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”’Oh, how I wish I could shut up like a telescope!

I think I could, if only I knew how to begin.’

For, you see, so many out-of-the-way things had

happened lately, that Alice had begun to think that

very few things indeed were really impossible.”

Alice in Wonderland





Abstract

In this thesis it is performed the measurement of electrons from heavy-flavor hadron

decays, with the use of the ALICE detector, at LHC. Two analysis are performed. The

first one consists in the measurement of the invariant cross section of electrons from

open heavy-flavor (charm or beauty) hadron decays in pp collisions at
√
s = 13 TeV, the

largest center of mass energy generated by LHC up to now, in the transverse momen-

tum interval 0.5 < pT < 4 GeV/c. The experimental cross-section is compared to the

pQCD-based prediction given by FONLL, and it sits on the upper edge of the theoretical

uncertainty band over the full momentum range. The ratios between this experimen-

tal result and the equivalent measurements performed at lower center of mass energy

have the potential to bring constrains to the FONLL calculation. The second analysis

consists in the measurement of the nuclear modification factor, RAA, of electrons from

beauty-hadron decays in the 10% most central Pb-Pb collisions at
√
sNN = 5.02 TeV,

in the interval 2 < pT < 8 GeV/c. Electrons from beauty-hadron decays are extracted

from the inclusive electron yield via fits to the impact parameter distribution using

templates of electrons from different sources, obtained from Monte Carlo simulations.

This measurement allows to probe the energy loss of beauty quarks when traversing the

Quark-Gluon-Plasma (QGP), a color-deconfined medium produced in relativistic heavy-

ion collisions. A suppression of about 40-50% is observed on the RAA for pT > 3 GeV/c

and it is consistent, over the full momentum range and within experimental uncertain-

ties, with the prediction of pQCD-based models that describe a mass-dependent energy

loss of the heavy-quarks while traversing the QGP, interacting with its constituents via

radiative and collisional processes. This analysis brings significant improvement of the

experimental uncertainties with respect to the equivalent measurement performed with

the run 1 data and consists in an important step in the study of the mass-dependence

of the energy loss of heavy quarks inside the QGP at low pT.

Key-words: Experimental physics; Quark-Gluon-Plasma; Heavy quarks; Beauty quarks;

Heavy-flavor electrons.





Resumo

Nessa tese é feita a medida de elétrons provenientes do decaimento de hadrons que

contêm quarks pesados (charm ou beauty), com o uso dos detectores do experimento

ALICE, no LHC. Duas análises são realizadas. A primeira consiste na medida da seção de

choque invariante de elétrons provenientes do decaimento de hadrons que contêm quarks

charm ou beauty em colisões pp a
√
s = 13 TeV, a maior energia de centro de massa

gerada pelo LHC até então, na região de momento transversal 0.5 < pT < 4 GeV/c. Esse

resultado é comparado com a previsão dada pelo FONLL (calculo baseado em QCD

perturbativa) e se situa no limite superior da incerteza teórica, sobre toda a faixa de

momento. As razões entre este resultado experimental e medidas equivalentes realizadas

em mais baixa energia podem trazer informações importantes para tornar o cálculo

teórico mais preciso. A segunda análise consiste na medida do fator de modificação

nuclear, RAA, de elétrons provenientes do decaimento de hadrons que contêm quarks

beauty, em colisões centrais de Pb-Pb a
√
sNN = 5.02 TeV, no intervalo 2 < pT < 8

GeV/c. Elétrons provenientes de hadrons que contêm quarks beauty são extráıdos do

conjunto de elétrons inclusivos a partir do ajuste da distribuição do parâmetro de impacto

com templates de elétrons de diferentes fontes, extráıdos de simulações de Monte Carlo.

Essa medida permite estudar a perda de energia dos quarks beauty ao atravessarem

o Plasma de Quarks e Glúons (QGP), produzido em colisões entre ı́ons pesados em

altas energias. É observada uma supressão de ≈ 40-50% no RAA medido para pT >

3 GeV/c e esta é consistente, sobre toda a faixa de pT, com a previsão de modelos

baseados em pQCD, que descrevem a perda de energia dos quarks pesados via processos

elásticos e inelásticos com os constituintes do QGP, de maneira dependente da massa.

Este resultado possui incertezas experimentais significativamente menores com relação

à medida realizada com dados do run 1 e consiste num importante passo no estudo da

dependência em massa da perda de energia dos quarks pesados no QGP em baixo pT.

Palavras-chave: F́ısica experimental; Plasma de quarks e glúons; Quarks pesados;

Quarks beauty; Elétrons de heavy-flavor.
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Chapter 1

Introduction

The Large Hadron Collider (LHC) is the largest particle accelerator built so far and

it represents the big efforts from humanity to understand nature in a very detailed level.

LHC belongs to the European Organization for Nuclear Research (CERN) and it is

composed by four main experiments dedicated to different physics purposes. A Large

Ion Collider Experiment (ALICE) [1] is the one dedicated to study relativistic heavy ion

collisions. A phase transition from the color neutral matter to a color deconfined medium

is predicted by Quantum Chromodynamics (QCD) [2][3] when the matter is submitted to

conditions of high energy density and temperature as the ones created during relativistic

heavy-ion collisions [4]. This new state of matter is called Quark-Gluon Plasma (QGP)

[2] [3] and experimental evidences of its creation were already observed in the past

in heavy-ion collisions performed at the Relativistic Heavy Ion Collider (RHIC) [5] [6]

[7] [8]. ALICE has the purpose of investigating the properties of this color-deconfined

strongly-interacting medium by studding the debris of heavy-ion collisions performed

at the unprecedented energies generated by LHC. In ALICE experiment, proton-proton

(pp) and proton-nucleus (pA) collisions are also studied. Although the QGP is not

expected to be produced in these collisions, they are an important baseline for the

study of medium-induced effects on the particle production in heavy-ion collisions [9].

In addition, results from pp collisions allow to test theoretical predictions of particle

production in the absence of any nuclear effect [9] [10] [11] [12] [13].

Hadrons composed of heavy quarks are important observables for the purpose of

9



10 CHAPTER 1. INTRODUCTION

studding the QGP properties. Heavy quarks are produced mainly by hard processes

that takes place in the first instants of the collision, before the QGP formation, and

consequently they experience the full evolution of this medium, interacting with its

constituents via inelastic and elastic processes [14].

In this work, two different analysis were performed within the ALICE experiment

in the heavy-flavor sector, using data from LHC run 2. The first analysis consists in

the measurement of the production cross section of electrons from heavy-flavor hadron

decays in pp collisions with a center of mass energy of
√
s = 13 TeV, the highest energy

generated by LHC up to now. This measurement allows to test the perturbative QCD

(pQCD) predictions in this new energy domain and can bring constrains to the current

theoretical understanding of heavy-flavor production in the absence nuclear effects [15].

Within the ALICE experiment, due to its lower magnetic field, this measurement can be

extended to lower transverse momentum (pT) with respect to heavy-flavor measurements

from other LHC experiments. In particular, this production cross section compared to

the ones measured at lower center of mass energies, mainly at low momentum, can pro-

vide important constrains for the gluon PDF [15], that is known with limited precision

at low Bjorken-x [16] [2]. The second analysis consists in the measurement of electrons

from beauty-hadron decays in Pb-Pb collisions performed at a center of mass energy per

nucleon pair of
√
sNN = 5.02 TeV. In this environment, the QGP is produced and it

modifies the measured spectrum of electrons from beauty-hadron decays with respect to

what is measured in pp collisions. The nuclear modification factor, RAA, is an important

quantity to characterize the QGP-induced spectrum modification. The RAA of electrons

from beauty-hadron decays is measured and compared to theoretical models, what al-

lows to test the pQCD prediction of mass dependent energy loss of heavy quarks while

traversing the QGP and can help to constrain microscopic properties of this medium.

Both analysis are performed in the pseudo-rapidity interval |η| < 0.8 and low pT regions.

This thesis is organized as the following: in chapter 2 some basic principles of QCD

are introduced and the heavy-ion collisions are presented as the experimental method

used to produce the QGP in laboratory, making possible its experimental study. In chap-

ter 3 the measurement of heavy-flavor particles is introduced as an important tool to
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explore properties of the QGP. Recent measurements of heavy-flavor particles in pp, pA

and AA collisions are presented and discussed, together with the current open questions

and limitations related to them. In this context, the two analysis of this thesis are moti-

vated. The nuclear modification factor RAA is introduced and its sensitivity to different

ingredients is discussed. In chapter 4 the ALICE detector is briefly presented and the

specific sub-detectors used in this work are described in more detail. In chapter 5 the

measurement of electrons from heavy-flavor hadron decays in pp at
√
s = 13 TeV colli-

sions is described in detail and the invariant cross section of these electrons is compared

to a pQCD prediction and discussed. In chapter 6 the measurement of electrons from

beauty-hadron decays in Pb-Pb at
√
sNN = 5.02 TeV collisions is presented in detail and

discussed. The RAA of electrons from beauty-hadron decays is obtained and compared

to pQCD predictions. In chapter 7 the main results and conclusions of the two analysis

performed in this thesis are summarized.
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Chapter 2

Heavy-Ion Collisions to Study

Strong Interactions

Particle physics studies the fundamental constituents of matter and their interactions.

The Standard Model is the most up-to-date theory that classify the elementary particles

and describe their interactions. This model describes three of the four fundamental inter-

actions of nature: the electromagnetic, weak and strong interactions, not including the

gravitacional interaction. According to the Standard Model, matter is made up of quarks

and leptons. The interaction between particles is carried out by gauge bosons, like the

photon (for the electromagnetic interaction) and the gluon (for the strong interaction).

The strong nuclear interaction is described by Quantum Chromodynamics (QCD) [2]

[3]. According to QCD, each quark carry one color charge. Unlike the theory of Quantum

Electrodynamics (QED), where the electric charge is unique and can manifest itself in

positive or negative signs (charge and anti-charge), the color charge of QCD has three

different possibilities, named red, green and blue (with the corresponding anti-charges

antired, antigreen and antiblue). Also differently from QED, the gauge boson in QCD

also carries charge: the color of the gluon is a combination of a color charge and an

anti-color charge. This results in eight linearly independent possible color states for the

gluons, that are represented by the Gell-Mann matrices [3].

Neither quarks or gluons were never observed as free particles: they are always

grouped into color neutral hadrons. In other words, quarks and gluons in the ordi-

13



14 CHAPTER 2. HEAVY-ION COLLISIONS

nary matter are always arranged in a group of quarks, anti-quarks and gluons whose

colors combined result in ”white” particles. This particular property of particles that

carry color charge is called confinement. The confinement is a consequence of the be-

havior of the coupling constant αs [17], the QCD parameter that gives the strength of

the interaction between two color carrying particles as function of their relative distance.

The strong coupling increases proportionally to the distance between the two color car-

rying particles, and when the distance becomes sufficiently large (and by consequence

the color field becomes too strong), the corresponding anti-particle of each of the two

particles can be created from the vaccum: in this way, the attempt to isolate one color

charge from the other originates a system of two color neutral objects.

Nevertheless, QCD predicts situations in which the confinement of the color charge

can ”vanish” asymptotically. This occurs when instead of trying to take two color charges

apart from each other, they are approximated to each other up to very small distances:

this can occur in the limits of very high density and/or temperature of the nuclear matter

[3]. Calculations in perturbative QCD can determine the evolution of the strong coupling

as a function of the transfered momentum Q of an interaction [17]. The dependence of

the strong coupling of the interaction on the energy scale Q involved in the process is

a property of QCD referred to as the running of the coupling. A first order (LO)

perturbative QCD (pQCD) calculation (valid at large Q) gives Equation 2.1:

αs(Q) =
12π

(33− 2nf )ln( Q2

Λ2
QCD

)
, (2.1)

where:

• ΛQCD ≈ 200 MeV is the non-perturbative scale of QCD, that indicates where the

perturbatively-defined coupling would diverge (when Q→ ΛQCD, αs(Q)→∞).

• nf = 6 is the number of flavors in the theory;

The running of the coupling shown in Equation 2.1 indicates the asymptotic free-

dom of the color charge: the larger the momentum transfer Q involved in the processes,

the weaker the strong coupling gets, going asymptotically to zero. In the limit of very
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large Q, the quarks and gluons behave as almost free particles, and are able to move

along larger distances than the typical size of a nucleon. This is called deconfinement

[18] of the color charge. This deconfined (although still strongly interacting) medium

produced in large Q processes is named Quark-Gluon Plasma (QGP).

The analytical perturbative solution of QCD fails in the regime of large αs(Q), what

prevents it to give a quantitative description of confinement. Lattice QCD [19] is a

well-established non-perturbative approach to solve the QCD, formulated on a discrete

space-time lattice. Lattice QCD calculations predict that a phase transition from bary-

onic matter to the QGP happens around temperature T ≈ 170 MeV. However, these

calculations are limited, for numerical reasons, and cannot predict a complete phase di-

agram for quark matter: instead Lattice QCD covers mainly the region of µB < T [19],

where µB is baryonic potential (quantity proportional to matter density). So T ≈ 170

MeV is the phase transition temperature predicted by Lattice QCD for matter at low

µB.

Despite the fact that the phase diagram of quark matter is not currently well known

experimentally or theoretically, a commonly conjectured diagram is considered, as shown

at Figure 2.1. The phase diagram of QCD indicates different temperature and matter

density regimes in which the baryonic matter can undergo color deconfinement. At low

T and low µB, the baryonic matter consists of colorless hadrons. When the temperature

and/or density of the system is increased, after a certain limit, the QGP is created.

The possibility to study the QGP experimentally allows to test and improve the

current theoretical understanding of the strong interaction, and can help to build a more

solid knowledge about the QCD phase-diagram. The study of the QGP is also important

to understand the evolution of our own universe, since the current cosmological model

predicts that the universe was in a QGP state (in the limit of low µB and high T )

during few microseconds after its creation by the Big Bang [21] [22]. The evolution of

the QGP and how it transits to hadronic matter can have an important influence on

how the universe is today, and it can help to explain fundamental phenomena, like the

matter-antimatter asymmetry [23].

The only experimentally known way of creating the QGP in laboratory is by per-
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Figure 2.1: Conjectured phase diagram of nuclear matter, where the hadronic and the

QGP phases are expected in different temperature T and baryonic potential µB. The

regions of the phase space probed by the LHC and RHIC colliders are indicated. The

transition between hadronic and QGP phases are indicated by the continuous line where

a first order phase transition is expected. For small µB a second order phase transition

(cross-over) is expected, indicated by dashed lines. A possible critical point is also

indicated. Figure taken from [20].

forming collisions of heavy nuclei at very high energies. During the first instants of a

heavy-ion collision, the baryonic matter achieves conditions of T and µB in which quarks

and gluons can undergo deconfinement. In heavy-ion collisions the deconfinement is pos-

sible also because the region of space in which the matter is under high energy density

is much larger than a typical hadron size, in a way that the quarks and gluons can move

through a much larger region of space with respect to what they do in ordinary matter

[24].

A heavy-ion program has been created with the purpose of producing the QGP

in laboratory, with the aim of studding its properties and exploring the QCD phase

diagram. Large colliders have been built, like the Relativistic Heavy Ion Collider (RHIC)

at Brookhaven National Laboratory and the Large Hadron Collider (LHC) at CERN,
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in which collisions of heavy nuclei, like gold (Au) and lead (Pb), can take place. At

RHIC, the Au-Au collisions are generated with center of mass energy per nucleon pair

(
√
sNN) ranging from few to hundreds of GeV, while at LHC Pb-Pb collisions can take

place with energies up to
√
sNN = 5.5 TeV, allowing the creation of the QGP in different

regions of the QCD phase diagram, as indicated in Figure 2.1. In particular, the LHC

covers a region of very low µB and high temperatures, overlapping the region where

lattice QCD can give predictions and covering the conditions that are believed to be the

ones of the early universe during the first instants after the Big Bang. The environment

corresponding to the other extreme case in which the QGP can be formed, low T and

high µB regime, is expected to be found inside neutron stars, and is not experimentally

accessible up to now.

The temporal evolution of a high energy heavy-ion collision can be thought as a

sequence of steps [3] [21] as described below. The existence of the QGP is an intermediate

step of this evolution. Figure 2.2 represents the time evolution of a heavy-ion collision

in which the QGP is created.

Figure 2.2: Diagram representing the time evolution of a heavy-ion collision in the sce-

nario where the QGP is formed. Indicated in the figure are the instant of thermalization

τ0, the critical temperature Tc below which the QGP is hadronized, and the temperatures

Tch and Tfo in which the chemical and kinetic freezout takes place, respectively.
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Two nuclei traveling in opposite directions with extremely high velocities (close to

c), collide with each other (at time t = 0 and position z = 0) and a large fraction of

their energy is deposited in the overlap region of the collision.

In the first instants of the collision, the system undergoes the so called pre-equilibrium

phase. In this phase, hard scatterings between partons from the two incoming nuclei take

place and the hard probes, that consists of high momentum particles, heavy-quarks, jets

and direct photons, are produced.

The continuous interaction between the constituents of the system makes it evolve

towards a local thermal equilibrium, that is achieved at a time t ≈ τ0. In the case

where the energy density and temperature of the system are high enough and go above

the critical values (predicted by Lattice QCD) of εc ≈ 1 GeV/fm3 and Tc ≈ 170 GeV,

respectively, the nuclear matter can undergo color-deconfinement, and the QGP is

formed. The transition from hadronic matter to a Quark-Gluon plasma can happen via

different processes at different regions of the phase space, as indicated in Figure 2.1: a

first order transition can take place in the region of high µB, in which the two states can

coexist and the transition from the hadronic state to QGP happens via the absorption

of a latent heat. At low µB regions, below the critical point, like the ones probed at

LHC energies and the ones existing in the first microseconds of the universe, the phase

transition is expected, from Lattice QCD, to be of second order (crossover) [22] [3], that

is characterized by a continuous evolution of the matter from one state to the other,

with no coexistence of different states.

The pressure of this system relatively to the surrounding vacuum induces its collective

expansion. The system expands and flows as a relativistic hydrodynamic fluid [25] [21],

and the energy density and temperature of the system goes down with time, up to the

point where the the nuclear matter can no longer be deconfined (T < Tc). At this point,

the hadronization starts to occur, and the color charges group itself in many different

colorless hadrons.

Once the hadrons are formed, they can still have energy to interact inelastically with

each other, so the chemical composition (abundances of the different hadron species) of

the system can still change. From the moment the hadrons no longer interact inelasti-
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cally, the system undergo the so called chemical freezout at a temperature Tch, and

its chemical composition stops to evolve.

The system continues to expand, and the hadrons can still interact elastically, ex-

changing energy and momentum. From the moment the particles are too far away from

each other for any kind of interaction and momentum exchange, the system undergo the

so called kinetic freezout at a temperature Tfo.

After this stage, the particles reach the detectors. The chemical composition and

momentum distribution measured by the detectors are the experimentally available in-

formations for the study of the all phenomena that took place since the first instants of

the collision, and, in particular, for the study of the QGP.

Soft and Hard Probes

The experimental study of the QGP produced in relativistic heavy-ion collisions rely

on a broad set of different observables. Many properties of this new state of matter can

be revealed by the measurement of soft probes [26], that consists on light-flavor and low

momentum particles. Soft probes allows to access global properties of the QGP by test-

ing theoretical hydrodynamic description of this medium and its evolution, from which

quantities like temperature, viscosity, density and expansion velocity can be predicted.

On the other hand, the study of hard probes [14], that consists on high pT particles,

heavy-flavor particles, quarkonia and jets, allows to resolve the medium constituents

(quarks and gluons) and to probe microscopic properties of the QGP. Transport models,

that simulate heavy quarks traversing the QGP and interacting elastically and inelasti-

cally with the medium constituents, for example, allow to predict (when confronted to

experimental measurements) quantities like mean free path and transport coefficients of

the QGP.

This work is dedicated to the study of hard probes, and, in particular, of heavy-flavor.

In the next chapter it will be presented the motivation to heavy-flavor studies and how

the characterization of the QGP can be performed via the measurement of the nuclear

modification factor RAA of heavy-flavor particles compared with theoretical calculations.

Other hard probe observables, like quarkonia, jets and elliptic flow v2 of heavy-flavor
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particles are discussed in Appendix A.



Chapter 3

Heavy-flavor as a Tool to Study the

Quark-Gluon Plasma

From all particles measured in the final state of a heavy-ion collision, the ones related

to heavy quarks, charm (c) and beauty (b), are unique observables for the study of the

QGP. Due to the large masses of heavy-quarks (mc ≈ 1.3 GeV/c2, mb ≈ 4.2 GeV/c2),

they are produced mainly via the hard parton scatterings that take place in the first

instants of the collision, during the pre-equilibrium phase [14]. Consequently, the heavy

quarks are expected to be produced at times t < τ0, where τ0 is the timescale of the

formation of the QGP (Figure 2.2). Because of their early creation, the heavy quarks

interact with the QGP during all its evolution, by elastic [27] and inelastic [28] collisions

with the quarks and gluons of the medium, what makes them probes that are sensitive

to the microscopic properties of the QGP.

Another important feature of heavy quarks is that, since their main production mech-

anism is the hard scattering of partons, their production cross section can be calculated

by perturbative QCD over their full momentum range [29]. This allows the theoretical

control of the production of heavy-flavor particles, what makes them a solid reference

for the study of heavy-ion collisions.

In order to probe the interaction of heavy quarks with the QGP, the measurement of

heavy-flavor particles must be performed. This can be done in two possible scenarios: or

the heavy-flavor hadrons are fully reconstructed via an invariant mass analysis of their

21
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hadronic decay products, or the measurement of leptons coming from the decay of the

heavy-flavor hadrons is performed.

The heavy-flavor hadrons decay before reaching the detectors. The branching ratios

of the most commonly used hadronic decay channels for a charm hadron reconstruction

via an invariant mass analysis vary from ≈ 1 to 10 %, depending on the particle specie,

as shown in Table 3.1:

Decay channel Branching Ratio

D0 → π−K+ BR ≈ 3.93%

D+ → K−π+π+ BR ≈ 9.46%

D∗+ → D0(→ K−π+)π+ BR ≈ 2.66%

D+
s → Φ(→ K−K+)π+ BR ≈ 2.27%

Λ+
c → pK−π+ BR ≈ 6.35%

Λ+
c → pK0

s (→ π+π−) BR ≈ 1.58%

Table 3.1: Hadronic decay channel of some charm hadrons and their respective branching

ratios, taken from [30].

Since heavy-flavor hadrons have their decay vertex significantly displaced from the

primary vertex with respect to light hadrons (due to the larger decay length of the

former), topological cuts [31] on the decay vertex are applied in order to enhance the

signal of the heavy-flavor hadrons before the invariant mass analysis.

The beauty hadrons have many hadronic decay channels with large branching ratios

[30]. Nevertheless, they correspond to decays that produce many bodies in the final state,

what makes the reconstruction of the beauty hadrons extremely challenging, mainly in

face of the high multiplicity environment of a heavy-ion collision. Currently, the full B

meson reconstruction is possible via decay channels which are rare, for instance, via the

decay channel:

B+ → J/Ψ (→ l− + l+) + K+,

that has a branching ratio of BR ≈ 0.006%. Therefore, the reconstruction of heavy-flavor

hadrons via the hadronic decay channel has the disadvantage of relying in rare signals,



23

mainly on the beauty sector, that require a big amount of data for a measurement with

a good significance.

The semi-leptonic decay channels, on the other hand, produce abundant amount of

leptons from both charm and beauty hadrons decays, since:

c,b(→c) hadrons → e + X,

c,b(→c) hadrons → µ + X

have a branching ratio of BR ≈ 10%.

Although the semi-leptonic decay channel produce a neutrino that cannot be de-

tected, it is possible to study heavy quark production via the exclusive measurement of

the leptons coming from heavy-flavor hadron decays. The disadvantage of this approach

is that the kinematic properties of the decay lepton is not so closely related to the original

parton ones, what can cause a smearing of the kinematic dependence of the quantities

being measured.

Due to the large abundance of leptons from heavy-flavor sources produced in the

collisions, heavy quark production will be studied in this work via the measurement of

electrons coming from heavy-flavor hadron decays. In ALICE, electrons are measured at

mid-rapidity, while the measurement of muons is restricted to forward rapidities only.

Below, in section 3.1, a brief summary of recent heavy-flavor (hadrons and leptons)

measurements in minimum bias (MB) proton-proton (pp) collisions will be presented.

These pp collisions are an important baseline for the study of the QGP and also allow

to test pQCD predictions of particle production. In section 3.2 it will be presented

the nuclear modification factor, an experimental tool used to probe modifications on

the particle production in proton-nucleus (pA) and nucleus-nucleus (AA) collisions with

respect to MB pp collisions. Recent measurements of the nuclear modification factor of

heavy-flavor particles in pA and AA collisions will be discussed. During the discussions

in these two sections, the two analysis performed in this thesis will be motivated.

The nuclear modification factor of heavy-flavor particles measured in AA collisions,

where the QGP is produced, allows to study properties of this medium when confronted

to theoretical predictions. Many phenomenological models that describe a heavy-ion

collision and the transport of the heavy quarks within the produced QGP are available.
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They are a key tool to constrain properties of the QGP and to understand the mecha-

nisms of interaction between the heavy quarks and the color deconfined medium. These

models make use of the theoretically calculable heavy quark cross section as input, and

then calculate the propagation of these heavy quarks through a color deconfined medium,

followed by the hadronization processes and decay of the produced particles, embracing

the full evolution of a heavy-ion collision. The comparison between the production of

heavy-flavor particles predicted by the models and experimental measurements in heavy-

ion collisions allows to test QCD and the QGP description. By the end of this chapter,

in section 3.3, the main characteristics of some of these models will be presented.

3.1 Heavy-Flavor Production in the ”QCD Vacuum”

Since heavy quarks are produced mainly via hard parton scatterings, the production

cross section of heavy-flavor hadrons or their decay products can be described over the

full momentum range by perturbative QCD calculations. The pQCD calculations can

be performed at next-to-leading order with next-to-leading-log resummation, like the

General-Mass Variable-Flavor-Number Scheme (GM-VFNS, [32] [33]) or at Fixed-Order

Next-to-LeadingLog (FONLL, [34] [35]) approaches. These pQCD based calculations

describe the production cross section of a heavy-flavor particle as a convolution of three

terms: i) the Parton Distribution Function (PDF) of the incoming hadrons, ii) the

partonic scattering cross section and iii) the fragmentation function, that models the non-

perturbative transition of a heavy quark to a given heavy-flavor hadron. This procedure

is called factorization approach [36] [37].

In pQCD calculations, the fragmentation function of a heavy quark to a hadron

is tuned in order to reproduce results from e−e+ experiments [38] [39] [40], under the

assumption that they are universal (do not depend on the collision system). FONLL

calculations currently does not provide predictions for the production cross section of

baryons, while GM-VFNS does, using the quark to baryon fragmentation function f(c→

Λc) taken from [40].

Up to now, a large amount of measurements of heavy-flavor particles in pp collisions
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have been performed by all LHC experiments in order to test the pQCD prediction of

heavy-flavor production in the QCD vacuum in different center of mass energies.

The D0 meson pT-differential cross section was measured by ALICE at mid-rapidity

down to pT = 0 in pp collisions at
√
s = 7 TeV. As shown in the left panel of Figure 3.1,

the measurement is on the upper edge of the FONLL uncertainty band along most of

the pT range. The experimental uncertanties are much smaller than the theoretical

ones, that comes mainly from factorization and renormalization scales. On the other

hand, GM-VFNS prediction tends to ovestimate the data, as shown in the right panel

of Figure 3.1.
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Figure 3.1: Production cross section of D0 mesons in pp collisions at
√
s = 7 TeV

measured at mid-rapidity by ALICE experiment. The result is compared to FONLL and

GM-VFNS pQCD calculations [31].

