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Abstract

The measurement of dielectrons (electron-positron pairs) allows to investigate the proper-
ties of strongly interacting matter, in particular the Quark-Gluon Plasma (QGP), which
is created in relativistic heavy-ion collisions at the LHC. The evolution of the collision can
be probed via dielectrons since electrons do not interact strongly and are created during
all stages of the collision. One of the interests in dielectron measurements is motivated
by possible modifications of the electromagnetic emission spectrum in the QGP, where pp
collisions are used as a medium-free reference.
The dielectron spectrum consists of contributions from various processes. In order to es-
timate contributions of known dielectron sources, simulations of the so-called dielectron
cocktail are performed. In this thesis, dielectron cocktails in minimum bias pp collisions at√
s = 7 TeV, p–Pb collisions at

√
sNN = 5.02 TeV and in central (0-10%) and semi-central

(20-50%) Pb–Pb collisions at
√
sNN = 2.76 TeV at the LHC are presented.

Abstract

Die Messungen von Dielektronen (Elektron-Positron Paaren) ermöglichen die Eigenschaften
von stark wechselwirkender Materie zu erforschen, insbesondere das Quark-Gluon Plasma
(QGP), das in relativistischen Schwerionenkollisionen am LHC erzeugt wird. Die Entwick-
lung der Kollision kann durch Dielektronen untersucht werden, da Elektronen nicht stark
wechselwirken und in allen Phasen der Kollision erzeugt werden. Mögliche Änderungen
des elektromagnetischen Emissionsspektrums im QGP sind von Interesse bei Dielektronen-
Messungen und pp-Kollisionen werden da als medium-freie Referenz verwendet.
Das Dielektronenspektrum besteht aus Beiträgen von verschiedenen Prozessen. Um Beiträge
von bekannten Dielektronenquellen abzuschätzen, werden Simulationen des sogenannten
Dielektronencocktails durchgeführt. Im Rahmen dieser Arbeit wird der Dielektronencock-
tail in minimum bias pp Kollisionen bei

√
s = 7 TeV, p–Pb Kollisionen bei

√
sNN = 5.02

TeV und in zentralen (0-10%) and semi-zentralen (20-50%) Pb–Pb Kollisionen bei
√
sNN

= 2.76 TeV am LHC vorgestellt.
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1. Introduction

Theoretical calculations predict that hadronic matter at extreme temperatures and densi-
ties, for example shortly after the Big Bang or in cold neutron stars, undergoes a phase
transition from a hadronic gas to a new state of matter where quarks and gluons are
not confined inside the hadrons anymore. This deconfined state of quarks and gluons is
called the Quark-Gluon Plasma (QGP) [1, 2]. The theory which predicts the phase tran-
sition of matter is the fundamental theory of strong interactions which is called Quantum
ChromoDynamics (QCD), and to explore properties of matter under extreme conditions is
the object of heavy-ion physics. Experiments dedicated to relativistic heavy-ion collisions,
where heavy nuclei such as lead (208Pb) are collided at very high energies, allow to re-create
similar conditions in the laboratory for the QGP formation and they take place at the LHC
(Large Hadron Collider) and at the SPS (Super Proton Synchrotron) at CERN (Conseil
Européen pour la Recherche Nucléaire - the European Organization for Nuclear Research)
and at the RHIC (Relativistic Heavy-Ion Collider) at Brookhaven National Laboratory
(BNL). Moreover, in the near future at FAIR (Facility for Antiproton and Ion Research)
in Darmstadt the QGP phase at high baryon densities will be studied.

In a relativistic heavy-ion collision there are several stages as illustrated in Figure 1.1.

Figure 1.1.: Stages of a relativistic heavy-ion collision [3].

The QGP formation, the central stage of the collision, occurs with the expansion of the
fireball created in the initial impact between two nuclei. Then the evolution of the fireball
continues with cooling down to the final freeze-out. There are two types of freeze-out. One
of them is the chemical freeze-out where inelastic collisions between the particles cease.
The fireball achieves at the chemical freeze-out stage its final particle composition. The
other one is the thermal freeze-out where elastic collisions between the particles stop due
to the fact that the mean free path of the particles is greater than the size of the fireball.
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1. Introduction

Figure 1.2 shows the phase diagram of QCD matter as a function of temperature T and
net baryon density µB. The QGP phase can be reached by heating up the system (e.g.
at the LHC/RHIC) and/or by increasing the density (e.g. at FAIR). According to QCD
calculations, the first order phase transition into the deconfined phase is expected at some
µB above a critical point whose exact location is not known precisely. Below the critical
point, the transition is a continuous cross over which is expected to be at Tc ∼ 170
MeV. Another prediction of QCD is the transition into a chirally symmetric phase at a
temperature similar to that of the deconfinement transition, so, the QGP can be defined
as the deconfined and chirally restored strongly interacting matter [4, 5].

Figure 1.2.: The phase diagram of QCD [6].

The study of properties of hot and dense matter is possible using electromagnetic probes
such as dielectrons (electron-positron pairs). Dielectrons are emitted throughout the colli-
sion and do not interact strongly, so they have a long mean free path in the medium and
leave the medium with negligible final state interaction. Consequently, dielectrons carry
information from all phases of the collision and this makes them an important tool to study
the QGP. Dielectron sources at different invariant masses are produced at different stages
of the collision. Thus, the invariant mass spectrum of dielectrons allows for a chronological
view on the evolution of the system. Dielectron sources in the low mass region (e.g. ρ, ω
and φ) reveal hints on in-medium modifications related to chiral symmetry restoration. In
the intermediate mass region, dielectron sources (semileptonic heavy-flavor decays of charm
and beauty mesons) are sensitive to thermal radiation of the QGP and prime probes of
possible in-medium modifications. Dielectron sources in the high mass region (J/ψ, ψ′ ,
Drell-Yan, Υ) allow to study deconfinement effects in hot and dense medium. A dielectron
spectrum which consists of expected contributions from known dielectron sources is called
dielectron cocktail. It is a simulation in order to interpret the data and so it is used as
reference for dielectron measurements.
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This thesis is dedicated to dielectron cocktails for proton–proton (pp), proton–lead (p–Pb)
and lead–lead (Pb–Pb) collisions in the acceptance of the ALICE (A Large Ion Collider
Experiment) detector at the LHC. Dielectrons in pp collisions serve as medium-free baseline
for those in Pb–Pb, and those in p–Pb collisions provide the opportunity to study the
impact of the cold nuclear matter.
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2. Probing hot and dense matter with
dielectrons

2.1. The standard model of particle physics

It is supposed that the universe emerged from a Big Bang (∼13.7 billion years ago), which
is a theory to explain the expansion of the universe starting from an infinitesimally small
volume in which extreme high energy and temperature are concentrated (Figure 2.1).
During the expansion, as the universe got cooler, some of energy was converted into pairs of
particles and antiparticles with mass (E = mc2). Until 10−43 seconds after the Big Bang,
the four forces were unified. Firstly, the gravitational force separated from the strong-
electro-weak force, at 10−43 seconds. Then, at 10−35 seconds, the strong force separated
from the electro-weak force and thereby quarks, leptons and gauge bosons existed. At 10−12

seconds, four fundamental forces became distinctly and leptons began to clump together
into electrons, neutrinos and antiparticles. At that point, the universe was filled with a
hot Quark-Gluon Plasma (QGP) including leptons and antiparticles. From this point on
there were no free quarks, and quarks and antiquarks formed protons and neutrons at 10−6

seconds. In the next three minutes after the Big Bang, the protons and neutrons fused to
form atomic nuclei. And the evolution continued with the formation of other structures
[7].

Figure 2.1.: Sketch for history of the universe [7].
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2. Probing hot and dense matter with dielectrons

Particle physicists predict that the behaviors of all known subatomic particles mentioned
above can be described within a single theoretical framework which is called the standard
model (SM). In the SM, the fundamental constituents are quarks and leptons and they
are known as fermions, i.e. spin-1/2-particles. Fermions are classified in three generations
depending on their masses (Table 2.1). Each fermion has an associated antifermion, which
is not included in the table, with the same mass but with the opposite electric and color
charge. As indicated in Table 2.1, fermions are classified into leptons and quarks. Fermions
with non-zero electric/color charge interact electromagnetically/strongly and all fermions
interact weakly.

Fermions Generation Electric charge Colour charge
Leptons νe νµ ντ 0 -

e µ τ -1
Quarks u c t +2/3 red, green, blue

d s b -1/3

Table 2.1.: The fermions of the standard model.

The SM incorporates three of the four fundamental forces, except gravitation. Each of
three fundamental forces of the SM allows the fundamental constituents to interact with
each other and is mediated by the exchange of vector bosons (gauge bosons), which are
spin-1-particles. With other words, the gauge bosons are force carriers of the fundamen-
tal interactions (Table 2.2). The range of the electromagnetic interaction is infinite since
photons are massless. In contrast, the range of the strong interaction is confined to about
1 fm even though gluons are also massless. The reason is that gluons have an additional
degree of freedom and hence interact with each other. The weak interaction has a limited
range, 10−3fm, due to the large mass of its exchange bosons. [8]

Interaction couples to Exchange boson(s) Mass (GeV/c2)
strong colour charge 8 gluons (g) 0

electromagnetic electric charge photon (γ) 0
weak weak charge W± , Z0 ∼80, ∼91

Table 2.2.: The interactions and their gauge bosons in the standard model.
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2.2. Relativistic heavy-ion collisions

2.2. Relativistic heavy-ion collisions

Relativistic heavy-ion collisions allow to probe the QCD matter under extreme conditions.
Figure 2.2 depicts the space-time (z,t) evolution of a hot medium created in the overlap-
ping area at t=0 and z=0 of the two passing nuclei. The z-axis is assumed to be the beam
direction or the longitudinal direction opposed to the transverse plane, which is vertical
to the collision axis. Since these two nuclei collide relativistically, they are squeezed in
the direction of the beam axis due to Lorentz contraction. Shortly after the collision of
these two nuclei, the QGP is formed in the central rapidity region when the energy density
is sufficient. Going through various processes, the created fireball expands in space-time
until the created particles freeze out.

