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Abstract

The ALICE Run 3 O2Physics analysis framework is divided into several Physics Work-

ing Groups (PWGs). This thesis focuses on implementing an analysis task in the

Dilepton-Quarkonia (DQ) PWG analysis framework. The new analysis task, Analy-

sisDileptonPhoton, reconstructs the radiative decay of χc → γ + J/ψ → γe+e− in

Monte Carlo simulations and in ALICE Run 3 data. During the task development and

to obtain several performance parameters, a Monte Carlo (MC) simulation was used

with 5 forced χc1 and 5 forced χc2 radiative decays per event. The MC reconstructed

matched triple candidates χc → γe+e− delta mass (∆m = mγe+e− −me+e−) distribu-

tion, which suppresses the experimental J/ψ mass resolution, exhibits two clear peaks

corresponding to the masses of χc1 and χc2, respectively. The masses of χc1 and χc2

were determined as mχc1 = (3509.9 ± 0.5) MeV/c and mχc2 = (3554.9 ± 0.7) MeV/c,

respectively, by fitting an asymmetric Gaussian to the peaks. Moreover, it was pos-

sible to reconstruct χc down to a transverse momentum of 0 GeV/c. Furthermore,

the study determined the acceptance and reconstruction efficiency of triple candidates

γe+e− from χc as a function of transverse momentum pT.

Das ALICE Run 3 O2Physics Analysis Framework ist in mehrere Physics Working

Groups (PWGs) unterteilt. Diese Arbeit konzentriert sich auf die Implementierung

einer Analysestruktur in das Dilepton-Quarkonia (DQ) PWG Analysis Framework.

Die neue Analysestruktur, AnalysisDileptonPhoton, rekonstruiert den Strahlungszerfall

χc → γ+ J/ψ → γe+e− in Monte Carlo (MC) Simulationen und ALICE Run 3 Daten.

Während der Entwicklung der Analysestrukur und um verschiedene Leistungsparameter

zu erhalten, wurde eine Monte Carlo Simulation mit 5 erzwungenen χc1 und 5 erzwun-

genen χc2 Strahlungszerfällen pro Ereignis verwendet. Die drei MC rekonstruierten

Teilchenkandidaten γe+e−, welche mit MC Informationen auf den gleichen χc Zerfall

getestet wurden, weisen eine Delta-Massenverteilung (∆m = mγe+e− − me+e−) mit

zwei deutlichen Maxima auf, deren Peaks den Massen von χc1 beziehungsweise χc2

entsprechen. Die Delta-Massenverteilung unterdrückt die experimentelle J/ψ Massen-

auflösung. Die Masse von χc1 und χc2 wurde als mχc1 = (3509.9 ± 0.5) MeV/c und

mχc2 = (3554.9 ± 0.7) MeV/c bestimmt, indem eine asymmetrische Gaußfunktion an

die Peaks angelegt wurde. Darüber hinaus konnte χc bis zu einem transversalen Im-

puls pT von 0 GeV/c rekonstruiert werden. Außerdem wurde die Akzeptanz und die

Rekonstruktionseffizienz der drei Teilchenkandidaten γe+e− von χc in Abhängigkeit

vom transversalen Impuls pT bestimmt.
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1. Introduction

Charmonia (cc̄) are bound states of charm and anticharm quarks and are distinguished

by their differing masses and binding energies. They are useful probes to study the

properties of the medium formed in heavy-ion collision as their production is influenced

by the Quark-Gluon Plasma (QGP). At low energies (like RHIC), in the presence of

a QGP there is a suppression of the J/ψ production, whereas at high energies (like

LHC), the J/ψ production is enhanced [1]. The decay of higher charmonium mass

states significantly contributes to J/ψ production [2]. This feed-down is mainly due to

the radiative decay from χc → γ + J/ψ. Therefore, studying the radiative decay of χc

is crucial.

In order to study the radiative decay of χc, it is necessary to be able to reconstruct

it. However, the reconstruction of this decay is not yet implemented in the ALICE

Run 3 O2Physics analysis framework. This thesis presents the implementation of the

analysis task for reconstructing χc → γ + J/ψ → γe+e− with O2Physics, along with

the full analysis of a Monte Carlo simulation to determine the mass resolution of χc

and the pT dependent reconstruction efficiency. To facilitate the understanding of

the developed analysis task, AnalysisDileptonPhoton, it is necessary to review certain

physical concepts and to provide an explanation of the ALICE detector, and particularly

the corresponding Online-Offline (O2) computing system, before introducing the new

analysis task.

Firstly, Chapter 2 introduces briefly the physics fundamentals for this thesis, the stan-

dard model (SM), the Quark-Gluon Plasma (QGP) and the J/ψ and χc charmonium

states. Secondly, the upgraded A Large Ion Collider Experiment (ALICE) detector

during the Long Shutdown 2 with its research goal, as well as the main detector sys-

tems are described in chapter 3. The central barrel detectors Inner Tracking System 2

(ITS2) and Time Projection Chamber (TPC) are given in a bit more details (Section

3.2 and 3.3). The general tracking of particles in the ITS2 and TPC, the detection

of photons using the Photon Conversion Method (PCM) and the reconstruction of V0

particles through two opposite charged daughter particles are described in Section 3.4.

Thirdly, the ALICE Run 3 Online-Offline (O2) computing system developed for the

processing and compression of the data from the continuous detector readout, as well

as for the analysis of the compressed data is described in Section 4.1. The O2Physics

analysis framework is a component of the O2 computing system and is responsible for

the data analysis. Section 4.2 outlines the structure of the Physics Working Groups

(PWGs) in the O2Physics analysis framework. Section 4.3 explains the data workflow

within the PWG, and the layout of an analysis task. The developed analysis task

1



Chapter 1. Introduction

was implemented in the Dileptons-Quarkonia (DQ) analysis framework (Section 4.4)

because it allows for the reconstruction of electron-positron pairs. The DQ section

focuses on the data skimming process and the files that are modified when implementing

the new task. The reconstruction of the χc requires not only the electron-positron pairs

but also a photon candidate table. This table is obtained from the Electromagnetic

Probes (EM) analysis framework described in Section 4.5.

Chapter 5 provides a detailed description of the developed analysis task, AnalysisDilep-

tonPhoton, which aims to reconstruct the radiative decay of χc. Section 5.2 outlines

the structure of AnalysisDileptonPhoton. Sections 5.3, 5.4 and 5.5 provide a detailed

description of the additions made to the DQ analysis framework to enable the recon-

struction of χc in Monte Carlo simulations and ALICE Run 3 data. Three different

types of reconstructions are considered: MC generated true, MC reconstructed and

MC reconstructed matched. Finally, Section 5.6 defines the O2 executables required

for running the task.

During the development of the analysis task, a specific Monte Carlo simulation with

forced radiative χc decays was used for debugging and afterwards to estimate several

performance parameters. Chapter 6 provides the parametrisation of the transverse mo-

mentum pT distribution of χc1 and χc2 used for the Monte Carlo simulation. Chapter

7 analyses the Monte Carlo simulation, investigating photon reconstruction and dielec-

tron reconstruction separately and together. The masses of χc1 and χc2 with their mass

resolution, as well as the pT dependent acceptance and reconstruction efficiency, are

determined.

2



2. Theoretical Background

This chapter introduces the Standard Model, the Quark-Gluon-Plasma and two Char-

moniums: the J/ψ and the χc. Section 2.1 provides a brief introduction to the Standard

Model. Then the deconfined phase of matter, known as Quark-Gluon-Plasma, is ex-

plained in Section 2.2, since this phenomenon is being studied with the A Large Ion

Collider Experiment (ALICE) aparatus. Next, the J/ψ meson and the χc meson are

characterised in Sections 2.3.1 and 2.3.2, respectively, because they are key observables

to study the Quark-Gluon-Plasma, and the main topic of this thesis.

2.1 Standard Model

The Standard Model (SM) is a theory in particle physics that explains how three

fundamental forces and 12 fundamental spin-half particles interact (on the left of Fig.

2.1). The SM can describe nearly all experimental data. The 12 fundamental particles

are made up of 6 leptons and 6 quarks as well as their antiparticles, grouped into pairs

and generations. The first generation of quarks are consists of the up (u) and down

(d) quarks which are the lightest and most stable quarks. This generation corresponds

to the electron (e−) and the electron neutrino (υe) which is the first generation of the

leptons. The fundamental particles of the first generation make up all stable matter.

The second and third generations of quarks are strange (s) and charm (c) as well as top

(t) and bottom (b) quarks. These higher generations are heavier and less stable. The

muon (µ) and tau (τ) and their corresponding neutrinos (υµ, υτ ) form the second and

third generations of leptons. The main difference between quarks and leptons is that

quarks can only exist confined in hadrons due to the increasing force of their interaction

as the distance between them increases, whereas leptons can exist freely [3, 4].

Figure 2.1 shows the SM with its fundamental particles and the exchange particles of

the fundamental forces. The SM takes into account the electromagnetic, weak and

strong forces in order to explain how these forces affect all matter. It neglects gravity

because it is extremely weak on a minuscule scale. The electromagnetic force has an

infinite range and is stronger than gravity. At the subatomic level, the weak and strong

forces are dominant and only manifest themselves over a very short range. Each of

the three forces uses force-carrying particles (bosons) to exchange energy. The force-

carrying particle of the electromagnetic force is the photon (γ), the weak force has both

the W and Z bosons, and the strong force uses the gluon (g) as the exchange boson [3,

4].

The SM is not yet complete and leaves some questions unanswered. For example, the

theory only considers three of the four fundamental forces, and it cannot explain dark
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matter or the loss of antimatter [4].
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Figure 2.1: The fundamental particles and force carrier bosons of the Standard Model
of particle physics as well as their corresponding forces [5]

2.2 Quark Gluon Plasma

The Quantum Chromodynamics (QCD) explains the strong interaction of the Stan-

dard Model. One component of the QCD is the theory of asymptotic freedom, which

describes the effect that the strong coupling constant αs approaches zero at high trans-

ferred momentum. This behaviour of αs hits that there is a matter phase transition

point between confined and deconfined matter. At high densities or temperatures nu-

clear matter undergoes a phase transition to deconfined matter where quarks and gluons

exist freely which is called Quark Gluon Plasma (QGP). In this state, its constituents

interact with each other through long-range gauge-fields, hence the name plasma [6, 7].

Depending on the plasma parameter (Γ), the plasma can be a gas, a liquid or a solid.

In the case of the QGP, it behaves more like a perfect fluid [8].

The development of the QGP in a heavy-ion collision at LHC energies is shown in Fig-

ure 2.2. Firstly, in order to produce an extremely high density parton region above the

critical energy density of the QGP (Tc = (0.7±0.2) GeV fm−3 [1]), strongly accelerated

massive ions must collide head-on. The centre distance of the colliding nuclei is repre-

sented by the collision parameter ’b’. The smaller the value of b, the greater the number

of nucleus involved in an inelastic interaction. Nucleons that are not involved in the

collision (spectators) continue to move along the beam direction after the impact. The

initial state is immediately after the collision, where partons collide in smaller-Q2 inter-
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actions and large-Q2 interactions. Q2 represents the square of the 4-momentum transfer

in a two-particle interaction. During the weakly coupled pre-equilibrium phase, softer

partons are created through smaller-Q2 interactions between the partons, allowing a

strongly coupled QGP phase to develop. At large-Q2 interactions, high-momentum

gluons and heavy quarks can be generated. The figure illustrates a trajectory of a

gluon and charm quark, for example. Less than 1 fm/c after the collision the QGP

reaches a state of equilibrium and expands. The charm quark losses energy due to

interactions with different quarks and gluons in the medium. The amount of energy

loss by the quarks and gluons depends on various parameters, such as colour charge,

momentum, mass, and whether the interaction is elastic or inelastic. This information

can provide insight into the properties of the QGP. The QGP expands and cools down.