The cross section of muons from open heavy-flavor hadron decays (muons from the

decay of both charm and beauty hadrons), measured at forward rapidity in pp collisions

at
√
s = 5 TeV, also sits on the upper edge of FONLL uncertainty band, as shown in

Figure 3.2, from pT = 2 to 20 GeV/c. From this comparison to theory, it is possible to

see that the open heavy-flavor muon measurement at low pT (. 4 GeV/c) probes mainly

the charm production, while for larger pT it probes mainly the beauty production.
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Figure 3.2: Production cross section of muons from open heavy-flavor hadron decays

measured at forward-rapidity by ALICE experiment in pp collisions at
√
s = 5.02 TeV

compared to FONLL prediction (the same measurement performed in
√
s = 2.76 TeV is

published in [41]).

The comparison between the measurement of electrons from heavy-flavor hadron

decays at mid-rapidity and the FONLL prediction will be presented in section 5.11,

together with the discussion of one of the measurements performed in this thesis. In this

thesis, electrons from open heavy-flavor hadron decays are measured in pp collisions at
√
s = 13 TeV, that is a new and the largest center of mass energy generated by LHC up

to now. With this new measurement, it is possible to test the FONLL prediction in a new

energy domain, and also, together with the measurements obtained in the past for lower

center of mass energies, it is possible to add further constrains to FONLL uncertainties,

as will also be discussed in section 5.11.

Differently from what is observed in the measurement of heavy-flavor mesons and

leptons presented above, a large deviation between experimental results and theory

is observed in the baryon sector at mid-rapidity. The production cross section of Λ+
c

baryon is systematically underestimated by the pQCD GM-VFNS calculation, as shown

in Figure 3.3 [42]. In this same figure the prediction of the Λ+
c cross section by the
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POWHEG+PYTHIA6 event generator [43] [44] is shown. In both cases, theory subesti-

mates the experimental results by a factor ≈ 10. Nevertheless, the baryon production at

forward rapidity measured by LHCb, presented in the right panel of Figure 3.3, founds

a better agreement with GM-VFNS prediction.
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Figure 3.3: Production cross section of Λ+
c baryon in pp collisions at

√
s =7 TeV mea-

sured at (left) mid-rapidity by ALICE experiment [42] and (right) forward rapidity by

LHCb experiment [11]. The results are compared to pQCD GM-VFNS calculation (both)

and to prediction from POWHEG+PYTHIA6 event generator (left).

This lack of understanding about the baryon production is one of the current open

big questions in the heavy-flavor production sector, and the current results point to a

hint of a violation of the universality of the fragmentation function of heavy quarks to

baryons.

3.2 Nuclear Modification Factor

Knowledge about the QGP can be acquired by measuring how the existence of this

medium modifies the momentum distribution of the heavy-flavor particles. A quantity
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suited for this study is the nuclear modification factor RAA, that compares the production

spectrum of a particle in Pb-Pb collisions, where the QGP is expected to be produced,

with the production spectrum of the same particle in MB pp collisions, at the same

center of mass energy.

RAA =
dNAA/dpT

〈Ncoll〉dNpp/dpT

=
dNAA/dpT

〈TAA〉dσpp/dpT

, (3.1)

where dNAA/dpT is the measured pT spectrum of the particle in the nucleus-nucleus

collision, the dNpp/dpT (dσpp/dpT) is the measured pT spectrum (cross section) in MB pp

collision and 〈Ncoll〉 (〈TAA〉) is the average number of binary collisions (nuclear overlap

function) in a nucleus-nucleus collision at a given centrality 1. Both 〈Ncoll〉 and 〈TAA〉 are

obtained from the Glauber model [45] [46] [47] [48] (see also section 6.4). The relation

between 〈TAA〉 and 〈Ncoll〉 is given by: Ncoll = σinel
NN × TAA , where σinel

NN is the inelastic

nucleon-nucleon cross section at given center of mass energy
√
s.

The rate of hard processes is expected to scale with the average number of binary

nucleon-nucleon collisions that occurs in a nucleus-nucleus collision, 〈Ncoll〉 [45] [49] [50]

[51]. This so-called binary scaling of hard processes was proven experimentally for the

first time via the measurement of direct photon production in Au-Au collisions at
√
sNN =

200 GeV/c at RHIC [51]. Because of this property, the measurement of the production

spectrum of heavy-flavor particles in heavy-ion collisions works as a type of tomography

of the QGP: any deviation of the RAA from unity comes from nuclear effects. Nev-

ertheless, the parton interaction with the QGP is not the only possible nuclear effect

that can modify the spectrum produced in Pb-Pb with respect to the one produced in

pp: different initial conditions can alter the parton production cross section in these

two different systems, and also the abundance of particles can be modified by different

hadronization mechanisms that can take place in the scenario where the QGP is

formed. Final stated effects, like the interaction between particles in the hadron gas

1The centrality of a collision is a quantity that indicates the level of overlap between the two colliding

nuclei. The larger the level of overlap, the more central is the collision. The centrality is defined

according to the multiplicity of particles produced in the collision, as will be explained in section 6.4
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phase, can also be different in pp and Pb-Pb collisions. Schematically, the produced

spectra in Pb-Pb collision can be thought as a convolution of these many ingredients:

dNAA

dpT

=
”vacuum”

parton spectra
⊗

initial-state

effects
⊗

parton interaction

with QGP
⊗

(modified?) hadronization

mechanisms
⊗

hadronic

phase
⊗

decay

kinematics
. (3.2)

In order to disentangle the different effects that can cause a RAA 6= 1 and quantify

what comes only from the interaction of the parton with the QGP and what comes from

other effects, it is necessary to perform measurements of different observables, that are

sensitive to the different ingredients pointed above, in pp, pA and AA collisions.

Below, a brief summary of some recent results regarding heavy-flavor production at

LHC in pA and AA collisions are shown. Results from pA collisions constrain initial

state effects on the produced heavy-flavor spectra, while results from AA collisions point

to modifications on the produced spectra caused by the interaction of heavy quarks with

the QGP and by different hadronization mechanisms.

3.2.1 Heavy-Flavor Production in pA Collisions: Testing Cold

Nuclear Matter Effects

In collisions where a nucleus is involved, like pA or AA collisions, the particle pro-

duction can be modified, relatively to MB pp collisions, by initial state effects due to the

presence of the nucleus, called Cold Nuclear Matter (CNM) effects.

It is known that the Parton Distribution Function (PDF) of a free nucleon (not

bounded in a nucleus) is different from the PDF of a bounded nucleon (that is called

nuclear PDF, or nPDF). The difference between PDFs and nPDFs is estimated via

experimental measurements together with theoretical calculations. Experimental data

from Deep Inelastic Scatterings (DIS) between leptons and nuclei (l+A) and leptons and

protons (l+ p) can be compared with the predictions from different pQCD calculations,
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that are based on the assumption of a certain PDF for the partons in the different

systems and can be tunned to reproduce these experimental results [16]. In Figure 3.4 is

shown the nuclear effect on the PDF of a parton i (valence quark, sea quark and gluons,

respectively in each panel) predicted by different model calculations. In this notation,

x refers to the Bjorken-x [16] [2], that is the fraction of the momentum of the nucleon

carried by a parton, Q2 is the squared of the transferred momentum in the DIS, and

RPb
i (x,Q2) is the ratio between the PDF of a bounded nucleon and the PDF of a free

nucleon.

Figure 3.4: Ratio RPb
i (x,Q2) between the PDF of a nucleon bounded to a Pb nucleus and

the PDF of a free nucleon, obtained from different model calculations. The modifications

are shown for valence quarks (left), sea quarks (center) and gluons (right). Figure taken

from [16]

The suppression of the nPDF, indicated by RPb
i (x,Q2) < 1, in the region of Bjorken-

x . 0.1 is called nuclear shadowing. At the LHC energies this is the modification of

the nPDF that have more influence on the particle production [52] and it can lead to a

reduction of heavy-flavor production rates mainly at low pT in mid-rapidity [16].

Another CNM effect that can be present in a collision involving a nucleus is the

energy loss of partons in the cold nuclear matter. Since a nucleus is an extended object,
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an incoming parton with momentum kT can interact elastically with many partons of the

colliding nucleus before the hard scattering. This phenomena can modify the momentum

spectrum of the produced heavy quarks, and it is called kT-broadening.

In pA collisions, nuclear effects are expected to be present while the QGP is not

expected to be produced. The analogous of RAA (Equation 3.3) for pA collisions is

called RpA and it is a quantity suited to measure how much the CNM effects modify the

production of a given particle with respect to pp collisions:

RpA =
dNpA/dpT

A dσpp/dpT

, (3.3)

where A in the denominator refers to the atomic mass number.

The right panel of Figure 3.5 shows the RpPb of D mesons measured by ALICE

at mid-rapidity, from 0 < pT < 35 GeV/c. The result is comparable to unity within

uncertainties, indicating that all cold nuclear matter effects considered together lead

to negligible modifications in the production of the D mesons in p-Pb with respect to

pp collisions. Some of the theoretical models deviate from the measurement mainly

at very low pT, so the later can be used to constrain the CNM description by these

models. In the right panel of Figure 3.5 it is presented the RpPb of electrons from

beauty hadron decays measured at mid-rapidity by ALICE [53]. Also via the electron

channel, no modification of the spectrum of the heavy-flavor particles is observed within

uncertainties. The theoretical predictions, that consider CNM effects and are essentially

at unity, describe the experimental result within uncertainties.

Measurement of p-Pb collisions at forward rapidity performed by the LHCb collab-

oration can access different Bjorken-x regions of the parton PDFs depending on the

symmetry of the collision, named forward (p-Pb) or backward (Pb-p). Given that the

Bjorken-x can be written as x = (pT/
√
s)e−y, forward collisions (where the particles are

measured at positive rapidity y, which is defined with respect to the direction of the

proton beam) give access to very low Bjorken-x [2], where the shadowing of the nPDF is

stronger. Measurements of the RpPb of D mesons at LHCb result in values comparable

to unity in the backward region, while in the forward region a clear deviation from unity
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is observed, as shown in Figure 3.6.

The measurements performed in p-Pb collisions guarantee a good control of the initial

conditions of the Pb-Pb measurements at different rapidity regions. The general good

agreement with theoretical calculations shows that the cold nuclear matter effects, like
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Figure 3.5: Nuclear modification factor RpPb of prompt D mesons (left) and electrons

from beauty hadron decays [53] (right), both measured at mid-rapidity by ALICE, to-

gether with theoretical predictions that includes CNM effects.

Figure 3.6: Nuclear modification factor RpPb of prompt D0 meson production in the

forward (p-Pb) and backward (Pb-p) collisions measured by LHCb collaboration [54].
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the PDF modeling, are reasonably well understood. In particular, the data provided by

LHCb can be used to constrain the PDF uncertainties in the model calculations, given

the significantly smaller uncertanties of the experimental results compared to the model

uncertainties.

3.2.2 Heavy-Flavor Production in AA Collisions: Probing the

QGP Related Effects

Once the effects of the initial conditions on the produced particle spectra are studied

and quantified in pA collisions, the study of the QGP via the RAA measurement can be

performed.

A suppression of high pT partons is expected in Pb-Pb with respect to pp collisions

as a consequence of the energy loss of these partons via collisional (elastic) and radiative

(inelastic) interactions with the medium constituents while traversing the QGP.

Quarks are expected to loose less energy than gluons while propagating thought the

QGP, as a consequence of their smaller color-coupling with the medium [55] [56] [57]

[58] [59]. QCD also predicts a mass-dependence of the energy loss: heavy-quarks are

expected to loose less energy than light quarks via radiative processes, due to the dead-

cone effect [60] [61] [62] [63] [64]. The dead-cone-effect is a fundamental prediction of

QCD that defines that a quark with mass mq and energy Eq has its energy loss by

radiative processes suppressed within the angle θ . mq/Eq (defined with respect to the

direction of its momentum).

Among the theoretical frameworks that describe the energy loss of a heavy-quark in

the medium via both radiative and collisional processes is the model by Djordjevic et

al [65]. Figure 3.7 shows how this model considers the fraction ∆E/E of energy loss

of quarks charm and beauty via collisional and radiative processes, as function of the

quark pT. For charm quarks and pT above 10 GeV/c, the radiative processes become

more important than the collisional ones, while for beauty quarks this transition occurs

for pT above 25 GeV/c. Although the radiative energy loss plays the most important

role at high pT, the model shows that the collisional energy loss is not negligible at LHC



34 CHAPTER 3. HEAVY-FLAVOR

energies. For the collisional energy loss, beauty quarks are expected to loose less energy

than charm quarks in the low pT region, while the fraction of energy loss becomes the

same for both at higher pT. For the radiative energy loss, the beauty quark is expected

to loose less energy than the charm quark over a very wide pT range, as a consequence

of the dead-cone-effect.

Figure 3.7: Fractional energy loss ∆E/E evaluated for collisional and radiative processes

for charm and beauty quarks, at a constant temperature T = 304 MeV and path length

L = 5 fm. Figure taken from [9].

Precise measurements of the nuclear modification factor RAA of observables related

to both light and heavy-quarks can provide important tests of the flavor-dependence of

the in-medium energy loss predicted by QCD. On the heavy-flavor sector, is of particular

importance to measure observables related to beauty and charm quarks separately.

In the left panel of Figure 3.8 it is shown a preliminary measurement of the RAA of

prompt D mesons by ALICE in Pb-Pb at
√
sNN = 5.02 TeV at mid-rapidity in three

different centrality classes, named 0-10%, 30-50%, 60-80% (the class 0-10% corresponds

to central collisions and the 60-80% to peripheral collisions, as will be discussed in

section 6.4). A strong supression of high pT D mesons is observed, and this suppression

increases from more peripheral to more central collisions. Comparison with the RpA

of D mesons (at Figure 3.5) suggests that this strong suppression is a medium-induced

effect, reflecting the interaction between the heavy-quarks with the QGP. In the right
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panel of the same figure it is shown the RAA of non-prompt J/ψ (from B meson decay)

measured by ATLAS in Pb-Pb at
√
sNN = 5.02 TeV at mid-rapidity in the centrality

classes 0-10%, 20-40% and 40-80% [66]. In agreement with the previous measurement,

a larger suppression of the heavy-flavor particles is observed in more central collisions,

where a larger color-deconfined medium is expected to be produced.
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Figure 3.8: (Left) RAA of prompt D mesons measured by ALICE in Pb-Pb at
√
sNN =

5.02 TeV at mid-rapidity in the centrality classes 0-10%, 30-50%, 60-80% and (right) RAA

of non-prompt J/ψ measured by ATLAS in Pb-Pb at
√
sNN = 5.02 TeV at mid-rapidity

in the centrality classes 0-10%, 20-40% and 40-80% [66].

In order to test the mass dependence of energy loss in the heavy-flavor sector, efforts

have been made to probe beauty and charm quarks separately. At LHC run 1, many

measurements have being performed. In Figure 3.9 it is shown the RAA of D mesons

(that probes the interaction of charm quarks with the QGP) measured by ALICE [67]

in comparison with the RAA of non-prompt J/ψ (that come from B meson decays and

consequently probe the interaction of the beauty quarks with the QGP) measured by

CMS [68], as a function of the mean number of participants in the collision, < Npart >,

that is proportional to its centrality. The RAA shown are the mean values obtained

within a centrality class and considering the high pT region of the spectra, where the

suppression is expected (see figure caption). These results point to a smaller suppression
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for non-prompt J/ψ than for D mesons, mainly for more central events. The Djordjevic

model can describe the trend of the observed suppression as function of < Npart >, for

both particle species. The difference on the RAA of non-prompt J/ψ and D mesons

derives maily from the quark-mass dependence of the energy loss: the dotted blue lines

indicate the predicted RAA for the non-prompt J/ψ in the case the b quark loose energy

as c quark. In this scenario, this RAA becomes much closer to the RAA of D mesons.
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Figure 3.9: RAA of D mesons measured by ALICE compared with the RAA of non-prompt

J/ψ measured by CMS in Pb-Pb at
√
s = 2.76 TeV as function of the mean number of

participants in the collision < Npart >, that is proportional to its centrality [67].

The results obtained from ALICE during LHC run 1 on the electronic channel support

the results shown previously, for central collisions. In the left panel of Figure 3.10 it is

shown the comparison between the RAA of electrons from beauty hadron decays and the

RAA of electrons from open heavy-flavor hadron decays, both measured in the 20% most

central collisions. A hint of smaller suppression for electrons from beauty hadron decays

than for electrons from open heavy flavor hadron decays is observed in the pT range from

3 to 8 GeV/c, that is the common pT range of both analysis. The RAA of electrons from
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beauty hadron decays exhibits a suppression of about 30-40% for pT > 3 GeV/c and the

trend of this suppression is described reasonably well by theoretical models that includes

mass dependent energy loss of heavy quarks inside QGP, as shown in the right panel of

Figure 3.10. Nevertheless, this particular measurement have very large uncertainties at

very low pT (from ≈ 1.25 to 2.5 GeV/c), and although the experimental measurement

points to an RAA > 1 in this region, the values are still comparable with the theory, that

predicts an RAA very close to (or even below) unity in this pT range.
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Figure 3.10: (Left) RAA of electrons from beauty hadron decays (red) compared to the

RAA of open heavy-flavor electrons measured by ALICE at mid-rapidity in central Pb-Pb

collisions. (Right) RAA of electrons from beauty hadron decays compared to different

theoretical predictions [53].

The CMS collaboration have performed recently the reconstruction of B+ mesons in

Pb-Pb collisions for the first time [69], using LHC run 2 data, in a centrality integrated

analysis (0-100%). As shown in the left panel of Figure 3.11, the RAA of B+ mesons and

non-prompt J/ψ are in good agreement in the common pT range within experimental

uncertainties. In this same figure it is shown the RAA of D mesons [70] and charged

particles. A hint of smaller suppression of beauty hadrons (or beauty hadron decay

products, like the non-prompt J/ψ) with respect to charm hadrons is observed at low

pT, supporting the previous results from run 1 shown at Figure 3.10. In general, at low
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pT, it is observed a hint of an hierarchy: RAA(B+) > RAA(D) > RAA(π±), expected

from the flavor-dependence of parton energy loss predicted by QCD (note that pions

are produced mainly via gluon fragmentation [71] [72], so their production in heavy-

ion collisions is sensitive to the energy loss of gluons in the QGP). The right panel of

Figure 3.11 shows the RAA of B+ mesons compared with theoretical models. The B+

mesons RAA is suppressed of about 50% for pT > 7 GeV/c.

Figure 3.11: RAA of D mesons, B mesons, non-prompt J/ψ and charged particles for

centrality integrated events measured at mid-rapidity by CMS [70], [69]. On the right,

the RAA of B mesons is compared to different theoretical models.

By the comparison between the results from ALICE (Figure 3.10) and CMS (Fig-

ure 3.11), a suppression of≈ 40% is observed on the RAA of both B+ mesons and electrons

from beauty hadron decays at large pT, what indicates that both observables points to a

consistent physics message with respect to the energy loss of beauty quarks. The current

large uncertainties of both experimental measurements, nevertheless, do not allow to

impose stringent constrains to the different theoretical models. With what regards the

minimum pT range that could be accessed experimentally, the B+ measurement starts

from to pT = 7 GeV/c, while the non-prompt J/ψ measurement starts from pT = 3

GeV/c. ALICE, on the other hand, allows the measurement to be extended to smaller

pT, starting from pT = 1.25 GeV/c. As indicated in Figure 3.7, the low pT region is

of particular interest because there the mass dependence of the energy loss processes is
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expected to be stronger. In addition, the low pT region of the RAA is expected to be in-

fluenced by effects from different origins. The shadowing of the nuclear PDFs is expected

to reduce the production of heavy-flavor hadrons in nuclear collisions with respect to pp

collisions at low and intermediate pT [73] [74]. On the other hand, the coalescence of

heavy quarks with light quarks of the medium is expected to increase the heavy-flavor

production at low and intermediate pT [74] (see also discussion in section 3.2.2 below). In

addition, it is also known that theoretical models which includes radial flow of the heavy

quarks (collisional energy loss of heavy quarks in a fluid-dynamical expanding medium)

predicts a bump in the RAA of heavy-flavor particles at low pT [9]. Because of that, it

is of particular importance to have a more precise measurement of the RAA of electrons

from beauty hadron decays at very low pT, in order to test the description of the models

that contains these different ingredients.

One of the analysis performed in this work is the measurement of electrons from

beauty hadron decays at low pT using the data from Pb-Pb collisions at
√
sNN = 5.02

TeV, collected during LHC run 2. This analysis will be discussed in detail on chapter 6.

With the larger amount of data collected at run 2 (about 3 times more events are

analyzed in run 2 with respect to run 1), the total error bars of the run 1 measurement

(Figure 3.10) could be significantly reduced, constraining the RAA pT-dependence, in

particular for pT . 3 GeV/c, where the result from run 1 shows poor precision. In

addition, the RAA of electrons from both beauty and open heavy-flavor hadron decays

measured in run 2 could be extended to larger a pT ranges with respect to the run

1 measurements, improving the experimental picture of mass-dependent energy loss of

heavy-quarks shown in the left panel of Figure 3.10.

As presented above, the production of heavy-flavor particles measured in Pb-Pb

collisions at LHC have shown a clear deviation from binary scaling, having an associated

RAA that deviates from unity. The supression of the RAA of heavy-flavor particles is

consistent, within experimental uncertainties, with the scenario of energy loss of heavy

quarks in a color deconfined medium, although the experimental errors do not allow

the discrimination among many different theoretical models, that have slightly different

descriptions of the heavy quark propagation through the QGP. The mass dependence of
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energy loss of heavy quarks is probed with limited precision. This makes essential, in

order to test QCD in a more effective way, to perform measurements using newer and

more abundant data samples as soon as they are available, as is the aim of one of the

works of this thesis.

The Interplay of Hadronization Mechanisms

The QGP can modify the production of heavy-flavor particles not only by inducing

energy loss of the heavy quarks, but also by inducing a different hadronization mech-

anism. A quark in the vacuum hadronize via fragmentation, that is the QCD-based

process of creation of another quarks from the vacuum, by the intense color field that

is originated in the attempt to isolate a color-carrying object. This causes the confine-

ment of this color-carrying object into a color neutral hadron. This process creates a

color neutral hadron with momentum ph = z.pq, that is a fraction z ≤ 1 of the ini-

tial quark momentum pq. When quarks hadronize inside a color deconfined medium,

it is considered that another hadronization mechanism can take place, which is called

coalescence. This different hadronization mechanism was proposed as an explanation

for the anomalous baryon to meson ratio (”proton anomaly”) and scaling of the elliptic

flow with the number of constituents quarks of the hadrons observed in early results

at RHIC in the light flavor sector [75] [76]. Coalescence consists in the recombination

of quarks that are inside QGP close to each other in phase space. In this process, the

resulting hadron has a momentum that corresponds to the sum of the momentum of

the initial quarks (see diagram on Figure 3.12). The existence of the coalescence as a

possible hadronization mechanism inside QGP modifies the momentum spectrum of the

produced hadrons. In particular, the coalescence can modify the chemical composition

of the produced hadrons, since it favors the baryon production with respect to meson

production: since the amount of low momentum quarks in the medium are much larger

than the amount of intermediate and high momentum quarks, the production of a hadron

with a given momentum ph is more probable via coalescence of three quarks with very

low momentum (pq ≈ ph/3), what creates a baryon, than via the coalescence of a quark

anti-quark pair with larger momentum (pq ≈ ph/2), what creates a meson, as sketched
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on Figure 3.12.

Figure 3.12: Diagram representing the production of a hadron with momentum pT ≈ 6

GeV/c via quark fragmentation, coalescence of a quark anti-quark pair or coalescence of

three quarks. The black line represents the momentum distribution of the quarks in the

medium. Figure taken from [77].

It is also known that the production of strange hadrons is favored in the coalescence

scenario, where quarks can recombine inside a quark and gluon soup rich of strange and

anti-strange quarks, that are produced mainly by gluon fusion [78] [3] [79].

The measurement of the production of baryons and strange particles in heavy-ion

collisions can, because of the reasons discussed above, be sensitive to the effects of the

hadronization mechanisms on the produced particle spectra, allowing to quantify and

disentangle these effects from energy loss inside the QGP.

In Figure 3.13 it is shown the RAA of many different particle species measured by

ALICE. The RAA of charged particles and D mesons are compared to the ones of strange-

D meson and Λc baryon. These measurements give a hint of the pattern expected in

a scenario where coalescence in QGP takes place: the strange-D meson production is

enhanced in comparison with non-strange D meson production, and the Λc baryon pro-

duction is even more enhanced than any of the others, since it not only contains a strange
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quark but it is also a baryon. It is important, nevertheless, to point out that the mea-

surement of Λc is performed in the centrality range 0-80% while the other measurements

are performed at 0-10%. The strange-D mesons and Λc baryon are particularly valuable

probes to disentangle energy loss and hadroninazion effects in the heavy-flavor sector.

More precise measurements, possible during the upcoming LHC run 3, will allow to

better constrain these effects.
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Figure 3.13: RAA of charged particles, non-strange D mesons, strange D mesons and Λc

baryon measured in Pb-Pb at
√
sNN = 5.02 TeV collisions by ALICE.

In the Appendix A it is introduced briefly some measurements about anisotropic flow,

jets and quarkonia, that are also important topics of study that allows to investigate QGP

properties, although they are not directly related to the analysis of the present work.

The reader are invited to read this topics and also to enjoy the references within in case

of interest.

3.3 Transport Models of Heavy-Quarks Inside QGP

In order to predict the heavy-flavor production in heavy ion collisions, theoretical

models need to include a series of ingredients. In addition to modeling the heavy-quark
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energy loss mechanisms, the models also need to include a description of their initial

production (that can include cold nuclear matter effects or not), a description of the

space-time evolution of the QGP up to the freeze-out, mechanisms of hadronization

(coalescence, fragmentation) of the quarks and also the interaction of the beauty and

charm hadrons with the hadronic matter after the freeze-out. Many energy loss models

have been developed taking into account different ingredients. Different choices of these

ingredients can give a factor two of difference in the prediction of a model [9]. Below,

the main ingredients that are considered by different theoretical models are summarized.

In general, the models can be subdivided in two groups: the ones that make use of

perturbative QCD calculation in the description of the interaction of heavy quarks with

the QGP and the ones that use non-perturbative approaches.

A more detailed description of many models can also be found here [9]

pQCD based models:

Djordjevich et al.: pQCD energy loss in a static fireball [65]

Initial production of heavy-quarks: given by FONLL and no CNM effects

included;

Quark-medium interactions: Both collisional and radiative energy loss are com-

puted within leading order pQCD. Includes running of the coupling;

Hadronization: Fragmentation of the heavy quarks.

Medium: The medium has finite size and it is described as a thermalized QGP at

temperature T . Partons of the medium are not static scattering centers, but dynamical

(their recoil is taken into account). The medium does not expand.

BAMPS [80]

Initial production of heavy-quarks: given by Monte Carlo event generator for

next-to-leading order (MC@NLO [81]). No CNM effects included.

Quark-medium interactions: Collisional interactions described by pQCD and a

K-factor of K = 4 to account for radiative energy loss (tuned to match RHIC results).
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Transport of the heavy quarks is given by Boltzmann equation. Running of coupling

constant is considered.

Hadronization: Fragmentation of the heavy quarks;

Medium: Partons of the medium interacting according to Boltzmann equation

(3+1)d;

MC@sHQ+EPOS, Coll+Rad(LPM) [82]

Initial production of heavy-quarks: given by FONLL or MC@NLO;

Quark-medium interactions: Collisional and radiative energy loss are considered.

The transport of the heavy quarks is given by Boltzman equation. Running of the

coupling constant is considered;

Hadronization: Fragmentation of the heavy quarks and coalescence of heavy

quarks with light quarks from the medium;

Medium: (3+1)d ideal fluid-dynamical evolution from EPOS [83] initial conditions.