Figure 2.2.: Space-time evolution of a heavy-ion collision [9].

In the following, some variables are introduced for kinematical characterization of parti-
cles in a relativistic heavy-ion collision. With the four-momentum vector for relativistic
particles pµ =(E, px, py, pz), the transverse momentum is described as follows:

pT =
√
p2

x + p2
y (2.1)

where E is the energy, px, py and pz are the components of the three-momentum, and the
rapidity can be defined as:

y =
1

2
ln(

E + pz

E − pz
) (2.2)

Here, the rapidity is a quantity which is the relativistic analogue of non-relativistic velocity.
In case of a particle emitted at an angle θ relative to the beam axis, the pseudorapidity
variable can be used :

η =
1

2
ln(

p+ pz

p− pz
) (2.3)

where p = |p| =
√
p2

x + p2
y + p2

z is the three-momentum. For very high energies (p � m)
the mass of the particle is negligible, and thus y = η. [1, 2]
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2. Probing hot and dense matter with dielectrons

2.3. Quantum chromodynamics

Since quarks carry color charges (red, green, blue) they undergo the strong interaction. In
the SM of particle physics, the strong interaction is described by a quantum field theory
(QFT) called Quantum ChromoDynamics (QCD). Color charges are the analogue of elec-
tric charge in Quantum ElectroDynamics (QED) with an important difference; color charge
of quarks is a vector charge and the total color charge "white" of a system is obtained by
combining the individual charges according to group theoretical rules. As outlined in Sec-
tion 2.1, gluons are the force carriers of the strong interaction in analogy to photons in the
electromagnetic interaction. However, the key difference between QCD and QED is the
self-interaction of gluons, because gluons themselves carry color charges. And these facts
are responsible for many of the main characteristics of QCD such as asymptotic freedom,
color confinement and chiral symmetry breaking [5, 10].

In the QFT, the interaction strength between two particles is described by the coupling
constant depending on the distance r or the four momentum transfer Q2 between two
particles, where Q2 ∝ 1/r2, and the electromagnetic force between two electrons is defined
by

F =
e2

4πc~ε0r2
=
αem(r)

r2
(2.4)

where e is the electric charge, c is the speed of light in vacuum, ~ is the reduced Planck
constant and ε0 is the permittivity of free space. Here, the coupling constant αem depends
on Q2 very weakly, as r → ∞ and Q2 → 0, and assuming c = ~ = ε0 = 1 :

αem(Q2 → 0) =
e2

4π
≈ 1

137
(2.5)

αem is much less than one and this means that higher order interactions play a negligi-
ble role in QED. Therefore, it turns out that QED is a strongly-coupled theory only at
very short distances. However, in strong interactions the dependence on Q2 is quite strong:

αs(Q
2) =

g2

4π
=

12π

(33− 2nf ) ln(Q2/Λ2)
for (Q2 � Λ2), (2.6)

where g is the color charge, nf is the number of quark types and Λ (∼250 MeV/c) is the
QCD scale parameter. For very small distances or large momentum transfers the coupling
decreases, αs � 1. In this regime, quarks behave quasi-freely and this phenomenon is
called asymptotic freedom. In contrast, for small momentum transfers or large distances,
the coupling increases, αs ≈ 1, and higher order interactions play an important role. In
this case, quarks are confined in hadrons, a phenomenon called color confinement (or
simply confinement). The reason of the dependence of the coupling constant on Q2 is
that gluons carry color charges, so they can couple to other gluons as well. In other words,
αs(Q

2) is not a constant anymore which is also denoted as running coupling (Figure 2.3)
[8, 10].
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2.3. Quantum chromodynamics

QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  

0.1

0.2
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αs (Q)

1 10 100
Q [GeV]
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e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

Sept. 2013

Lattice QCD (NNLO)

(N3LO)

τ decays (N3LO)

1000

pp –> jets (NLO)(–)

Figure 2.3.: The running coupling constant, αs, depending on the momentum transfer Q
from different experimental results and theoretical prediction [11].

To describe the equation of motion in the SM of particle physics, the Lagrangian density
is used. Since quarks are fermions, they obey the Dirac equation and thus the Dirac La-
grangian of quarks follows [12]:

Lq = ψ̄(iγµ∂µ −M)ψ (2.7)

where ψ̄ and ψ are the quark fields, γµ are the Dirac matrices and M = diag(mu, md,
mc, ms, mt, mb) is the diagonal matrix of the approximately bare quark masses with 2
MeV/c2, 5 MeV/c2, 95 MeV/c2, 1.3 GeV/c2, 4.2 GeV/c2, 173 GeV/c2, respectively.
In Equation 2.7, quarks are assumed to be free and the interaction of quarks with 8 gluon
fields is not considered. Considering the quark-gluon interaction, Equation 2.7 is extended
to:

Lq = ψ̄(iγµDµ −M)ψ with Dµ = ∂µ − ig(λa/2)Aaµ (2.8)

where g is the strong coupling, Aaµ is the spin-1 gluon field with 8 color charges a = (1,...,8)
according to the SU(3)-flavor group and λa are the Gell-Mann matrices.
The Dirac Lagrangian of quarks was the first term of the QCD Lagrangian. The second
term is inserted to the equation for the kinetic part, in order to identify the interaction
between the gluons:

Lg = −1

4
GaµνG

µν
a (2.9)

9



2. Probing hot and dense matter with dielectrons

Here, Gaµν is the field strength tensor for the spin-1 gluon field Aaµ and defined by:

Gaµν = ∂µA
a
ν − ∂νAaµ + igfabcAbµA

c
ν (2.10)

where fabc is the structure constants of the SU(3)-flavor group.
Including the self-interaction of 8 gluon fields, the QCD Lagrangian becomes:

LQCD = Lq + Lg = ψ̄(iγµDµ −M)ψ − 1

4
GaµνG

µν
a (2.11)

2.3.1. Chiral symmetry

Another main characteristic of QCD is chiral symmetry [5, 13]. Chirality is used to define
handedness of a particle and describes the correlation between direction of motion and spin
of a particle.
Chiral symmetry provides the understanding of many phenomena in low mass hadron
physics involving the light quarks (u, d, s). It is a perfect symmetry in the limit of vanish-
ing quark masses. In this limit, the theory is invariant under global vector and axial-vector
transformations in SU(3)-flavor space

ψ → e−iθV ψ , ψ → e−iθAγ5ψ (2.12)

with conserved vector and axial-vector Noether currents

jV = ψ̄γµψ , jA = ψ̄γµγ5ψ (2.13)

which means that the corresponding charges commute with the QCD Hamiltonian, namely
[QV,A, HQCD] = 0.

If one introduces the following left- and right-handed projections of the quark fields

ψL =
1

2
(1− γ5)ψ , ψR =

1

2
(1 + γ5)ψ (2.14)

the QCD Lagrangian takes the form

LQCD = ψ̄Liγ
µDµψL + ψ̄Riγ

µDµψR −
1

4
GaµνG

µν
a − (ψ̄LMψR + ψ̄RMψL) (2.15)

For mq = 0, the QCD Lagrangian constitutes a global SU(3)L × SU(3)R chiral symmetry
in flavor space. Apart from this symmetry, the QCD Lagrangian has another symmetry
which is under global UV (1) × UA(1) transformations. However, in the full quantum the-
ory jA has an anomaly (the UA(1) axial anomaly) and the axial charge of the vacuum is
not zero (QA|0〉 6= 0). Consequently QCD is symmetric only under the group

SU(3)L × SU(3)R × UV (1)

10



2.4. Mesons in the Quark Model

In this way if the quarks have a finite mass, a mass term in the Lagrangian is always a
mixture of chiral partners and a small violation of the chiral symmetry is given by the
mass term

Lm = ψ̄LMψR + ψ̄RMψL

of the QCD Lagrangian (Equation 2.15). Therefore, the QCD vacuum does not possess
the symmetry of the vacuum, i.e. chiral symmetry is spontaneously broken.
The averaged light quark mass results mq = (mu + md)/2 ≤ 10 MeV/c2, which is the
scale of explicit chiral symmetry breaking. This averaged quark mass compared to typical
hadron masses of order 1 GeV/c2 indicates that the symmetry is excellent and in the exact
chiral limit (mq = 0) left- and right-handed quarks decouple.
The appearance of eight nearly massless Goldstone bosons (e.g. pions, kaons, eta with
extremely small mass compared to other hadrons), the building-up of a chiral quark con-
densate 〈ψ̄q ψq〉 = 〈(ψ̄u ψu+ψ̄d ψd)/2〉 which explicitly mixes left- and right-handed quarks
in the broken vacuum 〈ψ̄q ψq〉 = 〈(ψ̄qL ψ

q
R + ψ̄qR ψqL)/2〉, the absence of parity doublets are

the evidences originated from spontaneously broken chiral symmetry of the QCD vacuum.
However, a partial restoration of the chiral symmetry is expected with increasing tem-
perature and density, i.e. with increasing momentum transfer Q2, where initially confined
quarks and gluons become deconfined in heated and compressed matter. That means that
chiral symmetry restoration associated with the vanishing of the chiral condensate (〈ψ̄q
ψq〉) occurs at a similar temperature (at Tc = 170 MeV) where the QCD matter undergoes
the phase transition from a confined to a deconfined phase [1, 5, 13].

2.4. Mesons in the Quark Model

It is quite important to mention mesons as the main objects of the dielectron cocktail study
and to know more about their properties.
In the quark model, mesons are quark-antiquark (qq̄) bound states. The existing six fla-
vors of quarks are up(u), down(d), strange(s), charm(c), bottom(b) -which is also known
as beauty- and top(t) quarks, and in Table 2.3 a list of them is given with their masses
and quantum numbers.