The quarks and gluons which are below the transition temperature hadronise mainly

into pions, kaons and protons. At approximately 10 fm/c after the initial collision, the

temperature of the QGP reaches the freeze-out temperature and the particles as well as

their momenta are fixed. The ALICE detector measures the particles 1015 fm/c after

the heavy ions collided [1, 9, 10]. The measurement of the resulting hadronic particles

with the ALICE detector in Run 3 is described during Chapter 3.

Figure 2.2: Phases of Quark-Gluon-Plasma beginning at the collision of the highly
accelerated heavy ions until the detection with the ALICE detector [9].

In heavy-ion collisions at low energies (RHIC) the production of J/ψ is suppressed in the

QGP whereas at high energies (LHC) the production in the QGP is enhanced (Figure

2.3). This suppression of J/ψ at low energies is due to the fact that the average number

of charm-quark pairs (red dots) is less than one so that the charm quark or antiquark
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interact with other quarks (u, d, s) to form D mesons (purple circles) during cooling

phase. At high energies, the multiple produced charm (c) and anticharm (c̄) quarks

can interact again to D mesons or form a charmonium J/ψ particle at hadronization

[1, 11].

Figure 2.3: Charmonium suppresion: At low energies, the QGP reduces the inter-
actions between the only cc̄ pair (red dots) produced. During hadronisation, other
quarks such as u, d and s pair up with c or c̄ to form D mesons (purple circles). At
high energies, numerous cc̄ pairs are created. This time, at hadronisation, J/ψ mesons
can be formed from various cc̄ original pair [1]

2.3 Charmonium

With the discovery of the J/ψ in 1974 [12, 13], a new particle family was discovered:

Charmonium (cc̄). An overview of the different charmonium states with their most

dominant transitions, excluding single photon transitons, is given in Figure 2.4. They

are sorted after mass and quantum numbers JPC [14]. The mesons J/ψ and χc are

both members of the Charmonium family and are part of the developed task. They are

described in more detail in the following subchapters.

2.3.1 The J/ψ meson

Almost 50 years ago, the particle J/ψ was discovered at the same time by two indepen-

dent groups led by Samuel Chao Chung Ting and Burton Richter [12, 13]. The data

from both groups showed a new heavy particle with a surprisingly small width. These

data could only be explained by the fact that the measured particle was composed of a

new quark (charm quark (c), which had already been proposed in the GIM Mechanism

(1970). The J/ψ consists of a charm (c) quark and an anticharm (c̄) quark. It has a full
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Figure 2.4: Charmonium states. Arrows show the most dominant hadronic transi-
tions. For clarity, single photon transitions are omitted. The charmonium states are
organised into columns based on their Quantum numbers JPC (J=spin, P=parity,
C=charge-conjugation) [14]

width at half maximum of Γ = (92.6±1.7) keV/c2 and a mass ofm = (3096.900±0.006)

MeV/c2 [14]. Although the J/ψ has a long lifetime for such a heavy particle which is

due to the DD̄-threshold, it is unstable. Table 2.1 lists the most important branching

ratios of the J/ψ decay modes.

Table 2.1: Decay channels and branching ratios of J/ψ meson [14]

The J/ψ can be produced in both prompt or non-prompt modes. J/ψ from the decay

of higher charmonium mass states (indirect production) and from hard scattering in

hadron collisions (direct production) are termed prompt productions. Whereas J/ψ

from the decay of beauty hadrons are non-prompt productions [15, 16, 17].
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2.3.2 The χc meson

The χc (1P) triplet P-wave states are heavier charmoniums than the J/ψ, but are still

below the DD̄-threshold [18]. The χc triplet states differ in their spin-orbit and tensor

interactions, leading to different masses (Table 2.2). In the case of e+e−annihilation,

χc cannot be produced directly due to the quantum numbers JPC = J++ [19]. χc

mesons can be promptly produced at the interaction point in hadronic collisions or as a

result of the decay of higher-mass quarkonium states. Whereas, the decay of B-hadrons

produces non-prompt χc [18, 20].

Figure 2.5: Charmonium states below DD̄ threshold with Quantum numbers JPC

(J=spin, P=parity, C=charge-conjugation) and decay channels [21]

Figure 2.5 shows the possible decays of charmonium states below the DD̄-threshold.

This includes the radiative decay of χc to J/ψ: χc → J/ψ + γ. This electric dipole

transition accounts for about 25% of the prompt J/ψ production [18, 19].

n2S+1LJ JPC mass [MeV/c2] full width Γ [MeV/c2] BR [%]

χc0 13P0 0++ 3414.71 ± 0.30 10.8 ± 0.6 1.40 ± 0.05
χc1 13P1 1++ 3510.67 ± 0.05 0.84 ± 0.04 34.3 ± 1.0
χc2 13P2 2++ 3556.17 ± 0.07 1.97 ± 0.09 19.0 ± 0.5

Table 2.2: Selected χc properties; BR (branching ratio) of the radiative decay χc →
γ + J/ψ; numbers taken from [14]

Table 2.2 lists some of the properties of the χc states. The branching ratio BR of

χc0 → γ+ J/ψ (only 1%) is significantly smaller than BR of χc1 (34%) and χc2 (19%).

Therefore, χc0 will not be taken into account in the developed task.
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3. The ALICE detector

The European Organization for Nuclear Research (CERN) [22] uses several accelerators,

such as the Linear accelerator (Linac) or the Proton Synchroton (PS), to accelerate

protons or lead ions before they enter the Large Hadron Collider (LHC) [22]. On the

27 km long ring of the LHC there are four collision points equipped with detectors [23].

One of these detectors is the A Large Ion Collider Experiment (ALICE) detector. The

ALICE collaboration has constructed the ALICE detector to investigate the physical

properties of strongly interacting matter at extremely high energy densities, known as

QGP. The aim of this research is to study how QGP evolves in order to learn more

about how matter is organised and the processes that bind quarks and gluons [24, 25,

26].

Section 3.1 discusses the layout of the ALICE detector and briefly describes the de-

tectors that are important for reconstructing the χc radiative decay (χc → γ + J/ψ).

Sections 3.2 and 3.3 provide a detailed description of the Inner Tracking System 2

(ITS2) and Time Projection Chamber (TPC), respectively, as they serve as the main

tracking detectors for the ALICE detector. Section 3.4 deals with the reconstruction of

particles in Run 3. The general approach to particle tracking in the detector is outlined

in Section 3.4.1. Next, the tracking of particles in ITS2 and TPC in ALICE Run 3 are

discussed. Section 3.4.3 describes the method used to measure photons that will be

used in the new task and finally the reconstruction of V0 particles is described (Section

3.4.4).

3.1 The ALICE detector layout

The ALICE detector was upgraded during the Long Shutdown 2 in order to increase

the data acquisition rate and to improve the track resolution, as well as to detect more

precisely particles with a short lifetime [27]. The new setup for Run 3 and Run 4 of

the ALICE detector is shown in Figure 3.1. The detailed upgrades for each system are

described in [28].

The entire ALICE detector with all its different detectors weighs 10,000 tonnes and

has dimensions of 26x16x16m3 [29]. At the centre of the detector is the Inner Track-

ing System 2 (ITS2) [30, 31, 32], which surrounds the beam pipe. Next, is the Time

Projection Chamber (TPC) [33, 34], which tracks and identifies particles by measuring

their specific energy loss dE/dx. The ITS2 and TPC are followed the by the Transition

Radiation Detector (TRD) [35, 36] and Time Of Flight (TOF) [37, 38], which are par-

ticle identification detectors. The TRD uses transition radiation to identify electrons.

It can also provide up to six track points for charged particles to improve the momen-
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Figure 3.1: The upgraded setup of the ALICE detector for Run 3 [28]

tum determination and the particle identification [28]. The TOF detector measures the

time particles need to reach it from the interaction point. These high-precision times,

obtained using Multigap Resistive Plate Chambers (MRPCs), are used to determine

the velocities of the particles. The detector helps to identify hadrons and electrons [28,

38]. The two electromagnetic Calorimeter, Electromagnetic Calorimeter (EMCal) [39,

40] and Photon Spectrometer (PHOS) [41, 42, 43], are important for the measurement

of electrons and photons. The EMCal is a Pb-scintillator sampling calorimeter split

into two different regions in azimuth (EMCal and DCal (Di-Jet Calorimeter)), both

located 4.5m from the beamline [28, 40]. Both EMCal and PHOS use Avalanche Photo

Diode (APD) as readout. The PHOS is made of lead-tungstate crystals (PbWO4) and

surrounded by DCal. It measures electromagnetic showers to determine the total en-

ergy of photons and assumes they originate from the primary vertex. It also determines

the photon yield (for energies from 0.1 to 100 GeV) [28, 43]. The other parts of the

ALICE detector are not relevant to the decay in this study.

3.2 The Inner Tracking System 2

The Inner Tracking System 2 (ITS2) can reconstruct the primary and secondary vertices

of heavy flavour hadron decays, identify low-momentum particles and improve the

resolution of high-momentum particles which are detected in the TPC. During the Long

Shutdown 2 of the LHC, the ITS2 was upgraded to a seven-layer layout, as compared to

the six layers of the original setup. The layout of the seven layers of the ITS2 is shown
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in Figure 3.2. The seven layers are grouped into Inner Barrel (IB) and Outer Barrel

(OB). The IB consists of the three innermost layers, starting at a radial distance of 22

mm from the interaction point. The OB consists of four layers divided into two groups

ending at 400 mm from the beam line. The OB can be split further in the Middle

Layers (MLs) and Outer Layers (OLs) consisting each of 2 layers. The exact radii of

the seven layers are given in Table 3.1. The layers comprise ALIPIDE chips, which

are Monolithic Active Pixel Sensors (MAPS) utilising CMOS imaging technology. This

technology enables the integration of the sensor and the readout circuit to be integrated

into a single silicon layer, resulting in allowing the thinning of the silicon layers down to

50 µm and 100 µm. This reduces the material budget to 0.36% X0 in the inner barrel

per layer and 1.10% X0 in the outer barrel per layer[27, 28, 31, 30, 32].

The upgrade of the ITS2 enhanced the precision of track reconstruction for primary

vertex and heavy flavour hadron decays. This improvement was achieved by increasing

the resolution of impact parameters in the transverse plane and beam axis by at least

a factor of three each. The tracking efficiency and transverse momentum resolution for

low momentum particles were also further optimised. Additionally, the readout rate

was increased for pp and Pb–Pb collisions [27, 28, 31, 30, 32].

Figure 3.2: Layout of the Inner Tracking System 2 with the three layers in the Inner
Barrel and four layers in the Outer Barrel consisting of silicon Monolithic Active Pixel
Sensors (MAPS) [30]

Layer number 0 1 2 3 4 5 6

Rmin [mm] 22.4 30.1 37.8 194.4 243.9 342.3 391.8
Rmax [mm] 26.7 34.6 42.1 197.7 247.0 345.4 394.9

Table 3.1: ITS2 chip layer radii, numbers taken from [30, Table 1.1, p. 7]
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3.3 The Time Projection Chamber

The Time Projection Chamber (TPC) can track and identify both low-momentum and

high-momentum particles. It is the main detector in the central barrel of the ALICE

detector. The TPC was upgraded to continuous readout during the Long Shutdown

2, as it could not otherwise handle an interaction rate of 50 kHz. The continuous

readout could only be achieved with novel gas amplification, which was realised with

Gas Electron Multiplier (GEM) foils [28, 34]. The layout of the TPC is shown in Figure

3.3. It has a cylindrical shape and starts from 0.85 m to 2.5 m. It is filled with a gas

mixture Ne− CO2 −N2 (90/10/5) [28]. A central electrode splits the detector in two

drift regions. The end plates are divided into 18 azimuthal sections containing Readout

Chamber (ROC). When charged particles drift through the TPC, then they ionise the

gas along the way. The electrons drift towards the Readout Chambers where the GEMs

amplify the signal [28, 34, 33].