POWLANG: pQCD embedded in viscous hydrodynamics [84]

Initial production of heavy-quarks: NLO pQCD calculation of initial heavy-

quark yields done by POWHEG. CNM effects considered (EPS09 [16] nuclear corrections

on the PDFs and kT-broadening).

Quark-medium interactions: Only collisional energy loss is considered. The

transport of heavy quarks is given by Langevin equation. pQCD calculations used for

hard-scatterings and Hard Thermal Loop (HTL) for soft interactions.

Hadronization: Fragmentation of the heavy quarks and coalescence of heavy

quarks with light quarks from the medium (coalescence just for most recent models);

Medium: The fireball evolution is described by a (2+1)d relativistic viscous hydro-

dynamics.

Parton-Hadron-String Dynamics (PHSD) [85] [73]

Initial production of heavy-quarks: given by PYTHIA [44] (tuned to fit FONLL

predictions for charm quarks). CNM effects included;
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Quark-medium interactions: Collisional energy loss computed within pQCD;

Hadronization: Fragmentation of the heavy quarks and coalescence of heavy

quarks with light quarks from the medium;

Medium: No hydrodynamics. QGP described by Dynamical Quasi-Particle Model

[86];

Non-perturbative approaches:

TAMU [87]

Initial production of heavy-quarks: Given by FONLL;

Quark-medium interactions: Collisional energy loss is calculated in a non-

perturbative framework (makes use of lattice QCD potentials);

Hadronization: Fragmentation of the heavy quarks and coalescence of heavy

quarks with light quarks from the medium;

Medium: Hydrodynamical evolution;

AdS/CFT [88] [89]

Initial production of heavy-quarks: given by FONLL, without inclusion of CNM

effects;

Quark-medium interactions: AdS/CFT drag derivations;

Hadronization: Fragmentation of the heavy quarks;

Medium: Static fireball based on Glauber model [45] [46] [47] [48];
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Chapter 4

Experimental Apparatus

The ALICE (A Large Hadron Collider Experiment) is an experiment located in one

of the four interaction points of the LHC (Large Hadron Collider). This experiment

is optimized to perform measurements of particles in the high multiplicity environment

created in Pb-Pb collisions. The main goal of the experiment is to study the properties of

the nuclear matter in conditions of very high temperatures and energy densities, probing

the phase of color deconfinement predicted by QCD. A sketch of ALICE is presented in

Figure 4.1. ALICE can be divided in two parts: detectors at central rapidity (in the

so-called central barrel) and detectors at forward rapidity, mainly used for triggering,

event plane and centrality determination, and muon detection.

The ALICE central barrel is embedded in a magnetic solenoid that produces a field

of B = 0.5 T parallel to the beam pipe. The charged particles have their trajectory

bended by the magnetic field according to its mass and velocity, what makes possible

the momentum determination of charged particles by the tracking detectors inside the

central barrel.

A brief description of the ALICE detectors is given below, and a more detailed

discussion of the main detectors used in the present work is presented later in this

chapter. An overview of the ALICE detectors can be found in reference [90] and a

summary of particle detection principles can be found in reference [91].

47
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Figure 4.1: Sketch of the ALICE detector

Central rapidity detectors:

• Inner Tracking System (ITS) [92]: High granularity silicon detector dedicated to

tracking, primary and secondary vertex reconstruction, impact parameter deter-

mination and particle identification;

• Time-Projection-Chamber (TPC) [93]: Gas chamber that consists in the main

tracking and particle identification detector in ALICE;

• Transition-Radiation-Detector (TRD) [94]: Dedicated to the identification of elec-

trons with large momenta and to trigger on high transverse momentum particles;

• Time-of-Flight (TOF) [95]: Dedicated to the measurement of time-of-flight of par-

ticles over a known distance. Provide mass information that allows p/K and K/π

separation at low momentum;
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• High-Momentum-Particle-IDentification (HMPID) [96]: Performs hadron discrim-

ination at high transverse momenta (1 < pT < 3 GeV/c for K and π, 1 < pT <

5 GeV/c for p);

• PHOton Spectrometer (PHOS) [97]: High resolution electromagnetic calorimeter;

• EletroMagnetic Calorimeter (EMCal) [98]: Electromagnetic calorimeter and trig-

ger on high momentum electrons and photons;

• ACORDE (A COsmic Ray DEtector) [99]: Array of plastic scintillator counters

placed outside ALICE magnet. Dedicated to cosmic ray measurements;

Forward rapidity detectors:

• T0 [100][101]: Two arrays of Cherenkov counters (T0A and T0C), dedicated to

trigger the event and to give the event collision time with high resolution (≈ 25

ps);

• VZERO [102][101]: Two arrays of scintillator counters (V0A and V0C) used as

Minimum Bias trigger, centrality trigger in Pb-Pb collisions and for event plane

determination;

• Forward-Multiplicity-Detector (FMD) [103][101]: Segmented silicon strip detector

dedicated to extend charged particle multiplicity measurements for the forward

region and to event plane determination;

• Photon-Multiplicity-Detector (PMD) [104]: Measure the multiplicity and spacial

distribution of photons at forward rapidity;

• Zero-Degree Calorimeters (ZDC) [105]: Set of proton (ZP) and neutron (ZN) for-

ward calorimeters dedicated to measure the energy of spectators (that do not par-

ticipate in the collision) protons and neutrons and to estimate the centrality of

Pb-Pb collisions;
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• Muon spectrometer [106]: Set of muon tracker, trigger, hadron absorbers that al-

lows muons measurement. The physics goal is to study heavy-flavor and quarkonia

production (heavy quark resonances like J/ψ and Υ) via the muon decay channel;

Find below more detailed description of ITS, TPC, TOF and VZERO, that are the

main detectors used in the analysis performed in this thesis.

Inner Tracking System

The Inner Tracking System (ITS) [107] [92] is the innermost tracking detector in

ALICE. It covers the central rapidity region (η < |0.9| for the full detector) and the

azimuthal range of ∆φ = 2π.

One of the main tasks of the ITS is to reconstruct the primary vertex of the collision

with a good resolution (better than 100 µm along z direction) and to reconstruct the

secondary vertices of beauty and charm hadron decays, improving the identification of

the different heavy-flavor species. The ITS detector allows the reconstruction of the

tracks transverse impact parameter to the primary vertex (d0rφ) with a resolution better

than 100 µm, as shown in Figure 4.2 for the run 1 data.

The ITS has a central role in tracking and PID of very low momentum charged

particles (pT < 200 MeV/c), that can bend in the magnetic field to the point of not

reaching the TPC. For higher momentum charged particles, that also reaches the TPC,

the matching between the ITS and TPC tracks improves the momentum and angle

resolution provided by the TPC alone.

The ITS is composed by six cylindrical layers of silicon detectors, and every two

layers is built with a different technology, in order to address the requirements for a

good tracking at different distances from the primary vertex.

The inner radius of the ITS is the minimum radius compatible with the beam pipe

(that has a radius of ≈ 3 cm), and the outer radius is determined by the matching with

the TPC.

The fist two layers are located at 4 and 7.2 cm from the interaction vertex, where

the charged track density is very high. In order to have a high spacial resolution that

allows a good separation between the tracks, these first two layers are built with Silicon
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Figure 4.2: Resolution of the transverse impact parameter to the primary vertex given by

ITS, as function of the track pT. The estimation is performed with Pb-Pb
√
sNN = 2.76

TeV data. The experimental result is compared with a Mone Carlo simulation [107].

Pixel Detectors (SPD). The SPD layers have acceptance of η < |1.75|. The second two

layers are located at 15 and 23.9 cm distance from the primary vertex and they are built

with Silicon Drift Detectors (SDD), while the third two layers are located at 38.5 and

43.6 cm from the primary vertex and are built with Silicon Strip Detectors (SSD). The

SDD and SSD layers have acceptance of η < |0.9| and they have an analogical readout

that allows particle identification via the measurement of energy loss per unity length

(dE/dx) in the material.

A summary of the main characteristics of the ITS detector can be found in Table 4.1.

Time Projection Chamber

The Time-Projection-Chamber (TPC) [93] is the main tracking detector in ALICE.

It covers the pseudo-rapidity range of η < |0.9|, and the azimuthal range of ∆φ = 2π.

It has a cylindrical shape of about 5 m width and 5 m diameter. The TPC is used for

track reconstruction and particle identification (PID).
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Layer Detector r(cm) |η| σrϕ(µm) σz(µm)

1 pixel 4.0 1.75 12 100

2 pixel 7.2 1.75

3 drift 15.0 0.9 38 25

4 drift 23.9 0.9

5 strip 38.5 0.9 20 830

6 strip 43.6 0.9

Table 4.1: Summary of characteristics of ITS detectors. The columns σrϕ(µm) and

σz(µm) refer to the tracking resolution in the transverse (rϕ) and longitudinal (z) direc-

tions, respectively.

Figure 4.3: Sketch of the TPC showing its inner and outer radius, readout pads in the

end-plates and the central electrode, that defines two regions of electric field of opposite

directions.

The TPC is filled with a gas mixture of Ne (90%) and CO2 (10%). A charged particle

traversing this gas mixture prints a 3D ionization path in the gas. The static electric

field between each TPC end-plate and the central electrode (see Figure 4.3) makes the

electrons created in the ionization to drift towards the TPC end-plates, where a 2D (xy
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plane) projection of the particle path is read by the read-out modules in the end-plates.

The TPC end-plates contains three different sizes of read-out pads (going from smaller

ones in the inner radius to larger ones in the outer radius). In each read-out pad, the

signals that are close in space and time are combined into clusters. By knowing the drift

time of the electrons in the gas and also the time in which the collision took place (given

by T0 detector), the z-coordinate of each cluster of the trajectory can be reconstructed,

leading to a 3D path information for charged particles inside the TPC.

For each reconstructed track in the TPC, the amount of charge in each cluster is

used to estimate the track energy loss in the corresponding track length. The procedure

used to estimate the track mean energy loss per length corresponds to a truncated mean

of the values of energy loss per length obtained for each cluster. The mean is obtained

using the 50-70% clusters with the lowest deposited charge (Sec. 31.6.5 of [108]). This

method improves the particle species separation by making the 〈dE/dx〉 of different

particles species more Gaussian like (reducing the tail of the Laudau distribution, typical

of the process of energy loss in matter [109]). Figure 4.4 shows an example of 〈dE/dx〉

distribution of different particle species traveling inside the TPC as a function of the

particle momentum. Together is shown the theoretical prediction given by the Bethe-

Bloch formula 1.

In order to select a particle based on its dE/dx in TPC, it is used the quantity named

nσTPC, that represents the significance of the deviation between the TPC dE/dx signal

and a particle identity hypothesis:

1 The Bethe-Bloch formula, Equation 4.1, gives the 〈dE/dx〉 of a given particle propagating through

a given material as a function of the particle β = v/c and mass me and the material properties (see Sec.

30 of [108] for a complete discussion).

Since energy loss is a statistical process, the actual energy loss of a particle will show fluctuations around

the average given by the Bethe-Bloch prediction. These fluctuations follow a Landau distribution [91].

−
〈
dE

dx

〉
= Kz2

Z

A

1

β2

[
1

2
ln

2mec
2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
(4.1)
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nσTPC =
〈dE/dx〉measured − 〈dE/dx〉expected

σdE/dx
, (4.2)

where 〈dE/dx〉measured is the mean energy loss measured in TPC for a given track,

〈dE/dx〉expected is the expected energy loss in TPC for a given particle identity hypothesis

and σdE/dx is the width of the measured signal distribution.

Practical examples of the use of Equation 4.2 will be given later in the analysis

developed in this thesis.

The TPC was designed to have a good performance in a high multiplicity environment

in which the particle density per unity of rapidity is of the order of dNch/dy = 8000. The

minimum possible inner radius of the TPC (rin ≈ 90 cm) is constrained by the maximum

acceptable hit density in this high multiplicity environment. The outer radius (rout ≈

250 cm) is determined by the minimum length required for the track to have a dE/dx

resolution better than 10%. The gas mixture guaranties a small drift time (. 100 µs)

and the two cluster resolution is about ≈ 1 cm [93].

Figure 4.4: TPC dE/dx for various particle species measured in Pb-Pb collisions at
√
sNN = 5.02 TeV as a function of the track momentum, superimposed with Bethe-

Bloch lines.
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Time-Of-Flight

The Time-Of-Flight (TOF) [95] is a cylindrical detector located at the central barrel,

with pseudo-rapidity coverage of η < |0.9| and full azimuth coverage ∆φ = 2π. The

detector is divided in 90 modules, and each module is equipped with many MRCP

(Multigap Resistive Plate Chamber) strip detectors, that provides a time resolution of

the order of 50 ps.

The TOF is responsible for particle identification by measuring the time it takes

for the particle to travel from the primary vertex to its MRCP. The time measurement

provided by TOF together with the momentum and length of tracks provided by the

tracking detectors allows the calculation of the mass of the particles. With the TOF,

particles with different masses can be distinguished, and this is particularly important for

the separation between pions, kaons and protons, that have their TPC dE/dx distribu-

tion overlapped in a considerable momentum region (see Figure 4.4). The identification

of pions and kaons are particularly important for the D meson reconstruction (see Ta-

ble 3.1).

In the analysis performed in this thesis, dedicated to the measurement of electrons,

the TOF is used to eliminate part of the contamination of kaons and protons in the

electron candidates sample. In Figure 4.5 is shown the β (v/c) measured by TOF as

function of the track momentum, and it is possible to see that up to p ≈ 2 GeV/c the

TOF has an important role in the discrimination between pions, kaons and protons and

in the discrimination of kaons and protons from electrons.

VZERO

The VZERO [102] detector is composed by two subsystems, named V0A and V0C,

that corresponds to two arrays of plastic scintillator counters. They are located around

the beam pipe, at forward rapidity, one at each side of the interaction point: the V0A

covers the pseudo-rapidity range of 2.8 < η < 5.1 while the V0C covers −3.7 < η < −1.7.

Both V0A and V0C are segmented in four concentric rings around the beam pipe, as

sketched in Figure 4.6, and each ring is divided in 8 sections in the azimuthal direction.

The VZERO plays many roles. It can be used as collision centrality estimator.
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Figure 4.5: β of tracks measured by TOF as function of their momentum.

Figure 4.6: Sketch of the front view of a VZERO subsystem and its segmentations.

The sum of the energy deposited in V0A and V0C scales with the number of primary

particles produced in the collision, and therefore with the centrality of the colliding

nucleus (further discussion about this will be presented in section 6.4).

One of the most important functions of VZERO is that of a Minimum Bias (MB)

trigger. The MB trigger is defined such that an event is recorded only if a signal is

present in either of the VZERO arrays or in the SPD. The VZERO also provides the

time of arrival of the particles on its surface with a good precision. A VZERO trigger

can be used to select beam-beam interactions in detriment of beam-gas interactions, and

it explores the fact that the arrival time of particles at each of the two arrays will be
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different in these two different situations.

The segmentation of the VZERO, as shown in Figure 4.6, allows the determination

of azimuthal particle distribution and event plane Ψφ.
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Chapter 5

Measurement of Electrons from

Open Heavy-Flavor Hadron Decays

in pp Collisions at
√
s = 13 TeV

5.1 General Strategy

In this chapter, the measurement of the invariant cross section of electrons from

open heavy-flavor (charm or beauty) hadron decays in pp collisions at low momentum is

presented. In order to calculated this invariant cross section, 1
2πpT

d2σ
dpTdy

, the ingredients

shown in Equation 5.1 are necessary. This ingredients are discussed qualitatively in this

section and quantitatively along this chapter.

1

2πpT

d2σ

dpTdy
=

1

2

1

2π pcenter
T

1

∆y∆pT

N e±
raw(pT)

(εreco × εeID)

σV0

NV 0
ev

(5.1)

The pp collisions at
√
s = 13 TeV have a visible cross-section σV0, that is determined

based on the signal these events generate in the VZERO detector.

From all the events generated in the experiment, NV 0
ev events are analyzed. Those

are the ones selected by the minimum bias trigger, that, for consistency with the σV0,

is also based on the signal generated in the VZERO detector. In addition, the analyzed

59
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events need to satisfy some requirements that ensure their quality.

From all the tracks generated in each event, just the ones that pass a quality selec-

tion criteria are used. This track selection has an efficiency εreco for electrons, that is

estimated using simulations of pp events generated by Monte Carlo.

The raw pT-spectrum of electrons and positrons from heavy-flavor hadron decays,

Ne±

raw, is measured via a sequence of many steps. For practical purposes, ”electrons and

positrons” will be referred to as just ”electrons” during the whole analysis procedure.

In the end, for the calculation of the invariant cross section, as shown in Equation 5.1,

a factor 1/2 is considered in order to make the final result account just for electrons,

that consist in half of the electron + positron measured yield. The first step for the

calculation of N e±
raw is the selection of electron candidates via PID (Particle IDentification)

cuts on the signals generated in TPC and TOF detectors. Cuts are applied in order to

select tracks which have a time-of-flight measured by TOF and the energy loss per unity

length 〈dE/dx〉 in the TPC compatible with the electron hypothesis. These PID cuts

select electrons with an efficiency εeID, also estimated in this analysis via Monte Carlo

simulations. This sample of electron candidates selected by the PID cuts is composed

by electrons from heavy-flavor hadron decays, electrons from non heavy-flavor hadron

decays and also a hadron contamination. The hadron contamination is estimated via

a data-driven method based on the signal generated by electrons and hadrons in the

TPC, in each pT bin. With this method is possible to estimate how many hadrons are

selected together with the electrons after the PID cuts on the TOF and TPC signals.

Once the hadron contamination is estimated and subtracted, the background of electrons

from non heavy-flavor hadron decays, that consists mainly in electrons from light-flavor

mesons Dalitz decay and gamma conversion in the detector material, are identified via a

data-driven method called photonic tagging method. Pairs e−e+ from this sources can be

tagged in data via their low invariant mass. The efficiency of this method, the tagging

efficiency, is estimated from Monte Carlo simulations and it is used to correct the yield

of electrons from non heavy-flavor sources. The identification of the non heavy-flavor

electrons via the data-driven approach used in this work is known to lead to smaller

final systematic uncertainties on the final heavy-flavor electron yield with respect to the
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analysis in which the non heavy-flavor electrons background is estimated via cocktail

simulations 1 and subtracted [13].

After the subtraction of the hadron contamination and of the electrons from non

heavy-flavor sources from the electron candidate sample, the yield of electrons from

heavy-flavor hadron decays N e±
raw is obtained.

This yield is corrected by the efficiencies of the track selection εreco and of the PID

cuts applied in the TPC and TOF signals in order to select electrons, εeID.

The other factors in Equation 5.1 are geometrical factors, that normalize the yield

per unity of rapidity ∆y and unity of azimuthal angle ∆φ = 2π, or factors used to

remove the pT bin size (∆pT) and pT bin center (pcenterT ) dependence of the measured

spectrum.

Along this chapter, the quantitative determination of each of the ingredients of Equa-

tion 5.1 is presented. In the end, the obtained invariant cross section of electrons from

heavy-flavor hadron decays compared to FONLL prediction and discussed.

5.2 Data Set and Event Selection

In this analysis, events from two different Minimum Bias (MB) data samples (LHC16k

and LHC16l) recorded in pp collisions at
√
s = 13 TeV in 2016 by ALICE are used.

The online MB trigger, used to select events during the data taken, requires at least

one hit in the SPD or in either of the two VZERO arrays. An additional selection based

on the VZERO is applied during the offline analysis, with the aim of selecting beam-

beam interactions in detriment of beam-gas interactions. It is based on the time the

created particles reach V0A and V0C with respect to the bunch crossing time in the

nominal interaction point.

An amount of ≈ 180 M MB events are available considering both samples together,

from which ≈ 160 M were analyzed in this work, that correspond to the events that

1A cocktail is built using a Monte Carlo hadron-decay generator, that can produce the pT-spectrum

of a certain decay particle using as input the measured pT-spectrum of the source. In this case, the

spectra of non heavy-flavor electrons are built by the MC generator from the measured pT-spectra of

the non heavy-flavor sources, measured experimentally [13].
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passed the selection criteria described below.

One of the most important requirements to select an event is a good quality of

the primary interaction vertex determination. The cuts applied on the primary vertex,

described below, have mainly the purposes of:

• Guarantee that the collision occurred very close to the nominal point, at the center

of the detectors along the z direction. This ensures a uniform reconstruction effi-

ciency of charged particles, since it allows the particles emitted on both directions

to generate tracks in the detectors with proper length;

• Identify and reject cases where two different events occurred very close to each

other in time and were recorded as a single event (pile-up rejection);

Global tracks, that are tracks reconstructed using TPC and ITS tracks combined,

are used to find the interaction vertex with high precision. Only events with a primary

vertex reconstructed with at least two contributor tracks are selected. In addition, the

primary vertex needs to be within 10 cm, in the longitudinal direction, from the nominal

interaction point (|Vz| < 10 cm).

A pile-up rejection is performed by using two predefined algorithms for multiple

vertex finding. One is based on vertexes found with the use of the signal on SPD only,

VSPD. The minimum number of contributors for VSPD determination is predefined and

multiplicity dependent (varying from 3 to 5). If within one event two vertexes are found

by this algorithm and the distance between them is larger than 0.8 cm then the event is

rejected.

Additional pile-up rejection based on another algorithm of multiple vertex finding is

applied. In this algorithm, the minimum number of tracks for a vertex determination is

5 and the event is rejected if two (or more) vertexes are found and the distance between

two vertexes weighted by the convolution of their errors is larger than 15.

Around 85% of the events satisfy these selection criteria.

A summary of the event selection cuts is shown in Table 5.1.



5.3. MONTE CARLO SAMPLES 63

Type Value

Min. global track contributors 2

|Vz| < 10 cm

Min. contributors to VSPD 3 - 5

Distance in z between two VSPD < 0.8 cm

Min. track contributors to vertexes 5

Weighted dist. in z between two vertexes < 15

Table 5.1: Event quality cuts used on the pp at
√
s = 13 TeV analysis.

5.3 Monte Carlo Samples

All Monte Carlo (MC) samples used in the analysis have the same detector configu-

ration and beam conditions as the ones found during the data taken, what means that

they are anchored to the data sample. Two MC samples anchored to each data sample

are used in this analysis. General purpose (minimum bias) MC productions are used for

the calculation of the tagging efficiency. The other MC samples are special PYTHIA

[44] MC simulations which have an enhancement of π0 and η mesons and also in which

a trigger on charm and beauty hadrons decaying semi-electronically is employed. These

MC productions are used for the calculation of the track selection and PID cut efficien-

cies for the heavy-flavor electrons sample (εreco and εeID). All the event selection criteria

applied in the data samples are also applied in the MC samples.

All samples include a full simulation of the detector response performed using GEANT

3.

5.4 Track Selection

Once the events are selected, the tracks of a given event need to pass through some

quality requirements. These requirements aim mainly to select a sample of tracks that

can represent the kinematics of the particles with good quality, for example: the tracks

should be within a region in the detector not affected by border effects, they should have
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a minimum number of ionized clusters in order to give a precise information about the

momentum and energy loss of the particles in the gas or material, etc.

The track quality cuts applied in this analysis follows the criteria applied in former

analysis (for example [13]), and a brief discussion of them can be found below.

Acceptance:

• The analysis is performed using tracks inside the pseudo-rapidity range |η| < 0.8,

to make sure that the tracks do not go through the end-caps of the TPC. For

electrons, that have very low mass, the rapidity y and pseudo-rapity η converges

to the same value, such that this cut is equivalent to a rapidity cut of |y| < 0.8

(see Appendix B);

TPC tracks:

• Tracks which include a significant number of TPC clusters originating from more

than one charged particle trajectory were rejected by requiring that the χ2/ndf

(where ndf is the number of degrees of freedom) of the momentum fit in the TPC

is smaller than 4;

• The track quality in the TPC is characterized by the number of clusters used for

the reconstruction of the track. Only tracks with at least 100 (out of a maximum

of 159) clusters used for their reconstruction were accepted in this analysis. The

requirement on the number of TPC clusters is used to improve the discrimination

between electrons and pions, because electron tracks have, on average, a higher

number of clusters;

• Not all clusters used for track reconstruction are used for the energy loss calcula-

tion. For example, clusters close to the border of TPC sectors are not considered.

Only tracks with at least 80 clusters used for the energy loss calculation were

accepted in this analysis;
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ITS tracks:

• A minimal number of 3 hits in the ITS is required, and two of them need to be

on both SPD layers, in order to minimize the contribution of electrons originated

from gamma conversions in the ITS. With this cut, only electrons from gamma

conversion in the beam pipe or in the first SPD layer are accepted;

• In order to reject background tracks and non-primary tracks, the maximal distance

of closest approach (DCA) of the tracks to the primary vertex is restricted to 1 cm

in radial (xy) direction and 2 cm along the beam (z) direction;

Only global tracks, the ones created by matching TPC and ITS tracks, are used in

the analysis.

A summary of the track quality cuts discussed above can be found in Table 5.2.

Property Electron candidate

pT range (GeV/c) 0.5–4

|y| < 0.8

Number of TPC clusters ≥ 100

Number of TPC clusters in dE/dx calculation ≥ 80

χ2/clusters of the momentum fit in the TPC < 4

DCAxy < 1 cm

DCAz < 2 cm

Number of ITS hits ≥ 3

Number of hits in the SPD layers 2 (kBoth)

Table 5.2: Summary of the track selection criteria used in the pp at
√
s = 13 TeV

analysis.

5.5 Selection of Electron Candidates

In this analysis, the information from TPC and TOF detectors is used to identify

electrons. In Figure 5.1 it is shown the nσTPC, that is the distance, in number of standard
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deviations of the electron signal in the TPC (σTPC), between the 〈dE/dx〉 of a given

track and the expected 〈dE/dx〉 for electrons (as discussed earlier in Equation 4.2).

The electron signal is found around nσTPC = 0. In the left panel, it is possible to

see a large contamination from protons, pions and kaons crossing the electron signal.

The electron selection starts by rejecting particle tracks based on their time-of-flight,

measured by TOF, with respect to the expected time-of-flight for electrons: only tracks

with |nσTOF| < 3 are accepted, where nσTOF is defined analogously to nσTPC. In the

pT-region up to about 2 GeV/c, the information from TOF is essential to reduce the

hadron contamination on the electron sample, as can be noticed by comparing the two

panels of Figure 5.1.

A further refinement of the electron selection can be reached by introducing a rejection

of tracks based on the dE/dx of electrons in the TPC. Tracks with a nσTPC between -1

and 3 are selected as electron candidates. This cut is asymmetric in order to minimize

the pion contamination, that have negative values of nσTPC, without compromising the

abundance of the electron signal (see right panel of Figure 5.1).

A hadron contamination remains in the electron candidates sample, and the proce-

dure used to identify and remove it from this sample is described in section 5.7.
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Figure 5.1: The nσTPC as a function of the track momentum before (left) and after (right)

applying the PID selection with TOF. The TPC PID selection is shown as the red lines

on the right panel and all tracks inside this band are used for the further analysis steps.

A summary of the the PID cuts applied on TPC and TOF signals to select electron

candidates is shown in Table 6.3
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pT range (GeV/c) TPC dE/dx cut TOF compatibility

with e hypothesis

0.5–4 −1 < nTPC
σ < 3 |nTOF

σ | < 3

Table 5.3: Summary of the electron identification criteria used in the pp at
√
s = 13

TeV analysis.

5.6 Efficiency of Track and PID Cuts

Next, it is shown the efficiency of the track and PID cuts, discussed in the previous

sections, for the heavy-flavor electron sample. These efficiencies are calculated using the

MC event samples with a trigger on heavy-flavor hadrons decaying semi-electronically.