Flavor Mass B j I Iz S C B∗ T Q/e

u ∼ 2 MeV/c2 +1/3 1/2 1/2 +1/2 0 0 0 0 +2/3
d ∼ 5 MeV/c2 +1/3 1/2 1/2 –1/2 0 0 0 0 –1/3
s ∼ 95 MeV/c2 +1/3 1/2 0 0 –1 0 0 0 –1/3
c ∼ 1.3 GeV/c2 +1/3 1/2 0 0 0 1 0 0 +2/3
b ∼ 4.2 GeV/c2 +1/3 1/2 0 0 0 0 –1 0 –1/3
t ∼ 173 GeV/c2 +1/3 1/2 0 0 0 0 0 1 +2/3

Table 2.3.: Quarks with their quantum numbers denoted with B: baryon number, j: spin,
I: isospin, Iz: isospin z-component, S: strangeness, C: charm, B∗: bottomness,
T : topness, Q/e: electric charge.
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2. Probing hot and dense matter with dielectrons

Assuming that quark-antiquark combinations of the lowest-lying mesons do not have any
relative orbital angular momentum (`=0) and recalling that quarks and antiquarks have
opposite intrinsic parities, P 1 = -1, the quark spins will determine the mesonic total an-
gular momentum J 2. Consequently, the JP = 0− states are referred to as pseudoscalar
mesons while the JP = 1− states are vector mesons.

Heavy quark-antiquark pairs with the same flavor such as cc̄, bb̄ and tt̄ are known as
quarkonia. Due to very short lifetime of the top quark, the hypothetical toponium tt̄ does
not exist. Therefore, quarkonia refer only to the charmonium cc̄ and bottonium bb̄. The
lowest-lying state of cc̄ is ηc(1S) [14] with JP = 0−. J/ψ(1S) [15, 16] with JP = 1− is the
first excited state of cc̄ and ψ(2S) known as ψ′ with JP = 1− is the first excited state of
J/ψ. As in the case of the charmonium, there is bound states of heavier beauty quarks.
The lowest-lying state of bb̄ is ηb(1S) [17] with JP = 0− and its first excited state is Υ(1S)
[18, 19] with JP = 1−.
Since the charmonium and bottonium have very different masses, they can be easily dis-
tinguished from each other. But in case of the light quarks (u, d and s), the masses of the
quarks are so similar to each other that one can not distinguish the mesons according to
their quark content.
Considering only the light quarks u, d, s and antiquarks ū, d̄ ,s̄, one can form 3 ⊗ 3̄ = 9
isospin combinations. In Table 2.4, the nine pseudoscalar meson states are summarized.
In this 0− nonet, the π0 meson forms an isospin triplet together with the π+ and π−.
Additionally, the actual states of η and η′ appear to be linear combinations of the wave
functions of η8 and η0.

I Iz S Wavefunction Q/e

1 1 0 ud̄ = π+ +1
1 –1 0 ūd = π− –1
1 0 0 1√

2
(dd̄ – uū) = π0 0

1/2 1/2 +1 us̄ = K+ +1
1/2 –1/2 +1 ds̄ = K0 0
1/2 –1/2 –1 ūs = K− –1
1/2 1/2 –1 d̄s = K̄0 0
0 0 0 1√

6
(dd̄ + uū – 2ss̄) = η8 0

0 0 0 1√
3
(dd̄ + uū + ss̄) = η0 0

Table 2.4.: Pseudoscalar meson states as quark-antiquark combinations.

Table 2.5 shows the nine vector meson states. One can note that nearly equal masses are
predicted for the ρ and ω mesons, and they are interpreted as mixed states of the u and d
quarks. Similarly to pions in the pseudoscalar meson states, the ρ0 meson forms an isospin
triplet together with the ρ+ and ρ− [8, 20].

1The parity P is a symmetry in terms of space reflection and it is (-1)(`+1) = -1 for mesons with ` = 0.
2The total angular momentum J corresponds to `+j, where ` stands for the orbital angular momentum.
Assuming that mesons are in a state of `=0, the total angular momentum corresponds to the total spin
(j = 1 or j = 0). In that case, one might expect both spin-triplet (↑↑) states with J = 1 and spin-singlet
(↓↑) states with J = 0.
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2.5. Dielectron spectrum

I Iz S Wavefunction Q/e

1 1 0 ud̄ = ρ+ +1
1 –1 0 ūd = ρ− –1
1 0 0 1√

2
(uū – dd̄) = ρ0 0

1/2 1/2 +1 us̄ = K∗+ +1
1/2 –1/2 –1 sū = K∗− –1
1/2 –1/2 +1 ds̄ = K∗0 0
1/2 1/2 –1 sd̄ = K̄∗0 0
0 0 0 1√

2
(uū + dd̄) = ω 0

0 0 0 ss̄ = φ 0

Table 2.5.: Vector meson states as quark-antiquark combinations.

2.5. Dielectron spectrum

Dielectrons are ideal tools to probe strongly interacting matter. On the one hand, they are
emitted at all stages of a heavy-ion collision. On the other hand, they leave the medium
created in the collision with negligible final state interaction due to the fact that they do
not undergo strong interactions. Through these attributes, dielectrons carry signals unaf-
fectedly from their production vertex into the detector and provide hints about the initial
state of the collision. However, the measurement of dielectrons is challenging due to their
small production cross sections.

Main properties of known dielectron sources treated in this dielectron cocktail study are
listed in Table 2.6 and Table 2.7.

Particle Mass (MeV/c2) Decay channel Branching ratio Decay width (MeV/c2)
π0 134.9766 e+e−γ 1.174×10−2 8.2×10−6

η 547.853 e+e−γ 6.9×10−3 1.30×10−3

ρ 775.49 e+e− 4.72×10−5 146.2
ω 782.65 e+e−π0 , e+e− 7.7×10−4,7.28×10−5 8.49
η′ 957.78 e+e−γ < 9×10−4 0.239
φ 1019.455 e+e−η , e+e− 1.15×10−4,2.954×10−4 4.26
J/ψ 3096.916 e+e−γ , e+e− 8.8×10−3 ,5.94×10−2 92.9×10−3

Table 2.6.: Hadronic dielectron sources.

Continuum Decay channel Branching ratio
cc̄ e+e− from c→e and c̄→e 0.103
bb̄ e+e− from b(→ c)→e and b̄(→ c̄)→e 0.205

Table 2.7.: Semileptonic dielectron sources.
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2. Probing hot and dense matter with dielectrons

The invariant mass of an electron-positron pair enables us to access to its parent and it is
defined as

me+e− · c2 =
√

(Ee+ + Ee−)2 − (pe+ · c+ pe− · c)2 (2.16)

where Ee± is the total energy, pe± is the three momenta in the laboratory system and c
is the velocity of light. In the relativistic limit, the rest mass of the electron is so small
compared to its energy that it is negligible and thus Ee± ≈ |pe± | can be used. Consequently,
this approach provides to determine the invariant mass using the three momenta pe± of
the electrons and their opening angle θ:

me+e− = 2 · sin(
θe+e−

2
) · √pe+ · pe− (2.17)

Figure 2.4 illustrates the dielectron spectrum as a function of invariant mass.
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Figure 2.4.: Known dielectron sources as a function of invariant mass [21].

The various contributions to the dielectron spectrum can be associated with different stages
of the collision. In the very early collision phase (τ ≈ 1 fm/c), dielectrons are produced in
hard-scattering processes such as Drell-Yan. The Drell-Yan process is the interaction of a
valence-/sea-quark of the nucleon with a sea-antiquark of the other nucleon. These quarks
annihilate to form a virtual photon which then decays into an electron-positron pair:

q + q̄ → γ∗ → e+ + e−

The Drell-Yan process contributes mainly to the high mass region. Another particle which
also contributes to the high mass region is J/ψ. The J/ψ production comes mainly from
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2.5. Dielectron spectrum

hard-scattering processes, as well. J/ψ particles produced in the initial stage of the collision
are suppressed due to the Debye-like color screening [22] and it is a signature for the
presence of the QGP. These dielectron sources from hard-scattering processes in the high
mass region allow to study deconfinement effects in hot and dense medium.
Other hard-scattering processes are open charm (D and D̄) and beauty (B and B̄) meson
productions where a quark of the nucleon interacts with an antiquark of the other nucleon
by forming a virtual gluon which converts into cc̄/bb̄ pair:

q + q̄ → g∗ → c+ c̄ ( or b+ b̄)

A cc̄ (or bb̄) can also be produced by the gluon-gluon interaction:

g + ḡ → c+ c̄ ( or b+ b̄)