Figure 3.3: Layout of the Time Projection Chamber with labeling of the different
parts [44]

The charged particles that travel through the gas of the TPC ionise electrons from

atoms, losing energy in the process. The specific ionisation energy loss dE/dx can be

calculated using with the Bethe-Bloch equation [45, 46]:〈
−dE

dx

〉
= Kρz2

Z

A

1

β2

[
1

2
ln

(
2mec

2β2γ2Tmax
I2

)
− β2 − δ (βγ)

2

]
(3.1)

This function takes into account the density of the medium (ρ), the charge number

of the medium (Z), the charge of the incident particle (z), the atomic mass of the

medium (A), the velocity of the particle (β), the density correction (δ), the electron
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mass (me), the speed of light (c), the Lorentz factor (γ = 1√
1−β2

) and the mean

excitation energy of medium (I) as well as the constant K = 4πNAr
2
emec

2 = 0.307

MeVg−1cm2. The formula for calculating the maximum energy transfer in a single

collision with an incident particle of mass M is:

Tmax =
2mec

2β2γ2

1 + 2γme
M + (meM )2

(3.2)

With NA representing the Avogadro’s number and re as the classical electron radius.

Different shapes of the Bethe-Bloch function are obtained for various particles. How-

ever, it is possible to divide the Bethe-Bloch function into three general regions. At low

energies or momenta, the specific energy loss decreases sharply by a factor of 1
β2 to its

lowest value. The minimum ionizing particles (MIPS) occur at βγ ≈ 3− 4. For larger

βγ, the specific energy loss increases logarithmically with energy, which is known as

the relativistic rise (∼ ln(β2γ2)). At higher energies, there is a plateau in dE/dx [45,

46, 47].

Particle identification (PID) can be performed by measuring momentum and energy

loss of the particles. Figure 3.4 shows the specific energy loss of different particles

measured with the TPC. By applying cuts to the dE/dx signal, only specific particles

can be selected.
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3.4 Tracking and reconstruction of particles

Section 3.4.1 provides a general concept of tracking particles in detectors. Then, Section

3.4.2 explains the tracking of ITS2 standalone, TPC standalone and ITS-TPC together.

In order to reconstruct the radiative decay of χc, it is essential to reconstruct photons.

Section 3.4.3 describes the Photon conversion method used to detect photons in the

ITS2 and TPC. Section 3.4.4 explains how the electron-positron pair from the photon

is used for reconstruction, introducing the concept of reconstructing V0 particles.

3.4.1 General concept of particle tracking

In general, the concept of tracking typically incorporates 5 steps, as shown in Figure

3.5. However, the implementation of tracking may vary from experiment to experiment

due to differences in the detectors and the algorithms used. The initial step, seeding,

involves creating ‘short tracks’ that serve as the foundation for longer tracks. The next

step is the expansion of the track seeds to more detector layers by the search for further

hits. This procedure is known as track finding or pattern recognition. Thirdly, the track

fitting process involves calculating the track parameters and covariance matrix based

on the track points. Next, bad-quality or fake tracks are removed through quality cuts

during the track selection process. For iterative tracking, steps 2-4 are repeated to

remove allocated clusters and start again with clusters not in use. The beam collision

point, i.e. the minimum distance point between the tracks, is identified in the final

step, primary vertexing [49].

Figure 3.5: Five common steps of the basic concept of tracking: 1. Seeding, 2. Track
finding/Pattern recognition, 3. Track fitting, 4. Track selection, 5. Primary vertexing
[49]
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3.4.2 Tracking in ALICE Run 3

ALICE Run 3 offers three different types of tracking are possible: ITS2 standalone

tracking, TPC standalone tracking and ITS2-TPC tracks.

The process of standalone tracking in the ITS2 begins with the primary vertex seeding,

which is divided into three partial steps. In the three innermost ITS2 layers, correla-

tions among the hits are sought to form tracklets. Combinatorial matching and linear

extrapolation are then applied to those tracklets, followed by unsupervised clustering to

identify the collision point(s). The second stage of standalone ITS2 tracking involves

track finding and fitting, which comprises also three sub-steps. The primary vertex

position is used to reduce combinatorics in matching the hits. The track segments,

also known as cells, are linked together to form a tree of potential track candidates

called roads. This tracking technique is referred to as Cellular Automaton (CA) track

seeding. The Kalman Filter (KF) is then employed to fit tracks from the candidate

tracks. Quality criteria are used to identify and remove low-quality tracks A track

quality criterion example is that an ITS2 track must have a minimum of 4 conservative

hits in the ITS2 [49, 50, 51].

There are two main steps to the TPC standalone tracking process: tracking within a

ϕ sector and track merging between sectors. The tracking within a ϕ sector consists

of CA track seeding and an initial KF is applied to the track candidates within the

sector. The second part of the TPC standalone tracking starts with the extension to

segments in neighbouring sectors. Then additional clusters are acquired and a final KF

fit is performed [49].

Figure 3.6: Schematic view of tracking in the ITS2 and TPC in ALICE Run 3 [49]

The ITS2-TPC tracks can be divided into two processes (Figure 2): Time-matching

between ITS2 and TPC and Afterburner algorithm. Time-matching matches the ITS2

and TPC standalone. The Afterburner algorithm, on the other hand, takes the TPC
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standalone tracks and the remaining ITS2 clusters and matches them. The Afterburner

algorithm is used to improve the recovering efficiency for V0/cascade decay within the

ITS2. This algorithm requires a minimum of 2 hits in the ITS2 for matching with TPC

standalone tracks [49, 51].

3.4.3 Photon conversion method

Photons have to interact with the detector material in order to be able to detect

them. Depending on their energy, photons interact differently with matter: Rayleigh

scattering, Compton scattering (around 1 MeV), photoelectric effect (below 100 keV)

and pair production (above 1.022 MeV) [45, 52]. Figure 3.7 shows the total photon

cross section in lead versus photon energy.

Figure 3.7: Total photon cross section in lead as a function of the photon energy. The
different contributions are indicated by: σp.e.: photoelectric effect, σcoherent: Rayleigh
scattering at the whole electron shell, σincoherent: Compton scattering, σnuc: photo-
electric effect with nucleus, κN : pair production in nuclear field, κe: pair production
in electron field (asymptotic κe → κN/Z) [45].

The ALICE detector measures above 100 MeV, where the pair production is the dom-

inant effect. Pair production involves the conversion of a photon into an electron-

positron pair. This method of measuring a photon through pair production is called

Photon Conversion Method (PCM). Pair production can only happen in the presence

of a nucleus, and the energy of the photon has to exceed the threshold energy, which is

approximately the rest mass of the electron-positron pair: Eγ ≥ 2mec
2 . The Feynman

diagram of pair conversion is drawn in Figure 3.8.
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γ e+

e−

nucleus

Figure 3.8: Feynman diagram of photon pair production

At high photon energies, the differential cross section for photons can be approximated

for pair production:
dσ

dx
=

A

x0NA

(
1− 4

3
x(1− x)

)
(3.3)

The differential cross section is dependent on the atomic number (A), the Avogadro

constant NA, the radiation length (X0) and the fractional energy transfer (x). The

radiation length, denoted by X0, is defined as the average distance that higher energy

electrons travel before losing all but 1/e of their energy through Bremsstrahlung. This

distance is dependent on the material through which the electrons are travelling. The

fractional energy transfer x is the ratio between the energy of the electron or positron

and the photon energy (x =
Ee+e−
Eγ

). The differential cross section can be integrated to

obtain the high-energy limit for photon pair production [45, 52]:

σp =
7

9

( A

X0NA

)
(3.4)

Depending on the position of the conversion point and on the photon energy the

e+e−pair leaves signals in the ITS2 and TPC or only TPC. Sometimes, signals are

also observed in outer detectors like TOF or TRD. The TPC, for example, measures

the electron or positron by their energy loss in the gas mixture see Section 3.3. The

signals from the electron or positron can be reconstructed into tracks, which together

can be used to calculate the conversion point and other parameters such as the momen-

tum in all three spatial directions of the original photon [53, 54]. The following section,

Reconstruction of V0 particles (3.4.4), explains how the tracks are reconstructed to

provide directional information for the photon.

3.4.4 Reconstructing V0 particles

V0 particles are subatomic particles that are heavy, unstable, and have no charge. They

decay weakly into two daughter particles with opposite charges, creating a distinctive

’V’-shaped decay path. This shape is caused by the 0.5T magnetic field in the central

barrel and the opposite electrical charge of the daughter particles. The particles are
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named V0 due to their neutral charge and unique decay path. The most common V0

particles are Λ, Λ, K0
s and γ. These particles are detected through their daughter par-

ticles because of their short lifetime and neutral charge, which prevents electromagnetic

interaction with the detector material. Technically, photons γ cannot be classified as

V0 particles since they convert into an electron-positron pair instead of decaying, and

they are not massive. However, the procedure used to reconstruct V0 particles is also

used for photon conversion.

Figure 3.9 shows the weak decay of a V0 particle into two daughter particles. The

Distance of Closest Approach (DCA) is the smallest distance between the two daughter

tracks. The figure also shows the location of the primary vertex which is the location

where the pp collision happens [55, 56].

Figure 3.9: Geometry of V0 particle reconstruction from two daughter particles with
oppisite charge [55]. DCA = Distance of Closest Approach, R = vector from primary
vertex to the V0 vertex position.

The reconstruction process begins by selecting the seconday tracks. Only tracks with

a sufficient impact parameter to the primary vertex are considered. Next, the two

secondary tracks with opposite charges are combined, and various cuts are applied to

the tracks. For instance, paired tracks are cut, if the DCA between the two tracks

is greater than a specific value. After determining the vertex position, only secondary

vertices within a specific fiducial area are retained. The size of the fiducial area depends

on the expected particle density as well as the tracking precision, which in turn depends

on the ITS2 detector layers. At the end of the V0 finding process, a cut is applied to

the cosine of the pointing angle cos(θPA) to verify the pointing direction of the V0

momentum is verified with respect to the primary vertex. The pointing angle θPA is

defined as the angle between the V0 momentum (P arrow in Figure 3.9) and the vector

(R) from the primary vertex to the V0 vertex position. The momentum of V0 can be

calculated by using the track momenta of the two daughter particles at the DCA [55].
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4. The Online-Offline computing

system

The ALICE detector upgrades for Run 3 included implementing a continuous readout

of the detectors, resulting in the generation of approximately 3.5 TB of raw data per

second [27]. A new readout system was created to be able to handle this large amount

of data: the Online-Offline (O2) computing system [28, 57]. The O2 computing sys-

tem consists of the O2 facilities (Figure 4.1) as well as the O2 software framework.

The Physics Data Processing (PDP) project is responsible for the development of the

framework, software components and software infrastructure of the O2 software frame-

work [58]. The name Online-Offline (O2) system comes from the synchronous online

reconstruction of raw data and the asynchronous offline reconstruction [28, 57]. The

physics analysis framework of the ALICE experiment was later separated from the O2

framework and is now referred to as O2Physics.

Figure 4.1: Data flow of the ALICE experiment during Run 3 [59].

In Section 4.1 the process from raw data to calibrated and compressed Analysis Object

Data (AO2D) files and the associated facilities are described. This is followed by a brief

summary of the O2 software and the framework used to analyse the data (see Section

4.2). Next, the workflow of an analysis task in the O2Physics framework and the general

structure of an analysis task are explained in Section 4.3. Section 4.4 provides a detailed

description of the Dileptons-Quarkonia (DQ) analysis framework, as the analysis task

developed during this work is an extension of it. Specifically, the task combines the

existing dilepton analysis with reconstructed photons by the Electromagnetic Probes

(EM) analysis framework (Section 4.5) to identify triple candidates γe+e− from the
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radiative decay of the χc meson. Within the DQ framework ALICE Run 3 data are

analyzed using the tableReader.cxx file with different analysis tasks (Section 4.4.1).