This results in large abundance for the heavy-flavor electrons sample and allows a precise

determination of these efficiencies.

The track reconstruction efficiency, εreco, comprises the fraction of heavy-flavor elec-

trons that passes the track quality cuts shown in Table 5.2. For both numerator and

denominator of the efficiency, tracks within |η| < 0.8 are considered. This efficiency is

shown in black in the left panel of Figure 5.2. In this same figure is shown εreco com-

bined with the efficiency of electron identification by the PID cut on TPC (blue), and

combined with the efficiencies of the PID cuts on TPC and TOF (red) together. This

last efficiency, εreco × εeID, is the final one used to correct the heavy-flavor electron yield

that will be obtained in the end of the analysis.

The right panel of Figure 5.2 shows the efficiency of electron identification by the

PID cuts, εeID, disentangled from the track reconstruction efficiency. It is possible to see

that the efficiency of the TPC PID cut, −1 < nσTPC < 3, shown in blue, is constant at

≈ 84%. The efficiency of TOF PID cut, |nσTOF| < 3, shown in green, reaches 70% at

high pT and falls steeply at low pT, reflecting the less precise resolution of the electron

time-of-flight measured by TOF at low momentum. The efficiency of both PID cuts in

TPC and TOF together is shown in red.

Studies were made to guarantee that the TPC PID efficiency, estimated from MC,

can be used to correct the data without introducing any bias to the final measurement.
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Figure 5.2: (Left) Efficiency of track+PID cuts and (right) only PID cuts as a function

of the transverse momentum for electrons from heavy-flavor decays.

In Figure 5.3 it is shown the nσTPC distribution as function of the track momentum, after

the TOF PID cut, in data (left panel) and in MC (right panel) samples. In both cases

the electron distribution is fitted by a Gaussian, in many intervals of p, and the mean

and sigma of these fits are extracted and indicated in the plots. These parameters of the

electron nσTPC distribution are around their expected values, for both data and MC: the

mean is around zero and the sigma is around unity. Consequently, since no discrepancy

is observed between data and MC, the efficiency of the TPC PID cut estimated from

MC can correct properly the data without introducing any bias. In these plots only the

electron distributions are considered for the fits.

Similar studies were performed comparing the time-of-flight signal from TOF in data

and in MC. The similarities between these samples ensure that the efficiency of the TOF

PID cut estimated from MC can correct the data without introducing biases.
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panel) together with the values of the mean (black) and sigma (red) extracted from the

fit of the electron distribution by a Gaussian.

5.7 Remaining Hadron Contamination

In this section it is discussed the procedure used to remove the hadron contamination

that remains in the electron candidate sample selected by the TOF and TPC PID cuts.

This remaining hadron contamination is estimated statistically. The procedure is to build

a hadron contamination spectrum by assigning to each track a weight which describes the

probability of the track to be a hadron. After that, the hadron contamination spectrum

can be subtracted from the electron candidate spectrum. The procedure to obtain the

weight is described below.

The nσTPC distribution, after the rejection of part of the hadron contamination by

the TOF PID cut, is projected in many momentum slices, like the one shown in Fig-

ure 5.4. The signals corresponding to hadrons and electrons are fitted simultaneously

by a mathematical function f(x) that is a sum of three parts: one part aims to describe

the nσTPC of electrons (fe(x)), a second part aims to describe the nσTPC of pions and

muons (fπ(x)), and the third part aims to describe the nσTPC from kaons and protons

(fp(x)):

f(x) = fp(x) + fπ(x) + fe(x). (5.2)

As discussed in section 4, the TPC signal corresponds to several measurements of the
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energy loss of charged particles in an effective track length and, therefore, should follow

the Landau distribution. In order to remove the large Landau-tail of the TPC signal

distribution, a truncated mean requirement is applied during the 〈dE/dx〉 calculation,

which modifies the distribution. While, after the truncated mean, the signal of electrons,

protons and kaons can be nicely described by a Gaussian, the pion signal is still not

completely Gaussian-like. Instead, it can be well represented by a Landau multiplied by

an exponential function. So the pieces that compose the Equation 5.2, used to fit the

total nσTPC distribution, are chosen to be:

• fp(x) = A1e
− (x−A2)

2

2A2
3 fits protons and kaons;

• fπ(x) = B1e
B2x × Landau(x,C1, C2, 0) fits pions e muons;

• fe(x) = D1e
− (x−D2)

2

2D2
3 fits electrons;

where An, Bn, Cn and Dn are free parameters.

)σ (
e

>|x/dE  <TPC ddx/ETPC d
12− 10− 8− 6− 4− 2− 0 2 4

E
n

tr
ie

s

1

10

210

3
10

410

5
10

6
10

710

Data
k,p

±π
±e

Data/Fit

| < 0.8y = 13 TeV, |spp, 

ALICE Preliminary

c < 2.50 GeV/p2.30 < 

 | < 3
TOF

σ
|n

ALI−PREL−133036

Figure 5.4: Distribution of the nσTPC, in the momentum slice between 2.3 to 2.5 GeV/c,

with a simultaneous fit of the electron (green), pion (magenta) and kaon (dashed blue)

distributions. The open black markers around unity indicates the ratio between the data

and the fit.
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Figure 5.4 shows the fit of the nσTPC signal to the Equation 5.2, in a particular

momentum slice. The distributions of electrons (green), pions and muons (magenta)

and kaons and protons (dashed blue) are fitted simultaneously. The ratio of the data to

the fit (open markers) is around unity, pointing to the good quality of the fit.

The hadron contamination in each of the momentum slices of nσTPC is evaluated

according to Equation 5.3:

cont. =

∫ xmax

xmin
(fπ(x) + fK(x))dx∫ xmax

xmin
(data)dx

, (5.3)

where xmin = −1.0 and xmax = 3.0 correspond to the TPC PID cut, fi(x) are the fit

functions for the respective particle type i, and the denominator is the integral of the

data itself.

Figure 5.5 shows the hadron contamination obtained in the different momentum bins,

in logarithmic scale. It is parameterized using two different functional forms, an Error

function (Erf) and a Landau.

The Error function:

f(p) = 0.010113(5) + 0.010114(5)× Erf(0.75(7) · p− 3.2(2)) (5.4)

describes the hadron contamination best. The Landau function is used to evaluate the

systematic uncertainty due to this parametrization (as will be discussed in section 5.10).

The parameters of the Landau function, obtained from the fit, are:

f(p) = 0.6(1)× Landau(p, 6(2), 1.6(7), 0). (5.5)

Equation 5.4 is used as the weight which describes the probability of a track with

momentum p, −1 < nσTPC < 3 and |nσTOF| < 3 to be a hadron. A pT spectrum of this

remaining hadron contamination is obtained by assigning to the tracks of transversal

momentum pT (and that passes the PID cuts) this weight, which is calculated according

to the track momentum p.

The effect of subtracting the remaining hadron contamination from the electron can-

didate pT spectrum is shown in Figure 5.6. The hadron contamination reaches up to
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about 2% of the yield at pT = 4–4.5 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 remaining hadron contamination,

it is obtained a raw inclusive electron pT spectrum.
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Figure 5.5: The fraction of hadrons that remains together with the electron candidates

sample even after the PID cuts on TPC and TOF.
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5.8 Non Heavy-Flavor Electron Identification

The raw inclusive electron spectrum, obtained via the PID cuts on TPC and TOF

and removal of the remaining hadron contamination, contains heavy-flavor electrons plus

background electrons that can come from many sources:

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

• Gamma conversion;

• Dielectron decays of light mesons (ρ, ω and φ);

• Dielectron decays of heavy quarkonia (J/ψ, Υ, ψ’);

• Weak K→ eπν (Ke3) decays;

• Partonic hard scattering processes, like prompt real and virtual photons conversion;

Figure 5.7 shows the inclusive electron yield measured by ALICE in pp at
√
s = 7

TeV collisions compared to the background of non heavy-flavor electrons, from a cocktail

simulation [13]. It is possible to see that the dominating sources of background electrons

are Dalitz-decays of light neutral mesons, mainly π0 and η, and gamma conversions. The

dielectron decays of heavy quarkonia (J/ψ) get important towards high pT, while the

contribution from the weak kaon decays (Ke3) gets important at very low pT.

The contribution of electrons from ρ, ω, φ and η′ via dielectron decays or Dalitz

decays, is negligible for practical purposes. The same can be said about the contribution

of electrons from direct photon conversion. The bottom panel of this figure shows the

ratio between the inclusive electron sample and the non heavy-flavor electron background

obtained from the cocktail. From this ratio it is possible to see that the low pT inclusive

electron spectrum is dominated by the background, while the contribution of heavy-flavor

electrons becomes important at higher pT.

In this analysis, the main non heavy-flavor electron background, composed by elec-

trons from Dalitz-decays of light neutral mesons and gamma conversions, is estimated

and subtracted from the inclusive electron spectrum via the data-driven method de-

scribed below. The other sources of background that have secondary importance, namely
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Figure 5.7: Non-heavy flavor electron sources in pp at
√
s = 7 TeV together with the

measured inclusive electron cross section. In the bottom panel, the ratio between the

inclusive electron yield and the background estimated by the cocktail shows an increasing

trend, indicating the dominance of heavy-flavor electrons at high pT [13].

Ke3 processes and J/ψ decays, will be estimated and subtracted for future publication by

the usage of a cocktail simulation. Considering that these contributions depends on the

cuts for track selection applied in the analysis and that here are used similar cuts from

previous analysis, it is known that the contribution of the Ke3 to the non heavy-flavor

electron background amounts to ≈ 0.5% in the pT interval 0.5–0.7 GeV/c, decreasing
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even more towards larger pT, and the contribution from J/ψ is about 2% in the pT

interval between 3–4 GeV/c [13].

The photonic tagging method is the data-driven method adopted for the iden-

tification of the non heavy-flavor electrons background. This method exploits the fact

that the electrons from Dalitz decay of π0 (π0 → e−e+γ, BR = 1.174 ± 0.035% [108])

and η ( η → e−e+γ, BR = 6.9 ± 0.4 × 10−3 [108]), that are very light mesons, or from

gamma conversion (γ → e−e+) are created in electron-positron pairs. Consequently,

electrons from these sources can be tagged in data directly by the low invariant mass of

the pair. These pairs must have invariant mass around the mass of their mother, shown

in Table 5.4. Hence, the non heavy-flavor background electrons are reconstructed by

pairing electrons (positrons) with tracks identified as positrons (electrons) and the pairs

with low mass are tagged and subtracted from the inclusive electron yield as explained

below.

mother e−e+ invariant mass (GeV/c2)

π0 ≈ 0.13

η ≈ 0.54

gamma ≈ 0

mass cut < 0.1

Table 5.4: Invariant mass of the main non heavy-flavor electron background.

In order to build the invariant mass distribution, the electron (positron) candidates,

which fulfill the strict selection criteria discussed above (shown in Table 5.2), are paired

with tracks identified as positrons (electrons), that fulfill the less strict cuts shown in

Table 5.5.

A pool of unlike sign (ULS) pairs is built, and it contains pairs from the non heavy-

flavor electron sources mentioned above and also a combinatorial background. The

combinatorial background is estimated from like-sign (LS) pairs, which are built up by

pairing electron (positron) candidates and tracks identified as electrons (positrons) by

the cuts in Table 5.5. This invariant mass analysis is performed for each electron pT-bin.



76 CHAPTER 5. ELECTRONS FROM HEAVY-FLAVOR HADRON DECAYS

The invariant mass distribution of unlike-sign and like-sign pairs for one pT-bin is shown

in Figure 5.8.

Property Associated track

pT range (GeV/c) ≥ 0

|y| < 0.8

nσTPC -3.5 to 3.5

Number of TPC clusters in dE/dx calculation ≥ 60

χ2/clusters of the momentum fit in the TPC < 4

DCAxy < 1 cm

DCAz < 2 cm

Number of ITS hits ≥ 3

Number of hits in the SPD layers 2 (kBoth)

Table 5.5: Summary of the criteria used to select the tracks that are paired to the

electron candidates for the background tagging.
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Figure 5.8: Invariant mass distributions for the unlike- and like-sign pairs.
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For each pT-bin, the yield of non heavy-flavor electrons is evaluated using Equa-

tion 5.6:

NnHFE =
NULS −NLS

εtagging

, (5.6)

where NULS and NLS are the amount of unlike- and like-sign pairs with an invariant

mass smaller than the requirement on the pair mass, respectively, and εtagging is the

tagging efficiency (that will be discussed below).

The cut on the invariant mass of the pair is chosen to be mee < 0.1 GeV/c2, as also

indicated in Table 5.4. All pairs within this cut are used for the calculation of the yield

of non heavy-flavor electrons according to Equation 5.6.

5.8.1 Non Heavy-Flavor Electron Tagging Efficiency

The tagging efficiency εtagging quantifies the probability that a non heavy-flavor elec-

tron in a given pT-bin is measured by the tagging method presented above. For the

determination of this efficiency, general purpose (minimum bias) MC simulations are

used. The tagging efficiency is calculated according to Equation 5.7 as the ratio of

non heavy-flavor electrons for which the partner is found in the pool of associated tracks

(Nfound) divided by all electrons from non heavy-flavor sources (NnHFE), for each electron

candidate pT bin.

εtagging =
Nfound

NnHFE

(5.7)

The MC simulation needs to undergo some corrections before the calculation of the

tagging efficiency is performed. This is necessary because the pT spectra slope of the π0

and η mesons in the MC do not match the corresponding slopes found in data, mainly

at low pT, as will be discussed in more detail below. This difference in slope can bias the
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tagging efficiency calculation in MC, since it changes slightly the pT distribution of the

electrons from π0 and η decays, making this efficiency not representative of the tagging

efficiency in data. Therefore the slopes of the π0 and η spectra in MC are corrected to

match the corresponding slopes in data as described below.

Correction of π0 and η Spectra in MC In the left panel of Figure 5.9 the π0

spectrum from MC is compared to the charged pion spectrum measured in pp collisions

at
√
s = 13 TeV. The measured charged pion spectrum is used instead of the measured

π0 spectrum in this comparison with the MC because it is known that both of these

measured spectra have essentially the same shape, and the charged pion spectrum have

smaller uncertainties relatively to the π0 spectrum. Consequently, the use of the charged

pion spectrum leads to smaller systematic uncertainties associated to the correction that

will be presented here. In the right panel of Figure 5.9 it is shown the comparison between

η spectrum from MC and η spectrum obtained from mT-scaling of the measured charged

pions spectrum. The mT-scaling [110] [111] is a property of some charged hadrons of

having the same slope in the transversal mass (mT) spectra, where mT =
√
p2

T +m2.

In the selection of the π0 and η spectra from MC, is not included the ones coming

from secondary decays (from feed-down of light meson or heavy-flavor hadrons). In this

way the spectrum from MC is comparable to the spectrum measured in data, in the

sense that both contain only primary particles. It is possible to see in Figure 5.9 that

the difference in slope between the spectra from data and MC occurs mainly at low pT.

A weight for π0 and η is calculated as the ratio data/MC of the distributions shown

in Figure 5.9. These weights can be seen in Figure 5.10 and they are fitted by a Hagedorn

function, f(x) = p0/(e
−(p1x+p2x2) + (x/p3))p4 . The values given by the fitted function is

used to weight the pT-spectrum of electrons coming from π0 and η in MC according to

the pT of the electron mother.

For the tagging efficiency calculation, the electrons from conversion are chosen just if

the γ mother comes from a π0 or η meson decay. The π0 decay via the channel π0 → γγ,

BR = 98.823 ± 0.034% [108], is the main contribution for γ production. For electrons

coming from gamma conversion, the pT of their grandmother is used to evaluate the
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correct weight from the fitting function.
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With this weighting procedure, the non heavy-flavor electron spectrum that will be

used for the calculation of the tagging efficiency has a pT-shape consistent to data, so the

tagging efficiency can be used to properly correct the non heavy-flavor electron spectrum

measured in data by the tagging method.

The tagging efficiency calculated from the MC after weighting the electrons coming

from π0, η or gammas (that comes from π0 and η) is shown in Figure 5.11 as function

of the electron pT. The top panel refers to the tagging efficiency of electrons from these

three sources combined, while the bottom panel shows the tagging efficiency for each

electron source separately. The tagging efficiency for electrons coming from η decays is

systematically lower than the one from π0 or gamma conversion because of the larger η

mass (see Table 5.4).

The ratio between the inclusive (Signal (S) + Background (B)) and the non heavy-

flavor electron spectrum (Background), obtained by the photonic tagging method de-

scribed above, is shown in Figure 5.12. This ratio can be thought as (S + B)/(B) =

(S/B) + 1, where S refers to the signal of heavy-flavor electrons. As expected, for very

low pT the inclusive spectrum is dominated by non heavy-flavor electron background,

and the ratio is close to unity. The contribution of heavy-flavor electrons increases sig-

nificantly with pT, overcoming the background for pT & 2.5 GeV/c. This ratio shows

excellent agreement to what is obtained in pp collisions at lower center of mass energies,

where the non heavy-flavor background is estimated with the use of the cocktail, like in

pp at
√
s = 7 TeV (shown at Figure 5.7) and in pp at

√
s = 2.76 TeV (shown in reference

[112]).
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5.9 Normalization and FONLL Prediction

The raw yield of heavy-flavor electrons, N e±
raw, is obtained via the subtraction of

the non heavy-flavor electron yield from the inclusive electron yield. In this section, the

other ingredients used for the determination of the invariant cross section of heavy-flavor

electrons, according to Equation 5.1, are resumed.

Number of Events The number of analyzed events corresponds to the events se-

lected by the MB trigger and that also passed the event selection criteria described in

section 5.2. These events necessarily have at least two tracks in the central barrel, since

this is the minimum number of tracks required by the event selection criteria for the

construction of the primary vertex. The number of analyzed events are referred to as

Nvertex, since they have a vertex from tracks. But the MB trigger can also accept events

that generated just signal on the VZERO arrays and no (or less than two) tracks in the

central barrel. These events are not analyzed in this work (since they don’t have enough

tracks) but they need to be taken into account for the calculation of the number of events

considered in the analysis, that is the final number of events used for the determination

of the heavy-flavor electrons cross section shown in Equation 5.1, NV0
ev .

NV0
ev is calculated as a sum of the number of analyzed events Nvertex and a fraction

of the number of events selected by the MB trigger with no tracks in the central barrel:

NV0
ev = Nvertex + fvertex ×Nno vertex, (5.8)

where:

• Nvertex denotes the number of events with a vertex from tracks which have passed

the event selection (analyzed events);

• Nno vertex is the total number of events selected by the MB trigger where no vertex

from tracks could be found;

• fvertex is the fraction of events with a vertex from tracks, with respect to all events

selected by the MB trigger, which have passed the event selection criteria;
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Cross Section of pp at
√
s = 13 TeV Collisions The visible cross section of pp at

√
s = 13 TeV collisions, referred as σV0, is measured via van der Meer (vdM) scans [113],

with the use of two different trigger detectors. Events triggered by VZERO detector

were found to have a cross section of σV0 = (57.8± 1.2) mb and events triggered by T0

detector were found to have a cross section of σT0 = (30.1± 0.6) mb [114].

Since the triggers used to select the minimum bias data sample used in this analysis

are based in the signal in the VZERO detector, the σV0 must be used for the normal-

ization shown in Equation 5.1. However, the VZERO detector have shown instabilities

during the pp cross-section measurement, and in order to avoid the direct use of σV0, it

is used the property that

L =
NV0

ev

σV0

=
NT0

ev

σT0

, (5.9)

where L is the luminosity of the beam and NV0
ev and NT0

ev are the number of events

collected with the VZERO and T0 trigger, respectively. Then, it is possible to write:

σV0 =
NV0

ev

NT0
ev

σT0. (5.10)

The relation given by Equation 5.10 is used as replacement for the value σV0 = (57.8±

1.2) mb in the normalization. In the used data sample it is found that NV0
ev /NT0

ev = 1.9.

Efficiencies The raw yield of heavy-flavor electrons is normalized to the efficiencies

discussed in section 5.6. εreco corresponds to the efficiency associated to the track se-

lection and εeID is the efficiency associated to the PID cuts applied to TPC and TOF

signals for electron identification.

Other Normalizations The raw yield of electrons from heavy-flavor hadron decays

is normalized to unit of azimuthal angle, by dividing it by ∆φ = 2π, and to unity of

rapidity, by dividing it by the rapidity range ∆y = 1.6. For electrons, which have usually

negligible mass compared to their momentum, the pseudo-rapidity and rapidity converges
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to the same value (see Appendix B). Therefore the rapidity range is determined by the

pseudo-rapidity range ∆η = 2× 0.8.

Each pT bin is divided by its width, ∆pT, and by its central value, pcenter
T . A factor

1/2 is considered so the result is representative of electron ( e
++e−

2
) production only.

5.9.1 FONLL

In order to obtain the FONLL prediction for the production cross section of electrons

from open heavy-flavor hadron decays in pp at
√
s = 13 TeV, the cross section of the

different heavy-flavor electron species are taken separately from this pQCD calculation:

• electrons from B meson decays (B→e);

• electrons from non-prompt D mesons (that come from B meson decays) (B→D→e);

• electrons from prompt D mesons (D→e);

These pT-differential cross sections are shown in the left panel of Figure 5.13. The

dashed lines correspond to the central value of the FONLL prediction and the continuous

lines corresponds to the uncertainty range of the theoretical calculation, that comes

from quark masses uncertainties, renormalization and factorization scale dependencies

and PDF uncertainties. For prompt D mesons, are considered just the more abundant

species, the D0 and D+, and the theory already provides the proper branching ratios of

these species to electrons (0.7 D0 + 0.3 D+).

The right panel of Figure 5.13 shows the fraction, with respect to all heavy-flavor

electrons, of electrons coming from B(→D) and prompt D meson decays in the FONLL

prediction as function of pT. In the low pT region, the electrons come mainly from prompt

D meson decays while for the higher pT measured in this analysis the contribution of

electrons from B(→D) decays reaches 50%.
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Figure 5.13: The pT-differential cross-section of electrons coming from the decay of

heavy-flavor mesons (left panel) and fraction of electrons from B and D meson decays

(right panel), given by the FONLL calculation.

5.10 Systematic Uncertanties

In this section, all the cuts and corrections applied in the analysis of this chapter are

submitted to variations. The aim is to check if these cuts and corrections are introducing

any systematic bias in the measurement. In such case, this bias needs to be quantified

and assigned as systematic uncertainty to the final measurement.

The estimation of systematic uncertainty in the heavy-flavor electron yield is per-

formed by classifying the different cuts and corrections in different categories, where

each category represents cuts with a common physical origin. These cuts are varied and

the systematic behavior associated to these variations are quantified. The considered

categories are:

• Track quality cuts and PID cuts;

• Cuts related to the non heavy-flavor electrons background estimation;

• Weights applied on electrons that have π0 or η as mother or grandmother;

• Pseudo-rapidity range cut;

• SPD requirement;

• Parametrization of the hadron contamination;
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The final systematic uncertainty in the heavy-flavor electron yield is the combination

of the uncertainties coming from the different categories. This combination is performed

by adding the values in quadrature, under the assumption that the different sources

are uncorrelated, which means that the biases found within the different categories are

independent of each other.

Systematic uncertainties due to the track matching between TPC and ITS tracks and

due to Ke3 and J/ψ electron contribution are taken from previous studies and will be

calculated for this data sample for future publication.

The requirements for the track selection and electron identification are varied in a

similar way as in [13].

The strategy used for the estimation of systematic uncertainty for each category can

be one of the two:

1. In order to spot any possible systematic trend due to a specific cut variation, the

ratio var/ref , between the heavy-flavor electron yield obtained with the varied

cut (var) to the yield obtained with default cut (ref), is analyzed. Ratios com-

parable to unity within statistical uncertainties indicates absence of systematic

behaviors. The statistical uncertainties of these ratios are calculated using bino-

mial error propagation, which takes into account that the numerator is a sub-set

of the denominator (or vice versa) and, therefore, they are fully correlated.

2. In the case where many cut variations can be applied within the same category,

the different estimates can be combined into a single contribution to the final

uncertainty by the calculation of an overall spread or a mean. This procedure will

be referred to as Root-Mean-Square (RMS) approach. For each bin of pT of the

heavy-flavor electron yield, the distribution (ref − var)/ref is built, and values of

the mean and RMS of this distribution are used to estimate the systematic trend

due to these cut variations. The RMS approach can also be used to estimate the

systematic uncertainty related to ratios from different categories in the case these

ratios do not have itself a strong systematic behavior.

Below, each source of systematic uncertainty is discussed separately. A summary of
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the final systematic uncertainty found for each source is presented in Table 5.9 in the

end of this chapter.

5.10.1 Systematic Uncertainties Coming from the Track Qual-

ity Cuts and PID Cuts

The track quality cuts and the PID cuts applied to select electron candidates are

shown in Table 5.6 together with the variations on those cuts used for systematic studies.

Source of Uncertainty Reference Variations

TPC clusters ≥ 100 ≥ 70, ≥ 80, ≥ 90, ≥ 110,

≥ 120

TPC PID clusters ≥ 80 ≥ 50, ≥ 60, ≥ 70, ≥ 90, ≥

100

ITS hits ≥ 3 ≥ 2, ≥ 4

DCAxy[cm] < 1 < 2.4

DCAz[cm] < 2 < 3.2

TOF PID ± 3.0 σ ±2.0σ, ± 2.5σ

TPC PID lower boundary -1.0σ 0.0σ, -0.5σ, -1.5σ

TPC PID uper boundary 3.0σ 3.5σ

Table 5.6: Track and PID cut variations used for the study of systematic uncertainties.

Figure 5.14 shows the ratios associated to track cut variations and PID cut varia-

tions separately. In general, no systematic trend is observed in these ratios. The only

exception is the variation of the TPC PID selection −1.5 < nσTPC < 3 (shown in green

in the top panel), that exhibits a systematic trend at high pT. It is understood that

this trend reflects the larger amount of hadron contamination that are included by this

PID cut compared to the default cut, and that are not properly subtracted (since the

parameterization of the hadron contamination obtained with the standard PID cut is

used to determine the yields in all cases). The variation of the upper boundary of the

TPC PID cut does not account for any considerable change in the spectrum.
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Since, despite the specific case discussed above, no specific systematic trend is ob-

served in the ratios related to track quality cuts and PID cuts variations, an RMS

approach is used to estimate the systematic uncertainty due to these variations, and

both categories are considered together.
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Figure 5.14: Ratios of var/ref yields, where the variation is performed on the track

selection cuts (top panel) and in the PID cuts (bottom panel).

Figure 5.15 shows, for the 1.5 < pT < 1.75 GeV/c bin, the distribution of the

deviation between the reference spectrum and all the varied spectra, normalized by the

reference value. Similar distributions are provided for all the pT intervals of the spectrum,

and the mean and RMS of each distribution can be seen in Figure 5.16.

The mean of the distributions, shown in the left panel of Figure 5.16, fluctuates
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Figure 5.15: Distribution of the difference between the varied and reference spectra,

divided by the reference value, in one bin of pT.

around zero, as demonstrated by the fit of these values by a zero-degree polynomial. No

systematic trend is assigned to the behavior of the mean. The RMS as function of pT,

shown in the right panel of the same figure, have an approximate constant value around

1%. As a conservative estimation, the value of the RMS is attributed as systematic

uncertainty for the heavy-flavor electron yield. It is a quantification of the spread of the

variations around the reference value. At the same time, the RMS exclude effects related

to statistical fluctuations of the variations, since it does not consider the maximum values

of the variations by their own.
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Figure 5.16: Mean and RMS of the distributions (ref − var/ref), related to the track

selection and PID cuts, as function of pT.
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5.10.2 Systematic Uncertainties due to the Subtraction of Elec-

trons from non Heavy-Flavor Sources

The cuts associated to the identification of electrons from non heavy-flavor sources,

that are the cuts on the e+e− pair invariant mass and on the minimum pT and number

of TPC clusters of the associated particles, are shown in Table 5.7 together with the

variations performed for the systematic studies.