An open charm meson D consists of a charm quark (c) and a light antiquark (ū, d̄ or s̄).
In contrast, the corresponding antiparticle D̄ meson is composed of an anticharm quark
(c̄) and a light quark (u, d or s). Similarly to the open charm meson, the compositions
of constituents for an open beauty meson B and its corresponding antiparticle B̄ are the
following: B = b + q̄ (ū, d̄ or s̄) and B̄ = b̄ + q (u, d or s). The open charm and beauty
mesons can decay into an electron and another particle (e.g. for the open charm meson
D− → e− + X, D+ → e+ + X) forming an electron-positron pair and they finally create
the so-called cc̄ and bb̄ continuum. The DD̄ and BB̄ mesons are dominating dielectron
sources in the intermediate mass region and allow to study in-medium properties and ther-
mal radiation of the QGP.
While the QGP cools down below the transition temperature (τ < 10 fm/c) and con-
verts into a hot hadron gas, dielectrons are preferentially emitted by the annihilation of
pions/kaons and by the scattering between other hadrons. The two-body annihilation pro-
cesses are dynamically enhanced through the formation of light vector meson resonances
such as the ρ, ω and φ mesons which can decay into e+e− pairs. The invariant mass of the
e+e− pairs corresponds to the mass distribution of the light vector mesons at the moment
of decay. Therefore, the ρ, ω and φ mesons are interesting to investigate their in-medium
modifications and play an important role in heavy-ion physics. Here, the ρ meson is of
particular interest for the study of in-medium properties due to its very short lifetime (τ
= 1.3 fm/c) compared to lifetime of the fireball and it has a broader decay width than
those of the ω and φ mesons. Figure 2.5 illustrates the dielectron invariant mass spectrum
in Pb-Au collisions at 158 AGeV measured by the CERES experiment at the SPS. The
measurements are compared to dielectron cocktail simulations, which consider the vacuum
contributions as depicted in Figure 2.5 (a), and in-medium modifications as depicted in
Figure 2.5 (b). In Figure 2.5 (b), the first model indicated by the blue line is based on the
dropping ρ mass scenario [23] and the second model indicated with the red line is based
on the in-medium broadening of the vector spectral function [5]. As it can be clearly seen,
the second model agrees better with the data [1, 5].
After freeze-out (after τ ≈ 10-12 fm/c), dielectrons are emitted by the Dalitz decays of
light mesons (π0, η, η′, ω and φ) which are long-lived. These dielectron sources do not
contain any information on in-medium properties [5, 24].
This sorting of the dielectron spectrum according to the collision phases above can allow
us to group the invariant mass spectrum (Figure 2.4) into three mass regions. The high
mass region (HMR, mee > 3 GeV/c2) includes the Drell-Yan process, J/ψ and ψ′ reso-
nances. The intermediate mass region (IMR, 1.1 < mee < 3 GeV/c2) is dominated by the
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2. Probing hot and dense matter with dielectrons

semileptonic decays of the open charm and beauty mesons. Finally, in the low mass region
(LMR, mee < 1.1 GeV/c2), dielectrons are emitted by the Dalitz decays of the π0, η, η′,
ω, φ and resonance decays of the ρ, ω, φ mesons.
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Figure 2.5.: a: The invariant e+e− mass spectrum measured by the CERES experiment
at the SPS and compared to the expectation from hadronic decays. b: The
same data compared to calculations including a dropping ρ mass (blue) and a
broadened ρ-spectral function (red) [25].
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2.6. A Large Ion Collider Experiment (ALICE)

2.6. A Large Ion Collider Experiment (ALICE)

ALICE [26] is a heavy-ion detector located at CERN and one of the experiments at the
LHC. It is designed to study strongly interacting matter and the QGP at extreme high
temperature and energy density in Pb–Pb collisions. The physics program of ALICE also
includes p–Pb and pp collisions. p–Pb collisions allow to vary energy density and in-
teraction volume. Data from pp collisions are used as reference data for the heavy-ion
programme and complementary for several QCD topics to the other LHC detectors [27].
The schematic layout of the ALICE detector systems is shown in Figure 2.6. The ALICE
detector consists of two parts. The forward muon spectrometer is a forward single arm
spectrometer to detect muons in the pseudorapidity region of -4.0<η<-2.5. The central
part or central barrel measures hadrons, electrons and photons. The central barrel covers
the direction perpendicular to the beam in the pseudorapidity region of -0.9<η<0.9 and
it is located inside a solenoid magnet which provides a uniform magnetic field of 0.5 T
[27, 28].

Figure 2.6.: Schematic layout of ALICE.

In the following, the central barrel detectors which are relevant for this dielectron cocktail
study are briefly explained from the inner to outer layer.

The Inner Tracking System (ITS) [27, 29] is situated at the innermost of central bar-
rel. It consists of six cylindrical layers of high resolution tracking silicon detectors and
covers the pseudorapidity region of |η|<0.9. The beam pipe is worked radially outwards
by the two inner Silicon Pixel Detectors (SPD) covering the region of |η|<1.98 in the first
and |η|<1.4 in the second layer, two Silicon Drift Detectors (SDD) and two double-sided
Silicon Strip Detectors (SSD). The ITS provides primary and secondary vertex information
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2. Probing hot and dense matter with dielectrons

in the region of high track density close to the primary interaction and it independently
identifies particles with low transverse momenta pT via their energy loss measurement
(dE/dx). The four outer layers of the ITS (SSD and SDD) perform this independent Par-
ticle IDentification(PID) in the non-relativistic region which provides that the ITS works
in the stand-alone mode as a low pT particle spectrometer.

The Time Projection Chamber (TPC) [27, 30] is the main detector for track reconstruction.
In order to handle high multiplicities (up to dN/dy ≈ 8000) created in Pb–Pb collisions
and to gain most of tracking informations, a large TPC is designed with a cylindrical shape
around the beam axis (the length of 5 m, inner radius of approximately 85 cm, outer radius
of approximately 2.5 m). It consists of a cylindrical field cage and the read-out chambers at
the end-plates. The field cage is filled with a cold gas mixture of Ne(90%) and CO2(10%).
This gas mixture is chosen for the TPC to reach a maximum drift time of ∼90 µs. In the
field cage, the primary electrons are transported over a distance of up to 2.5 m on either
side of the central electrode to the end plates. Through a central high-voltage electrode
and two opposite axial potential dividers, the field cage create a uniform electrostatic field.
For the signal read-out, Multi-Wire Proportional Chambers (MWPC) at the end-plates
are used. Electrons produced by the ionization of the gas molecules are accelerated to
the end-plates by electrostatic drift field and measured by the MWPC. In the upgraded
TPC, MWPC will be exchanged by Gas Electron Multipliers (GEM) to measure tracks in
a collision rate of ∼50 kHz in Pb–Pb collisions [31]. The second main task of the TPC is
the PID via specific energy loss of electrically charged particles in the gas. Particles such
as electrons, pions, kaons, protons, muons and deuterons can be identified by their dE/dx.

The Transition Radiation Detector (TRD) [27, 32] surrounds the TPC and consists of
540 large area drift chambers with the drift direction perpendicular to the wire planes.
The drift chambers are arranged in 18 super-modules, contain 30 modules in 5 longitu-
dinal stack and 6 radial layers. Transition Radiation (TR) is emitted by fast charged
particles passing through the radiator with alternating dielectric constants. In the mo-
mentum range from 1 to 10 GeV/c, TR is produced only by electrons. Therefore, the TRD
provides electron IDentification(eID) in the central barrel for momenta above 1 GeV/c.
Moreover, TR from electrons passing the radiator can be used together with the specific
energy loss in a suitable gas mixture to obtain the necessary pion rejection capability. For
momenta below 1 GeV/c, electrons can be identified via dE/dx measurement in the TPC.
The TRD covers the central rapidity region (|η|<0.9), as well.

The Time-Of-Flight Detector (TOF) has a cylindrical shape covering the central rapidity
region of |η|<0.9. It measures the time which takes particles to go through the detector.
For the TOF, a gas detector called the Multi-gap Resistive-Plate Chamber(MRPC) is cho-
sen. MRPC has a very good time resolution (60 ps) to differentiate particles with 99.9
% efficiency. It has a modular structure with 18 sectors. Each of these sectors is divided
into 5 modules along the beam direction. The modules contain a total of 1638 detector
elements (MRPC strips). The TOF is designed for the PID in the intermediate momentum
range below about 2.5 GeV/c for pions/kaons and up to 4 GeV/c for protons. Moreover,
the TOF together with the ITS and TPC provides event-by-event identification of large
samples of pions, kaons, and protons [27].
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2.6. A Large Ion Collider Experiment (ALICE)

The Photon Spectrometer (PHOS) is a high-resolution and high-granularity electromag-
netic calorimeter to measure photons and neutral mesons. A set of multi-wire chambers
in front of the PHOS helps to separate charged particles from photons (Charged Particle
Veto - CPV). The PHOS covers a pseudorapidity region of |η|≤0.12 and has a azimuthal
acceptance of 100◦ (220◦<φ<320◦) [27].
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3. Dielectron cocktail simulation

This chapter is dedicated to cocktail calculation of known dielectron sources in minimum
bias pp collisions at

√
s = 7 TeV, p–Pb collisions at

√
sNN = 5.02 TeV and in central and

semi-central Pb–Pb collisions at
√
sNN = 2.76 TeV. In this dielectron cocktail study, the

calculation of the cocktails in p–Pb and Pb–Pb collisions is based on scaling of events from
pp collisions, and therefore, hot/cold nuclear matter effects are not considered.

Since computing and consequently the ALICE offline framework (AliRoot) [33] are fun-
damental aspects of the dielectron cocktail study, a brief introduction to AliRoot and the
classes used for the dielectron cocktail calculation are given in Section 3.1. In the subse-
quent three sections, the simulation frameworks for event generation and data inputs are
presented. In Section 3.2 the Dalitz decays of π0, η, η′, ω, φ and dielectron decays of
ρ, ω, φ in the LMR, in Section 3.3 semileptonic heavy-flavor decays of DD̄, BB̄ in the
IMR and in Section 3.4 dielectron decays of J/ψ in the HMR are discussed. Section 3.4
is followed by the effect of bremsstrahlung on electrons and its implementation for the
dielectron cocktail. Finally, in Section 3.5 the calculation of systematic uncertainties on
the dielectron cocktail for each collision system is presented.

In ALICE, electrons are identified in the central barrel at mid-rapidity, |ηe|<0.8, due
to their specific energy loss dE/dx in the TPC and ITS, and the time-of-flight signal in
the TOF detector. Thus, the rapidity cut of |ηe|<0.8 is applied while simulating dielectron
cocktail. Another kinematical cut is applied on the transverse momentum peT. For the
dielectron cocktail in pp collisions, peT>0.2 GeV/c is required. In Pb–Pb collisions, the re-
quired cut is peT>0.4 GeV/c. In case of p–Pb collisions, dielectron cocktails are generated
for both peT>0.2 and 0.4 GeV/c, respectively.