The dqEfficiency.cxx contains the analysis tasks for analysing Monte Carlo simulations

(Section 4.4.2). Both files are linked to other files in the DQ analysis framework.

Section 4.4.3 discusses the necessary files and their role in the developed analysis task.

4.1 Data flow in the O2 computing system and facilities

In order to process the measured 3.5TB/s of data in Run 3 of the ALICE experiment, a

new data flow had to be established. The data flow within the O2 software framework

of the ALICE experiment, encompassing the associated facilities is displayed in Figure

4.1. The data flow with the calibration and reconstruction of the data can be sectioned

into five steps (Figure 4.2).

Figure 4.2: Schematic outline of the reconstruction and calibration data flow [57]

In Step 0, all raw data from the readout electronics is sent to the Counting Room 1

(CR1). This is where the First Level Processor (FLP) are located, which read the

raw data and split it up into Sub-Time Frames. The Sub-Time Frames are calibrated

and a local partial reconstruction is performed as well as compressing the data by zero

suppression. The FLPs also include the data quality control (QC) system. In Step

1, the compressed Sub-Time Frames, approximately 635 GB/s, are forwarded to the
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Counting Room 0 (CR0). There, the Event Processing Nodes (EPN) carry out an

online reconstruction in real-time, which involves standalone track finding for the ITS2

and TPC detectors, as well as a final reduction of the data. The algorithm used for the

data compression are based on the reconstructed steps. In Step 2, the ITS2 and TPC

data is matched and the TPC tracks are used as seeds to find the tracks in the TRD

detector. After the finished synchronous processing the data is stored in Compressed

Time Frames (CTF) and sent to a remote storage location along with the calibration

data. There, it can be accessed for asynchronous processing. In Step 3, the compressed

TPC data gets a final calibration to achieve the final quality level. Also the tracks

are outward reconstructed through all three detectors ITS2, TPC and TRD based on

the updated calibration. In the last step, the reconstructed tracks are matched with

TOF, HMPID and calorimeters. Additionally, another inward tracking is done as well

as PID, V0 finding and event extraction. The processed data is then stored in AO2D

and the CTF are deleted to get free disk space [57, 59, 60, 49, 61].

The technical design report of the created Online-Offline (O2) computing system with

more information can be found [57].

4.2 The ALICE O2 software and analysis framework

As already mentioned in the beginning of the chapter, the ALICE O2 software frame-

work was split in 2021 into O2 [62] and O2Physics [63]. Both frameworks work with

AO2D files consisting of arrow data tables (https://arrow.apache.org/) because

they allow for high processing speed. Further information on the functioning of these

data tables can be found in Ref. [64].

Figure 4.3: The layout of O2 and O2Physics software
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In Figure 4.3 the main parts of the O2 and the O2Physics software are shown. The O2

software has four main parts: Algorithm, Data Formats, Detectors and Generators. The

O2Physics analysis framework is divided into eight Physics Working Group (PWG)s,

each of which specializes in analyzing different physics topics. The abbreviation of the

different PWG stands for: Correlations and fluctuations (CF), Dileptons-Quarkonia

(DQ), Electromagnetic Probes (EM), Heavy flavour (HF), Jets (JE), Light-flavour (LF),

Monte carlo and minimum-bias (MM) and Ultra-peripheral collisions and diffraction

(UD) [65].

Each PWG directory has the following structure: Core, DataModel, TableProducer and

Tasks. The Core folder has all the files with the common code, for example, the cuts for

the tables, a library to define the histograms and signals, as well as, a file which manages

the variables. In DataModel the derived data tables are defined through namespaces.

The TableProducer contains the tasks which create the tables which are specified in

DataModel. The Tasks folder has the files with the analysis tasks created for each

physics analysis. Analysis tasks utilise the tables created and have the ability to edit

and create new tables. The resulting data can also be used to populate histograms [66].

How such an analysis task is structured and which features it has, is described in the

next section.

The documentation of the ALICE O2Physics analysis framework can be found in Ref.

[65].

4.3 Workflow and Analysis Tasks in O2Physics

The O2Physics analysis framework is organized in modular, flexible and interconnected

analysis tasks. These tasks are C++ structures and are managed in workflows. A

workflow consists of one or multiple tasks with specified input and output as well as

a set of configurations. The workflow starts with data tables consisting of tracks and

collisions which are saved in the AO2D files. Then the analysis tasks in the workflow

are executed. The tasks reads tables from the input and depending on the task it

edits the table or creates a new table. The new or edited table can be used as input

for another task (transient output). At the end of most workflows analysis objects

like histograms with the analysed data are created (persistent output). The output

produced is saved in an AnalysisResult.root file. To execute a workflow, the user has

to select the corresponding O2 executables and specify the configurations. Multiple

workflows can be executed by piping (”|”) the O2 executables of each workflow together.

This pipeline connects the output of one workflow to the input of the next workflow

[64, 67, 68, 69, 70]. The O2 executables required for the developed analysis task are

specified in Section 5.6.
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Figure 4.4: General analysis task structure [71]

All analysis tasks in the O2Physics analysis framework follow the same file structure.

This includes a specific structure in the C++ struct, as shown in Figure 4.4. The C++

struct requires some initial declarations: produces, Partition, Filter, Output object and

Configurable. The tables produced in the task are defined by the produces statement.

Partition creates additional tables based on the chosen options in the configuration

file. The Filter enables the selection criteria from the input data, such as particles

within a specific mass range. The output’s structure, including the Histogram folders,

is determined by the Output object. The Configurable object declares the variables

that are used in the configuration file (json). Configuration variables may include the

cut for the event tracks, the selected MCSignals, or the filter settings such as the lowest

mass for the mass filter. All structures require an initialization function that is executed

once at the start of the task. The process functions defines the input data tables, which

can be any known data table. In the process function the input data gets analysed.

Here, new code with functions and conditions for processing events are defined. It is

possible to have several process functions in one struct. All structs typically have a

processDummy() function that performs no action. This ensures that only the relevant

structs are executed for the analysis task. In order to link the task with the analysis

workflow, it has to be included in the defineDataProcessing() function. The location of

defineDataProcessing() declaration depends on whether the file contains multiple task

structures. It is either stated within the structure or after all task structures [64, 68,

71].

The analysis task file must meet additional requirements beyond those specified for

a C++ analysis struct. The file should begin with the License agreement to confirm

that the written code is free software. Following the License agreement, the header

files are included. The header files that have to be included are at least ”Frame-

work/runDataProcessing.h” and ”Framework/AnalysisTask.h” [70]. The remaining
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header files are dependent on the created analysis task. To prevent name conflicts,

it is necessary to add at least the namespaces o2 and o2::framework [68, 70].

4.4 The Dileptons-Quarkonia (DQ) analysis framework

The Dileptons-Quarkonia (DQ) analysis framework focuses the analysis on events with

single leptons and dileptons especially electrons and muons. The table structure of the

DQ Data Model is shown in Figure 4.5. The bold names in the boxes are the names of

the corresponding table. The parameters stored in the tables are named in the other

lines of the boxes. The red boxes are all tables which are specific for muons. The green

tables are for electrons. The blue bubbles correspond to all events. The violet boxes

are filtered dileptons tables.

Figure 4.5: The O2Physics DQ Data Model with all different tables [68]

Prior to analysing stored or simulated data (AO2D.root), it must undergo the skimming

workflow (see Figure 4.6) to condense the data and retain only the necessary information

for analysis. This data reduction enables a relatively small output. The skimming

process uses common utilities of the O2Physics framework such as event-selection, track-

selection, event-timestamp, PID tasks as well as, functions of the DQ framework such

as filter-pp, v0-selector or dalitz-selection. During the final stage of the skimming

process, the TableMaker generates condensed data tables that include event and track

details, as well as other relevant output. The skimmed workflow can be configured

to create tables containing specific event and track information [68]. TableMakers are

selected based on whether data from the ALICE detector or data from Monte Carlo

(MC) simulations are skimmed. The TableMakerMC generates skimmed data tables
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for both reconstructed particles and MC true particles based on the MCSignal class

[72].

Figure 4.6: The skimming workflow of DQ analysis framework for data [68]. The
skimming workflow for Monte Carlo is mostly the same. For instance, table-maker is
replaced with table-maker-mc.

The workflows of interest for the created task are the tableReader.cxx and the dqEf-

ficiency.cxx. The tableReader workflow analyses skimmed data tables from measured

ALICE Run 3 detector data, while the dqEfficiency examines Monte Carlo Simulations.

The two following subsections provide a more detailed description of both files. The

Core folder contains crucial files for the task at hand which are outlined in Section

4.4.3.

4.4.1 DQ tableReader

The tableReader [73] performs seven analysis tasks: AnalysisEventSelection, Analysis-

TrackSelection, AnalysisMuonSelection, AnalysisPrefilterSelection, AnalysisEventMix-

ing, AnalysisSameEventPairing and AnalysisDileptonHadron. How the tasks in the

TableReader interact with each other, as well as, the required input and the resulting

output of the tasks are shown in Figure 4.7. All tasks except the AnalysisPrefilterSe-

lection create histograms as output.

The AnalysisEventSelection chooses specific events in the input data tables, as the

name implies. The AnalysisTrackSelection and AnalysisMuonSelection also perform

selection, but on the tables for barrel tracks and muon tracks, respectively. The Anal-

ysisTrackSelection can be further filtered using the AnalysisPrefilterSelection, which

operates on reduced tracks. The resulting output is necessary for certain processes

in the AnalysisSameEventPairing. The AnalysisEventMixing requires the cut event,

track and muon tables as input, along with MixingHashes produced from the Anal-

ysisEventSelection. The AnalysisEventMixing technique involves using particles from
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different events to obtain the background for the analyzed decay in the SameEvent-

Pairing. The AnalysisSameEventPairing has the most processing functions and can be

used to analyse different decays with dileptons. For example, it can be used to analyse

the decay of J/ψ, ψ(2s) or the decay of ω, ρ and ϕ to low mass dileptons. The Anal-

ysisSameEventPairing tasks generate various dilepton tables and analysis histograms.

The AnalysisDileptonHadron task requires the dilepton tables as input. In this tasks,

the dileptons are combined with tracks. This enables the analysis of decays such as

B → J/ψ +K because the electron-positron pairs from J/ψs are considered as one of

the decay products, rather than two separate particles [72, 73, 74].

Figure 4.7: Schematic view of DQ tableReader structures and workflows for analysis
of skimmed data using tableMaker data tables, based on [72, 73].

4.4.2 DQ dqEfficiency

The dqEfficiency [75] workflow (Figure 4.8) is used to analyse MC data tables. The

file outlines a workflow that comprises of five tasks: AnalysisEventSelection, Anal-

ysisTrackSelection, AnalysisMuonSelection, AnalysisSameEventPairing and Analysis-

DileptonTrack. All tasks produce edited or new data tables and histograms based on

the processed data tables. The AnalysisEventSelection, AnalysisTrackSelection and

AnalysisMuonSelection are responsible for selecting events, barrel tracks and muon

tracks, similar to the tableReader. The AnalysisSameEventPairing analyses the given

event, track and muon tables for decays with dilepton pairs of opposite sign only which

are then saved in several dilepton tables and analysing histograms. The Analysis-
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DileptonTrack1 utilises the dilepton tables to analyse particle decays to dimuon-muon

(Bc → J/ψ + µ → µµµ) and dielectron-kaon (B+ → J/ψ + Kaon → e+e− + Kaon).

The function runMCGen is used by both structs AnalysisSameEventPairing and Anal-

ysisDileptonTrack to generate MC true diagrams. It takes grouped Monte Carlo tracks

as input and verifies them for MC true signals with one-prong or two-prongs [72, 74,

75].

The term ’one-prong’ can refer to either single particle signals (such as χc, J/ψ, B, etc.)

or to a decay product, like an electron from a J/ψ or a photon from π0 decays. The

term ’two-prongs’ is used to describe two particle signals, like dielectrons or dimuons,

or two decay products such as an electron-positron pair from J/ψ [75, 76].

