/c < pT < 5.0GeV/c at mid-rapidity in pp collisions at

√
s = 2.76 TeV. This

result was obtained using the photonic method to estimate the electrons from the dominate
background sources. FONLL pQCD calculations are in good agreement with this measure-
ment and the published cross-section measurement is compatible within uncertainties.

Even though the systematic uncertainties on this cross-section were reduced by more than
a factor of 3 over most of the transverse momentum region, the new result cannot be used
to restrict the range of the parameter values used for the FONLL calculations because the
statistical uncertainties had not been reduced. To continue with the attempt of using ratios
of differential cross sections at different centre-of-mass energies, we have to wait for the
cross-sections measured in pp collisions at

√
s = 13 TeV, which have much larger statis-

tics than the measurements at
√
s = 2.76 TeV and combine these with measurements at

√
s = 7 TeV. Another possibility would be to use measurements of muons from decays of

heavy-flavour hadron decays at forward or backward rapidity because the FONLL calcula-
tions in this kinematic region are more sensitive to the parton distribution functions (PDFs)
than at mid-rapidity [19].

The new result for the cross-section of electrons from heavy-flavour hadron decays at
√
s = 2.76 TeV was used to calculate the nuclear modification factor

RAA =

dNAA
dpT

〈TAA〉dσpp
dpT

(7.1)

It is used to quantify the energy loss of the heavy quarks while travelling through the
Quark-Gluon-Plasma. Here, dNAA

dpT
and dσpp

dpT
are the differential yield measured in Pb–Pb and

the differential cross-sections measured in pp collisions, respectively. The average nuclear
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7. Conclusions

overlap function, TAA, is proportional to the average number of binary nucleon-nucleon col-
lisions in nucleus-nucleus collisions and is estimated using a Glauber model calculation [39,
40]. The RAA is unity when no nuclear effects are present by construction. Figure 7.1 shows
the RAA for the 10% most central collisions in Pb–Pb collisions at

√
sNN = 2.76 TeV and

demonstrates that the new pp reference described in the previous chapter improves the pre-
cision at low pT. Further information about the measurement in Pb–Pb collisions and the
RAA can be found in [31] and [41].
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Figure 7.1: The nuclear modification factor RAA using the measurement of the cross-section
for electrons from semi-electronic decays of beauty and charm hadrons in the
10% most central Pb–Pb collisions and pp collisions at

√
sNN = 2.76 TeV. The

published result using the cocktail subtraction method was used as pp reference
for the black points and the new reference cross-section using the method of tag-
ging photonic electrons was used for the blue ones. The cross-section in Pb–Pb
collision was evaluated using the method of tagging photonic electrons, too.

The nuclear modification factor was compared to theoretical models that include heavy-
quark interactions with the medium in Figure 7.2, which shows the preliminary result. Note
that these models not only differ in the theoretical realisation of the medium properties,
its dynamics and in the implementations related to the hadronisation and hadron-hadron
interactions in the late stages of the heavy-ion collision. But also in the heavy-quark cross-
section used as the input to the calculations (PYTHIA [21, 22], FONLL [2, 3] and POWHEG
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[14]) in some cases. Several models provide a good description of theRAA in 10%most central
collision events. More information about the model can be found in [41].
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Figure 7.2: The RAA of electrons from heavy-flavour hadron decays measured in 10% most
central Pb–Pb collisions at

√
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A. Appendix

A.1. FONLL

Table A.1: Overview of the different parameters used for the FONLL webform
Parameter Value Description

Collider LHC (pp, 2.75 / 7 / 13 TeV) Collider and energy
PDFs CTEQ6.6 PDF set
Perturbative order FONLL Perturbative order of calculation
Quark charm / bottom Type of heavy-quark
Final state D0, D+, D∗+ For D meson references
Hadron state B meson or 0.7 D0 + 0.3 D+ Only for the semi-electronic decay

references
Further decay B (to D) / D to electron Only for the semi-electronic decay

references
Cross-section type dσ

dpT
For D meson references

pmin
T 0 Minimum transverse momentum
pmax
T 25 Maximum transverse momentum
ymin -0.5 Minimum rapidity
ymax 0.5 Maximum rapidity
npoints 251 Number of point calculated with