3.1. ALICE offline framework (AliRoot)

AliRoot is the ALICE offline framework developed at CERN, based on ROOT [34] which
is an object-oriented software based on the programming language C++, and used for
physics analysis, simulation and reconstruction of events. As a simulation framework,
AliRoot provides an interface to external event generators such as PYTHIA [35] and to
internal event generators which allow to generate events employing parametrized pseu-
dorapidity and transverse momentum distributions that are provided by the user. The
user-defined parametrizations are stored in libraries.
The AliGenerator class is the base class to delegate the task to an external generator us-
ing the TGenerator interface. The AliGenParam class is an abstract internal generator
interface to connect independent parametrization libraries. To combine these different gen-
erators is the task of the AliGenCocktail class. In Figure 3.1 the above mentioned classes
are schematically illustrated, and classes used for the dielectron cocktail simulation in the
LMR are chosen as example, i.e. AliGenEMlib and AliGenEMCocktail where EM stands
for electromagnetic.
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3. Dielectron cocktail simulation

Figure 3.1.: Illustration of the AliRoot classes for dielectron cocktail simulation in the LMR.

3.2. Low mass region

3.2.1. External event generator

The dielectron cocktail components in the LMR are simulated with a new hybrid event
generator which has been developed within this work. It is based on PYHTIA and EX-
ODUS [36] the latter being an event generator developed by PHENIX [37]. The reason
behind creating a combined event generator was the fact that PYTHIA does not correctly
describe the line shapes of resonances and Dalitz decays. However, they can be described
by EXODUS quite reasonably. For this purpose, the EXODUS code is adapted to Ali-
Root and PYTHIA. As a result of this, a new class called AliDecayerExodus 1 is developed
and committed into AliRoot. Furthermore, the AliDecayerExodus class has an advantage
because of EXODUS coding and it is that users have full control over decay implementa-
tions. It enables us to simply update and modify properties such as form factors or decay
functions in the class.

In this new dielectron cocktail framework, decay kinematics are implemented by EXO-
DUS. The Dalitz decays of π0, η, η′, ω and φ 2 are treated using the Kroll-Wada function
[38] and the measured electromagnetic transition form factors are taken from the Lepton-G
data [39]. The line shapes of the ρ, ω and φ resonances are defined using the Gounaris-
Sakurai function [40]. Figure 3.2 shows the natural line shapes of the Dalitz and resonance
decays described by the Kroll-Wada function and the Gounaris-Sakurai function, respec-
tively.
Other tasks for event generation such as decay selections and applying branching ratios
(BR) are performed by PYTHIA. Briefly, for the dielectron cocktail calculation in the LMR,
the PYTHIA decay table is used and then the particle decay kinematics from PYTHIA are
replaced by those from EXODUS. Like PYTHIA, this new hybrid framework developed
for the dielectron cocktail produces events only for pp collisions. Then, the internal event

1The AliDecayerExodus class is located in the EVGEN directory of AliRoot (AliRoot/EVGEN).
2The Dalitz decay of φ is switched off in the PYTHIA decay table. Therefore, the φ Dalitz decay channel
into dielectrons has been switched on at first and then its decay kinematics using the Kroll-Wada function
has been added into the AliDecayerExodus.
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3.2. Low mass region

generator to be discussed in Section 3.2.2 is responsible to generate events for all required
collision systems by using the corresponding input pT-spectra.
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Figure 3.2.: Natural line shapes of the Dalitz(left) and resonance(right) decays described by
the Kroll-Wada function and the Gounaris-Sakurai function, respectively.

3.2.2. Internal event generator and inputs

The dominating electron source is π0(π±) due to its high abundance and large branching
ratio compared to other mesons. The pT distributions of π0 and π± therefore serve as main
input for cocktail generation. In order to extract parametrizations of pion pT-spectra in
various collision systems, pT distributions measured in ALICE are fitted with corresponding
functions. Afterwards, the extracted parameters are collected in the AliGenEMlib 3 class
which is a user defined parametrization library for electromagnetic probes as mentioned in
Section 3.1. Subsequently, the abstract internal generator interface, i.e. the AliGenParam
class, uses inputs from the AliGenEMlib class to generate cocktails in different collision
systems.

As cocktail input in pp collisions at
√
s = 7 TeV, the measured pT-spectrum of η is

available in addition to the pT-spectrum of π0 [41]. Therefore, two pT-spectra serve as
input in this collision system. Figures 3.3 and 3.4 show pT-differential cross sections of
π0 and η which are measured using PHOS+PCM 4 and fitted with the Tsallis function [43]:

3Within this cocktail study, the first step of working with the AliGenEMlib was to modify codes of
the AliGenEMlib in favor of users, so that users do not need to compile AliRoot after each switching
between parametrizations as before. Now, parameters can be chosen in the so-called fast simulation
macro fastGen.C.

4PHOS+PCM method [42] is a combined method to measure neutral pions and etas using
PHOS (Photon Spectrometer): π0 → γγ and η → γγ
and PCM (Photon Conversion Method): π0 → γγ → → e+e− e+e− and η → γγ → e+e− e+e−
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d2σ

dydpT

= c× (n− 1)(n− 2)

nT × [nT +m(n− 2)]
× (1 +

mT −m
nT

)−n (3.1)

where m and mT denote the particle mass and transverse mass with mT =
√
m2 + p2

T, and
c, n and T are the free parameters. It can be clearly seen that the Tsallis function with the
corresponding parameters for each particle can describe π0 and η data quite reasonable,
so data and fit agree well.
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Figure 3.3.: Measured pT-differential cross section of π0 in pp collisions at
√
s = 7 TeV.
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√
s = 7 TeV.
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3.2. Low mass region

In minimum bias p–Pb collisions at
√
sNN = 5.02 TeV, the pT-spectra of (π+ +π−)/2 used

as approximation of π0 serve as cocktail input. The determination of pion input in this
collision system is performed by fitting measured pT-differential yields of π± [44] using the
modified Hagedorn exponential function [45] with an additional term (pTp1 )d:

d2N
dydpT

= c× (e(a×pT−b×p2T) +
pT

p0
+ (

pT

p1
)d)−n (3.2)

where c, a, b, p0, p1, d and n are the free parameters of the fit function.
pT-differential yields of π+ and π− are measured via TPC+TOF up to 2.5 GeV/c and via
only TPC from 2.5 up to 20 GeV/c. As it is recognizable in Figure 3.5, π± can be measured
down to very low pT with TPC+TOF.
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Figure 3.5.: Measured pT-differential yields of π± (as approximation of π0) in p–Pb collisions
at
√
sNN = 5.02 TeV.

Figure 3.5 indicates a good agreement between data and fit, and these π± parametrizations
are added into the AliGenEMlib as new cocktail input. Next step on p–Pb inputs will be
to update the library by adding parametrizations for measured pT-spectra of π0.

Available cocktail inputs in central (0-10%) and semi-central (20-50%) Pb–Pb collisions
at
√
sNN = 2.76 TeV are both neutral and charged pions. For the dielectron cocktail in

central Pb–Pb collisions, the π0 spectrum is the main cocktail input and the pT-differential
yield of π0 [46] measured with PCM is fitted with the modified Hagedorn exponential func-
tion:

d2N
dydpT

= c× (e(−a×pT−|b|×p2T) +
pT

p0
)−n (3.3)
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where c, a, b, p0 and n are the free parameters of the fit function and which indicates a
good agreement with data as shown in Figure 3.6.
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Figure 3.6.: Measured pT-differential yield of π0 in Pb–Pb collisions at
√
sNN = 2.76 TeV.

The parametrizations of π0-spectra in Pb–Pb collisions are added into the AliGenEMlib
as new inputs for the following centralities: 0-5, 0-10, 10-20, 0-20, 20-40, 0-40, 40-80 and
20-80 %. Besides these new parametrizations for π0, the published π± inputs in Pb-Pb
collisions [47] have been already existing in the AliGenEMlib for the following centralities:
0-5, 5-10, 0-10, 10-20, 20-30, 30-40, 40-50, 50-60, 0-20, 20-40, 40-60 and 0-40 %. Herewith,
it is possible to produce required cocktails in Pb–Pb collisions for several centralities.

The cocktail input in semi-central Pb–Pb collisions is obtained by combining pion inputs
from different centralities 5, since there is no measured pion pT-spectra for the centrality
of 20-50%. With current parametrizations in the AliGenEMlib, it is possible to achieve the
centrality of 20-50% using only π± inputs. Therefore, to determine cocktail input in semi-
central Pb–Pb collisions, the pT-spectra of π± [47] measured up to 3 GeV/c via TPC+TOF
are used. In order to extract fit parameters, the pT-spectrum of (π+ + π−)/2 used as ap-
proximation of π0 is fitted by the modified Hagedorn exponential function (Equation 3.3).
The pT-spectrum is shown in Figure 3.7 and one can see a good agreement between data
and fit.

5Possible combinations with existing π± inputs are:

dN
dy

(20-50%) = [ dN
dy

(20-30%)+ dN
dy

(30-40%) + dN
dy

(40-50%)]× 1
3

or

dN
dy

(20-50%) = [ dN
dy

(20-40%)×2+ dN
dy

(40-50%)]× 1
3
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3.2. Low mass region
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Figure 3.7.: Measured pT-differential yields of π± (as approximation of π0) in Pb–Pb colli-
sions at

√
sNN = 2.76 TeV.

pT -spectra of the other light mesons (η 6, η′, ρ, ω, φ) are parametrized using transverse
mass scaling (mT-scaling) of pion spectra. The mT-scaling is applied by fixing all free
parameters in the fit function and by replacing the pion’s pT by:

pT →
√
p2

T −m2
π0 +m2

meson

Afterwards, the absolute normalization of each meson is provided using meson-to-pion
ratios as given in Table 3.1.