Figure 4.8: Schematic view of DQ dqEfficiency structures and workflows for analysis
of skimmed MC using tableMakerMC data tables, based on [72, 75].

4.4.3 DQ files for tableReader and dqEfficiency workflow

To perform a data analysis in the DQ framework, multiple files are utilized beyond

dqEfficiency and tableReader. Analysis tasks call functions and classes from other files

in the Core, DataModel and TableProducer folders. In this part only the files important

for the created tasks are mentioned to run an analysis.

The Core folder contains several important files, including CutsLibrary, HistogramLi-

brary, HistogramManager, MCProng, MCSignal, MCSignalLibrary and VarManager.

The CutsLibrary defines potential cuts for the input data tables. Various types of cuts

1The AnalysisDileptonTrack is not completely implemented. Currently it can only determine MC
reconstructed and MC reconstructed matched triple candidates and only one-prong MC generated true
candidates
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are defined, including those based on variables such as pT, mass, opening angle, η as

well as cuts based on TPC, ITS2 or TOF variables. After applying the cuts to the

input data tables, they can be analysed using the tasks in dqEfficiency or tableReader

[72, 74, 77].

After reconstructing events, tracks or pairs, the VarManager functions are used to

populate the analysis variables. The analysis variables in the VarManager are used

to fill the histograms [72, 74, 78]. The HistogramManager declares the functions to

create and fill histograms [72, 74, 79, 80]. The HistogramLibrary defines the types of

histograms available and their settings, including their variables [72, 81].

The MCProng, MCSignal and MCSignalLibrary are essential for analysing of Monte

Carlo data. The MCProng class defines the particle PDG codes for PID and includes

prong functions that specify the decay order of particles with their mother and daughter

particles, as well as whether they originate from the primary vertex or not [72, 74, 82,

83].

The MCSignal class is responsible for transforming one prong or multiple prongs into a

signal and includes the CheckSignal function to verify if MC particles meet the defined

prongs of a requested signal. A signal can be defined in two orders: a mother particle

to daughter particles or daughter particles from a mother particle. The CheckSignal

function is crucial for obtaining MC reconstructed matched and MC generated true

candidates. It checks whether the MC particles have the correct particle type (PDG

number) and have the correct mother or daughter particles (PDG code and particle

number). For instance, if the CheckSignal function is given three MC particles and

the signal eePhotonFromChic1(2) (which is defined in the MCSignalLibrary.cxx as first

particle e+ or e− from J/ψ from χc1(2), second particle e+ or e− from J/ψ from χc1(2)

and third particle γ from χc1(2), see Section 5.5). The function verifies whether the

first and second particles form an electron-positron pair by checking their PDG code.

It also checks if the both particles have a common mother particle J/ψ with the same

globalIndex and whether the J/ψ has a mother particle χc1(2). The third particle is

tested to determine whether it is a photon (PDG code) and if it originates from a

χc1(2) meson. The globalIndex of the χc1 from the third particle (γ) is compared with

the χc1(2) globalIndex of the first and second input particles (electron-positron pair) to

confirm that all three particles originate from the same radiative decay of χc1(2) [72,

74, 84].

The MCSignalLibrary utilises prong functions and MCSignal functions to create a

library that contains all MCSignals, such as the signal of an electron and a positron

that originate from the same J/ψ [72, 74, 76].
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4.5 The Electromagnetic Probes (EM) analysis framework

The Electromagnetic Probes (EM) analysis framework focus on reconstruction of pho-

tons and low mass dileptons which is why the code in the framework is split into Dilep-

ton and PhotonMeson before it has the general structure Core, DataModel, Tasks and

TableProducer as described in Section 4.2. The directory PhotonMeson is dedicated

to the measurement of photons from neutral mesons like π0 or η. For the developed

analysis task only the photon part of PhotonMeson is important.

There are several asynchronous reconstruction workflows for reconstructing V0 candi-

dates. This text will only cover the steps necessary to obtain the photon candidates

table from PCM. However, it is also possible to obtain photons from PHOS and EMCal

using other steps. The asynchronous reconstruction for V0 starts with the SVertexer

which is a V0 finder. It identifies secondary tracks in the ITS-TPC tracks to recon-

struct V0 particles. As of December 2023, a new SVertexer [85] was introduced, which

additionally reconstruct photons using TPC only tracks. The new SVertexer was de-

veloped because the old SVertexer could only reconstruct photons up to a maximum

radius of 30 cm. Further information on the new SVertexer can be found in reference

[85]. Between the old and new SVertexer, the EM analysis framework had an extra V0

finder called ’createPCM’ at the analysis level, which reconstructs photons from PCM.

This V0 finder was used for material studies, as in the Bachelor Thesis [86]. The EM

analysis framework utilises the V0 candidates table from the SVertexer. The Photon

Conversion Builder then selects the photons to create a table of photon candidates from

photon conversion [51, 87].
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5. Description of the new χc analy-

sis task

This chapter focuses on the new analysis task, AnalysisDileptonPhoton, which was

created for the reconstruction of radiative χc decays from electron-positron pairs and

photons within the O2Physics analysis framework. Firstly, the goal of the analysis

task is specified in Section 5.1. A general outline of the analysis task is provided in

Section 5.2. Followed by a detailed description of AnalysisDileptonPhoton task inside

the tableReader (Section 5.3) and dqEfficiency (Section 5.4). Section 5.5 outlines the

added variables, functions and histograms necessary for the AnalysisDileptonPhoton

struct in some of the Core folder files of the DQ analysis framework. Finally, Section

5.6 provides information on how to run the AnalysisDileptonPhoton task with Monte

Carlo simulations and ALICE Run 3 data, specifying the required O2 executables.

5.1 The aim of the analysis task

The goal of the newly created analysis task in the DQ analysis framework is to be

able to reconstruct the decay: χc → γ + J/ψ → γe+e−. This means that the task

has to connect dilepton tables from DQ with photon candidate tables from EM. The

task has to be designed to allow the analysis of data from ALICE Run 3 and Monte

Carlo simulations. In order to be able to analyse not only radiative χc decays, but also

other decays resulting in a dilepton pair and a photon (π0 → γe+e−, η → γe+e−),

a mass filter has to be added. This mass filter specifies the selected dilepton pair

invariant mass. The initial task implementation is done using PCM photons, because

the PCM photons have a good momentum resolution at low transverse momentum pT

and photons from χc decays have low pT (see Section 7.1.1). A next step could be to

do a similar task but using PHOS or EMCal photons.

5.2 Outline of the AnalysisDileptonPhoton task

The DQ analysis framework already investigates decays with dileptons. For instance,

the J/ψ → e+e− or the ψ(2S)→ e+e− decays are already implemented. However, the

DQ currently lacks an analysis workflow involving photons that is needed for recon-

struction of the χc. Therefore, the development of the new AnalysisDileptonPhoton

task connecting photons from EM and dileptons from DQ was necessary in order to

reconstruct the χc decay. Figure 5.1 shows the workflow of AnalysisDileptonPhoton.

First, the AnalysisEventSelection and AnalysisTrackSelection apply the cuts specified
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in the configuration file (see Appendix B) to the DQ event and track tables. Those cut

tables are utilized in the AnalysisSameEventPairing task to generate the DQ dilepton

tables (Green to purple boxes in Figure 5.1). The AnalysisDileptonPhoton task selects

only the necessary electron-positron pairs from the dilepton tables. To get the photon

candidates table the SVertexer (red box) finds in the asynchronous reconstruction the

V0 candidates. In the EM analysis framework the Photon Conversion Builder (orange

box) generates a photon candidates table by selecting the PCM photons among all

V0 candidates from the V0 candidates table. The AnalysisDileptonPhoton takes this

photon candidates table as input. Then the photons corresponding to the same event

as the dileptons are identified, giving us triple candidates γe+e−. With Monte Carlo

information, photons and dileptons cannot only be assigned to the same event, but also

to the same decay, allowing the reconstruction of the decay χc → γ + J/ψ → γe+e−.

Figure 5.1: Workflow of the new AnalysisDileptonPhoton task using data tables from
the DQ and EM analysis frameworks, based on [68]

The new AnalysisDileptonPhoton task for the reconstruction of the radiative χc decay

was added as a new struct to both the tableReader and the dqEfficiency workflows.

The radiative χc decay reconstruction was implemented as a struct in the existing

files rather than in a separate file or as an additional process function in the Analy-

sisSameEventPairing task because the required dilepton tables are generated by the

AnalysisSameEventPairing task and the connection to photons, although new, is not

necessary for all analyses.1

The AnalysisDileptonPhoton task in the dqEfficiency for Monte Carlo simulations has

additional features compared to the AnalysisDileptonPhoton task in the tableReader for

ALICE Run 3 data. This additional features are due to the fact that the Monte Carlo

information allows the reconstruction of MC generated true and MC reconstructed

1The created task bears some resemblance to the AnalysisDileptonHadron in the tableReader.cxx
and the AnalysisDileptonTrack in the dqEfficiency.cxx. This similarity is evident in the selection of the
dilepton pairs. That is why the new analysis task was designed with them in mind.
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matched tracks. This is explained in more detail in Section 5.4.

The experts are currently reviewing the pull request for the AnalysisDileptonPhoton

task. This repository https://github.com/ikantak/O2Physics/tree/chic240205

contains the current version of the AnalysisDileptonPhoton task.

5.3 DQ tableReader with AnalysisDileptonPhoton task

This section describes all the changes made to the tableReader file to enable the recon-

struction of the χc radiative decay in ALICE Run 3 data. The general modifications

made to the tableReader file to allow the execution of the new AnalysisDileptonPho-

ton task are presented first, and then the subsequent focus is on the contents of the

AnalysisDileptonPhoton task itself.

The EM photon candidate tables are added at the beginning of the file, which will

be used later as input for the task. To execute the AnalysisDileptonPhoton task in

the tableReader, it has to be added in the defineDataProcessing function to become

part of the analysis workflow. To call the definitions from HistogramsLibrary.cxx for

the new histograms in AnalysisDileptonPhoton task, they have to be specified in the

DefineHistograms void at the end of the tableReader. For the AnalysisDileptonPhoton

task, three histogram groups, DileptonPhotonInvMass, DileptonPhotonInvMass cut

and DileptonsSelected cut, were added. The DileptonPhotonInvMass histogram group

comprises histograms for the reconstructed triple candidates γe+e−. The DileptonsSe-

lected histogram group has previously been defined and contains the definition of the

histograms when plotting the reconstructed dileptons, in our case the electron-positron

pairs e+e−. The histograms DileptonPhotonInvMass cut and DileptonsSelected cut are

similiar to DileptonPhotonInvMass and DileptonsSelected, respectively. The only dif-

ference is that they are filled only when the triple candidates and the electron-positron

pairs meet the rapidity and η cut criteria (|y| < 0.9 and |η| < 0.9) .

The tasks and workflows of the DQ tableReader are shown schematically in Figure 5.2.

Additionally, it illustrates the connections between the new task AnalysisDileptonPho-

ton highlighted in green and the other tasks in the tableReader, as well as the input

and output of the AnalysisDileptonPhoton. The AnalysisDileptonPhoton task requires

dileptons table from the AnalysisSameEventPairing as input, as well as cut events ta-

ble from the AnalysisEventSelection and cut tracks table from AnalysisTrackSelection.

The new analysis task receives photon candidates table and EM event table as input

from the EM analysis framework. The output of AnalysisDileptonPhoton task consists

of analysis histograms.