Source of Uncertainty Reference Variations

Pair mass (GeV/c2) < 0.1 < 0.07, < 0.08, < 0.09, < 0.11, <

0.12, < 0.14

pmin
T (GeV/c) 0.0 0.1, 0.15, 0.2, 0.3

TPC clusters for associated

particle

≥60 ≥50, ≥70, ≥75, ≥80

Table 5.7: Variation of cuts related to the identification of electrons from non heavy-

flavor sources.

The ratios related to each cut are shown separately in Figure 5.17, and while a small

systematic behavior is observed at very low pT, no particular systematic trend is observed

for pT > 1.5 GeV/c .

In Figure 5.18, the mean and RMS of the distributions (ref − var/ref) in each

pT-bin are shown. All the three cut categories are considered together to build these

distributions, since no particular strong trend is observed within each category. The

mean of the distributions fluctuates around zero and doesn’t exhibit any systematic

trend. The RMS, nevertheless, clearly shows a systematic trend as function of pT. This

is expected since at low pT the inclusive electron spectrum is dominated by the non heavy-

flavor electron background (like was shown in Figure 5.12), what makes this region more

sensitive to the cuts related to the background estimation. This systematic trend of the

RMS is fitted by three zero-degree polynomial functions, as shown in Figure 5.18, and

the parameters of the fits are used as a pT-dependent systematic uncertainty related to

background identification, varying from 2.5% at low pT to 1% at high pT.
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Figure 5.17: Ratios of Varied/Reference heavy-flavor electron yield. Variations are per-

formed on the mass cut (top panel), minimum pT of the associated particle (middle

panel) and minimum number of clusters in the TPC for the associated particle (bottom

panel).
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Figure 5.18: Mean and RMS of the distributions (ref − var/ref) related to the non

heavy-flavor electron background estimation as function of pT .

5.10.3 Systematic Uncertainties due to π0 and η Weights

In order to estimate the systematic uncertainty due to the weights that are applied to

correct the slopes of the π0 and η spectra from MC (as discussed in subsection 5.8.1), it

is observed how the final heavy-flavor electron spectrum changes if reasonable variations

on the weights are performed. The variations of the weight are produced by tilting up

and down the charged pion spectrum as much as its own systematic uncertainties allows.

In Figure 5.19 one can see the fits that are performed on the reference charged pion

spectrum (black) and on the tilted ones (green and blue). Two different pT ranges of the

fits are shown in each panel for better visualization of the effect of the tilt at low and

high pT.

The corresponding η spectra for each case (up and down tilt) is obtained by mT-

scaling of the tilted charged pion spectra.

Two modified weights, given by the ratio data/MC, are calculated using as data

these tilted charged pion and η spectra (one for the tilted up and one for the tilted down

cases). The systematic uncertainty associated to the use of these different weights are

estimated looking at the ratio between the reference heavy-flavor electron yield and the

yields obtained by using the tilted weights.

In this case, a clear systematic trend is observed in the ratios, as can be seen in

Figure 5.20. This is expected because the weights have an effect on the neutral meson
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Figure 5.19: Fits of the charged pion spectra tilted up and down inside its systematic

uncertainties together with the fit of the reference charged pion spectrum (black). Two

plots are shown in order to highlight the tilt of the spectra at low (left panel) and high

(right panel) pT.

spectra only at low pT ( pT < 1.5-2 GeV/c), that is the region where the slopes of the

spectra from MC and data differ more (like shown in Figure 5.9 and Figure 5.10). At

higher pT, the effect of the weight is well known to have a negligible contribution, since

it is approximately a constant. The ratio between the varied and the reference spectra,

shown in Figure 5.20, is fitted by a forth order degree polynomial, and this function is

used to obtain the systematic uncertainty associated to the weight, as function of pT.

This systematic uncertainty ranges from 4% at low pT to negligible values at higher pT.

5.10.4 Systematic Uncertainties from Other Sources

The systematic uncertainties due to the remaining cuts applied in the analysis are

discussed here. The sources of these systematics are presented in Table 5.8, as well as

the variations performed for the systematic studies.

Pseudo-Rapidity Range The analysis is performed using tracks inside |η| < 0.8,

which is close to the maximum acceptance of the detectors used. In order to ensure

that the result is not affected by being at the edges of the detectors, the heavy-flavor

electron yield inside |η| < 0.5, |η| < 0.6 and |η| < 0.7 is determined and compared
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Figure 5.20: Ratio of Varied/Reference heavy-flavor electron yield, where the variation

is performed in the weight applied to correct the spectra of electrons coming from π0

and η decays. The fit used to estimate the systematic uncertainty is shown by the red

line.

Source of Uncertainty Reference Variations

η -0.8 to 0.8 -0.5 to 0.5, -0.6 to 0.6, -0.7

to 0.7, -0.8 to 0, 0 to 0.8

SPD kBoth kAny, kFirst

Hadron parametrization Error function Landau

Track matching

Remaining cocktail components

(J/ψ , Ke3)

Table 5.8: Variation of the remaining cuts

to the reference result. In addition, this yield is also calculated in the asymmetric η

regions of −0.8 < η < 0 and 0 < η < 0.8, in order to check if the event selection is

such that really avoids any bias in the particle production towards positive or negative

η. The ratios relative to these variations are shown in Figure 5.21, and no systematic

uncertainty associated to any of the η-range is found.
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Figure 5.21: Ratio of Varied/Reference heavy-flavor electron yield, where the variation

is performed on the pseudo-rapidity interval considered.

SPD Requirement The SPD default requirement for the track selection is that tracks

must have one hit in each SPD layer (kBoth). For the systematic studies this requirement

is lowered to ask for at least one hit in any of the layers (kAny). This adds all electrons

from gammas converting in the first layer or in the very first part of the second layer

to the electron candidate tracks. In addition, the requirement was also lowered to ask

for at least one hit in the first layer (kFirst). As can be seen in the ratios presented in

Figure 5.22, these variations on the SPD requirement leads to a systematic increase of

the final heavy-flavor electron spectrum of about 3%. When kAny or kFirst requirements

are applied, some of the additional electrons from gamma conversion that are included

in the inclusive electron sample, with respect to the kBoth case, may end up accounted

in the heavy-flavor electron yield, increasing this yield by about 3%.

Hadron Contamination The default parametrization for the hadron contamination

is the Error Function, as was presented in section 5.7. For systematic studies, the analysis

is repeated with a different parametrization, given by the Landau function. The fit of

those two functions to the hadron contamination was already shown in Figure 5.5. The

ratio between the final heavy-flavor electron spectrum corrected by these two different
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Figure 5.22: Ratio of Varied/Reference heavy-flavor electron yield, where the variation

is performed on the SPD requirement.

hadron contamination parameterizations is shown in Figure 5.23. A negligible systematic

uncertainty is associated to the different parameterizations, since even at high pT, where

a systematic trend appears, it accounts for less than 1%.
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Figure 5.23: Ratio of Varied/Reference heavy-flavor electron yield, where the variation

is performed by parameterizing the hadron contamination by a Landau function (while

for the reference spectrum it is parametrized by an Error function).
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Systematics Uncertainties Taken from Previous Measurements and Summary

• TPC-ITS matching: a single charged particle generates a track in the ITS and in

the TPC, and both of this tracks can be matched to each other by offline algorithms,

creating global tracks, that are used in the analysis. A mismatch between TPC and

ITS tracks coming from the same particle can occur if the particle traverses inactive

areas of one of the detectors, what prevents its reconstruction to be performed.

This mismatch between TPC and ITS tracks that occurs in data not necessarily

is reproduced properly in the MC, and the differences in the matching efficiency

between TPC-ITS tracks in data and MC can lead to systematic effects in the final

measurement. In this analysis, it is assigned a systematic uncertainty of 3% to the

ITS-TPC track matching, taken from the charged hadrons spectra analysis in pp

at
√
s = 13 TeV [115].

• Since the electrons coming from Ke3 processes and J/ψ decays are still not sub-

tracted in this analysis (the subtraction will be done for publication), a systematic

uncertainty is assigned to their contribution. The values used as systematic uncer-

tainty are the same ones used in pp
√
s = 2.76 TeV analysis: 3.8% for 0.5 ≤ pT <

0.7, 1.1% for 0.7 ≤ pT < 0.9 and 1.0% for 3.0 ≤ pT < 4.0.

A summary of the systematic uncertainties from each category discussed above can

be found in Table 5.9.

In order to calculate the total systematic uncertainty, the different contributions

discussed previously are summed in quadrature. At low pT, the largest contributions

to the systematic uncertainty come from the weight given to electrons coming from π0

and η decays and also from Ke3 process, while at higher pT the track matching is the

dominant source of systematic uncertainty. The final systematic uncertainties ranges

from 4 to 7%, and the values in each pT-bin can be found in Table 5.10.
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Source Value

Track cuts 1%

Associated particle cuts 2.5% at (0.5 ≤ pT < 1), 1% at (pT > 1)

SPD requirements 3%

η range negligible

Hadron Contamination negligible

Weight for π0 and η ≈ 4% at low pT to negligible values at high pT

Track matching 3%

Remaining cocktail

components (J/ψ , Ke3)

3.8% for (0.5 ≤ pT < 0.7), 1.1% for (0.7 ≤ pT <

0.9), 1.0% for (3.0 ≤ pT < 4.0)

Table 5.9: Summary of the systematic uncertainties in the HFE spectrum coming from

the uncorrelated sources discussed above.
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pT (GeV/c) Systematic uncertainty (%)

0.5 - 0.6 7

0.6 - 0.7 7

0.7 - 0.8 6

0.8 - 0.9 5

0.9 - 1.0 5

1.0 - 1.1 5

1.1 - 1.2 5

1.2 - 1.3 4

1.3 - 1.4 4

1.4 - 1.5 4

1.5 - 1.75 4

1.75 - 2.0 4

2.0 - 2.25 4

2.25 - 2.5 4

2.5 - 2.75 4

2.75 - 3.0 4

3.0 - 3.5 4

3.5 - 4.0 5

4.0 - 4.5 5

Table 5.10: Final systematic uncertainty in each pT-bin of the HFE spectrum.



5.11. RESULTS AND DISCUSSION 101

5.11 Results and Discussion
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Figure 5.24: The pT-differential cross-section for electrons from heavy-flavor hadron

decays using the photonic-electron tagging, compared to the theoretical prediction of this

cross-section given by FONLL. On the bottom is shown the ratio between the measured

cross section and the mean value given by FONLL together with the model prediction

band.

Figure 5.24 shows the invariant pT-differential cross-section of electrons from open

heavy-flavor hadron decays measured in pp collisions at
√
s = 13 TeV by ALICE, from

0.5 < pT < 4 GeV/c and central rapidity, compared to the theoretical prediction given by

FONLL. The experimental points, shown in black, have statistical uncertainties (shown

as vertical bars) and systematic uncertainties (shown as boxes). An additional uncer-

tainty of 5% in the determination of the heavy-flavor electron cross-section is indicated
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in the figure, and it comes from the determination of the visible cross section of the pp

collisions, σV 0. It is not included in the experimental data points since it is not related

to the heavy-flavor electron yield extraction. The FONLL prediction corresponds to the

sum of the production cross section of the three different heavy-flavor electron species

described above in subsection 5.9.1: electrons from B mesons, prompt and non-prompt

D mesons decays. The central value of the FONLL calculation is presented together

with its uncertainty band, defined by the filled red area. In the lower panel of this figure,

the ratio between the heavy-flavor electron cross section and the central value of the

FONLL prediction is shown together with the theoretical uncertainties relative to unity

(obtained by the ratio between the upper and lower limits of the FONLL prediction and

its central value).

The current result shows agreement with the upper limit of the FONLL prediction

band. This same pattern is observed in many previous measurements in the heavy-

flavor sector [9], some of them already presented in section 3.1: measurements of heavy-

flavor hadrons (B mesons [10], D mesons [31]), heavy-flavor muons [11] and heavy-flavor

electrons in pp collisions at lower center of mass energies [112] [13] also can be described

by FONLL and, in particular, are comparable to the upper limit of the theoretical

calculation along most part of the pT-range.

The FONLL prediction includes electrons from decays of heavy-flavor mesons but

does not include electrons that come from heavy-flavor baryon decays. The measurement,

nevertheless, includes electrons from all open heavy-flavor hadrons, including baryons.

Since the fraction of electrons from heavy-flavor baryons relatively to heavy-flavor mesons

is small (the Λc/D
0 ratio in pp at

√
s = 7 TeV ranges from ≈ 0.6 to 0.5 in the pT interval

of this analysis [42]), this absence of the baryon description in FONLL should not account

for all the discrepancy between the measurement and the FONLL central values, that,

as shown in the Figure 5.24, is a factor of ≈ 2.2 at low pT and ≈ 1.6 at large pT.

The present measurement allows to test, for the first time, the pQCD prediction for

the heavy-flavor electron cross section at a new collision energy, the largest collected

by LHC up to now. In addition to this, this result is part of a bigger picture: ALICE

collaboration has performed measurement of the production cross section of heavy-flavor
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electrons in all different center of mass energies of pp collisions collected since run 1,

namely
√
s = 2.76,

√
s = 5.02 and

√
s = 7 TeV. This energy scan of the heavy-flavor

electron production cross section is shown in Figure 5.25, where the present measurement

at
√
s = 13 TeV is included. Each measurement is compared to the FONLL prediction

in the corresponding center of mass energy.
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Figure 5.25: Heavy-flavor electron pT -differential production cross section measured at

central rapidity by ALICE. The measurements are done for pp collisions at
√
s = 2.76,

√
s = 5.02,

√
s = 7 and

√
s = 13 TeV. In red in shown the FONLL prediction. On the

bottom of each panel is shown the ratio between the experimental data and central value

of FONLL prediction together with the theoretical uncertainty band.

The FONLL calculation is dominated by large uncertainties, particularly in the charm

sector, as can be seen in Figure 5.13. The dominating uncertainties are the ones from

renormalization and factorization scales and from the quark mass values. At small pT

(pT ≈ mQ, where mQ is the heavy-quark mass), the scale uncertainty for charm can

reach values of about ≈ 100%, and ≈ 50% for beauty [15].
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These large uncertainties may compromise the comparison between theory and ex-

perimental data. Nevertheless, the ratio between the production cross section measured

at different energies is shown to be a good observable to test FONLL predictions since

many of the theoretical uncertainties that are correlated and independent of the collision

energy are significantly reduced in the ratio. The remaining theoretical uncertainties on

the ratio have sensitivity mainly to the uncertainty on the PDF of the partons [15].

Among all LHC experiments, measurements at low pT can be provided specially by

ALICE due to its lower magnetic field (B = 0.5 T) with respect to the other experiments

(B = 2 T for ATLAS, B = 4 T for CMS and an integrated magnetic field of 4 Tm for

LHCb). With this configuration of magnetic field, the particles produced in the colli-

sion bend less in ALICE, and tracks with lower pT can reach the necessary detectors.

Low pT measurements are important to access partons in the low Bjorken-x regime,

since, for a given pseudo-rapidity, the probed parton x follows the relation x ∝ pT/
√
s.

Consequently, ratios between heavy-flavor production cross section at different energies

measured by ALICE can be used to constrain the gluon PDF, that is currently known

with poor theoretical precision at low Bjorken-x.

In Figure 5.26 is presented the ratio between heavy-flavor electron cross sections

measured in different energies:
√
s = 5.02 TeV/

√
s = 2.76 TeV,

√
s = 7 TeV/

√
s =

2.76 TeV and
√
s = 13 TeV/

√
s = 2.76 TeV, respectively. These ratios are compared

to FONLL ratios. With this observable, the uncertainties from theoretical calculation

become comparable to the experimental ones. For the two lower energy ratios (left and

middle panels), the FONLL describes the data without any bias, while for the
√
s = 13

TeV/
√
s = 2.76 TeV ratio the experimental data shows a bias to the upper edge of the

theoretical prediction. This behavior might indicate a possible theoretical tension in the

description of the PDFs probed in large momentum transfer Q processes accessed in pp

at
√
s = 13 collisions.

Considering the ratios of the measurement in pp at
√
s = 13 TeV to the ones per-

formed at lower energies, shown in Figure 5.27, it becomes more clear that the new

measurement performed in this work can add constrains to the theoretical calculation
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Figure 5.26: Ratio between heavy-flavor electron production cross section measured at

different center of mass energies:
√
s = 5.02 TeV/

√
s = 2.76 TeV,

√
s = 7 TeV/

√
s =

2.76 TeV and
√
s = 13 TeV/

√
s = 2.76 TeV, respectively. The red bands indicate the

ratio between FONLL predictions at the different energies.

in the low pT region, mainly for pT < 1 GeV/c, where experimental and theoretical

ratios follow different trends. Inputs from the theoretical side are necessary to further

understand the constraining power of these ratios.
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Figure 5.27: Ratio between heavy-flavor electron production cross section measured at

different center of mass energies:
√
s = 13 TeV/

√
s = 2.76 TeV,

√
s = 13 TeV/

√
s = 5.02

TeV and
√
s = 13 TeV/

√
s = 7 TeV, respectively. The red bands indicate the ratio

between FONLL predictions at the different energies.



Chapter 6

Measurement of Electrons from

Beauty Hadron Decays in Central

Pb-Pb Collisions at
√
sNN = 5.02

TeV

6.1 General Strategy

In this chapter, the measurement of the invariant yield of electrons from beauty

hadron decays in Pb-Pb collisions at
√
sNN = 5.02 TeV is described. The nuclear modifi-

cation factor, RAA, is obtained by the ratio between this measurement to the equivalent

invariant yield measured in pp collisions at the same center of mass energy, scaled by

the proper Glauber model factor.

The invariant yield of electrons from beauty hadron decays is given by Equation 6.1.

dNAA

dpT

=
1

2Nev

1

2π pcenter
T

1

∆y∆pT

N e±
raw(pT)

(εreco × εeID)
(6.1)

From all the Pb-Pb collisions at
√
sNN = 5.02 TeV generated during the data taken

period, Nev events are analyzed. These events are the ones selected by the minimum

107
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bias trigger, based on the signal in the VZERO detector, and that satisfy requirements

that ensure the event quality. In addition, just the events in which the two Pb nuclei

collide with each other with a large level of overlap are selected, corresponding to the

10% most central collisions.

From all the tracks generated in each event, just the ones that passed a quality

selection criteria are used. This track selection has an efficiency εreco, that is estimated

using simulations of Pb-Pb events generated by Monte Carlo.

The raw pT-spectrum of electrons from beauty hadron decays, N e±
raw(pT), is obtained

by a sequence of steps. Firstly, electron candidates are selected via PID cuts on the

signals generated in TPC and TOF detectors. These cuts select an electron candidate

sample, that consists in tracks which have a time-of-flight measured by TOF and en-

ergy loss 〈dE/dx〉 in the TPC compatible with the electron hypothesis. This sample of

electron candidates is composed by electrons from beauty hadron decays, charm hadron

decays, electrons from non heavy-flavor hadron decays and also a hadron contamina-

tion. The identification of electrons from beauty hadron decays is performed in this

work by exploring the different shapes of the DCA (Distance of Closest Approach) dis-

tribution of electrons from these different sources, following the same technique used for

the measurement of electrons from beauty hadron decays in Pb-Pb collisions at
√
sNN

= 2.76 TeV in ALICE [53]. The DCA of an electron is determined by prolonging its

trajectory backwards in time until the distance of the closest approach of this trajec-

tory to the primary vertex is found. The left panel of Figure 6.1 illustrates a B and D

hadron decaying via their semi-leptonic channel and gives a hint that the decay length

of the hadron influences directly the DCA of the electron, such that this quantity can

reflect the electron source. Electrons from beauty hadron decays, due to the longer decay

length of B hadrons, have a wider DCA distribution when compared to the background

electrons, allowing their identification by this method. The analysis procedure consists

in taking from Monte Carlo simulations templates of the DCA distribution of electrons

from beauty hadron decays and from the background sources. The DCA distribution of

the electron candidates in data is fitted by these Monte Carlo templates, in each pT bin

independently. An example of such a fit is illustrated in the right panel of Figure 6.1.
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The fit procedure consists in a maximum likelihood fit, and the free parameters of the fit

are the amplitude of each template. When summed together with the correct amplitudes

(the ones that reflect the abundances of electrons from the different sources in data),

the templates can reproduce the measured DCA distribution of inclusive electrons, indi-

cating the good quality of the fits. The yield of electrons from beauty hadron decays in

each pT bin, N e±
raw(pT), can be determined once the amplitude of the template of electrons

from beauty hadron decays in each pT is known.
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Figure 6.1: (Left) Sketch of a B and D hadron decaying via semi-leptonic channel and

the backward prolongation of the trajectory of the electron for the determination of its

DCA. (Right) Example of a template fit to the electron candidate DCA distribution

performed for the analysis of LHC run 1 data [53].

This yield is corrected by the efficiencies of the track selection εreco and of the PID

cuts applied in the TPC and TOF signals in order to select electrons, εeID, also estimated

from Monte Carlo simulations.

The other factors in Equation 6.1 are geometrical factors, that normalize the yield

per unity of rapidity ∆y and unity of azimuthal angle ∆φ = 2π, or factors used to remove

the pT bin size (∆pT) and pT bin center (pcenter
T ) dependence of the measured spectrum.

Along this chapter, the quantitative determination of each of the ingredients of Equa-

tion 6.1 is presented. In the end, the obtained invariant yield of electrons from beauty
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hadron decays is compared to the pp reference and the RAA is calculated. The RAA of

electrons from beauty hadron decays in this new collision energy is compared to theo-

retical models and other experimental results and discussed.

6.2 Data Set and Event Selection

In this analysis, events from a minimum bias data sample (LHC15o) recorded in

Pb-Pb collisions at
√
sNN = 5.02 TeV in 2015 by ALICE are used.

An amount of ≈ 100 M events are available, from which ≈ 9 M were analyzed,

corresponding to the ones that passed the event selection criteria described below.

In addition to the online MB trigger and offline event selection based on the VZERO

detector, as was done in the pp analysis, in this analysis only the 10% most central

events are used, as will be discussed in detail in section 6.4. These events correspond to

an almost complete overlap between the colliding nuclei.

The event selection also requires that the reconstructed primary vertex has at least

two contributor tracks and that the distance of the primary vertex to the nominal collision

point in the longitudinal direction is |Vz| < 10 cm.

The pile-up rejection in this case is performed by comparing the primary vertex found

with global tracks, Vtrc, with the primary vertex found using just the signal on SPD,

VSPD. The minimum number of track contributors for the determination of VSPD is

required to be 1. Correlation cuts between Vtrc and VSPD are applied. The event is

rejected if at least one of the three conditions are satisfied:

• The absolute value of the difference between the z position of the two vertexes is

greater than 0.2 cm;

• The absolute value of this distance normalized to the convolution of the errors of

the two vertexes is larger than 10;

• The absolute value of this distance normalized to the error of the Vtrc is larger

then 20;

In the Table 6.1 the event quality cuts are summarized.
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Type Value

Min. contributors to Vtrc 2

Min. contributors to VSPD 1

|Vtrcz| < 10 cm

|Vtrcz - VSPDz| < 0.2 cm

|Vtrcz - VSPDz| /
√

(Vtrcerr)2 + (VSPDerr)2 < 10

|Vtrcz - VSPDz| / Vtrcerr < 20

Table 6.1: Event quality cuts applied in the Pb-Pb at
√
sNN = 5.02 TeV analysis.

6.3 Monte Carlo Samples

Three Monte Carlo (MC) samples anchored to the data sample are used in this analy-

sis. One of these samples is a special PYTHIA MC simulation that contains enhancement

of π0 and η mesons and a trigger on heavy-flavor hadrons decaying semi-electronically.

This MC sample contains events in the centrality class 0 − 10%. From this MC pro-

duction the DCA templates are extracted and it is also used for the calculation of the

track selection and PID cut efficiencies for electrons from beauty hadron decays (εreco

and εeID).

The other two MC samples are general purpose (minimum bias) MC productions and

they are used for the studies of the mean and resolution of the DCA templates in MC.

One sample contains events in the centrality class 0− 10% while the other one contains

events in all centrality classes. The selection of the centrality class of interest, 0− 10%,

is performed within the analysis code.

6.4 Centrality Selection

In a nucleus-nucleus collision, the two nuclei can have different levels of overlap and

this influences directly the amount of produced particles: the multiplicity of the collision

increases linearly with the overlap region of the nuclei. Experimentally, the overlap

between the colliding nuclei are classified according to the centrality of the collision.
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Head-on collisions are referred to as central collisions, producing thousands of particles,

while collisions with a very small overlap region are referred to as peripheral collisions,

and produce much less particles. One can define the centrality of a collision as the

percentile of observed events Nev with a charged particle multiplicity above a given

threshold (NTHR
ch ):

c =
1

Nev

∫ ∞
NTHR

ch

dNev

dN
′
ch

dN
′

ch. (6.2)

In ALICE, many detectors can be used to estimate the charged particle multiplicity

of the events for the centrality determination. In this analysis, the VZERO detector is

used (the combined signal of V0A and V0C, as described in section 4). A distribution of

the VZERO signal can be found in Figure 6.2, where the signal amplitude is divided in

centrality ranges: the 2.5% most central collisions corresponds to the 2.5% events with

larger signal amplitude in the VZERO. This approach allows the determination of events

within intermediate centrality classes, like the 10-20% most central events, and so on.

For this analysis, the 10% most central collisions are selected.

It is important to make the connection between the centrality and the geometrical

parameters of the collision, that cannot be determined experimentally. Geometrically,

the degree of superposition between two colliding nuclei is characterized by the impact

parameter b, which is defined as the distance between the center of each nucleus in a plane

transverse to the momentum of the nuclei. A collision with a given impact parameter

b has an associated number of binary collisions (Ncoll) and a number of participant

nucleons (Npart), that is the number of nucleons in a nucleus that undergoes one or more

binary collisions. The number of spectator nucleons, those that do not participate in the

collision, is given by Nspec = A−Npart, where A is the total number of nucleons in one

nucleus. The number of binary collisions that occurs in a given centrality class is used

for the determination of the nuclear modification factor RAA. The determination of the

geometrical parameters is also useful for the comparison between results from collisions

of different nuclei.

In order to establish this connection between the centrality classes and the geomet-
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rical parameters, a Monte Carlo Glauber [45] [46] [47] [48] approach is used. In this

approach, a model of the nucleus is built by sorting the position of the nucleons stochas-

tically according to a given nuclear density function. The two nucleus are made to collide

with an impact parameter b, which already defines Npart. The interaction of each nucleus

is treated as a sequence of independent nucleon-nucleon collisions. Each nucleon travels

on a straight-line trajectory and the nucleon-nucleon inelastic cross section, σinel
NN , is

assumed to be independent of the number of collisions a nucleon underwent previously.

The inelastic nucleon-nucleon cross section σinel
NN can be either directly taken from mea-

surements in pp collisions, or extracted from interpolations of the available data [47].

The Glauber Monte-Carlo model is then combined with a particle production model,

which simulates the particles created in each nucleon-nucleon collision and models it as

a negative binomial distribution (NBD), since this distribution is known to describe well

the charged particle multiplicity measured in pp collisions [116].

The VZERO signal distribution is simulated through this approach and a fit to the

experimental VZERO signal amplitude is performed in order to find the NBD parameters

that can better describe the data.

Figure 6.2 shows in red the Monte Carlo Glauber fit to the charged particle multi-

plicity measured by VZERO. From this fit, it is possible to perform the correspondence

between the geometrical parameters like Ncoll, Npart and b to each class of centrality.

Mean values of the geometrical quantities are calculated for each centrality class.