Meson Meson/π0

η 0.48±0.1 [48]
ρ 1.0±0.3 [35]
ω 0.85±0.225 [49]
φ 0.4±0.12 [35]
η′ 0.25±0.75 [50]

Table 3.1.: Meson to π0 ratios

6Since the pT-differential cross section of η is measured only in pp collisions, mT-scaling of pion spectra
is used for η inputs in p–Pb and Pb–Pb collisions.
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3. Dielectron cocktail simulation

3.3. Intermediate mass region

3.3.1. External event generator

Contributions of the semileptonic heavy-flavor decays which dominate the IMR are sim-
ulated using PYTHIA. To calculate the cross sections of heavy quarks in strong interac-
tions, Mangano, Nason and Ridolfi (MNR) [51] have developed a next-to-leading-order
(NLO) perturbative QCD (pQCD) calculation framework. In order to simulate semilep-
tonic heavy-flavor decays in a reasonable agreement with NLO pQCD calculations, the
PYTHIA MNR framework is used and CTEQ6m [52] serves as the parton density function
(PDF) for the MNR calculations.

3.3.2. Inputs

Resulting distributions from the PYTHIA MNR framework are normalized by cross sec-
tions measured in ALICE. In Table 3.2 and 3.3 the measured cc̄ and bb̄ cross sections are
listed for pp collisions at

√
s = 2.76 and 7 TeV.

σcc̄(2.76 TeV) 4.8 ±0.8(stat.)+1.0(syst.)±0.06(BR)±0.1(FF.)±0.1(lum.)+2.6(extr.) mb
σcc̄(7 TeV) 8.5 ±0.5(stat.)+1.0(syst.)±0.1(BR)±0.2(FF.)±0.3(lum.)+5.0(extr.) mb

Table 3.2.: Charm cross sections measured in ALICE in pp collisions at
√
s = 2.76 and 7

TeV [53].

σbb̄(2.76 TeV) 130 ± 15.1(stat) + 42.1(sys) + 3.4(extr) ± 2.5(norm) ± 4.4(BR) µb
σbb̄(7 TeV) 281 ± 34(stat) + 53(sys) + 7(extr) µb

Table 3.3.: Beauty cross sections measured in ALICE in pp collisions at
√
s = 2.76 [54] and

7 TeV [55].

Since there is no pp data at
√
s = 5.02 TeV, the cross sections of cc̄ and bb̄ at 5.02 TeV are

estimated according to FONLL (Fixed Order + Next-to-Leading Log) calculations [56, 57].
Figure 3.8 shows the measured cross sections of cc̄ and bb̄ from different experiments as
a function of collision energy. Also FONLL predictions are shown for comparison. To
estimate the cross sections of cc̄ and bb̄ at 5.02 TeV, the following ratios given by FONLL
calculations are used:

σFONLLcc̄ (5.02 TeV)/σFONLL
cc̄ (7 TeV) = 0.789 (3.4)

σFONLLcc̄ (5.02 TeV)/σFONLL
cc̄ (2.76 TeV) = 1.561 (3.5)

σFONLLbb̄ (5.02 TeV)/σFONLL
bb̄ (7 TeV) = 0.75 (3.6)

According to the ratios in Equations 3.4/3.5 and 3.6, the charm and beauty cross sections
at
√
s = 5.02 TeV are extracted and they are estimated as σcc̄ = 6.9 mb and σbb̄ = 210

µb. In addition to that, systematic uncertainties for both σcc̄ and σbb̄ are assigned by
systematic uncertainties of the scaling errors and it is estimated as 20% for each.
Measurements and estimations for the cross sections are discussed for pp collisions so far.
Additionally, PYTHIA is an event generator for pp collisions as mentioned in Section 3.2.1.
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3.3. Intermediate mass region

Thus, another normalization factor must be taken into account to calculate contributions
from the semileptonic heavy-flavor decays in p–Pb and Pb–Pb collisions. This factor is
the number of binary collisions (Ncoll) which is calculated according to Glauber Modeling
[58, 59]:

Collision system Ncoll

p–Pb (MB) 6.9 [60]
Pb–Pb (20-50%) 419.2 [61]
Pb–Pb (0-10%) 1500.5 [61]

Table 3.4.: Numbers of binary collisions in minimum bias p–Pb, semi-central and central
Pb–Pb collisions according to Glauber Model calculations.

Consequently, calculated pp yields at
√
s = 5.02 and 2.76 TeV are multiplied by the cor-

responding Ncoll values to obtain yields in p–Pb and Pb–Pb collisions at
√
s = 5.02 and

2.76 TeV, respectively, for required centralities:

(
dN
dy

)5.02TeV
p−Pb = Ncoll × (

dN
dy

)5.02TeV
pp (3.7)

(
dN
dy

)2.76TeV
p−Pb = Ncoll × (

dN
dy

)2.76TeV
pp (3.8)
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Figure 3.8.: Charm (left) [53] and beauty (right) [54] cross sections from different experi-
ments and FONLL predictions as a function of collision energy.
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3. Dielectron cocktail simulation

3.4. High mass region

In the HMR, only dielectrons from the J/ψ particle are included into the dielectron cock-
tail spectrum. Dielectron contributions of J/ψ are generated with the EvtGen package [62]
in AliRoot and the effect of radiative corrections in decays are simulated using PHOTOS
[63, 64]. Herewith the radiative decays - known as internal bremsstrahlung - (J/ψ → eeγ)
are also considered 7 [65].

In this cocktail study, dielectron decays of J/ψ in pp [66] and p–Pb [67] collisions are
taken from the full Monte Carlo (MC) simulation and then they are scaled by the cross
sections measured in ALICE (Table 3.5).

σppJψ (7 TeV) 12.4±1.1(stat.)±1.8 (syst.)+1.8(λHE =1)-2.7(λHE =-1) µb [68, 65]
σp−PbJψ (5.02 TeV) 367.8 ± 61 nb [69]

Table 3.5.: Production cross sections of J/ψ measured with ALICE in pp and p-Pb collisions
at
√
s = 7 and 5.02 TeV, respectively.

Since statistics for dielectron analysis in Pb–Pb collisions is currently limited, the invariant
mass spectrum is being analyzed only up to 0.5 GeV/c2. Therefore, there is no calculation
performed for J/ψ in Pb–Pb collisions for this dielectron study.

3.5. Bremsstrahlung effect and momentum resolution
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Figure 3.9.: Momentum resolution from full MC detector simulation.

7Due to the fact that PYTHIA does not consider the radiative decays of J/ψ, a new framework for decays
of J/ψ was previously developed using EvtGen and PHOTOS [65].
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3.5. Bremsstrahlung effect and momentum resolution

Electrons lose a non-negligible part of their energy by interacting with the detector mate-
rial due to the bremsstrahlung effect. For this reason, the energy loss of electrons in the
detector material and its effect on the dielectron cocktail should be taken into account. In
order to implement the bremsstrahlung effect, full MC detector simulations from ALICE
are used for each collision system separately. To extract the momentum resolution ∆p/p:

∆p

p
=
pgenerated − preconstructed

pgenerated
(3.9)

where pgenerated is the momentum of electrons without considering any detector effects and
preconstructed is the momentum of electrons after all reconstruction and electron identifica-
tion cuts. Obtained distribution of the momentum resolution ∆p/p vs. momentum p is
stored into a 2D histogram and it is shown in Figure 3.9. Afterwards, slice by slice pro-
jections of ∆p/p are taken for each momentum interval. Figure 3.10 indicates an example
of the projection on ∆p/p for the momentum interval of p = 5.9–6.1 GeV/c. As it can be
clearly seen, the distribution of electrons shows a tail on its lower right side which is caused
by the bremsstrahlung effect and which means pgenerated>preconstruced. On the other hand,
the width of the peaked region is due to momentum resolution.
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Figure 3.10.: Projection on momentum resolution ∆p/p for the momentum interval p =
5.9-6.1 GeV/c.

After taking projections for all momentum slices, the obtained 1D histograms of momentum
resolution are fitted with a combined function consisting of the Landau function convoluted
with the generalized Gaussian 8 and exponential function (Equation 3.10).

Fc1,σg ,s,k,σ`,M`,c2,α,b(x) =

{
c1

∫
Gσg ,s,k(x− z)Lσ`,M`

(z)dz if x ≤ b
c2exp(−αx) if x ≥ b

(3.10)

8Compared to the Gaussian, the Generalized Gaussian (GG) has two more variables which are called
skewness and kurtosis.
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3. Dielectron cocktail simulation

Fitting the peak region with the Landau function convoluted with the generalized Gaus-
sian parametrizes momentum resolution and fitting the tail with the exponential function
gives parametrization for the bremsstrahlung effect. Below the border, which is also a pa-
rameter, between the Landau+Gaussian and exponential functions (for x ≤ b), parameters
describing the distribution in the peak region are the constant c1, the width σg, skewness s,
kurtosis k of the convoluted generalized Gaussian function, the width σ` and most probable
valueM` of the Landau density. For x ≥ b, the tail is parameterized by the constant c2 and
the slope α of the exponential function. With extracted parameterizations for momentum
resolution and the bremsstrahlung tail, the smearing of generated momentum pgenerated of
electrons is performed and finally their invariant masses are recalculated [70].

Figure 3.11 shows two dielectron cocktail spectra in order to see the effect of bremsstrahlung
on the dielectron cocktail 9. The left panel indicates dielectron cocktail without smearing
while the right panel shows dielectron cocktail with smearing. From the dielectron cocktail
on the right panel, one can simply recognize smearing due to the bremsstrahlung effect, in
particular from the tail of the resonance decay of e.g. φ. Also the peak heights of ω and
φ are decreased after smearing.
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Figure 3.11.: Dielectron cocktails in pp collisions at
√
s = 7 TeV without (left) and with

(right) smearing due to the bremsstrahlung effect and momentum resolution.

A comparison of total dielectron cocktails in Figure 3.12 shows the difference better between
smeared and unsmeared cases. This indicates that the smearing due to the bremsstrahlung
effect and momentum resolution can not be neglected especially for the ω and φ resonances,
but also towards the HMR.