The struct of the AnalysisDileptonPhoton task begins by defining the configuration
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Figure 5.2: Schematic view of the DQ tableReader structures and workflows with
new AnalysisDileptonPhoton task, based on [72, 73].

variables: cfgPhotonCuts, cfgDileptonLowMass, cfgDileptonHighMass and cfgDetec-

torCut. The cfgPhotonCuts enables the definition of a cut that is applied to the photon

candidates table, such as nocut or qc. The mass range to select the dileptons is given

by the cfgDileptonLowMass and cfgDileponHighMass. The cfgAcceptanceCut is a bool

configurable which will create additional histograms with an rapidity cut |y| < 0.9 and

η cut |η| < 0.9 if the configurable is set to true. The η cut is applied to both the elec-

tron and the positron, while the rapidity cut is applied to either the photon and triple

candidate or the dilepton pair, depending on which histograms are being filled. The

configuration file (see Appendix B) can be used to provide all necessary configurations

when running the analysis workflow. If the configuration setting are not provided in

the configuration file, the analysis task will use the default settings. The default setting

for cfgPhotonCuts is nocut to keep as many photon candidates as possible. The mass

range for the dileptons is set between 2.5 GeV/c2 and 3.3 GeV/c2. The cfgAcceptance

cut is default true. After the configuration variables, the filters on events and dileptons

are applied. Following this, variables for the analysis are defined.

Figure 5.3 displays the member functions within the AnalysisDileptonPhoton task,

including their new features and connections to changed files in the DQ analysis frame-

work. The initialization function creates all the analysis histograms without any input

by calling the DefineHistograms function at the bottom of the tableReader, which in

turn accesses the histogram definitions in the HistogramLibrary.cxx file.

The runDileptonPhoton function was created to reconstruct the triple candidates γe+e−
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Figure 5.3: Schematic view of AnalysisDileptonPhoton task in the DQ tableReader
with connections to changed DQ files

from χc radiative decay using the event, track, photon candidates and dilepton tables.

The structure of reconstructing the triple candidates can be seen in Figure 5.4. Firstly,

each reconstructed dilepton pair in an event is checked to determine if the two leptons

have opposite charges, indicating that they can form an electron-positron pair2. The

DileptonsSelected histograms containing only the dileptons without the photons are

filled and the DileptonsSelected cut histograms are filled if the cfgAcceptanceCut is

true and they pass the rapidity and η cuts. Secondly, the photon candidates table is

checked for a photon in that event. If the event has both an opposite sign dilepton pair

and a photon in the event then a triple candidate was found. The triple candidates can

be from the decay of the same mother particle or a random conbination. The triple

candidate variable gets filled with the new FillDileptonPhoton function defined in the

VarManager and the DileptonPhotonInvMass histograms get filled. Additionally, if the

configurable cfgAcceptanceCut is set to true and the triple candidate particles fulfill

the rapidity and η cuts they fill DileptonsSelected cut and DileptonPhotonInvMass cut

histograms.

Figure 5.4: Reconstruction of triple candidates γe+e− in ALICE Run 3 data defined
in the tableReader.cxx

The processSkimmed and processDummy process functions are located at the end of

the AnalysisDileptonPhoton struct. The processSkimmed function calls the runDilep-

tonPhoton for each event, while the processDummy function does not perform any

2This part is similar to the runDileptonHadron from the AnalysisDileptonHadron
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action. If the AnalysisDileptonPhoton settings are not defined in the configuration file

when the tableReader is run, the processDummy function is executed by default.

5.4 DQ dqEfficiency with AnalysisDileptonPhoton task

The AnalysisDileptonPhoton task in the dqEfficiency has additional components com-

pared to the one in the tableReader due to the fact that the full Monte Carlo information

is stored such as particle decay tree, MC momentum, products of particle interaction

with the detector (electron-positron pair from Photon conversion) and many more.

This information enables the reconstruction of the χc radiative decay as MC gener-

ated true and as MC reconstructed matched, rather than solely reconstructing it as in

the tableReader. MC generated true means that all generated χc and all the decay

products3 are stored, independently whether the decay products are reconstructed or

not. The reconstruction of MC generated true is useful for checking the χc generation

was set properly, as well as the task works properly. The MC reconstructed matched

means that each reconstructed track is matched to the corresponding MC track and

it is checked for the particle ID and the mother particle. This Section explains the

additional components of the AnalysisDileptonPhoton task.

Figure 5.5: Schematic view of DQ dqEfficiency structures and workflows with new
AnalysisDileptonPhoton task, based on [72, 75]

Figure 5.5 provides a schematic view of the structures and workflows in the dqEffi-

ciency. The new AnalysisDileptonPhoton task and its connections to other tasks are

highlighted in green. The input for the AnalysisDileptonPhoton in the dqEfficiency

3forced decay to γe+e−
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differs a bit to the one in the tableReader. To perform the two additional reconstruc-

tions, the AnalysisDileptonPhoton in the dqEfficiency requires extra input information

compared to the AnalysisDileptonPhoton in the tableReader. Specifically, it requires

MC events, MC tracks, EM MC particles and EM MC V0legs tables in addditon to the

DQ events, DQ tracks, DQ dileptons, EM photon candidates and EM events tables in

the tableReader.

The photon candidates and the EM MC V0legs tables are added at the beginning of the

dqEfficiency. The AnalysisDileptonPhoton is added into defineDataProcessing function

for workflow of dqEfficiency as in the tableReader. The DefineHistograms function

obtains the connection to the histograms for the MC generated true with acceptance

cuts for one, two and three prongs, as well as for photon histograms with and without

the acceptance cuts additionally to the added connections as in the tableReader.

The AnalysisDileptonPhoton struct in the dqEfficiency has the same four configurables

as in the tableReader (cfgPhotonCuts, cfgDileptonLowMass, cfgDileptonHighMass and

cfgAcceptanceCut), as well as two additional configurables (cfgBarrelMCGenSignal,

cfgBarrelMCRecSignal) (see Appendix Figure B.7). These extra configurables are used

to specify the created MC generated true histograms (cfgBarrelMCGenSignal) and

to specify the MC reconstructed matched histograms (cfgBarrelMCRecSignal). The

initialization function is similar to that in the tableReader, with the exception of the

definition of additional and different histograms, as well as more variables.

Figure 5.6: Schematic view of AnalysisDileptonPhoton in the DQ dqEfficiency with
connections to DQ files with changes

After the initialization function, the AnalysisDileptonPhoton struct has not only a

runDileptonPhoton function as in the tableReader but also the runMCGen function.

Figure 5.6 shows the initialization function, the runDileptonPhoton and the runMC-

Gen along with their new components as well as their connection to DQ Core files

with changes. The runDileptonPhoton calculates the MC reconstructed and the MC

reconstructed matched, whereas the runMCGen function computes the MC generated
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true combinations. The CheckSignal function, already defined in the MCSignal.h file

located in the DQ Core folder (see Section 4.4.3), is crucial for identifying MC generated

true and MC reconstructed matched signals [84].

Figure 5.7: Reconstruction of MC matched γ from χc

The runDileptonPhoton and runMCGen are run through for each event. The runDilep-

tonPhoton starts with finding the MC reconstructed matched photons from χc for an

event which is illustrated in Figure 5.7. The EM photon candidates table is split into the

photon candidates of the different EM events. Then only the photon candidates from

the current event are taken by comparing the DQ event globalIndex with the collisionId

of the photon candidate. Next, the photon candidate is checked to ensure that it has

undergone photon conversion and is indeed a photon. For that the daughter particles

consisting of a positive (e+) and a negative track (e−) are identified in the MC V0legs.

Those are used to identify the corresponding MC daughters in the EM MC particles.

The EM function FindCommonMotherFrom2Prongs takes the two MC daughters, all

the EMMC particles and the PDG codes of the electron, positron and photon. It checks

the MC daughters if they are an electron-positron pair and have a common mother in

the EM MC particles which is a photon. The FindCommonMotherFrom2Prongs func-

tion returns the index of the MC photon in the EM MC particles if the condition was

fulfilled. Otherwise, the returned index is negative, and the photon candidate is not a

photon. The index is used to get the EM MC photon in the EM MC particles. In order

to determine if the photon originated from a χc, it is necessary to identify the DQ MC

track that corresponds to the EM MC photon. The EM MC particles have different

indices than the DQ MC tracks. The challenges arising from the varying indices are

outlined in Appendix D. Therefore, the photon is identified in the DQ MC tracks based

on its transverse momentum, and the PDG code is checked to confirm that it is a pho-

ton. Next, the MC photon track is checked to have a mother particle with the method

has mother(). The CheckSignal function verifies then if the photon is from a χc1 or
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χc2. If the MC photon track passes the test then the reconstructed photon is added to

the Selected matchedMC PhotonFromChic histograms. If the cfgAcceptanceCut con-

figuration is set to true, the rapidity of the photon is tested to meet the cut |y| < 0.9.

If the photon passes, then the Selected cut matchedMC PhotonFromChic histograms

are filled.

After the photons, the reconstructed dilepton pairs in an event are checked to see

if the two leptons have opposite signs, as in the AnalysisDileptonPhoton task in the

tableReader. The DileptonsSelected and DileptonsSelected cut histograms are filled.

The corresponding dilepton MC tracks are identified with the reducedMCtrack() method

for the reconstructed dilepton pair. The CheckSignal function is then used to verify if

the dileptons originate from the same J/ψ. If true, the DileptonsSelected matchedMC

histograms are filled with the reconstructed dilepton pair. With cfgAcceptanceCut set

to true, both leptons must have |η| < 0.9 and the dilepton must have a rapidity of

|y| < 0.9 in order to be added to the DileptonsSelected cut matchedMC histograms.

Figure 5.8: Reconstruction of MC matched triple candidates χc → γ+J/ψ → γe+e−

The next part in the runDileptonPhoton is the identification of the MC reconstructed

matched triple candidates χc → γe+e−. The reconstruction structure for them is shown

in Figure 5.8. The initial two steps involving the dileptons have already been completed.

Subsequently, the photon candidates are examined to determine if a photon is recon-

structed in the same event as the reconstructed electron-positron pair. This is achieved

by comparing the globalIndex of the DQ event with the collisionId of the photon can-

didates. If a photon candidate is found, then the first three steps of identifying the MC

reconstructed matched photon from χc are performed. Once the DQ MC photon track

is identified, the MC dilepton tracks and the MC photon track are verified using the
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CheckSignal function to determine whether they originate from the same radiative χc

decay. If the reconstructed electron-positron pair and reconstructed photon pass the

check, they are considered a MC reconstructed matched triple candidate χc → γe+e−

and the DileptonPhotonInvMass matchedMC histograms are filled. If cfgAcceptance-

Cut is set to true, the DileptonPhotonInvMass cut matchedMC histograms are filled if

the MC reconstructed matched triple candidate particles pass all the cuts.

At the end of the runDileptonPhoton, the reconstructed triple candidates γe+e− as in

the tableReader are reconstructed (see Figure 5.4).

Figure 5.9: Reconstruction of MC generated true triple candidates χc → γ + J/ψ →
γe+e−

The runMCGen function generated the Monte Carlo true histograms, providing all

events in the Monte Carlo simulation. It requires groupedMCTracks as input, which

are the MC tracks grouped into events. The AnalysisDileptonTrack uses runMCGen

for one-prong signals, while the AnalysisSameEventPairing uses it for one-prong and

two-prong signals. However, the radiative decay of χc into an electron-positron pair and

a photon produces a three-prong signal. Therefore, the runMCGen function from the

AnalysisSameEventPairing can be used and complemented with a three-prong case. In

the one-prong and two-prong cases, the acceptance cut must be added. For one-prong

signals, if cfgAcceptanceCut configurable is selected to true, the particles are verified

that they have an absolute value of rapidity less than 0.9. For MC generated true

two-prong, for example e+e−from J/ψ, the electron and positron are checked for an

absolute value of η smaller than 0.9 and that the pair has |y| < 0.9. If these conditions

are met, the MCTruthGen cut and MCTruthGenPair cut histograms will be populated.