For the 10% most central Pb-Pb collisions at
√
sNN = 5.02 TeV used in this analysis,

the Monte-Carlo Glauber model gives <Ncoll> = 1560 and <TAA> = 23.44 mbarn−1

(calculated as TAA = Ncoll / σinel
NN , where σinel

NN = 67.6 ± 0.6 mb for
√
sNN = 5.02 TeV

[47]).
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Figure 6.2: Experimental VZERO amplitude shown in blue, divided in centrality classes,

from the most central (0-2.5%) to the most peripheral (80-90%) events. In red is shown

the NBD-Glauber fit to the experimental distribution [47].

6.5 Track Selection and its Efficiency

The track selection criteria applied on the current analysis is summarized in Table 6.2,

and most part of the cuts are very similar to the ones applied in the previous analysis,

described in detail in section 5.4. Nevertheless, two additional cuts are applied here,

which are the ones highlighted in table Table 6.2. A qualitative motivation for these new

cuts can be found below.

As discussed earlier in section 5.4, the tracks used in the analysis are required to

have two hits on the SPD (kBoth). This requirement is made in order to suppress the

huge background of electrons from gamma conversion by just accepting the ones that are

created in the beam pipe or in the very beginning of the first SPD layer, rejecting the ones

that are originated later. The first SPD layer is located at a distance of R ≈ 4 cm from
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Property Electron candidate

pT range (GeV/c) 1.5–8

|y| < 0.8

Number of TPC clusters ≥ 100

Number of TPC clusters in dE/dx calculation ≥ 80

χ2/clusters of the momentum fit in the TPC < 4

DCAxy < 1 cm

DCAz < 2 cm

Number of ITS hits ≥ 4

χ2/clusters of the momentum fit in the ITS < 5

fshared ITS clusters < 0.3

Number of hits in the SPD layers 2 (kBoth)

Table 6.2: Summary of the track selection criteria used in the Pb-Pb at
√
sNN = 5.02

TeV analysis.

the nominal point, meaning that the kBoth requirement would accept only electrons

from gamma conversion created at positions R . 4 cm. Nevertheless, while checking

through MC simulation the position R where the electrons from gamma conversion are

created (already considering the tracks that passed the kBoth requirement) it is possible

to see that many of them are created after the first SPD layer, with R > 4 cm, like shown

in the left plot of Figure 6.3. These electrons are accepted by the kBoth requirement

because their tracks are wrongly associated with hits (clusters) on the SPD during the

track reconstruction, as a result of the high occupancy of the detectors during heavy-ion

collisions. These tracks with misassociated hits on the SPD will be referred to as tracks

from late gamma conversion. This effect is known to be present in the data and to be

well reproduced in MC simulations [20].

It is important to notice that, as a consequence of their larger production radius R,

the electrons from late gamma conversion have a broader DCA distribution with respect

to the electrons from gammas converting in the beam pipe, as can be seen in the right
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panel of Figure 6.3. It is important for the current analysis to reduce the amount of

electrons from late gamma conversion, making the final DCA distribution of conversion

electrons slimmer than and less competitive with the DCA distribution of electrons from

beauty hadron decays.

Production Radius (cm)
0 2 4 6 8 10 12 14 16 18 20

0

1000

2000

3000

4000

5000

fD0 projection 

 beam pipe→R = 3 cm 
 first SPD layer→R = 4 cm 
 second SPD layer→R = 7 cm 
 first SDD layer→R = 15 cm 

fD0 projection 

 times charge (cm)xyDCA
0.1− 0.05− 0 0.05 0.1

N
o

rm
a

liz
e

d
 n

u
m

b
e

r 
o

f 
e

n
tr

ie
s

4−10

3−10

2−10

fD0 projection 

R < 3.5 cm

R > 3.5 cm

fD0 projection 

Figure 6.3: (Left) Distribution of the production radius R of electrons from gamma

conversion as taken from MB MC simulations. (Right) DCA distribution of electrons

from gamma conversion with large production radius (R > 3.5 cm) and with small

production radius (R < 3.5 cm).

Quality cuts on the ITS tracks were studied in order to investigate how to suppress

electrons from late gamma conversion, as it was performed in previous works [20] [117].

Due to the misassociated hits on the SPD, ITS tracks from late gamma conversion will

most probably have larger values of χ2 of the momentum fit as well as a larger fraction

of shared clusters with respect to ITS tracks of electrons from other sources.

The distribution of the χ2/ndf of the momentum fit of ITS tracks is checked in the

MB MC simulations for different electron species, as shown in the left panel of Figure 6.4.

As expected, tracks of electrons from gamma conversion have a χ2/ndf distribution with

a longer tail, contrasting with the χ2/ndf distribution of electrons from other sources.

The tail should be populated mainly by electrons from late gamma conversion. The right

panel of figure Figure 6.4 shows the distribution of the fraction of clusters a given ITS

track shares with other tracks, fshared, for different electron species. The electrons from

gamma conversion tends to have a large amount of fshared, while tracks of electrons from
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other sources are more abundant in the region of low fshared.

Monte Carlo studies show that the selection of tracks with small values of χ2/ndf and

fshared leads to a sample with a reduced amount of electrons from late gamma conversion,

making the final template of electrons from gamma conversion slimmer (see Appendix E).

Cuts on χ2/ndf and fshared were optimized in order to increase the signal of electrons

from beauty hadron decays with respect to the total background. The optimal cuts were

found to be χ2/ndf < 5 and fshared < 0.3.
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Figure 6.4: Distribution of χ2/ndf (left) and fshared (right) of electrons from different

sources as taken from the MB MC simulations. Electrons from late gamma conversion

tend to have larger values of χ2/ndf and fshared than the electrons that convert earlier

and other electron sources.

The reconstruction efficiency (εreco) for electrons from beauty hadron decays is the

fraction of these electrons that passes the track quality cuts in Table 6.2, as given by the

simulation. This efficiency is shown in Figure 6.5 as function of the track pT. For both

numerator and denominator, tracks within |η| < 0.8 are considered.
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Figure 6.5: Reconstruction efficiency for electrons from beauty hadron decays in central

Pb-Pb collisions at
√
sNN = 5.02 TeV.

6.6 Selection of Electron Candidates in Data and its

Efficiency

In this analysis, the TPC and the TOF are used as PID detectors to identify the

electron candidates.

The electron selection starts by rejecting all tracks that have time-of-flight, measured

by TOF, outside 3 sigmas from the expected value for electrons. Considering only tracks

with |nTOF
σ | < 3, a considerable amount of kaons, protons and deuterons that have values

of TPC dE/dx crossing the electron TPC dE/dx distribution are removed, guaranteeing

an electron candidate sample with less contamination, as can be seen by the comparison

of panels (a) and (b) in Figure 6.6;

A further refinement of the electron selection 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 6.6: tracks with a nTPC
σ between -0.1 and 3 are selected as electron

candidates, as indicated by the red lines in the figure. The asymmetry of this cut aims

to avoid the large contamination of hadrons in the region of negative TPC dE/dx, that

is populated mainly by charged pions.
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Figure 6.6: nσTPC as a function of the track momentum before (panel (a)) and after

(panel (b)) applying the TOF PID cut. The TPC PID selection is shown as the red lines

in panel (b) and all tracks inside this band are used for the analysis.

A summary of the PID cuts used to select the electron candidates in this analysis is

shown in Table 6.3.

pT range (GeV/c) TPC dE/dx cut TOF compatibility

with e hypothesis

1.5–8 −0.1 < nTPC
σ < 3 |nTOF

σ | < 3

Table 6.3: Summary of the electron identification criteria used in the Pb-Pb at
√
sNN =

5.02 TeV analysis.

The efficiency of each PID cut, εeID, applied in the data sample can be estimated

by the usage of the MC simulations, as far as those represents accurately the signal

distributions, TPC dE/dx and time-of-flight, found in data.

The similarity between the time-of-flight signal from TOF in data and in MC ensure

that the efficiency of the TOF PID cut estimated from MC can correct the data without

introducing biases. The efficiency of the TOF PID cut is shown in Figure 6.7 as function

of the track pT. It represents the fraction of electrons from beauty hadron decays that

passed the TOF PID cut for electrons, as given by the simulation. The TOF PID

efficiency reaches very low values at low pT because the resolution of the time-of-flight
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of electrons becomes worse as the pT gets smaller.

The TPC PID efficiency is calculated in this analysis without the usage of the MC,

since the mean value of the nσTPC signal for electrons in data and in MC are slightly

displaced with respect to each other. The shape of the electrons nσTPC distribution is

well known to be Gaussian-like, and ideally this Gaussian have center at nσTPC = 0 and

width σ = 1, as happens in the MC simulation. In this data sample it was found that

the Gaussian signal has σ = 1 but it is centered at nσTPC = -0.1, consequence of the

imperfect calibration of the TPC signal. Since the TPC PID cut used to select electrons

is −0.1 < nTPC
σ < 3, it selects 50% of the electron Gaussian signal, so the efficiency of

the TPC PID cut is taken as 50%, constant with pT.
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Figure 6.7: Efficiency of the TOF PID cut for the selection of electrons from beauty

hadron decays, as function of pT.

The final efficiency, obtained considering efficiencies of track and PID cuts in com-

bination (εreco × εeID), is shown in Figure 6.8 as function of pT. This efficiency, that

amounts in about 14% on its plateau, is used to correct the final yield of electrons from

beauty hadron decays.
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Figure 6.8: Final efficiency (εreco × εeID) for electrons from beauty hadron decays.

Unfolding of the pT-spectrum In the Monte Carlo simulations it is possible to check

that the true (generated) pT of a particle is not the same as the pT of the reconstructed

track, created when the particle traverses the detector material or gas. The reconstruc-

tion of the track as well as the bremsstrahlung that occours when the particle interacts

with the detector material affect the reconstructed pT, making it usually smaller than the

true pT, see Figure 6.9. This means that the real pT spectrum of a given particle is not

directly accessible experimentally. Nevertheless, this pT bin-migration that is embedded

in the measured signal can be corrected by the unfolding procedure. In this analysis,

the unfolding is performed by considering during the efficiency calculation (discussed

above) the generated pT spectrum from the MC as denominator and the reconstructed

pT spectrum from the MC as numerator. Hence, when correcting the measured electron

spectrum by this efficiency it also undo this pT bin-migration caused by reconstruction

and detector effects, in a way that the corrected spectrum is closer to the true distribu-

tion generated in the collision. In low pT analysis, like the ones performed in this thesis,

the effect of the unfolding in the final spectrum is about 2%. At larger pT, where the

particles can be more affected by bremsstrahlung, this effect can be larger.

In the pp analysis presented in the previous chapter, the unfolding is performed via

the same strategy as in the present analysis.
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Figure 6.9: Reconstructed pT vs generated pT of electrons from beauty hadron decays in

Pb-Pb at
√
sNN = 5.02 TeV, taken from simulations.

6.7 Selection of Electrons in Monte Carlo: Building

the Templates

In order to extract, from the DCA distribution of electron candidates, the signal of

electrons from beauty hadron decays, DCA templates of electrons from different sources

are taken from the MC simulations. The electrons from the MC are grouped in four

different categories, each one with a distinct DCA distribution shape that reflects the

electron source.

The first group of electrons to be considered is the one that consists in the signal to

be measured, electrons from beauty hadrons decays, that will be referred to as beauty

electrons. Electrons from this group have a wider DCA distribution when compared to

background electrons. The wider DCA of the signal reflects the larger decay length of

beauty hadrons, that ranges from cτ ≈ 400 µm for the Λ0
b baryon to cτ ≈ 500 µm for the

B mesons. Beauty hadrons also can decay into hadrons that contains charm and then

those can decay into electrons. This adds a considerable decay length for some of the

electrons of this group, making the DCA shape of electrons from beauty hadron decays

even wider.
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Electrons coming from the decay of hadrons that contains a charm quark (and that

does not come from beauty hadrons feeddown) are grouped together, and they will be

referred to as charm electrons. They have a slimmer DCA distribution compared to

beauty electrons. The decay length of charmed hadrons ranges from cτ ≈ 60 µm for the

Λ+
c baryon to cτ ≈ 300 µm for D± mesons. Mesons D0 and D±s have an intermediate

decay length of ≈ 100 µm.

Electrons coming from Dalitz decay of light mesons, that consists mainly of π0 and

η, are considered in another group, that will be referred to as Dalitz electrons. Dalitz

electrons have a very narrow DCA distribution, since their mothers decay very close to

the primary vertex, with a decay length of the order of cτ ≈ 20 nm. Because of this,

their DCA template is very slim and limited by the detector resolution.

The last group consists of electrons that comes from conversion of gammas in the

detector material, the conversion electrons. Although these electrons are created

much farther away from the primary vertex with respect to the other electrons discussed

above (the beam pipe, the first material that the particles can interact with, is situated

3 cm far away from the primary vertex, while the beauty hadrons have decay length

of cτ ≈ 500 µm (≈ 0.05 cm)), the DCA values of conversion electrons are comparable

to the ones from the other sources. This happens because since the gammas do not

interact with the magnetic field, its trajectory before the interaction with the material is

straight. In addition, the electrons created by gamma conversion has a very small angle

with respect to the gamma, and consequently their impact parameter is essentially due

to the existence of the magnetic field B (see Appendix D).

The symmetry in the kinematics of the gamma conversion is something useful to be

explored. By convention, the impact parameter has a positive or negative sign depending

on whether the primary vertex is on the left or on right side of the track (with respect to

the momentum vector). By consequence, the DCA of electrons is a mirrored version of the

DCA of positrons: as can be seen in the two panels of Figure 6.10, positrons and electrons

have a different preferred sign of DCA, so the peak of the DCA distribution is centered

at negative values for electrons and at positive values for positrons. Therefore, the total

DCA template for conversion (electrons + positrons) is symmetric with respect to zero.
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A very useful tool is to build the templates as the distribution of DCA × charge × B

field sign instead of just DCA, because the multiplication of the DCA by charge and

B field sign makes the conversion template significantly asymmetric: in this case, both

electrons and positrons distributions gets shifted to the same side, leading to a final

(electrons + positrons) asymmetric distribution (see Figure 6.10). While the conversion

electrons template becomes asymmetric if the quantity DCA × charge × B field sign

is considered, the other templates remain unchanged. This asymmetry in the conversion

electrons template makes more difficult the occurrence of possible interplays between this

template and the one from beauty electrons during the fit procedure, even if both of these

templates have a broad distribution. The ITS quality cuts discussed in section 6.5 also

help to disfavor this interplay, by making the template of conversion electrons slimmer.
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Figure 6.10: DCA distributions of electrons and positrons from gamma conversion (left)

compared to the DCA×charge×B field sign distribution (right) of the same particles.

An asymmetry is introduced in the final template (electrons + positrons) if the DCA is

multiplied by the charge of the track and B field sign.

The templates are all built using the MC that contains a trigger on electrons from

heavy-flavor decays. Because of this trigger, the relative abundance of heavy-flavor in this

MC is increased with respect to the MB production. Consequently, in the construction of

the templates of conversion and Dalitz electrons it is taken care to not include electrons

from gammas, π0 or η that come from the feeddown of heavy-flavor hadrons, or that

come from feeddown of kaons from heavy-flavor hadrons, since the contribution from
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those feeddowns would distort the shape of those templates.

Figure 6.11 shows the templates of the four groups of electrons. In particular, for the

templates of electrons from beauty and charmed hadrons decays, the contribution from

baryons and mesons are shown separately, in order to make it visible how the different

decay lengths of baryons and mesons discussed above directly influences the DCA shapes

of their decay electrons. But, in the end, baryons and mesons are summed together to

build the final beauty and charm electrons templates used in the fitting procedure. In

Table 6.4 a summary of the decay length of the different electrons sources is presented.
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Figure 6.11: DCA templates of electrons from beauty hadron decays, charmed hadron

decays, Dalitz decays and gamma conversion, respectively.
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Electron source Decay length

(production radius in the case of conversion)

Λ0
b cτ ≈ 400 µm

B cτ ≈ 500 µm

Λ+
c cτ ≈ 60 µm

D0 and D±s cτ ≈ 100 µm

D± cτ ≈ 300 µm

Dalitz cτ ≈ 20 nm

Conversion > 3 cm

Table 6.4: Different sources of electrons and approximate radial position where electrons

from these different sources are created.

6.8 The Maximum Likelihood Template Fit

The fit method used in this analysis is the same used for the run 1 analysis [118]

[53]: it is a maximum likelihood method based on the Barlow and Beeston approach

[119] slightly improved. This approach allows to fit an experimental distribution (in this

case, the DCA distribution of measured electrons) with other distributions that have no

analytical formula, taken from MC simulations (DCA templates). The template fit is

performed independently in each pT bin, and the DCA distributions follows Poissonian

statistics. Below will be discussed the likelihood function of the problem and how its

minimization is performed.

6.8.1 The Likelihood Function

Considering the DCA distribution of electrons measured in data, a number di of

electrons is found for each DCA bin i. For each bin i there is also an unknown expectation

value of electrons, the fi.

Considering the templates taken from MC, the number of entries in the DCA bin i

for the source j is named aij, and the unknown corresponding expectation value is Aij.
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The assumption that a weighted sum of the templates can reproduce the data means

that there are amplitudes pj such that the expectation value of the number of electrons

in each DCA bin, fi, consists in the sum of the expectation value of each source, Aij,

scaled by the amplitude pj:

fi =
m∑
j=1

pj × Aji. (6.3)

For each source j there is one associated amplitude pj. By the knowledge of the

amplitude of the beauty template, pbeauty, it is easy to determine the amount of electrons

from beauty hadron decays in each pT bin, so this is the parameter to be estimated in

this analysis.

The likelihood of having di counts in a bin where the expected number of counts is

fi is given by the Poisson distribution:

p(di, fi) = e−fi
fdii
di!
. (6.4)

Analogously, the likelihood of having in the template j and bin i the amount aij when

the expected value is Aij is given by:

p(aji, Aji) = e−Aji
A
aji
ji

aji!
. (6.5)

The total likelyhood to be considered in this analysis is the the product between

the likelihood of the observed di (p(di, fi)) and the likelihood of the aij taken from MC

(p(aji, Aji)), summed over all the DCA bins i and template sources j:

L =
n∑
i=1

e−fi
fdii
di!
×

n∑
i=1

m∑
j=1

e−Aji
A
aji
ji

aji!
. (6.6)

As it is common in maximum likelihood problems, the logarithm of the total likeli-

hood is considered:

lnL =
n∑
i=1

diln(fi)− fi +
n∑
i=1

m∑
j=1

aijln(Aij)− Aij. (6.7)
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6.8.2 The Maximum Likelihood Estimation

The total likelihood given by Equation 6.7 has a total of n× (m+1) free parameters,

that corresponds to the n × m parameters Aij and the m parameters pj. In order to

determine the parameters that maximizes the likelihood, the derivative of ln L is taken

with respect to the free parameters and made equal to zero, giving the two coupled

equations:

d lnL

dpj
=
diAji
fi
− Aji = 0;∀i, j, (6.8)

d lnL

dAji
=
dipj
fi
− pj +

aji
Aji
− 1 = 0; ∀i, j. (6.9)

The manipulation of Equation 6.9 leads to:

Aji =
aji

1 + pj(1− di
fi

)
. (6.10)

Equation 6.10 shows that for the determination of Aji, information from both data

and Monte Carlo templates are used. Without the data, the maximum likelihood would

imply that the expected values Aji would be equal to the aji taken from MC. The

information from the data should make the Aji converge towards the true distribution,

and thereby be slightly smoothed with respect to aji.

The solution of Equation 6.9 with respect to Aij leads to:

Aji = −1

2

dipj − fi\j(pj + 1) + ajipj
pj(pj + 1)

+√
1

4
(
dipj − fi\j(pj + 1) + ajipj

pj(pj + 1)
)2 +

ajifi\j
pj(pj + 1)

, (6.11)

where:

fi\j =
∑
k 6=j

pkAki. (6.12)

The interaction of Equation 6.11 leads to a distribution of the expected values Aji

that does not have any systematic deviation from the templates aji taken from MC,
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as can be seen in Figure 6.12, indicating that the procedure was successful. This is

an important improvement of this method (already used in run 1 analysis [118] [53])

with respect to the approach proposed by Barlow and Beeston [119], where the Aji is

calculated by the interactive update of Equation 6.10 (fj depends on Aji). By the pure

Barlow and Beeston approach, a systematic difference was observed between Aji and

aji, mainly on the tails (this was deeply studied in [118]), while when calculating Aji by

Equation 6.11 a good convergence is observed within few interactions (≈ 5).
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Figure 6.12: Templates (aji) for electrons from charm and beauty hadron decays together

with the corresponding expectation values Aji found by the maximum likelihood fit. No

systematic deviations are found between aji and Aji, indicating that the procedure was

successful.

The solution of Equation 6.8 with respect to pj gives:

pj =
di −

∑
k 6=j pkAki

Aji
. (6.13)

The template fit starts by setting the initial parameters pj for every source j. Then,

for a specific source j, the Aji is updated according to Equation 6.11. After this, the

pj is updated according to Equation 6.13, that comes from the maximization of the

likelihood with respect to pj, making use of the last Aji calculated. Due to this interactive

procedure, the number of free parameters of the problem is reduced to m, the amount

of parameters pj. The Aji are strictly determined by the pj, as given by Equation 6.11.
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The initial values of Aji are set up as aji, and the initial values of pj are set up as

pj = 0.25. In this analysis, m = 4, since four templates are used to fit the data.

Once the numerical computation of the free amplitude parameters pj have converged

to the solution that maximizes the total likelihood, the sum of the templates normalized

by the correct amplitudes (shown as the ”fit” histogram in Figure 6.13) is shown to re-

produce accurately the DCA distribution of inclusive electrons. An example of the result

of the maximum likelihood fit for one pT bin is shown in Figure 6.13. The normalization

pull corresponds to the difference, in each pT-bin, between data and fit, divided by the

sum of the errors of the data and fit histograms. The integral of the beauty template

gives the amount of beauty electrons in this pT bin.

Figure 6.13: DCA distribution of electrons from data (black dots) together with the

templates of the four electron sources (charm, beauty, Dalitz and conversion) with the

amplitudes given by the maximum likelihood fit. The sum of the templates are a good

representation of the data.
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6.8.3 Bins Without Counts from the Templates

A special care must be given to the DCA bins with a finite count from data, di, but

zero count from the templates, aji = 0, ∀j. For this case, Equation 6.9 leads to

di
fi
− 1 =

1

pj
;∀j, (6.14)

which does not contain any information about Aji. The maximum of the likelihood

in such bins is not associated necessarily with a zero derivative of the likelihood in the

Aji phase space, leading to inconsistencies of the currently used method [118]. Instead,

the maximum of the likelihood in these cases corresponds to the situation in which the

counts coming from data is associated to a single source Aji. The determination of the

source Aji that maximizes the likelihood can be extremely biased by the amplitude pj of

the templates [118], which has no physical meaning by itself and just reflects the initial

abundances of the electrons from different sources in the Monte Carlo (the number pj

can be, for example, very different if an enhanced or Minimum Bias Monte Carlo is used

to build a template).

The maximum likelihood fit is performed independently in each DCA bin. This means

that if the order of the bins of the DCA distributions was shuffled (consistently for data

and all templates), the result of the fit on each DCA bin would remain the same, there is

no requirement for local smoothness. Nevertheless, the available prior information about

the DCA distributions of the electrons from different sources, dictated by the underlying

physical process that originate the electrons, can be used in favor of the fit procedure in

this case of DCA bins with no counts from templates.

Bins without counts from the templates will most probably appear on the tails of

the DCA distribution. It is known that DCA distributions have a peak centered around

zero, and decrease towards larger and smaller DCA values (this is not true just for the

conversion template, that is not centered at zero). In particular, the electrons from

beauty hadron decays should be the dominating contribution in the tails of the DCA

distribution, since their distribution is the wider one. It is not likely that a count in

the tail of the DCA distribution comes from the very slim Dalitz template, for example.

This means that the counts from data, di, in the bins with no count from templates (that
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are mainly on the tails) should most probably come from electrons from beauty-hadron

decays.

Therefore, for this analysis, all electrons in bins with no counts from the templates

are assumed to be electrons from beauty hadron decay, since these have the widest

distribution. This assumption can bring a bias to the final result, since, even though

most probably, not always this count di really comes from electrons from beauty hadron

decay. But since this assumption is more realistic than the attribution of di to any other

template, the bias will be smaller than in any other case. This bias is estimated together

with the estimation of the statistical uncertainties, as explained below.

6.9 Uncertainty Estimation

When the measurement of a given quantity is performed within an experiment, an

estimation of the statistical uncertainty of this quantity can be performed by repeating

the experiment many times. By doing this, a distribution of the measured quantity is

obtained and the width of this distribution indicates how much is the statistical fluc-

tuation associated to this measurement while the mean of the distribution indicates its

most probable value.

In order to estimate the statistical uncertainty of the yield of electrons from beauty

hadron decays measured in this analysis via the template fits discussed above, a ”toy

model” is built in order to virtually repeat this measurement many times, using a new

and independent data set for each fit (toy model data and templates).

The toy model builds the new data set, in each pT bin, as described below:

• Each original DCA template is normalized to have its maximum at 1;

• A smoothing is applied to these templates, in order to improve the representative-

ness of bins with few entries;

• New templates are sampled from the original ones, by sorting random numbers

following the probability distribution given by the scaled and smoothed original

templates;
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• The scaled templates for the different sources are summed together according to

the proportions found in the original measurement;

• A toy model data is built by sampling the distribution resultant from the previous

step;

The created toy model data and templates have the same number of entries as the

corresponding original distributions.

In this toy model approach, the toy model data is built under control, as a sum of

a known contribution of electrons from the different sources, as taken from the original

measurement. For each pT bin, it is performed the fit of the toy model data with the toy

model templates. The amount of electrons from beauty hadron decays is determined for

this virtual experiment.

A number of 1000 template fits was performed with the toy model approach in each

pT bin. Figure 6.14 shows the fraction of electrons from beauty hadron decays (relative

to the total amount of electrons) obtained from each of these virtual experiments, for

two different pT bins.
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Figure 6.14: Distribution of the fraction of electrons from beauty hadron decays

(b→e/(all e)) obtained from 1000 interactions of the toy model, for two different pT

bins. The mean of the toy model distribution and the toy model true b→e/(all e) are

also indicated.

The RMS of these distributions are taken and divided by the fraction of electrons

from beauty hadron decays from the original experiment, in each pT bin. The resulting
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number is the statistical uncertainty, in percentage, of the amount of electrons from

beauty hadron decays measured in the original experiment. The values of this statistical

uncertainty as a function of pT are shown in Figure 6.15.

The usage of the toy model approach for the statistical uncertainty estimation in this

analysis is important since it allows to take into account the contribution of statistical

uncertainty from both data and Monte Carlo templates.
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Figure 6.15: Statistical uncertainty (in percentage) obtained in each pT for the electrons

from beauty hadron decays.

In Figure 6.14 it is also indicated the mean of the toy model distribution and the

fraction of electrons from beauty hadron decays from the original measurement (the true

amount inside the toy model data). The difference between these two quantities indicates

the bias associated to the template fits as performed in this work. The bias was found

to be very small, smaller than 5% for most of the pT bins, so no correction of the yield

due to this bias was performed.
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6.10 Corrections on the Templates and Systematic

Uncertainties

A Monte Carlo simulation does not reproduce the particle pT-spectra or even the

relative abundances between different particle species accurately, and this brings the

necessity of performing a series of corrections in the Monte Carlo. These corrections can

affect directly the different DCA templates used in the analysis and they are necessary

in order to make the DCA templates as close as possible to the DCA distributions that

would be found in data for each electron category, avoiding the introduction of biases

in the template fit procedure. The estimation of the systematics uncertainties in the

present analysis is performed by varying these corrections performed in the Monte Carlo

within reasonable limits. Below, together with each correction, will be discussed the

associated systematic uncertainties.