9Since dielectron decays of J/ψ are taken from full MC simulation, the bremsstrahlung effect and mo-
mentum resolution have been already taken into account. Thus, the plots present the particle decays
except those from J/ψ.
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3.6. Calculation of systematic uncertainties
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Figure 3.12.: Total dielectron cocktails and their ratios in pp collisions at
√
s = 7 TeV with

(blue) and without (red) smearing.

3.6. Calculation of systematic uncertainties

As discussed in Section 3.2.2, the dominating dielectron sources of the cocktail are the pi-
ons, and contributions of other mesons in the LMR are derived from pion pT-spectra using
mT-scaling. Thus, the uncertainty on the pion cross section/yield is the major system-
atic error source. In order to estimate systematic errors from the pion measurement, pion
data are shifted up and down by their systematic uncertainties and re-fitted. Extracted
parametrizations from shifted-up and -down pion data are then written into the internal
event generator (AliGenEMlib), and dielectron cocktails are re-produced from each.
Systematic errors of other light mesons (η, η′, ρ, ω and φ) are determined by systematic
errors on meson-to-pion ratios used for mT-scaling given in Table 3.1. Systematic errors
of cc̄, bb̄ and J/ψ are assigned by systematic errors of their measured cross sections given
in Tables 3.2, 3.3 and 3.5, respectively. Afterwards, the total systematic error is calculated
by adding the individual contributions in quadrature and by averaging upper and lower
uncertainties.

Systematic uncertainties on the dielectron cocktail in pp collisions at
√
s = 7 TeV are

shown in Figure 3.13 as a function of mee. For the dielectron cocktail in p–Pb collisions
at
√
sNN = 5.02 TeV, systematic uncertainties are calculated not only as a function of

mee as shown in Figure 3.14 but also as a function of pair pT. Therefore, Figures 3.15
and 3.16 indicate systematic uncertainties as a function of peeT for the invariant mass slices
of mee<0.14 GeV/c2, 0.14<mee<0.75 GeV/c2, 0.75<mee<1.1 GeV/c2 and 1.1<mee<3.0
GeV/c2. Finally, systematic uncertainties on the cocktail in central and semi-central Pb–
Pb collisions at

√
sNN = 2.76 TeV are shown in Figure 3.17 as a function of mee.

It is remarkable that the cc̄ contribution has a large uncertainty and therefore it is the
dominating error source in particular in the IMR.
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3. Dielectron cocktail simulation
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Figure 3.13.: Total and individual systematic uncertainties of dielectron sources as a function
of mee in pp collisions at

√
s = 7 TeV.
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3.6. Calculation of systematic uncertainties
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3.6. Calculation of systematic uncertainties
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at
√
sNN = 2.76 TeV.

37





4. Results

In this chapter, dielectron cocktail results compared to data in minimum bias pp collisions
at
√
s = 7 TeV, p–Pb collisions at

√
sNN = 5.02 TeV, and in central and semi-central

Pb–Pb collisions at
√
sNN = 2.76 TeV are discussed.

4.1. Dielectron cocktail in pp collisions at
√
s = 7 TeV

Figure 4.1 shows the ALICE preliminary invariant mass spectrum in pp at 7 TeV compared
to cocktail calculations which are generated using only EXODUS codes. The invariant mass
spectrum is calculated as follows:

1

Nevt

dσ

dmee
=

1

Nevt

dNee
corr

dmee
× σINEL (4.1)

where Nevt is the number of events, dNee
corr is the efficiency corrected number of dielectron

pairs and σINEL [71] is the inelastic cross section.
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Figure 4.1.: Preliminary pp result measured at
√
s = 7 TeV and comparison of data to

previous cocktail calculations from EXODUS [66].
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4. Results

Within this cocktail study, a new hybrid cocktail framework is developed as discussed
in Section 3.2.1 and dielectron cocktails are generated with PYTHIA+EXODUS, namely
using the AliDecayerExodus class. Furthermore, the new dielectron cocktails include two
more updates. First, the bremsstrahlung effect (Section 3.5), which was implemented in
the old cocktail only for the resonances of ω and φ, is applied to all particles. Second, the
beauty contribution (Section 3.3) is included in the new cocktail. Finally, the dielectron
cocktail is updated accordingly and the new cocktail is compared to the preliminary data
points (Figure 4.2).
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Figure 4.2.: Preliminary invariant mass spectrum compared to the new dielectron cocktail
based on PYTHIA and EXODUS.

As one can see, the new cocktail based on PYTHIA+EXODUS and the preliminary data
are not in agreement around the J/ψ region, unlike the old dielectron cocktail. On the
other hand, the preliminary data are also updated and Figure 4.3 indicates the comparison
of the new dielectron cocktail to the current pp result [72] which will be finalized soon. In
this comparison, the data and the dielectron cocktail agree better in the IMR and HMR
within their systematic uncertainties, however, in the LMR especially around 0.5 GeV/c2

the data are still below the cocktail.
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4.2. Dielectron cocktail in minimum bias p–Pb collisions at
√
sNN = 5.02 TeV
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Figure 4.3.: Updated pp data (work in progress) and its comparison to the new dielectron
cocktail based on PYTHIA+EXODUS.

4.2. Dielectron cocktail in minimum bias p–Pb collisions at√
sNN = 5.02 TeV

The p–Pb results are performed for two different single leg peT cuts. In this section, only
the case of peT>0.2 GeV/c is indicated. The results for peT>0.4 GeV/c can be found in
Appendix A.1.

Figure 4.4 shows the preliminary invariant mass spectrum [67] compared to the dielec-
tron cocktail. The invariant mass spectrum corrected for the total pair reconstruction
efficiency is calculated by:

1

Nevt

dN
dmee

=
1

Nevt

dNee

dmee

1

εtotalee

(4.2)
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4. Results

where Nevt is number of events, dNee is number of e+e− pairs and εtotalee is the pair ef-
ficiency.
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Figure 4.4.: Invariant mass spectrum from preliminary analysis compared to the dielectron
cocktail in p–Pb collisions at

√
sNN = 5.02 TeV for peT > 0.2 GeV/c.

The data and the dielectron cocktail are in agreement within their systematic uncertainties.
However, the ratio is slightly suppressed especially in the IMR where the cc̄ contribution
is dominating. Therefore, cc̄ tuning and generation still need to be investigated in the
dielectron cocktail.

In addition to invariant mass, four pair pT-spectra up to 3 GeV/c in various invariant mass
slices are analyzed [67]. The results of peeT -spectra for mee<0.14 GeV/c2, 0.14<mee<0.75
GeV/c2, 0.75<mee<1.1 GeV/c2 and 1.1<mee<3.0 GeV/c2 are indicated in Figure 4.5 and
Figure 4.6. There is a small enhancement towards higher peeT in the first and second in-
variant mass slices (in Figure 4.5), while the data and cocktail agree well in the third and
fourth slices (Figure 4.6).
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4.2. Dielectron cocktail in minimum bias p–Pb collisions at
√
sNN = 5.02 TeV

0 0.5 1 1.5 2 2.5 3

)
-1 )

c
 (

(G
e

V
/

e
e

T
p

/d
N

 d
N

S
D

e
vt

N
1

/

-3
10

-210

-110

Cocktail sum with uncertainties

eeγ → 0
π

eeγ → η

ee
0

π → ω ee and → ω

ALICE Preliminary

 = 5.02 TeV
NN

sp-Pb NSD 

c > 0.2 GeV/e

T
p

2c < 0.14 GeV/eem

| < 0.8e
η|

)c (GeV/ee

T
p

0 0.5 1 1.5 2 2.5 3

d
a
ta

/c
o
ck

ta
il

0

0.5

1

1.5

2

ALI-PREL-69723

0 0.5 1 1.5 2 2.5 3

)
-1 )

c
 (

(G
e

V
/

e
e

T
p

/d
N

 d
N

S
D

e
vt

N
1

/

-5
10

-410

-3
10

-210

Cocktail sum with uncertainties

eeγ → η

ee
0

π → ω ee and → ω

eeγ →' η

 ee→ ρ

 = 6.9mb)
cc

σ> x pp PYTHIA MNR, 
pPb

coll
 (<Ncc

ALICE Preliminary

 = 5.02 TeV
NN

sp-Pb NSD 

c > 0.2 GeV/e

T
p

2c < 0.75 GeV/eem0.14 < 

| < 0.8e
η|

)c (GeV/ee

T
p

0 0.5 1 1.5 2 2.5 3

d
a
ta

/c
o
ck

ta
il

0

0.5

1

1.5

2

ALI-PREL-69731

Figure 4.5.: Pair pT-spectra in the invariant mass slices of mee<0.14 GeV/c2 (upper panel)
and 0.14<mee<0.75 GeV/c2 (lower panel) for peT > 0.2 GeV/c.
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Figure 4.6.: Pair pT-spectra in the invariant mass slices of 0.75<mee<1.1 GeV/c2 (upper
panel) and 1.1<mee<3.0 GeV/c2 (lower panel) for peT > 0.2 GeV/c.
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4.3. Dielectron cocktail in central and semi-central Pb–Pb collisions at
√
sNN = 2.76 TeV

4.3. Dielectron cocktail in central and semi-central Pb–Pb
collisions at

√
sNN = 2.76 TeV

Since the Pb–Pb analysis is still ongoing, the data [73] analyzed up to mee = 0.5 GeV/c2

are not final and systematic uncertainties on the data have not been calculated yet. As in
p–Pb collisions, the yield of e+e− pairs is calculated according to Equation 4.2.