The 3-prong case in the runMCGen function works similarly to the two-prong case, but

with three particles. Figure 5.9 displays the steps for reconstructing MC generated true

triple candidates χc → γe+e−. The CheckSignal function controls that three particles

meet specific criteria. Specifically, it checks that they are constituted by an electron, a

positron and a photon, and that the electron and positron originate from the same J/ψ.

Additionally, the photon and J/ψ are checked if they result from the decay of the same

radiative χc decay. If the CheckSignal function returns true, the MCTruthGenTriple
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histograms get filled. When cfgAcceptanceCut is set to true, the MC tracks are tested

to ensure they pass the rapidity and η cuts. The MCTruthGenTriple cut histograms

are populated only when these cuts are passed.

The AnalysisDileptonPhoton struct has like in the tableReader two process functions:

processDielectronPhotonSkimmed and processDummy (see Appendix B). The process-

DielectronPhotonSkimmed function not only runs the runDileptonPhoton function for

each event but additionally executes the runMCGen function with grouped MC tracks

for each event.

5.5 Additional changes in DQ connected with Analysis-

DileptonPhoton task

The VarManager.h, MC SignalLibrary.cxx, HistogramsLibrary.cxx, and CutsLibrary.cxx

have been updated with the required variables, functions, and histograms to execute the

AnalysisDileptonPhoton tasks in tableReader.cxx and dqEfficiency.cxx. This section

outlines these updates.

VarManager.h

The VarManager was updated to include new variables and functions to accommodate

the changes in the tableReader and dqEfficiency. The PairCandidateType variable

group now includes the new decay variable kTripleCandidateToEEPhoton for decays

into triple candidates consisting of a photon and an electron-positron pair. The Pair-

CandidateType variables serve as conditions in certain VarManager funtions to accu-

rately calculate the parameters for decays. For instance, when using the mass of the

particle from the O2 tables. When executing the AnalysisDileptonPhoton task, the

PairCandidateType variable is set within <> brackets in the call of the runDilepton-

Photon function by the process function of the AnalysisDileptonPhoton. Furthermore,

the variables kDeltaMass and kDeltaMass jpsi were declared, which are necessary for

the ∆m (see Equation 6.5) and ∆m+mPDG
J/ψ (see Equation 6.6) histograms. Table 5.1

presents the key variables and their meanings for the AnalysisDileptonPhoton analysis

task.

To calculate the triple candidates in the runDileptonPhoton in the tableReader, it was

necessary to create the function FillDileptonPhoton. This function takes the electron-

positron pair and a photon, as input and optionally a variable to save the output

parameters are saved as input. If the optional variable is not given then the output

parameters are saved in fgValues of the VarManager. The FillDileptonPhoton func-

tion calculates the parameters of the triple candidates, which are the mass, transverse

momentum, η, rapidity, ∆m and ∆m + mPDG
J/ψ as well as saves the mass, transverse
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momentum and η values of the dilepton and the photon.

Variable name Definition

kPairMass mass of triple candidates mγe+e−

kPairMassDau mass of dileptons me+e−

kMassDau mass of reconstructed photons mγ

kPairPt transverse momentum of triple candidates pT,γe+e−

kPairPtDau transverse momentum of dileptons pT,e+e−

kPt transverse momentum of photons pT,γ

kPt1 transverse momentum of lepton 1 pT, lepton 1

kPt2 transverse momentum of lepton 2 pT, lepton 2

kPairEta η of triple candidates ηγe+e−

kDeltaEta η of dileptons ηe+e−

kEta η of photons ηγ

kEta1 η of lepton 1 ηlepton 1

kEta2 η of lepton 2 ηlepton 2

Rapidity of triple candidates yγe+e−

kRap Rapidity of dileptons ye+e−

Rapidity of photons yγ

kDeltaMass delta mass of triple candidates ∆m

kDeltaMass jpsi delta mass with added PDG mass of J/ψ ∆m+mPDG
J/ψ

Table 5.1: Variables used in VarManager.h

The VarManager for the AnalysisDileptonPhoton task in the dqEfficiency now includes

three new functions: FillPhoton, FillTriple, and FillTripleMC. The FillPhoton function

is utilized before filling the histograms photons from χc MC reconstructed matched. It

gets all the variables from the reconstructed EM photon and saves the corresponding

values in a given input variable to fill the histograms. The FillTriple function is called

prior to the MC reconstructed matched triple candidates χc → γe+e− histograms.

FillTriple takes as input the three particles of the triple candidates and an optional

variable where the calculated parameters are saved. The function checks the PairCan-

didateType before calculating all the variables listed in the Table 5.1 (kRap as rapidity

of triple candidates). The PairCandidateType is checked because FillTriple uses the

masses of electrons and photons from the O2 tables. If other triple candidates consist-
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ing of different particles are implemented in the future, the function can obtain their

masses with a new condition. The FillTripleMC function is called during runMCGen

to calculate the MC generated true triple candidates. Currently, FillTripleMC is iden-

tical to FillTriple, but in the future, additional parameters may be saved from the MC

information. This is why two separate functions were created.

MCSignalLibrary.cxx

The MCSignalLibrary defines the signals of particles and decays. The χc1 and χc2

signals with their PDG code had to be declared. Additionally, the signal for the ra-

diative decay of χc1 and χc2 to γe+e− had to be specified as well. In order to create

histograms for various stages of the radiative decay, signals for J/ψ from χc1 or χc2,

electron and/or positron from J/ψ which originates from χc1 or χc2, and photon from

χc1 or χc2 were included. The MCSignalLibrary already contained the signal for the

electron or/and positron from J/ψ implemented. Table 5.2 lists the PDG numbers for

the different particles involved in the radiative decay of χc.

particle χc1 χc2 J/ψ γ e− e+

PDG number 20443 445 443 22 11 -11

Table 5.2: MC particle type PDG number defined in the MCProng.cxx file.

HistogramsLibrary.cxx

The HistogramsLibrary now includes new histograms for the triple candidates γe+e−

in the case of the Monte Carlo true (mctruth triple) and for the reconstructed or MC

reconstructed matched events (dilepton-photon-mass). The histograms comprise one-

and two-dimensional histograms of the mass, the transverse momentum pT and η of

e+e−, γ and γe+e− as well as ∆m, ∆m+mPDG
J/ψ and rapidity y. Additionally, new his-

tograms for photons were declared, consisting of pT, η, m and rapidity y diagrams. The

MC generated true histograms for one-prong (mctruth) and two-prong (mctruth pair)

got some additional diagrams or the range and the binning was increased. The his-

togram definitions are called using the DefineHistogram function at the end of the

tableReader and the dqEfficiency.

CutsLibrary.cxx

One new event cut, eventStandardtest, was added to the CutsLibrary. This cut is set

to exclude events that fall outside of -30 cm and 30 cm in the z-direction from the

Vertex. The eventStandardtest was created to avoid cutting any events, ensuring that

the EM photon candidates table and the DQ event table have the a common indexing

(see the difficulties outlined in the Appendix D).
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5.6 Executing the AnalysisDileptonPhoton task

To execute the AnalysisDileptonPhoton analysis task the input data, a configuration

file and the O2 executables are required. The input data for the developed analysis task

was already defined in Sections 5.3 and 5.4. The configuration file for running Monte

Carlo simulations is based on the DQ configuration files configTableMakerMCRun3.json

and configAnalysisMC.json. For running over ALICE Run 3 data, the configuration

files configTableMakerDataRun3.json and configAnalysisData.json are needed. The

configuration file for executing the AnalysisDileptonPhoton task contains not only the

configurables for the reconstruction of the radiative decay of χc, but also the settings

for the other O2 executables that are run beforehand. The configuration file used for

the Monte Carlo Simulation analysis (see Chapter 7) was added to the Appendix B.

Table 5.3 lists the required O2 executables for the AnalysisDileptonPhoton in both the

dqEfficiency and in the tableReader. The O2 executables differ depending on whether

dqEfficiency is run with Monte Carlo simulation or tableReader is executed with ALICE

Run 3 data.

The o2-analysis-timestamp, o2-analysis-event-selection and o2-analysis-multiplicity-table

provide corresponding to their name columns in the event tables. The o2-analysis-

track-propagation adds columns to the track tables with DCAxy/z and the tracks

are propagated to primary vertices. The o2-analysis-tpc and o2-analysis-tof supplies

TPC and TOF columns to the track tables [71]. The o2-analysis-tpc-full is important

because it provides the electron identification [87]. The o2-analysis-dq-table-maker-

mc and o2-analysis-dq-table-maker creates the tables corresponding with or without

Monte Carlo information. The o2-analysis-em O2 executables are for the EM photon

candidates tables. The o2-analysis-em-photon-conversion-builder and o2-analysis-em-

skimmer-gamma-conversion reconstruct the photons from photon conversion. The o2-

analysis-em-pcm-qc(-mc) creates analysis histograms from the photon conversion. The

o2-analysis-dq-efficiency and o2-analysis-dq-table-reader are the O2 executables to run

the dqEfficiency and tableReader, respectively.
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O2 executable for χc MC Data

o2-analysis-timestamp ✓ ✓

o2-analysis-event-selection ✓ ✓

o2-analysis-multiplicity-table ✓ ✓

o2-analysis-ft0-corrected-table ✓

o2-analysis-trackselection ✓ ✓

o2-analysis-track-propagation ✓ ✓

o2-analysis-tracks-extra-converter ✓

o2-analysis-pid-tof ✓ ✓

o2-analysis-pid-tof-base ✓ ✓

o2-analysis-pid-tof-full ✓ ✓

o2-analysis-pid-tof-beta ✓ ✓

o2-analysis-pid-tpc-base ✓ ✓

o2-analysis-pid-tpc-full ✓ ✓

o2-analysis-dq-table-maker-mc ✓

o2-analysis-dq-table-maker ✓

o2-analysis-dq-efficiency ✓

o2-analysis-dq-table-reader ✓

o2-analysis-em-pcm-qc-mc ✓

o2-analysis-em-pcm-qc ✓

o2-analysis-em-create-emreduced-event ✓ ✓

o2-analysis-em-photon-conversion-builder ✓

o2-analysis-em-skimmer-gamma-conversion ✓

o2-analysis-em-associate-mc-info ✓

o2-analysis-em-create-pcm ✓

Table 5.3: O2 executables for MC and Run 3 data; highlight colors of the O2 exe-
cutable mean: yellow=general, orange=track, magenta=PID, cyan=DQ, lime=EM
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6. Monte Carlo simulation

This chapter focuses on the Monte Carlo simulation created for this work. Firstly, Sec-

tion 6.1 describes the parametrisation of the χc meson for the Monte Carlo simulation

which employs the results of C. Rosenthal’s Bachelor thesis [88]. Sections 6.2 and 6.3

analyse the specific production created with the given parametrisation.

6.1 Parametrisation of the χc mesons

The Monte Carlo simulation employs as parametrisation for the χc mesons the results

of C. Rosenthal’s Bachelor thesis [88], supervised by Priv. Doz. Dr. Yvonne Pach-

mayer. In chapter 4.1 of [88], C. Rosenthal parameterised the transverse momentum

pT distribution for χc1 and χc2 mesons using the pT distribution of J/ψ [16] measured

by ALICE and the cross section ratios R = σ(χc)
σ(J/ψ) [89] and R12 =

σ(χc2)
σ(χc1)

[20] measured

by LHCb. Only χc1 and χc2 were considered for the Monte Carlo simulation because

χc0 has only a branching ratio of (1.40± 0.05)% [14].