6.10.1 Mean and Resolution Correction

The mean and resolution of the DCA distributions in data are different from the ones

in MC.

The mean of DCA distributions in data is shifted towards negative values for the

ALICE data samples collected during LHC run 2. This is understood to be a consequence

of a misalignment of some SPD modules during this data taken period. This shift is

dependent on the pT and azimuthal angle (ϕ) of the track, and also on the polarity of

the B field. The shift of the mean is not existent in the MC DCA distributions. A

code (named improver task) was created with the purpose of mimicking in the MC the

DCA mean shift found in data. The code performs the mean correction by summing to

the DCA of a single track in the MC the quantity 〈DCA(data)〉 − 〈DCA(MC)〉, where

〈DCA(data)〉 is the mean of the DCA found in data and 〈DCA(MC)〉 is the mean of the

DCA found in MC for a particle specie.

The resolution of the DCA distributions is found to be worse in data than in MC.

This is not a particular issue from run 2 data sample like the mean shift discussed

above, but it is a consequence of the fact that there are more fluctuations in the real



136 CHAPTER 6. ELECTRONS FROM BEAUTY HADRON DECAYS

experiment than in the MC simulations. The improver task also takes care of correcting

the resolution in MC in order to make it to match the resolution found in data.

In order to check the corrections performed by the improver task, a consistent par-

ticle sample needs to be selected both in data and in MC. For this purpose, charged

hadrons were selected both in data and in MC by the TPC PID cut −3 < nσTPC < −5.

A minimum bias MC simulation was chosen for this study. For each pT bin, the DCA

distributions are fitted by a Gaussian in the region −rms < DCA < rms, that compre-

hends a very narrow DCA range and has minor contribution from secondary hadrons.

An example of the Gaussian fits, performed in one bin of pT, can be seen in Figure 6.16.

The fits are performed in data, in MC without improver task corrections and in MC

with the improver task corrections. The mean and resolution of the DCA distributions

is taken as the mean and σ of the fitted Gaussians.
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Figure 6.16: DCA distribution of charged hadrons in data (black) and in MC before

(red) and after (blue) the corrections of the mean and resolution. Also the Gaussian fits

performed for the extraction of the mean and resolution are shown.

The comparison between the DCA mean and resolution found in data and in MC

with and without the corrections, as a function of pT, can be seen in Figure 6.17. In

particular, the top panels show the mean correction, and the bottom panels show the
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resolution correction. Both DCA mean and resolution in the MC are in much better

agreement with data after the corrections applied by the improver task.
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Figure 6.17: Mean (top) and resolution (bottom) of DCA in data (black) compared

to the ones from MC without (red) and with (blue) the corrections performed by the

improver task.

6.10.2 D meson pT-spectrum Correction

The D meson spectrum generated in the enhanced MC simulation, from which the

DCA templates are taken, has a very different slope with respect to the spectrum mea-

sured in data. A correction in the slope of the pT spectrum of D mesons in MC is

necessary because it can affect directly the width of the DCA distribution of electrons

from charm hadron decays.

In Figure 6.18 it is possible to see the comparison between the D meson pT spectrum

from the enhanced MC (green) and the D0 pT spectrum measured in Pb-Pb collisions
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at 5.02 TeV (blue). The spectrum generated in the MC is much harder than the one

measured experimentally. It is also known that the different D meson species measured

experimentally have essentially the same slope, and here the D0 is used as representative

of the slope of all D meson species in data.

Each one of these spectra is fitted by a TSallis function:

f(x) = par(0)× (1− (1− par(1))× x/par(2))1/(1−par(1)). (6.15)

The ratio of both spectra, data/MC, is shown in the right panel of Figure 6.18

together with the ratio of the functions that fit each spectrum. The ratio of the functions

interpolates well the ratio of the two spectra, and this function gives the correction that

is necessary to be applied to the MC in order restore the shape of the D meson spectrum

found in data.

The strategy adopted to correct the slope of the D meson spectrum from MC in this

analysis is to perform a statistical rejection of D mesons: the probability to accept a D

meson is given by the correction function (right panel of Figure 6.18) normalized to be

unity at its higher value. Since the probability is pT dependent, this stochastic correction

will change the slope of the spectrum, as required.

For the correction of the D meson pT-shape, the usage of a weighting procedure like it

is usually performed in many analysis, as described in section 5.8.1, would invalidate the

assumption of a Poissonian statistics of the templates. But this is an assumption of the

maximum likelihood fit performed in this analysis, as discussed above in subsection 6.8.1.

For this reason, the stochastic correction is chosen instead of a weighting procedure.

In order to minimize the loss of data due to the statistical rejection of D mesons,

three features are explored:

1. The template fit is performed bin by bin;

2. This correction depends only on the slope of the correction function and not on its

absolute value;

3. In most cases, the D mother pT is larger or equal to the decay electron pT, like it

is shown in the left panel of Figure 6.19;
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Figure 6.18: Left: pT spectrum of the D mother of electrons used in this analysis (green)

and pT spectrum of D0 mesons measured in data (blue) fitted by the functions shown

in the corresponding colors. The red D0 spectrum and fit are used for systematic uncer-

tainty studies. Right: Ratio between the D0 measurement and the spectrum of D mesons

from MC together with the ratio of the two fits. The red ratio is used for systematic

uncertainty studies and it is discussed in the text.

Considering these three features, the correction function can be normalized to be

unity at the beginning of each electron pT bin, like it is shown in the right panel of

Figure 6.19. In this way, the correction is performed in each electron pT bin minimizing

the loss of data, since the probability of accepting a D meson always starts at 100% in

each electron pT bin. Since the D mother pT is usually larger or equal to the electron

pT, just few cases will be not corrected in a pT dependent way (since the probability of

rejecting a D meson is not defined in an electron pT bin for the D mother that has pT

smaller than the lower edge of pT bin). These few cases where D mother pT is smaller

than the lower edge of the electron pT bin are all considered, with probability 100%.

Once done the statistical rejection of D mesons according to the probabilities de-

scribed above, a cross check of the procedure is performed: for different electron pT bins,

the D mother pT spectra is compared to the slope of the D0 spectrum measured in data,

as shown in Figure 6.20. This check ensures that the statistical subtraction of D mesons

in MC is indeed correcting their slope to match the slope of the data.

The effect of the correction of the D mesons pT-spectrum in MC on the DCA of
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electrons from D mesons can be observed in Figure 6.21. After the correction, the DCA

distribution of electrons from D meson decay gets visibly narrower.

In order to estimate the systematic effect that this correction can bring to the yield of

electrons from beauty hadron decays, the correction is varied within reasonable limits and
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the modification of the yield is quantified. The statistical and systematic uncertainties

of the D0 measurement are summed in quadrature and the slope of the D0 spectrum is

changed as much as the combined uncertainties allows. In the left panel of Figure 6.18 it

is possible to see in red the modification performed in the D0 spectrum for the systematics

studies: its uncertainty is summed to the central values at low pT and subtracted from

the central values at high pT, causing a tilt on the slope. In red is also shown the

function that fits this modified D0 spectrum. In the right panel, the red function is the

corresponding correction function used for systematic studies.

The ratio of the pT spectrum of electrons from beauty hadron decays obtained using

the modified correction function and the default correction function is shown in Fig-

ure 6.22. To the D meson pT-shape correction it is assigned a systematic effect of 5%,

constant in pT, obtained from this ratio.

6.10.3 Beauty pT-spectrum Correction

As shown previously, the slope of the pT spectrum of D mesons influences directly

the shape of the DCA distribution of electrons from D meson decays. For an analogous



142 CHAPTER 6. ELECTRONS FROM BEAUTY HADRON DECAYS

 [GeV/c]
T

p
2 3 4 5 6 7 8

re
f

 e
)

→
/(

b
 

D
 c

o
rr

 t
ilt

e
d

 e
)

→
(b

 

0.7

0.8

0.9

1

1.1

1.2

1.3

Figure 6.22: Ratio of spectrum of electrons from beauty hadron decays obtained when

correcting the D meson spectrum with the modified correction function and with the
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spectrum of electrons from beauty hadron decays.

reason, it is needed to guarantee that the spectrum of B mesons taken from MC has the

correct slope. There is no available measurement of the B meson pT spectrum produced

in Pb-Pb collisions at
√
sNN = 5.02 TeV in the pT range of the current analysis: the

motivation of measuring electrons from B hadron decays is exactly to probe, even if

indirectly, the B hadron production. So, differently from the case of the D meson pT-

spectrum correction, the B meson correction cannot be performed by comparing the

MC and measured pT-spectrum. The B meson pT-spectrum correction is performed by

considering two different factors that are not taken into account (properly) in the MC.

These effects are:

• In the currently used MC, it is observed that the generated B meson spectrum

does not follow exactly the pattern predicted by FONLL calculations, like shown

in the left panel of Figure 6.23. The FONLL calculations are known to be in a

good agreement with heavy-flavor mesons measurements in pp collisions, and by
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consequence, the PYTHIA event generator (that produce particles via pp collisions

in the MC) should be in good agreement with FONLL. This does not happen in

the current MC since the B meson spectrum was produced by the sum of many

spectra generated in different pT ranges (technique used to extend the pT range of

the produced spectrum). For this reason, the produced B meson pT spectrum

needs to undergo a correction to match the one from FONLL calculation.

• The MC does not reproduce effects of the QGP on the spectrum: the B meson

spectrum taken from MC does not have the pT dependent suppression induced by

the existence of the medium produced in a real collision. This pT dependent

suppression induced by the medium needs to be added in the B meson

spectrum from MC, in order to have a template of DCA of beauty

electrons with a realistic shape. A quantification of this suppression can be

given by the RAA of B mesons taken from model predictions, as shown in the right

panel of Figure 6.23;

Due to these two factors above mentioned, in the current analysis the function used

to correct the B meson spectrum is given by

RAA × FONLL
MC

, (6.16)

where:

• ”RAA” accounts for the parametrization of B meson RAA given by TAMU model for

Pb-Pb at 2.76 TeV collisions [87] (shown in red in the right panel of Figure 6.23).

It is important to remember that the RAA from the model consists in the ratio of

what would be the B spectrum produced in Pb-Pb over the FONLL B spectrum;

• ”FONLL” is the central value of B meson spectrum given by FONLL calculation

(shown by the continuous blue line in the left panel of Figure 6.23);

• ”MC” is the B spectrum given by the MC simulation (in red in the left panel of

Figure 6.23);
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The resulting correction function is shown in black in the right panel of Figure 6.23.

The correction of the B meson spectrum is performed by subtracting B mesons statisti-

cally according to this function, that gives the probability to accept the B mesons from

the MC. This correction function is normalized to have its maximum value at one.
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Figure 6.23: Left: B meson spectrum from the MC simulation (red) and from FONLL

calculation with uncertainties (blue). Right: correction function for the B meson spec-

trum (black) shown together with TAMU parametrization of the RAA for B mesons in

Pb-Pb at 2.76 TeV collisions.

Differently from the case of the charm correction, the B meson pT-spectrum correction

is not performed bin by bin, since the correction function for B mesons is smoother and

does not imply in a so large loss of data. Also, the amount of cases in which the B

mother pT is smaller than the electron pT is not negligible as it is for D mesons, as can

be seen in Figure 6.24. This makes a correction bin by bin for the B mesons not viable.

The effect of the correction of the B mesons pT-spectrum on the DCA of electrons

from B mesons decay can be observed in Figure 6.25. As for the D mesons, the electron

DCA distribution becomes slimmer after the correction of the mother pT slope.

The study of the systematic effect of this correction is performed by varying the

correction function, Equation 6.16, within reasonable limits. In the left side of Fig-

ure 6.23, two variations of the parametrization of the B mesons RAA from TAMU model

are shown. These variations are built by adding (or subtracting) to the central value of

the RAA parametrization half of the difference between it and unity. In this way, the

slope of the RAA is significantly varied. Two different correction functions are calculated
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 x charge x B sign (cm.C)xyDCA
0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2

5−10

4−10

3−10

2−10

Before B correction

After B correction
1.50 < pt [GeV/c] < 4.00

Figure 6.25: DCA of electrons from B mesons decay before and after correcting the B

meson pT spectrum slope.

according to Equation 6.16 by making use of these two variations of the RAA. In the left

panel of Figure 6.26, the central B meson correction function (default, in black) is shown

together with the two variations of it, obtained as described above. The ratios between

the beauty electrons spectrum obtained using the varied correction functions and the

default correction function is shown in the right panel of Figure 6.26. A systematic
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effect of about 10% is observed, and it is constant in pT;
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Figure 6.26: Left: correction functions for the B meson spectrum used for the systematics

studies (red) shown together with the one used for the central value (black). Right:

Ratios between the beauty electron spectrum obtained with the modified correction

functions and the central value.

6.10.4 Hadron Contamination

The template fit performed in this analysis makes use of four DCA templates (from

beauty, charm, Dalitz and conversion electrons). Although the electron candidates sam-

ple have a hadron contamination, no template of hadrons is used in the fits to take into

account the hadron contamination directly. Nevertheless, as can be seen in Figure 6.27,

the template of Dalitz electrons is very similar in shape to the DCA distribution of

hadrons. In this figure, the hadrons considered are the ones selected by the TPC PID

cut -3 < nσTPC < -5, so they consist mainly of charged pions. Charged pions are also

the main source of hadron contamination in data for pT > 1 GeV/c.

Due to the similarity between the DCA distribution of electrons from Dalitz decay

and hadrons, the hadron contamination is expected to be accommodated by the Dalitz

template: the resulting amplitude of the Daliz template will reflect the amount of elec-

trons from Daliz decay and the hadron contamination within the data sample. The other

extreme case can be considered: if the hadron DCA distribution is used instead of the

Dalitz template for the fit, then the final amplitude of the hadron template would em-
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Figure 6.27: Comparison between Dalitz electron template and hadron DCA distribution.

brace both hadrons and Dalitz electrons. The most accurate situation would consist in

an intermediate case, where hadrons and Dalitz electrons within the data sample would

be each fitted by its own proper template. However, in practice, even if both of these

templates were considered for the fits, the very similar shape they have would make al-

most impossible to disentangle these two different contributions, making the use of both

templates pointless.

The approach of this analysis is to use for the central (default) fit just the Dalitz

template to fit both the signal from Dalitz electrons and hadron contamination. For a

systematic study, the other extreme case discussed above is considered. The system-

atic difference between the final result obtained by these two approaches covers any

systematic effect caused by the fact that no hadron template is used in the default fit.

In Figure 6.28 is shown the ratio of the beauty electron spectrum obtained in the

case where the hadron template is used instead of Dalitz template and the default case,

where Dalitz template is used instead of hadrons. A systematic effect of about 10% is

observed. The systematic error due to the hadron contamination is applied in the final

beauty electron spectrum bin by bin according to the values in the histogram shown in

Figure 6.28.
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Figure 6.28: Estimation of systematic effect in the beauty electron spectrum due to the

hadron contamination in the electron candidate sample.

6.10.5 Correction of the Proportion Between Charmed Baryons

and Mesons

The template of electrons from charm hadron decays is built as the sum of the

template of electrons from all different charmed baryons and mesons species (mainly

Λ+
c , D0, D±, D±s ). As discussed above (see table Table 6.4), these different sources of

electrons have different decay lengths, and, in particular, the Λ+
c has the shorter decay

length, leading to the most narrow electron DCA distribution among the contributions

to the charm template. It is particularly important to correct in the MC the proportion

between the Λ+
c baryon and the mesons, since the MC does not reproduce the correct

proportion between baryons and mesons found in data and these sources have very

distinct decay lenghts.

In order to perform this correction, the measurement of the ratio Λ+
c /D0 is taken into

account. In Figure 6.29 is shown the measurement of this fraction in Pb-Pb collisions at
√
sNN = 5.02 TeV. Based on the central value of this measurement, the MC is corrected

in order to have a fraction Λ+
c /D0 = 1, for all pT bins of the analysis. The correction of

the MC is performed by scaling the template of electrons from Λ+
c by the weight:
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w = (Λ+
c /D

0)data ×
BR(Λ+

c → e)

BR(D0 → e)
× (nEntries D0 → e)

(nEntries Λ+
c → e)

, (6.17)

where

• (Λ+
c /D

0)data is the correct fraction (measured in data);

• BR(Λ+
c → e) is the branching ratio of the decay of Λ+

c in a semi-leptonic channel

→ BR = 4.5± 1.7 for Λ+
c → e+X;

• BR(D0 → e) is the branching ratio of the decay of D0 in a semi-leptonic channel

→ BR = 6.49± 0.11 for D0 → e+X;

• nEntries D0 (Λ+
c ) is the number of entries in the template of electrons from D0

(Λ+
c );

In order to estimate the systematic uncertainty related to this correction, two extreme

values of the fraction are considered: Λ+
c /D0 = 0.5 and Λ+

c /D0 = 1.5. As can be seen

from Figure 6.29, this variation covers (and even exceeds) the statistical and systematics

uncertainties of the measurement.

The ratios of the final yield of electron from beauty hadron decays obtained using

the default correction Λ+
c /D0 = 1 and the variations of the correction (Λ+

c /D0 = 0.5 and

Λ+
c /D0 = 1.5) are shown in Figure 6.30. A 3% systematic effect due to this correction is

assigned to the final beauty electrons yield, constant with pT.

During the discussion of the D meson pT-shape correction, it was mentioned that

the correction is performed by a statistical rejection of D mesons instead of a weighting

procedure. This is done in order to keep the charm template with an integer number of

entries in each DCA bin, keeping the poissonian statistics assumed in the fit procedure.

Nevertheless, in the correction of the Λ+
c /D

0 ratio presented here, a weight is applied

on the Λ+
c template in order to bring its number of entries to the right proportion with

respect to the number of entries of the D0 template, in each pT bin. With this weight,

the entries in each DCA bin of the Λ+
c template are no longer integers. Although it

violates the poissonian statistics assumed in the analysis, it was observed that the yield

of electrons from beauty hadron decays with and without the present correction are very
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Figure 6.29: Measurement of the fraction (Λ+
c /D

0) in Pb-Pb at 5.02 TeV collisions

(green) and also in other collision systems.
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Figure 6.30: Systematic effect in the beauty electron spectrum due to the (Λ+
c /D

0)

correction.

similar to each other, showing that this correction has a small effect to the final yield

and that the analysis result is stable under this weighting procedure. In despite of the

drawback of not maintaining the poissonian statistics of this particular template, it was

decided, under the mentioned observations, to keep this correction and the associated
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systematic uncertainties in this analysis.

6.10.6 Other Systematic Uncertainties and Summary

• TPC PID: the efficiency of the TPC PID cut applied to select electrons is different

in data and in MC. As previously discussed, the center of the nσTPC of the electron

distribution in data is located at -0.1, while in MC it is located at zero. The

efficiency of the PID cut −0.1 < nσTPC < 3 is calculated in data (as discussed in

section 6.6) and via MC simulations. The ratio between the spectrum of electrons

from beauty hadron decays obtained with the use of the default efficiency correction

(obtained from data as 50% under the assumption that the electron nσTPC is

Gaussian-like) and the varied efficiency correction (obtained from MC) is shown in

Figure 6.31, and they differ of about 7%.
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Figure 6.31: Systematic effect due to the difference of the TPC PID in data and MC

samples.

Some sources of systematic errors could not be treated in this work due to time

constrains. Nevertheless, they are added in the final result and their values are based on

other analysis. These sources are:
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• TPC-TOF matching: charged particles traversing the TPC ionizes the gas, creating

tracks. These tracks need to be prolongated and associated to a signal on TOF,

so the time-of-flight of the corresponding particle can be calculated. Due to the

limited acceptance of the detectors, some of these charged particles, that generates

a track in the TPC, reaches the TOF in an inactive area, and the corresponding

time-of-flight cannot be known. This mismatch between TPC and TOF signals, if

not reproduced properly in the MC simulations, can lead to systematic effects in

the experimental measurement. Studies performed in Pb-Pb at
√
sNN = 5.02 TeV

(for the calculation of the RAA of electrons from open heavy-flavor decays) have

shown that the difference between TPC-TOF matching efficiencies in data and MC

have a difference of about 2%. This value is included in the present analysis as

systematic uncertainty in the final yield of electrons from beauty hadron decays;

• TOF PID: the efficiency of the TOF PID cut for the identification of electrons

can be different in data and in MC. This difference was studied using data from

Pb-Pb at
√
sNN = 2.76 TeV [118]. In data, a sample of electrons from neutral

meson decays can be selected based on their decay topology [118] and this sample

is used for the calculation of this efficiency in data. A difference of about 10% was

found between the TOF PID efficiency in data and in MC. This value is used in

this analysis as systematic uncertainty due to the TOF PID cut;

A summary of all systematic uncertainties considered in the yield of electrons from

beauty hadron decays is presented in the Table 6.5. The B meson correction, hadron

contamination and TOF PID cut are the main sources of systematic uncertainties.

The final systematic uncertainty is calculated summing the different contributions in

quadrature, and it ranges from 19 to 21% in the different pT-bins of the beauty electron

spectrum, as shown in Table 6.6.
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Source Value

B meson correction 10%

D meson correction 5%

Hadron contamination ≈ 10% for low pT and ≈ 5% at high pT

Λc/D
0 ratio correction 3%

TPC-TOF matching 2% (from HFE in Pb-Pb at 5.02 TeV analysis)

TPC PID 7%

TOF PID 10% (from run1 b→e analysis)

Table 6.5: Summary of the systematic uncertainties on the yield of electrons from beauty

hadron decays from the uncorrelated sources discussed above.

pT (GeV/c) Systematic uncertainty (%)

2.0 - 2.5 21

2.5 - 3.0 19

3.0 - 4.0 19

4.0 - 5.0 20

5.0 - 6.0 19

6.0 - 8 19

Table 6.6: Final systematic uncertainty in each pT-bin of the beauty electrons spectrum.

6.11 Results and Discussion

In this section, the results from the analysis presented in this chapter will be shown

and discussed. The invariant yield of electrons from beauty hadron decays measured in

Pb-Pb at
√
sNN = 5.02 TeV is shown and compared to the pp reference. The nuclear

modification factorRAA is obtained and compared to pQCD-based theoretical predictions

and also to the RAA of electrons from open heavy-flavor hadron decays.

Before showing these final results, the analysis method used to obtain the pp reference

used in this work is briefly discussed below.
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6.11.1 pp Reference

The measurement of electrons from beauty hadron decays was performed for the

first time in ALICE using data from pp at
√
s = 7 TeV collisions [12]. The procedure

used in this analysis is different from the one presented in the current work. The first

step of the analysis in pp at
√
s = 7 TeV is to select a sample of electrons with large

DCA values, from the tails of the DCA distribution, that is dominated by electrons from

beauty hadron decays. The background on the selected sample is then estimated via

cocktail simulation and subtracted.

The applied DCA cut is pT-dependent, and given by |d0| > 64 + 780± exp(−0.56pT)

(with d0 in µm and pT in GeV/c). Such a cut is performed in order to account for

the pT-dependence of the resolution of the DCA distributions as well as to maximize

the significance for the beauty decay electron spectrum. Applying this cut, the hadron

contamination in the electron sample was found to be reduced to less than 3% in all

pT bins. The background components of the selected sample are mainly electrons from

Dalitz decays, from gamma conversion and from charm hadron decays.

The pT-spectrum of the background electrons are taken from Monte Carlo (cocktail)

simulations. As was already discussed, the Monte Carlo does not reproduce correctly

the pT spectra of many particles, therefore they need to be corrected. The production

cross section of π0 and η mesons were measured in ALICE in pp collisions at
√
s = 7

TeV [71], and these mesons are the main sources of electrons from Dalitz decays and of

gammas that convert in the detector material into e−e+ pairs. The measured π0 and η

spectra are compared to the corresponding spectra in the Monte Carlo simulation and

the weights used to correct electrons from Dalitz decays and gamma conversion could

be estimated. The pT spectrum of D mesons in MC was corrected based on the shape of

the production cross section of D mesons measured in ALICE in pp collisions at
√
s =

7 TeV [120] [121]. The spectrum of B hadrons was not corrected, since the Monte Carlo

was shown to reproduce correctly the pT-shape measured in data.

In the right panel of Figure 6.32 it is shown the pT-spectra of the inclusive electrons

and background sources, after the DCA cut and background pT-shape correction. In

the same figure it is shown the electrons from beauty hadron decays, obtained after
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subtracting the background from the inclusive spectrum.
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Figure 6.32: (Left) pT-spectrum of inclusive electrons, background electrons (from charm,

Dalitz decay and gamma conversion) and electrons from beauty hadron decays, obtained

by the analysis based on the d0 cut. (Right) Cross section of electrons from beauty

hadron decays obtained via the direct measurement based on d0 cut (black) and via an

alternative method (blue).

The corresponding cross section of electron from beauty-hadron decays is shown in

the right panel of Figure 6.32. This cross section, obtained from the analysis based on

the d0 cut, is compared with the outcome from a different analysis method shown in

blue, in which no d0 cut is applied. In this analysis, the electrons from beauty hadron

decays are obtained by considering the measurement of electrons from open heavy-flavor

hadron decays performed by ALICE in pp at
√
s = 7 TeV [13] and by subtracting the

charm hadron decay contribution. The spectrum of electrons from charm hadron decay

is estimated by considering the measured D meson spectrum and by performing the

semi-leptonic decay of those D mesons via PYTHIA simulations. The two results show

excellent compatibility within uncertainties, and the method based on the d0 cut leads

to significantly reduced systematics uncertainties in the final cross section.

The calculation of the RAA of electrons from beauty hadron decays performed in this

work uses as pp reference the measurement in pp at
√
s = 7 TeV that makes use of the
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d0 cut, discussed above. An energy scaling based on FONLL is performed in order to

scale the result from
√
s = 7 TeV to the energy of

√
s = 5.02 TeV.

6.11.2 RAA of Electrons from Beauty Hadron Decays in Pb-Pb

at
√
sNN = 5.02 TeV

After the template fits, the amount of electrons from beauty hadron decays in each

pT bin is extracted by integrating the corresponding template over the full DCA range.

The invariant yield of electrons from beauty hadron decays is obtained according to

Equation 6.1, with the use of the ingredients obtained along this chapter. The mea-

sured yield of electrons from beauty hadron decays, N e±
raw(pT), is corrected by the track

reconstruction efficiency for b → e (εreco, shown in Figure 6.5), and by the efficiency

of identification of b → e by the TOF and TPC PID cuts, εeID (Figure 6.7 for TOF

and 50% for the TPC). In addition, the raw yield of b → e is normalized to unit ra-

pidity by dividing it by the rapidity range ∆y = 1.6. For electrons, which have usually

negligible mass compared to their momentum, the pseudo-rapidity and rapidity are the

same. Therefore the rapidity range is determined by the pseudo-rapidity range of the

measurement ∆η = 2× 0.8. The yield is also normalized to unity of the azimuthal angle

φ, so it is divided by the ∆φ coverage of the used detectors, that is 2π. Each bin of pT

is normalized by its width (∆pT) and by its central central value (pcenter
T ). The yield is

also normalized to the number of analyzed events, Nev (discussed in section 6.2), and

divided by 2, to account only for electrons ( e
++e−

2
).

The invariant yield of electrons from beauty hadrons decays measured in this work,

using the 10% most central Pb-Pb collisions at
√
sNN = 5.02 TeV, is shown in Figure 6.33

together with the pp reference scaled by the Glauber model factor of the corresponding

centrality, 〈TAA〉 = 23.44 mb−1. The modification of the pT-spectrum of electrons from

beauty hadron decays measured in Pb-Pb relative to pp at the same center of mass energy

is quantified by the RAA, that is obtained by the ratio of these two spectra. In this ratio,

the uncertainties from the reference, statistical and systematics, are propagated to the

RAA. In this Figure 6.33 it is possible to see that the systematic errors relative to the
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signal extraction in the reference (represented by the boxes), are large, comparable to

the ones from the measurement of this work, that amounts in about 20% at low pT.