)2c (GeV/eem
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

)
-1 )2 c

 ((
G

eV
/

ee
m

/d
Nd

-510

-410

-310

-210

-110

1

10

210

310
syst. uncertainty of cocktail

γ ee → 0π

γ ee → η

γ ee →' η

 ee→ ρ

0π ee → ω ee and → ω

η ee → φ ee and → φ

= 4.8 mb)
cc

σ> x pp PYTHIA MNR, 
coll

PbPb ee (<N→ cc

b)µ= 130 
bb

σ> x pp PYTHIA MNR, 
coll

PbPb ee (<N→ bb

 = 2.76 TeV
NN

sPb-Pb, 

Cent. 0-10%

c > 0.4 GeV/
T

ep

| < 0.8eη|

)2c (GeV/eem
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

)
-1 )2 c

 ((
G

eV
/

ee
m

/d
Nd

-410

-310

-210

-110

1

10

210

 = 2.76 TeVNNsPb-Pb, 

Cent. 0-10%

c > 0.4 GeV/
T
ep

| < 0.8eη|

)2c (GeV/eem
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

da
ta

/c
oc

kt
ai

l

0

0.5

1

1.5

2

2.5

Figure 4.7.: Dielectron cocktail shown up to 2 GeV/c2 (upper panel) and invariant mass
spectrum (work in progress) compared to the dielectron cocktail (lower panel)
in central (0-10%) Pb–Pb collisions at

√
sNN = 2.76 TeV.
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Figure 4.8.: Dielectron cocktail shown up to 2 GeV/c2 (upper panel) and invariant mass
spectrum (work in progress) compared to the dielectron cocktail (lower panel)
in semi-central (20-50%) Pb–Pb collisions at

√
sNN = 2.76 TeV.

The results on the dielectron cocktails in central (0-10%) and semi-central (20-50%) Pb–
Pb collisions are shown in Figure 4.7 and in Figure 4.8, respectively. The upper panels in
Figures show the dielectron cocktails up to mee = 2 GeV/c2 and lower panels indicate the
invariant mass spectra analyzed up to mee = 0.5 GeV/c2 compared to the corresponding
dielectron cocktails.
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5. Summary

This thesis presents the calculation of dielectron cocktails in minimum bias proton-proton
(pp) collisions at

√
s = 7 TeV, proton-lead (p–Pb) collisions at

√
sNN = 5.02 TeV and in

central (0-10%) and semi-central (20-50%) lead-lead (Pb–Pb) collisions at
√
sNN = 2.76

TeV in the acceptance of the ALICE (A Large Ion Collider Experiment) central barrel
detectors at the LHC (Large Hadron Collider). Since the calculation of the dielectron
cocktails in p–Pb and Pb–Pb collisions is based on scaling of events from pp collisions,
hot/cold nuclear matter effects are not considered in this dielectron cocktail study.

As the first step of the cocktail study, a new hybrid dielectron cocktail framework based
on EXODUS and PYTHIA is developed, in order to correctly describe line shapes of res-
onances and the Dalitz decays in the low mass region (LMR). The reason behind creating
a new framework is the fact that the resonance decays of ρ, ω, φ and the Dalitz decays
of π0, η, η′, ω, φ are not correctly implemented by PYTHIA. In this hybrid framework,
PYTHIA is kept as primary event generator, in which normalization (according to branch-
ing ratios) and decay selections are performed. EXODUS is used as decayer, in which the
Dalitz decays of π0, η, η′, ω, φ are defined by the Kroll-Wada function while the resonance
decays of ρ, ω, φ are defined by the Gounaris-Sakurai function. The codes for the decay
kinematics from EXDOUS are used to write a new class called AliDecayerExodus which is
adapted to PYTHIA and included into AliRoot (ALICE offline framework). Accordingly,
the AliDecayerExodus class allows to simulate dielectron contributions of the Dalitz and
resonance decays in the LMR by using the PYTHIA decay table and then by replacing the
particle decay kinematics from PYTHIA by those from EXODUS.
Dielectron contributions of cc̄ and bb̄ which dominate the intermediate mass region (IMR)
are simulated using the PYTHIA MNR (Mangano,Nison,Ridolfi) framework to produce
semileptonic heavy-flavor decays in a reasonable agreement with Next to Leading Order
perturbative Quantum ChromoDynamics (NLO pQCD) calculations. In the high mass
region (HMR), dielectrons from J/ψ taken from full Monte Carlo (MC) simulation are
generated with the EvtGen package and PHOTOS. Using PHOTOS, the effect of radiative
corrections in decays are simulated. PHOTOS considers the radiative decays of J/ψ (→
eeγ) which are not taken into account by PYTHIA.
In order to generate dielectron cocktails for various collision systems, several inputs are
used. In the LMR, transverse momentum spectra of π0 and π± serve as main inputs which
are taken from ALICE data. To produce the dielectron cocktail in pp collisions at

√
s = 7

TeV, measured pT-spectra of π0 and η from the PHOS+PCM combined method (Photon
Spectrometer + Photon Conversion Method) are used. For the dielectron cocktail in p–Pb
collisions at

√
sNN = 5.02 TeV, pT-spectra of π± are the main inputs, which are used as

an approximation of π0 ((π++π−)/2). They are measured with the TPC+TOF (Time
Projection Chamber and Time of Flight) up to 2.5 GeV/c and with the TPC from 2.5 up
to 20 GeV/c. In Pb–Pb collisions at

√
sNN = 2.76 TeV, both neutral and charged pion

inputs are available. In central Pb–Pb collisions, the pT-spectrum of π0 measured using
the PCM serves as the main cocktail input. For the dielectron cocktail in semi-central
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5. Summary

Pb–Pb collisions, pT-spectra of π± from the TPC+TOF serve as the main input and are
used as an approximation of π0. pT-spectra of the other light mesons (η, η′, ρ, ω, φ) are
parametrized using transverse mass scaling (mT− scaling) of pion spectra (except η in pp
collisions). To obtain contributions of cc̄, bb̄ and J/ψ for required collision systems in the
IMR and HMR, distributions of these particles are scaled by measured cross sections in
ALICE of each particle and by number of binary collisions from Glauber Modeling.
Since electrons can lose a considerable part of their energy by interacting with the detector
material, the effect of bremsstrahlung needs to be taken into account. The bremsstrahlung
effect is implemented in full MC simulations of each collision system using a detailed de-
scription of the ALICE detector. For the purpose of the dielectron cocktail study, the
distribution of momentum resolution ∆p/p vs. momentum p is extracted. Individual mo-
mentum slices are fitted in the peak region with the Landau function convoluted with the
generalized Gaussian to parametrize momentum resolution. The tail of ∆p/p fitted with an
exponential function gives parametrizations for the bremsstrahlung effect. Afterwards, the
momenta of electrons are smeared using extracted parametrizations and invariant masses
are recalculated accordingly.
Lastly, the systematic uncertainties on the dielectron cocktail are calculated. Since the
uncertainty on pion cross section/yield is the major systematic error source in the LMR,
errors from the pion measurement are mainly used. In order to estimate systematic er-
rors from the pion measurement, pion data are shifted up and down by their systematic
uncertainties and re-fitted. After re-fitting, the extracted parameterizations are used to re-
produce dielectron cocktails for lower and upper errors. Afterwards, the systematic errors
coming from the other light mesons (η, η′, ρ, ω, φ) are determined by systematic errors on
meson-to-pion ratios which are used for mT − scaling. Systematic errors coming from cc̄,
bb̄ and J/ψ are assigned by systematic errors of their measured cross sections. Finally, the
total systematic error is calculated by adding individual contributions in quadrature and
by averaging upper and lower uncertainties.

As results of this thesis, the generated dielectron cocktails are compared to ALICE data.
Comparison of the latest invariant mass spectrum and the dielectron cocktail in pp col-
lisions at

√
s = 7 TeV shows a good agreement within their systematic uncertainties in

the IMR and HMR. However, the data are still below the cocktail in the LMR especially
around 0.5 GeV/c2. The preliminary invariant mass spectrum and the dielectron cocktail
in p–Pb collisions at

√
sNN = 5.02 TeV agree well. Additionally to the mee spectrum in p–

Pb collisions, four pair pT-spectra up to 3 GeV/c in the invariant mass slices of mee<0.14
GeV/c2, 0.14<mee<0.75 GeV/c2, 0.75<mee<1.1 GeV/c2 and 1.1<mee<3.0 GeV/c2 are
compared to the dielectron cocktail. The peeT -spectra in mee<0.14 GeV/c2 and 0.14<mee<
0.75 GeV/c2 indicate a small enhancement where the other peeT -spectra show a good agree-
ment with data. From the comparison of the dielectron cocktails to the data in central
and semi-central Pb–Pb collisions at

√
sNN = 2.76 TeV, it is difficult to conclude, and the

Pb–Pb data analysis is still ongoing.
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6. Outlook

Dielectron cocktails generated within this work are generally in good agreement with data
taken in pp, p–Pb and Pb–Pb collisions. Furthermore, the PHYTIA MNR framework for
cc̄ and bb̄ works properly. However, cc̄ and bb̄ contributions still need to be investigated
to consider their complicated kinematics precisely. Also triggered data for higher pT are
taken in ALICE for pp and p–Pb collisions. Triggered data are interesting to study high
mass resonances like J/ψ and also Drell-Yan contribution. One of the future plans for the
dielectron cocktail study is the implementation of the Drell-Yan kinematics. Besides the
kinematics of particles, the parametrization library for cocktail input (AliGenEMlib) must
be kept up-to-date, so new parameters (once they exist) will be added into the AliGenEMlib
class.
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A. Appendix

A.1. Dielectron cocktail results in p–Pb collisions at
√
sNN =

5.02 TeV for peT>0.4 GeV/c
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Figure A.1.: Invariant mass spectrum from preliminary analysis compared to the dielectron
cocktail in p–Pb collisions at

√
sNN = 5.02 TeV for peT > 0.4 GeV/c.
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Figure A.2.: Pair pT spectra in the invariant mass slices of mee<0.14 GeV/c2 (upper panel)
and 0.14<mee<0.75 GeV/c2 (lower panel) for peT > 0.4 GeV/c.
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Figure A.3.: Pair pT spectra in the invariant mass slices of 0.75<mee<1.1 GeV/c2 (upper
panel) and 1.1<mee<3.0 GeV/c2 (lower panel) for peT > 0.4 GeV/c.
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