FONLL
BR(D→l) 0.103 Branching ratio for semi-leptonic

decay of D hadrons
BR(B→l) 0.1086 Branching ratio for direct

semi-leptonic decay of B hadrons
BR(B→D→l) 0.096 Branching ratio for semi-leptonic

decay of B hadrons via D hadrons
FF(D0) 0.56 Fragmentation Fraction for D0

FF(D+) 0.23 Fragmentation Fraction for D+

FF(D∗+) 0.23 Fragmentation Fraction for D∗+
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(a) FONLL band and single curves for D0
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(b) FONLL band and single curves for D+
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(c) FONLL band and single curves for D∗+

Figure A.1: The calculations for the pT-differential cross-section of D0, D+ and D∗+ at√
s = 2.76 TeV obtained within the FONLL framework. The uncertainties in-

troduced by the scales, the quark mass and the PDFs are shown as blue, orange
and violet band, respectively. The full uncertainty band is shown in green. The
two pads below show the ratios of the scale and mass variation, as well as, the
curves belonging to the maximum and minimum deviations caused by the PDF
uncertainties to the central value of FONLL.88
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(a) FONLL band and single curves for the semi-electronic decay of beauty hadrons
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(b) FONLL band and single curves for the semi-electronic decay of charm hadrons

Figure A.2: The calculations for the pT-differential cross-section of electrons coming from
the semi-electronic decay of beauty and charm hadrons at

√
s = 2.76 TeV ob-

tained within the FONLL framework.The uncertainties introduced by the scales,
the quark mass and the PDFs are shown as blue, orange and violet band, respec-
tively. The full uncertainty band is shown in green. The two pads below show
the ratios of the scale and mass variation, as well as, the curves belonging to
the maximum and minimum deviations caused by the PDF uncertainties to the
central value of FONLL.
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(a) FONLL band and single curves for the semi-electronic decay of beauty hadrons
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(b) FONLL band and single curves for the semi-electronic decay of charm hadrons

Figure A.3: The calculations for the pT-differential cross-section of electrons coming from
the semi-electronic decay of beauty and charm hadrons at

√
s = 7 TeV obtained

within the FONLL framework. The uncertainties introduced by the scales, the
quark mass and the PDFs are shown as blue, orange and violet band, respectively.
The full uncertainty band is shown in green. The two pads below show the ratios
of the scale and mass variation, as well as, the curves belonging to the maximum
and minimum deviations caused by the PDF uncertainties to the central value of
FONLL.
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(a) FONLL band and single for the semi-electronic decay of beauty hadrons
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(b) FONLL band and for the semi-electronic decay of charm hadrons

Figure A.4: The ratio of the calculations for the pT-differential cross-section of electrons
from semi-electronic decays of beauty and charm hadrons at

√
s = 7 TeV and√

s = 2.76 TeV obtained within the FONLL framework. The uncertainties in-
troduced by the scales, the quark mass and the PDFs are shown as blue, orange
and violet band, respectively. The full uncertainty band is shown in green. The
two pads below show the ratios of the scale and mass variation, as well as, the
curves belonging to the maximum and minimum deviations caused by the PDF
uncertainties to the central value of FONLL.
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A.2. POWHEG

A.2. POWHEG

Table A.2: Overview of the different parameters of POWHEG-Box simulations
Parameter Value Description

Number of events 150000 Number of events generated per split
Number of splits 1000 Number of separate calls of

POWHEG-BOX per GRID job
ih1 / ih2 1 Type of colliding particle (here: proton)

lhans1 / lhans2 10550 PDF set for hadron 1 or 2, LHA
numbering (here: CTEQ6.6)

ebeam1 / ebeam 2 1380/3500 Energy of beam 1 or 2
qmass 1.3/1.5/1.7 Mass of heavy-quark in GeV
facscfact 0.5/1/2 Factorization scale factor:

µfact = µref · facscfact
renscfact 0.5/1/2 Renormalization scale factor:

µfact = µref · renscfact
use-old-grid 1 Use old grid if file pwggrids.dat is present

use-old-ubound 1 Use norm of upper bounding function
stored in pwgubound.dat, if present

ncall1 50000 Number of calls for initializing the
integration grid

itmx1 5 Number of iterations for initializing the
integration grid

ncall2 100000 Number of calls for computing the
integral and finding upper bound

itmx2 5 Number of iterations for computing the
integral and finding upper bound

foldcsi 5 Number of folds on x integration
foldy 5 Number of folds on y integration
foldphi 1 Number of folds on phi integration
nubound 500000 Number of bbarra calls to setup norm of

upper bounding function
iymax 1 <= 10, normalization of upper bounding

function in x log(m2
qq)

ixmax 1 <= 10, normalization of upper bounding
function in y log(m2

qq)

xupbound 2 Increase upper bound for radiation
generation
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(c) pT-differential cross-section for D∗+

Figure A.5: Comparison of the measured pT-differential cross-section of D0, D+ and D∗+ pro-
duction at

√
s = 2.76 TeV to FONLL calculations (red) and POWHEG simulations

(green). The two panels below show the ratios of data to the central value of
POWHEG and FONLL. In all panels, the statistical and systemtical uncertainties
are represented by the bars and boxes, respectively.

94



A.3. Estimate

A.3. Estimate

]c [GeV/Tp
0 5 10 15 20 25

2.
76

 T
eV

)y
 d Tpd/

σ2
(d /

7 
Te

V
)y

 d Tpd/
σ2

(d 2
2.5

3
3.5

4
4.5

5
5.5

6
full

scales

Mocked-up data ratio

this thesis

(a) Semi-electronic decay of beauty hadrons
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(b) Semi-electronic decay of charm hadrons

Figure A.6: The ratio of the pT-differential cross-sections at
√
s = 7 TeV and 2.76 TeV eval-

uated using the FONLL webpage. Here the mocked-up data is assumed to lie
at the centre of the FONLL reference, which leads to rather small asymmetric
uncertainties allowed to be still decisive.
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(b) Semi-electronic decay of charm hadrons

Figure A.7: The ratio of the pT-differential cross-sections at
√
s = 7 TeV and 2.76 TeV evalu-

ated using the FONLL webpage. Here the mocked-up data is assumed to lie at the
lower edge of the FONLL reference, which leads to a little bit larger uncertainties
allowed to be still decisive.
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A.4. Re-analysis of electrons from heavy-flavour decays
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(b) Without SPD requirement

Figure A.8: TOF slice 0.5GeV/c < p < 1.0GeV/c after all cuts for data with [panel (a)] and
without [panel (b)] SPD requirement.
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Figure A.9: The variation of ITS hits for electron candidate tracks.
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Figure A.10: The variation of the maximum allowed distance of closest approach (DCA) for
electron candidate tracks. The radial DCA is shown in panel (a) and panel (b)
displays the DCA along the beam direction.
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Figure A.11: The variation of the requirement on the minimum pT on associated electron
tracks.
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(b) DCA in z direction

Figure A.12: The variation of the maximum allowed distance of closest approach (DCA) for
associated electron tracks. The radial DCA is shown in panel (a) and panel (b)
displays the DCA along the beam direction.
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Figure A.13: The variation of the requirement on the maximum mpair on the associated elec-
tron tracks.
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Figure A.15: The cross-section for electrons from heavy-flavour hadron decays using only
events with primary vertex reconstructed with long tracks or events with pri-
mary vertex from long tracks and SPD.
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Figure A.16: The variation of the η-range used in this analysis.
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Figure A.17: The hadron contamination shown with the Error function fitted to the cen-
tral values as well as the fits to the upper and lower edges of the statistical
uncertainties.
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Figure A.18: The variation for the number of iterations performed in the unfolding procedure.
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Figure A.19: Comparison of the two different methods used for correcting for acceptance and
efficiency.
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