But the reference also has additional systematic errors that do not come from the signal

extraction, but from the energy scaling from
√
s = 7 TeV to

√
s = 5.02 TeV (3.5%) and

from the 〈TAA〉 factor (3%), as indicated on the bottom left of the figure. Currently, a

measurement of electrons from beauty hadron decays in pp at
√
s = 5.02 TeV is being

performed using the same strategy of this work. This new refence will have smaller

systematic errors than the reference used in this work, since the energy scaling will not

be necessary.

The RAA of electrons from beauty hadron decays in
√
sNN = 5.02 TeV is shown in

the left panel of Figure 6.34. This result indicates that electrons from beauty hadron

decays produced in the 10% most central Pb-Pb collisions are supressed by a factor

40-60% with respect to the measurement in pp, for pT & 3 GeV/c. By confronting this

result with the RpPb of electrons from beauty hadron decays, shown in the right panel

of Figure 6.34, that is compatible with unity in the full pT range, it is possible to argue

that this suppression in the RAA is not due to initial state effects, but a consequence

of the interaction of the beauty quarks with the produced medium. It is known that

the effect of the energy loss should be visible in the region of larger pT mainly. At very

low pT, other effects that can modify the produced spectrum compete with the energy

loss, so a suppression of the RAA is not necessarily expected. In the obtained result, is

visible that the RAA of electrons from beauty hadron decays is not suppressed, within

uncertainties, for pT < 3 GeV/c.

The comparison between the RAA of electrons from beauty hadron decays measured

in this work and the one measured in Pb-Pb at
√
sNN = 2.76 TeV collisions [53] is shown

in the left panel of Figure 6.35. The results are compatible with each other within

uncertainties. The small discrepancy between them, that points to a slightly larger

suppression of the RAA measured at
√
sNN = 5.02 TeV, could be due to the fact that this

measurement is performed using the 10% most central Pb-Pb collisions and the result

from
√
sNN = 2.76 TeV is obtained for the 20% most central Pb-Pb collisions. This same

level of compatibility between run 1 (
√
sNN = 2.76 TeV) and run 2 (

√
sNN = 5.02 TeV)
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Figure 6.33: Invariant yield of electrons from beauty hadron decays measured in this

work (blue) compared with the pp reference scaled by the 〈TAA〉 (red).

RAA measurements is observed also for non-strange D mesons [122], and it is supported

by theoretical models. The RAA of non-strange D mesons measured in central collisions

at
√
sNN = 2.76 TeV by ALICE is also compatible with the RAA of D0 mesons measured

in central Au-Au collisions at
√
sNN = 200 GeV at RHIC [123], as discussed in [124].

The combined effect of a denser medium and harder initial pT spectra could result in

similar values of the RAA measured in different center of mass energies.

As shown in the left panel of Figure 6.35, the analysis performed in this work covers

the pT range from 2 to 8 GeV/c, while the run 1 analysis starts at pT = 1.25 GeV/c.

Although the two bins inside the pT range from 1.25-2 GeV/c were also analyzed in the

present work, they are not included in the final result, since their values presented a

strong dependence on the DCA bin size of the templates, as explained in Appendix F.

The origins of the observed instability are currently under investigation.

An independent analysis is performed by ALICE Collaboration at the same center of

mass energy with the purpose of extending the measurement performed in this work to
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Figure 6.34: (Left) RAA of electrons from beauty hadron decays measured in the current

work and (right) RpPb of electrons from beauty hadron decays at the same center of

mass energy [53]. The filled boxes at unity, in both panels, represent the systematic

uncertainties not related to the signal extraction (normalization and scaling uncertainties

combined in quadrature).

larger pT regions, by making use of the EMCal triggered events. The high pT analysis is

completely independent of the low pT one discussed in this chapter, but it is performed

with a similar strategy. The main differences are that in the high pT analysis the EMCal

detector is used for the electron identification together with the TPC (TOF is not used)

and the non heavy-flavor electron background as well as the hadron contamination are

identified via data-driven approaches. Then, the electrons from beauty hadron decays

are identified by performing a template fit on the DCA distribution of the heavy-flavor

electrons, in which just two templates, of electrons from charm and beauty hadron decays,

are considered. The high pT analysis could be extended to low pT down to 3 GeV/c and

the comparison of the obtained RAA with the measurement of the present work shows

a complete agreement between the two results within uncertainties in the common pT

range, as shown in the right panel of Figure 6.35. Both comparisons shown in Figure 6.35

ensure the reliability of the result of this work and of the method used.

In the further discussions, the result from this work will be presented together with

the complementary result from the high pT analysis.
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Figure 6.35: (Left) Comparison between the RAA of electrons from beauty hadron decays

measured in the current work and the one measured in Pb-Pb at
√
sNN = 2.76 TeV

[53]. (Right) Comparison between the RAA measured in the current work with the one

obtained from the high pT analysis performed with the usage of EMCal.

For the first time in ALICE the RAA of electrons from beauty hadron decays is

obtained in the wide pT range of 2 to 26 GeV/c (where the range 2 < pT < 8 GeV/c

comprises the result from this work).

The RAA of electrons from beauty hadron decays and electrons from open heavy-

flavor (charm + beauty) hadron decays measured in Pb-Pb collisions at
√
sNN = 5.02

TeV are compared in Figure 6.36. From this comparison, a hint of less suppression of

electrons from beauty hadron decays than of electrons from open heavy-flavor hadron

decays is observed for 2 < pT . 7 GeV/c. For pT & 7 GeV/c, both RAA show similar

suppression. It is known from pp measurements as well as from FONLL calculations

that at ≈ 4 GeV/c the open heavy-flavor electrons spectrum have a contribution from

beauty and charm hadron decays of ≈ 50% each (see Appendix C and Figure 5.13). As

the pT increases, the beauty contribution overcomes the one of charm hadron decays,

becoming dominant. This can explain why at pT & 7 GeV/c the suppression of the RAA

of electrons from beauty and open heavy-flavor hadron decays is essentially the same.

The RAA of electrons from beauty hadron decays measured at
√
sNN = 5.02 TeV



6.11. RESULTS AND DISCUSSION 161

1 10
)c (GeV/

T
p

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

A
A

R  e→c, b 

 | < 0.8η|

 | < 0.6η|

 e→ c) →b (

 | < 0.8η|

 | < 0.6η|

ALICE Preliminary

 = 5.02 TeV
NN

s010% PbPb, 

Figure 6.36: RAA of electrons from beauty hadron decays (red: this work, blue: high

pT analysis), compared to the RAA of electrons from open heavy-flavor hadron decays

(gray) in Pb-Pb collisions at
√
sNN = 5.02 TeV.

could be compared to three available pQCD-based predictions. The PHSD 1 [85] [73],

Djordjevic [65] and MC@sHQ+EPOS2 [82] predictions are fully compatible with the

measurement, over the full pT range accessible by the models, as shown in Figure 6.37.

In Table 6.7, some important features of these models, also discussed briefly in section 3.3,

are summarized in order to facilitate the present discussion.

As pointed in Table 6.7, the PHSD model describes the energy loss of heavy quarks

in the color-deconfined medium via only collisional processes. This is the reason why

its prediction is restricted to the low pT region of the spectrum, where the collisional

processes are dominant. The Djordjevich and MC@sHQ+EPOS2 predictions describe,

1It is important to note that the PHSD references pointed out correspond to a version of this model in

which just the energy loss of charm quarks is implemented, and no description of beauty quarks is made.

The prediction from PHSD of the RAA of electrons from beauty hadron decays shown in Figure 6.37

is a very recent work, and there is still no published paper that describes the implementation of the

beauty quark interaction with the QGP, although all the processes should be analogous to the charm

quark description.
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within experimental uncertainties, the suppression of about 50% observed in the ex-

perimental data at large pT and they are also fully comparable with each other from

pT > 5 GeV/c. The Djordjevich model does not provide prediction for the very low pT

region of the RAA since it models the hadronization via only fragmentation processes,

and the missing coalescence could compromise the prediction of the particle production

in Pb-Pb at low pT, where this process can become important. From this comparison

with models, it is possible to affirm that the theoretical description of a mass-dependent

energy loss of heavy-quarks inside QGP as predicted by QCD leads to a reasonably good

description of the RAA of electrons from beauty hadron decays presented in this work,

from pT = 2 to 26 GeV/c. As shown in the left panel of Figure 6.35, the current result

has significantly reduced systematic uncertainties at pT ≈ 2 − 3 GeV/c with respect to

what was measured with run 1 data, and it hints that the RAA stays very close to unity

in this region. This is in very good agreement with what PHSD and MC@sHQ+EPOS2

predicts, as shown in Figure 6.37.

Other processes can have an important influence in the RAA at very low pT, in

addition to the energy loss, as the shadowing of the nuclear PDFs, that can suppress

the low momentum particle production, and coalescence as a possible hadronization

mechanism, that can enhance the low momentum particle production in Pb-Pb [74].

From Table 6.7 it is possible to see that both PHSD and MC@sHQ+EPOS2 consider

these effects. Another important effect is the radial flow, that is a consequence of the

hydrodynamical expansion of the medium, and that can enhance the RAA at low pT [9].

From Table 6.7 it is possible to see that the MC@sHQ+EPOS2 is the only of these three

models that includes the radial flow. This can be one of the reasons why it predicts a

slightly larger RAA at very low pT with respect to PHSD. In despite of this, within the

current experimental resolution, both models agree very well with the RAA measured in

this work at very low pT.

No measurement of v2 of electrons from beauty hadron decays in Pb-Pb at
√
sNN =

5.02 TeV is available currently, therefore the simultaneous description of v2 and RAA by

theoretical models still cannot be tested.
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Figure 6.37: RAA of electrons from beauty hadron decays measured in Pb-Pb collisions

at
√
sNN = 5.02 TeV in central rapidity compared with three pQCD-based model pre-

dictions.
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PHSD [85] [73] Djordjevich [65] MC@sHQ [82]

Heavy-quark

production

PYTHIA

tunned on FONLL,

PDF shadowing

FONLL,

no PDF shadowing

FONLL,

PDF shadowing

(EPS09 (LO) [16])

Medium

modeling
no fl. dyn. evolution

Glauber model

nuclear overlap,

no fl. dyn. evolution

3+1 d expansion

(EPOS model)

Quark-medium

interactions

collisional

energy loss

rad. + coll.

energy loss

rad. + coll.

energy loss

(transport with

Boltzman equation)

Heavy quark

hadronization

fragmentation

and coalescence
fragmentation

fragmentation

and coalescence

Table 6.7: Main features of the three pQCD-based model predictions available for com-

parison with the measured RAA of electrons from beauty hadron decays in Pb-Pb colli-

sions at
√
sNN = 5.02 TeV in central rapidity.
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Summary

In this work, two analysis are performed on the heavy-flavor sector using recent data

collected by ALICE, at LHC. Both analysis make use of electrons from heavy-flavor

hadron decays to probe the production of heavy quarks.

In the first analysis, the invariant cross section of electrons from heavy-flavor hadron

decays is measured in pp at
√
s = 13 TeV collisions, at low pT (from 0.5 to 4 GeV/c) and

central rapidity (|η| < 0.8). In this analysis, the non heavy-flavor electron background

is identified via the data-driven photonic tagging method, leading to a high precision

heavy-flavor electron cross section. The experimental measurement is compared to the

theoretical prediction from FONLL. In this way, this pQCD-based prediction could be

tested on pp collisions at the largest center of mass energy generated by LHC up to

now. The experimental result sits on the upper edge of the FONLL prediction band,

as observed on similar measurements performed at lower center of mass energy and also

in the measurements of heavy-flavor mesons. The ratios between the cross sections of

electrons from heavy-flavor hadron decays at different center of mass energies could be

performed and compared to the corresponding ratios from FONLL. These ratios can

bring constrains to further improve the theoretical calculations.

In the second analysis, the production of electrons from beauty hadron decay is

measured in Pb-Pb collisions at
√
sNN = 5.02 TeV, for low pT (from 2 to 8 GeV/c) and

central rapidity (|η| < 0.8) regimes. This analysis explores the fact that electrons from

beauty hadron decays have a broader DCA distribution with respect to electrons from
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the background sources. This feature allows the extraction of the beauty contribution,

from the DCA distribution of inclusive electrons, via a maximum-likelihood template fit

of the different electron sources. The templates are taken from Monte Carlo simulations

and they consist in DCA distributions of electrons from Dalitz decay of light mesons,

gamma conversion, charm hadron and beauty hadron decays. The QGP is expected to be

produced in Pb-Pb collisions, and the modification of the pT-spectrum of the measured

electrons from beauty hadron decays with respect to the measurement in pp collisions at

the same center of mass energy is quantified by the nuclear modification factor RAA. A

suppression of about 40-50% is observed in the RAA for pT > 3 GeV/c. This suppression

is consistent with the scenario in which the color-deconfined medium is produced in the

early stages of Pb-Pb collisions and the heavy quarks interact with this medium loosing

energy via collisional and radiative processes in a mass-dependent way, following pQCD

descriptions over the full measured pT range. At very low pT (from ≈ 2 to 3 GeV/c)

this analysis results in significantly reduced final uncertanties with respect to the run 1

measurement and it is consistent with unity within 1 σ, following the prediction of models

which include shadowing of the nuclear PDF and coalescence as a possible hadronization

mechanism. The usage of an upcoming new pp reference will further reduce the final

systematic uncertainties of the measured RAA, improving the comparison of this result to

models predictions and to other experimental results. The result of this work hints that

electrons from beauty hadron decays undergo less supression with respect to electrons

from open heavy-flavor hadron decays in the range 2 < pT < 6 GeV/c. For larger pT it is

observed a similar supression on both results, that can be understood by the dominance

of the beauty contribution to the open heavy-flavor electrons sample in this pT range.

Both of the analysis performed in this work were approved by ALICE Collaboration

as preliminary results and presented in important conferences of the field.



Appendix A

Other Evidences of the QGP

Formation

Together with the nuclear modification factor, the quantities presented here are sen-

sitive to different properties of the QGP. Above all, these quantities are observables that

were early used to indicate the very existence of the color-deconfined medium.

A.1 Azimutal Anisotropy

Another observable that is sensitive to the dynamics of the early stages of the collision

is the azimuthal anisotropy of the produced particles in space and momentum. In a

heavy-ion collisions in which the nuclei collide with a with non-zero impact parameter

(non-central collision), the overlap region has an anisotropic shape (ellipsoid shape), like

shown at Figure A.1.

In the case the matter inside this overlap region becomes a strongly interacting macro-

scopic medium, an anisotropic pressure gradient will be developed as a consequence of

the initial anisotropy and of the strong re-interactions among the produced medium

constituents. Due to this pressure gradient, this initial anisotropy is converted, during

the expansion of the system, into a momentum anisotropy, that leads to an anisotropic

particle distribution along the azimuthal angle φ [125] [26].

The anisotropic distribution of particles along the azimuthal angle can be character-
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Figure A.1: Schematic view of a nucleus-nucleus collision in a plane perpendicular to the

beam direction. Are indicated the overlap region (with ellipsoid shape), the spectators

(that refers to the nucleons that do not participate in the collision) the event plane of

the collision ΨRP , and the impact parameter b, that is defined as the distance between

the centers of the two colliding nucleus.

ized by the coefficients vn of the Fourier series [126]:

vn =< cos[n(φ−Ψn)] >, (A.1)

where Ψn is the event plane angle and n refers to the n−th harmonic.

In non-central collision, the largest contribution corresponds to the second harmonic,

v2, called elliptic flow. It represents the ellipticity of the produced particle distribution.

The large measured elliptic flow of light particles at low momentum measured firstly

at RHIC can be described by models that assumes that the bulk of the produced matter

underwent a thermodynamical equilibrium in the early stages of the collision (at τ ≈ 1

fm/c), evolved following hydrodynamical laws and behaved as a nearly perfect fluid. It

is understood that this early thermalization can be achieved only in a color-deconfined

strongly interacting medium. In a scenario without this quick thermalization induced

by the strong interactions and without hydrodynamical expansion, the large v2 observed

experimentally can not be reproduced by theoretical models [125]. The measurements

of v2 of the bulk matter supports the existence of the QGP and indicates it behaves like

a non-viscous fluid.
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The elliptic flow of heavy-flavor particles can provide further information about the

transport properties of the medium. Figure A.2 shows the measurement of D mesons v2

performed at central rapidity in ALICE. The non-zero elliptic flow of the D mesons at

low momentum (2 < pT < 8 GeV/c) indicates a participation of the charm quark in the

collective flow of the QCD medium [127], what implies that also heavy-flavor quarks can

undergo a certain degree of thermalization inside the QGP, despite their large mass. The

measurement of v2 of heavy-flavor particles at high momentum is shown to be sensitive

to the path-length (that refers to the size of the traversed medium) dependence of energy

loss [128]: it is predicted that the energy loss of the quark can give rise to a positive v2

at high momentum.
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Figure A.2: Elliptic flow coefficient v2 for average non-strange D mesons measured at

mid-rapidity by ALICE [129].

A.2 Jet Suppression

High momentum quarks, as well as heavy quarks, are created mainly by the hard

scattering of partons from the two incoming nucleon. In this process, a pair of energetic

partons is created in a back-to-back configuration. Since these partons carry a lot of

energy, each one fragment in a shower of other partons, which undergo hadronization.

This process gives origin to two showers of hadrons emitted in opposite directions, sep-

arated by the angle ∆φ = π, which can be measured experimentally. A jet is defined as
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a group of particles, mostly hadrons, emitted within a narrow cone, which is expected

to originate from the fragmentation of a high momentum parton.

Since jets are always produced in pairs, the two-hadron spacial correlation in pp col-

lisions can give insight about the back-to-back jet structure. The azimuthal correlation

between a particle from a jet and other particles from the same jet creates an enhance-

ment at ∆φ ≈ 0 (near side peak), while the azimuthal correlation between this particle

and the particles from the second jet creates and enhancement at ∆φ ≈ π (away side

peak). In nucleus-nucleus collisions, medium related effects can modify the two hadron

azimuthal correlation with respect to what is measured in pp. The high momentum

parton can loose a large fraction of its energy while interacting with the QGP by elastic

and inelastic collisions with the partons of the medium. This energy loss may effectively

quench (reduce the intensity of) the outgoing jet. In addition, studies of two particle cor-

relation in nucleus-nucleus collisions can indicate possible medium-induced modification

of the fragmentation function [5] [130].

Figure A.3 shows the two-hadron azimuthal correlation ∆φ measured in pp, d-Au and

Au-Au collisions by STAR [130]. While the same-side correlations remains unchanged

in the three collision systems, the away-side correlations are strongly suppressed in Au-

Au, vanishing completely. The same does not happen in d-Au collisions, indicating that

this strong quenching of the away-side peak is not related to initial conditions, but with

energy loss in the dense medium. In the situation where the QGP is formed, the hard

hadrons that are measured (constituents of the near-side correlation peak) would arise

preferentially from partons scattered outward from the surface region of the collision

zone, while the away-side partons traverse a large fraction of the QGP and loose a large

fraction of its energy, what leads to a strong or complete quenching of the jet. A sketch

of this idea is depicted on Figure A.4.

The integral over the near-side and away-side peak distributions gives the yield that

is used to study quantitatively the away-side suppression in nucleus-nucleus relatively to

pp collisions and other medium induced effects.
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Figure A.3: Azimuthal correlation between high momentum hadrons measured by STAR

in pp, d-Au and Au-Au collisions [130].

Figure A.4: Representation of the production of a high momentum quark pair in a back-

to-back configuration. One of the quarks is emitted in the outward direction, interacting

very little with the QGP, while the second one is emitted inwards and loose energy in

the dense QCD medium.

A.3 Quarkonia Sequential Melting

Quarkonia consists in the bound states of heavy-quarks, like cc̄ (charmonium) and bb̄

(bottomonium). The study of quarkonia states in high-energy nucleus-nucleus collisions
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has shown to be a sensitive probe of the thermodynamical properties of color-deconfined

matter. The QGP is expected to screen the potential that confines the cc̄ or bb̄ bound

states, causing their ”melting” (dissociation). The melting temperature depends on the

binding energy of the quarkonium state. The ground states, more strongly bounded, are

expected to melt at higher temperatures than the less-tightly bounded resonant states.

The dissociation happens when the color (Debye) screening radius of the medium falls

below their corresponding QQ̄ binding radius [21].

Experimental studies of the J/ψ suppression in different collision energies have found

a good description from the theoretical side, which considers the melting of the charmo-

nium states by color screening and the charmonium enhancement due to coalescence as

interplaying phenomena [131].

LHC brings unique opportunities to study the dissociation of the bottomonium bb̄

bound states as well. According to lattice QCD, the Υ is expected to survive up to

temperatures of 4 Tc, whereas the resonances Υ(2s) survives up to 1.6 Tc and Υ(3s)

up to 1.2 Tc. This creates a sequential melting pattern, that is understood to be a

signature of the QGP [132]. This sequential melting can be seen at Figure A.5, which

shows the signal of Υ, Υ(2s) and Υ(3s) originated from the invariant mass analysis of the

decay products µ+µ−, measured in Pb-Pb collisions. In this figure it is also shown the

signal of the same quarkonia states from pp collisions (fit of the measurement), where

a normalization is performed to make the ground state of both measurements to have

the same amplitude. The resonant states are suppressed in central Pb-Pb relative to pp

collisions, and the suppression is larger the less bounded the state is [133].
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Figure A.5: Υ(nS) states measured in Pb-Pb (data points) compared to the fit of the pp

measurement (dashed blue line) at 2.76 TeV by CMS [131].
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Appendix B

Pseudo-Rapidity and Rapidity

The rapidity is a variable used in relativistic kinematics, defined as

y =
1

2
ln
E + pz
E − pz

=
1

2
ln

1 + pz/E

1− pz/E
= tanh−1

(pz
E

)
, (B.1)

and it has the advantage of being additive under longitudinal boost.

The pseudo-rapidity η can be derived from the rapidity y as shown below:

y =
1

2
ln
E + pz
E − pz

=
1

2
ln

√
m2 + p2 + p.cosθ√
m2 + p2 − p.cosθ

. (B.2)

In the limit p � m, the mass can be neglected:

y =
1

2
ln
p+ p.cosθ

p− p.cosθ
= −ln tan(θ/2) ≡ η. (B.3)

The pseudo-rapidity η depends only on polar angle of emission θ of the particle, and

it is very useful when other properties of the particle (like mass or energy) are not known

necessarily. When θ = 90 (in the direction perpendicular to the beams), η = 0, as can

be seen in Figure B.1.
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Figure B.1: Pseudo-rapidity η as a function of the polar emission angle θ.



Appendix C

Charm and Beauty Contribution to

Open Heavy-Flavor Electrons

Spectrum

Measurement of electrons from beauty hadron decays performed using the impact

parameter cut, as describe on subsection 6.11.1. Figure C.1 shows the cross section

of electrons from beauty hadron decays (b(→c)→e) and also the one of electrons from

charm hadron decays (c→e) compared to FONLL predictions. On the bottom panel the

ratio between b(→c)→e and c→e is shown, and is possible to see that the contribution

of beauty overcomes the contribution of charm for pT & 4 GeV/c.
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Figure C.1: Cross section of electrons from beauty and charm hadron decays performed

in pp at
√
s = 7 TeV [12]. On the bottom panel is shown the ratio between electrons

from beauty and electrons from charm hadron decays as function of pT.



Appendix D

Gamma Conversion in the Detector

Material

Figure D.1: Sketch of a gamma conversion on the beam pipe. Figure taken from [118].

Figure D.1 shows a sketch of a gamma conversion on the detector material, as de-

scribed on section 6.7. The gamma have a straight trajectory from the primary vertex

(most part of the gammas comes from π0 → 2γ decays, so they originate essentially on

the primary vertex). Electrons from gamma conversion have a typical opening angle of

the order of mec
2/Ee [134]. For the energies considered in this work, the initial trajec-
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tories of the electrons can be considered parallel to the trajectory of the gamma. The

magnetic field B bends the electrons trajectory, and it will have in the end the radius r:

r =
pT

|q|B
, (D.1)

where q is the charge of the particle and pT its transversal momentum.

According to Figure D.1 is possible to conclude that a typical impact parameter of

electrons from gamma conversion will be:

d0 =
√
R2 + r2 − r = r

(√
1 +

R2

r2
− 1

)
, (D.2)

where R is the radius related to the location of the detector material. For the energies

considered here, R� r, and a Taylor expansion leads to:

d0 ≈
R2|q|B

2pT

. (D.3)



Appendix E

ITS Quality Cuts

Figure E.1 shows the template of electrons from different sources, from MB Monte

Carlo simulations, before any ITS quality cut (top left), after the cut on χ2/ndf < 5 (top

right) and after the cuts on χ2/ndf < 5 and fshared < 0.3 (bottom). These cuts reduce

the tails of the template of conversion electrons, making the final distribution slimmer

than the beauty electron template.
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Figure E.1: Template of electrons from different sources, from MB Monte Carlo, before

any ITS quality cut (top left), after the cut on the χ2 (top right) and after the cuts on

χ2 and fshared (bottom).



Appendix F

Fit Instability due to DCA Bin Size

Chronologically, the first DCA distributions used in this work had a DCA bin size of

0.005 cm. As soon as the whole analysis was performed and the RAA of electrons from

beauty hadron decays was compared to the result from run 1, an incompatibility between

these two results was observed for the pT bins in the interval 1 to 2 GeV/c. Nevertheless,

this large incompatibility has disappeared when the DCA distributions were built with

DCA bin size of 0.0005 cm, the same used in run 1 analysis. From this observation, the

DCA bin size of 0.0005 cm was taken as default bin size in this analysis, as in run 1. Also,

the default DCA range in which the DCA template fit is performed is −0.2 < DCA < 0.2

cm. Further studies showed that the DCA resolution of the templates are of the order

of 0.001 cm, so a reasonable choice was to use a significantly smaller DCA bin size as

default.

But in face of this unexpected dependence of the final result (in the pT interval of

1 to 2 GeV/c) on the DCA bin size of the distributions, different DCA bin sizes were

tested. Figure F.1 shows the ratios between the yield of electrons from beauty hadron

decays obtained using different variations of the DCA bin size and of the DCA range

used for the fit and the yield obtained with default values. Also cases in which the DCA

bin size on the tails (|DCA| > 0.1 cm) is different from the DCA bin size used in the

peak of the distribution were tested.

The two bins with pT < 2 GeV/c show a strong sensitivity to these different ingredi-

ents. The usage of a coarser tail seems to have almost the same effect of not considering
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at all the tails (a region where the beauty contribution is important) for the fits. In

these two first bins, these variations makes the final yield to be easily smaller than the

default yield in more than 10%.

Since from pT > 2 GeV/c the final yield is much more stable under these variations,

the final results of this analysis is presented from pT > 2 GeV/c. Further investigations

on this subject are being carried on.
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from protonâproton to heavy-ion collisions. Eur. Phys. J., v. C76, n. 3, p. 107,

2016.

[10] Georges Aad et al. Measurement of the differential cross-section of B+ meson

production in pp collisions at
√
s = 7 TeV at ATLAS. JHEP, v. 10, p. 042, 2013.

[11] R Aaij et al. Prompt charm production in pp collisions at sqrt(s)=7 TeV. Nucl.

Phys., v. B871, p. 1–20, 2013.

[12] Betty Abelev et al. Measurement of electrons from beauty hadron decays in pp

collisions at
√
s = 7 TeV. Phys. Lett., v. B721, p. 13–23, 2013. [Erratum: Phys.

Lett.B763,507(2016)].

[13] Betty Abelev et al. Measurement of electrons from semileptonic heavy-flavour

hadron decays in pp collisions at
√
s = 7 TeV. Phys. Rev., v. D86, p. 112007,

2012.
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