The total cross section of χc with neglecting χc0 and applying R12 is

σ(χc) = σ(χc1) + σ(χc2) = σ(χc1) +R12σ(χc1) (6.1)

Next, the cross sections of χc1 and χc2 can be calculated from σ(χc) and R12:

σ(χc1) =
1

1 +R12
· σ(χc) and σ(χc2) =

R12

1 +R12
· σ(χc) (6.2)

Then, substituting the transverse momentum for the cross section for each χc results

in

pχc1T =
1

1 +R12
· pχcT and pχc2T =

R12

1 +R12
· pχcT (6.3)

Thereafter, to get the transverse momentum of χc1 and χc2 independent from the pT-

distribution of χc the ratio R =
pχcT

p
J/ψ
T

is used. When the ratio is converted to pχcT and

inserted in pχc1T and pχc2T it gives:

pχc1T =
R

1 +R12
· pJ/ψT and pχc2T =

R

1 + 1
R12

· pJ/ψT (6.4)

The used ratios R = σ(χc)
σ(J/ψ) and R12 =

σ(χc2)
σ(χc1)

for the Monte Carlo simulations are shown

in Figure 6.1a and 6.1b [88].

Both the pT distributions of J/ψ and χc exhibit a strong dependence on the centre-of-

mass energy
√
s, but they are quite similar to each other. To be able to use cross section

45



Chapter 6. Monte Carlo simulation

(a) (b)

Figure 6.1: (a) Ratio R = σ(χc→J/ψ)
σ(J/ψ) depending on p

J/ψ
T in the range 2 < p

J/ψ
T <

15GeVc measured by the LHCb collaboration at
√
s= 7 TeV. A linear polynomial R =

0.121+0.11 ·pJ/ψT is fitted to the ratio. The data points have squared sum of statistical
and systematic errors but without the polarization systematic error [88]. (b) Ratio

R12 = σ(χc2)
σ(χc1)

depending on p
J/ψ
T in the range 4 < p

J/ψ
T < 20GeVc measured by the

LHCb collaboration at
√
s= 7 TeV. A 2nd degree polynomial was fitted to the ratio:

R12 = 1.43953− 0.145874 · pJ/ψT + 0.00638469 · (pJ/ψT )2 [88].

ratios R and R12 from different centre-of-mass energies than the pT distributions, their

independence from the beam energy is assumed [88].

6.2 Monte Carlo simulation of χc mesons

The parameterisations described in the previous section were included into the follow-

ing Cocktail generator GeneratorCocktailChiCToElectronEvtGen pp13TeV.C. A Cock-

tail generator is necessary for creating Monte Carlo simulations. A pull request for

the Cocktail generator was submitted and can be found at https://github.com/

AliceO2Group/O2DPG/pull/1430. Once the pull request is approved, then the class

for generating χc1 and χc2 with this parameterisation will be available to everyone. As

the pull request is still open, local Monte Carlo simulations were conducted at GSI

(Helmholtzzentrum für Schwerionenforschung GmbH). The created Monte Carlo sim-

ulations have 5 χc1 and 5 χc2 mesons per event which decay into γ + J/ψ → γe+e−.

Two hundred Monte Carlo simulations were generated, each with 10000 events, result-

ing in a total of 107 χc1 and 107 χc2 decays. The photons in the developed analysis

task are detected via the Photon conversion method due to the low photon conversion

probability (around 10% [53]) and due to the applied acceptance cut this large number

of decays are required in order to obtain a significant number of detectable χc.

To compare MC generated true better with MC reconstructed and MC reconstructed

matched, the rapidity (|y| < 0.9) and pseudorapidity (|η| < 0.9) cuts were set to the

46

https://github.com/AliceO2Group/O2DPG/pull/1430
https://github.com/AliceO2Group/O2DPG/pull/1430


Chapter 6. Monte Carlo simulation

Applied cuts min max

rapidity y -0.9 0.9

pseudorapidity η -0.9 0.9

Event vertex z -30.0 cm 30.0 cm

Table 6.1: Acceptance cuts and event cut applied to all events and particles

same values as those of the ALICE detector in Run 3 (see Table 6.1). Therefore,

Monte Carlo true only considers decays that occur within the detector’s detectable

area. These two cuts are the acceptance criteria for MC candidates in this analysis.

The rapidity cut is applied to the photons, dileptons, triple candidates (γe+e−), and

MC true one-prong candidates. One-prong candidates include χc1, χc1, J/ψ, electron

or positron from J/ψ or χc and photon from χc. The pseudorapidity η cut is applied

to the tracks of electrons and positrons. The rapidity and pseudorapidity cuts do not

cut any candidates from the MC reconstructed and MC reconstructed matched.

candidates before cuts after cuts %

J/ψ 20930970 18855580 90.08

χc1 10465480 9432710 90.13

χc2 10465480 9435415 90.16

J/ψ → e+e− 20679630 8684527 42.00

e+e−from χc1 10392280 4415135 42.48

e+e−from χc2 10394020 4269392 41.08

γ from χc1 10465480 7173709 68.55

γ from χc2 10465480 7064071 67.50

χc1 → γe+e− 10387020 3226492 31.06

χc2 → γe+e− 10388860 3074983 29.60

Table 6.2: Effects of the rapadity cut |y| < 0.9 and pseudorapidity cut |η| < 0.9 on
the number of reconstructable MC generated true candidates in column 2 and 3. The
percentange of the candidates after cuts to before cuts are listed in column 4.

Table 6.2 shows the impact of rapidity and pseudorapidity cuts have on the MC gen-

erated true candidates. The numbers in the third column display the possible recon-

structable MC generated true candidates. After the rapidity cut on the χc, only 90% of

the forced decays are remain because χc1 and χc2 were generated with a rapidity setting

of |y| < 1 in the Monte Carlo simulation. Less than half of the dielectrons from the χc

are within the range of the ALICE detector during Run 3. Roughly two-thirds of the

photons meet the rapidity cut, and the dielectrons resulting from photon conversion
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must also fall within the range of the ALICE detector, which is true for two-thirds of

the photons. Overall, less than one-third of the forced radiative decays of the χc in the

Monte Carlo simulations fulfill the y and η cut resulting in only 6301475 possible recon-

structable triple candidates compared to over 20 million decays. For all decay products

in this MC simulation, more decay particle candidates from χc1 lie in the acceptance

cut than from χc2. The difference between reconstructable triple candidates of χc1 and

χc2 is 151509 which means that χc2 has 4.70% less reconstructable triple candidates

than χc1.

Furthermore, the various O2Physics analysis frameworks have their own skimming pro-

cesses and reindex the events and tracks after selecting only those that are necessary for

their analysis. To ensure that the tables from DQ and EM have matching indices, the

event vertex cut in the z-direction was set to -30 cm and 30 cm (see Table 6.1). This

criteria does not cut away any events, which makes it possible to connect the photons

and dielectrons for the reconstruction of the χc.
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Figure 6.2: (a) Transverse momentum pT distribution of χc1 and χc2; (b) Transverse
momentum pT distribution of J/ψ from χc1 and/or χc2, as obtained from Monte Carlo
simulation that employ the parameterisations described in C. Rosenthal Bachelor thesis
[88].

The transverse momentum pT distributions of χc1 (in dark grey) and χc2 (in grey)

obtained from the Monte Carlo simulation with the acceptance cut are displayed in

Figure 6.2a. Both distributions exhibit a broad maximum at approximately 1.75 GeV/c.

The pT distribution of χc2 has a slightly higher maximum and a steeper slope after the

maximum compared to χc1. Figure 6.2b shows the pT distribution of J/ψ in the Monte

Carlo simulations, which is comparable to the pT distribution of χc. The blue pT
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distribution of J/ψ from χc1 has a higher peak and a steeper negative slope than the

light blue pT distribution of J/ψ from χc2. However, the peak of J/ψ from χc1 is not

directly below that of J/ψ from χc2, but rather 0.2 GeV/c to the right at 1.85 GeV/c.

The dark blue triangles is the pT distribution of J/ψ from χc1 and χc2. It peaks at

1.65 GeV/c, like J/ψ from χc2 due to the higher peak. This behaviour of χc1, χc2 and

J/ψ is as expected based on the parameterisation.
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Figure 6.3: The mass distribution of MC generated true J/ψ → e+e−; the PDG mass
of J/ψ is marked with an black arrow

Figure 6.3 shows the mass distribution of the MC generated true J/ψ → e+e−. The

electron-positron pair mass exhibits a narrow, asymmetric Gaussian peak at the mass

of the J/ψ. The peak is asymmetric due to the internal Bremsstrahlung tail before the

peak. This internal Bremsstrahlung is a QED radiative correction to the forced decay

of J/ψ to an electron-positron pair and it is described in more detail in this reference

[90].

The plots corresponding to MC generated true photons are in Section 7.1.2 for the

comparison with the MC reconstructed and MC reconstructed matched.

6.3 MC generated true triple candidates χc → γe+e−

The developed analysis task, AnalysisDileptonPhoton, enables reconstructing MC gen-

erated true triple candidates χc → γe+e−. Figure 6.4a shows the mass distribution

of the MC generated true triple candidates from χc1 in orange, from χc2 in red and
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for both χc in dark red markers. The triple candidates from χc1 and from χc2 appear

as narrow peaks at 3.51 GeV/c2 and 3.555 GeV/c2, respectively, which correspond to

their rest mass (mPDG
χc1 = (3.51069 ± 0.00005) GeV/c2, mPDG

χc2 = (3.55617 ± 0.00007)

GeV/c2). Both peaks have Bremsstrahlungs tails consisting of internal Bremsstrahlung

from J/ψ [90]. The mass peak from χc1 is narrower than the mass peak from χc2

because natural width of χc1 (Γχc1 = (0.84 ± 0.05) MeV/c2) is smaller than of χc2

(Γχc2 = (1.97± 0.09) MeV/c2). The χc1 mass peak is higher due to being narrower and

because more radiative χc1 decays are inside the acceptance cut.
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Figure 6.4: (a) The mass mγe+e− distribution of MC generated true triple candidates
χc → γe+e− with two sharp peaks at the mass of χc1 and χc2; (b) The ∆m +mPDG

J/ψ

distribution of MC generated true triple candidates χc → γe+e− with Breit-Wigner
function fits to the peaks of χc1 and χc2. In both figures the locations of the PDG
masses of χc1 and χc2 are marked with arrows.

In addition to the mass, the delta mass ∆m is calculated to remove the experimental

width of the J/ψ, making it possible to resolve the two mass peaks of the χc1 and χc2.

The delta mass ∆m represents the difference between the mass of the triple candidate

and the mass of the electron-positron pair:

∆m = mγe+e− −me+e− (6.5)

The PDG mass of the J/ψ is added to the delta mass values to be in the mass range

of the χc:

∆m +mPDG
J/ψ (6.6)

Figure 6.4b displays the delta mass ∆m+mPDG
J/ψ distribution of the reconstructed MC

generated true triple candidates χc → γe+e−. The colour scheme is the same as in
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the mass plot. The delta mass has also two narrow peaks. Due to removing the J/ψ

width the peaks are narrower and do not have a Bremsstrahlungs tail. To determine

the precise position of the mass peaks, two Breit-Wigner functions are fitted to the χc1

and χc2 peaks:

f(x) =
A

π

(
Γ
2

)2
(x− µ)2 +

(
Γ
2

)2 (6.7)

The variable x represents ∆m + mPDG
J/ψ , while A denotes the amplitude. The Γ cor-

responds to the width of the peak and the mean µ equals to the mass of the χc.

The Breit-Wigner fits determined the mass of χc1 as mgenerated
χc1 = (3510.65 ± 0.0007)

MeV/c2and the χc2 mass as mgenerated
χc1 = (3556.14 ± 0.0010) MeV/c2. Those val-

ues fit well with the PDG masses as expected. The determined width of the χc1

mass peak is Γχc1 = (1.3140 ± 0.0011) MeV/c2, while the mass peak width of χc2 is

Γχc2 = (2.5773 ± 0.0023) MeV/c2. These determined widths are the natural width of

χc1 (ΓPDG
χc1 = (0.84 ± 0.04) MeV/c2) and χc2 (ΓPDG

χc2 = (1.97 ± 0.07)MeV/c2). The de-

termined widths are larger than the PDG natural widths. The difference in the widths

of the two peaks is visible in the Figure 6.4b. The mass peak of χc1 is higher than the

peak of χc2 due to 151509 more forced decays in the acceptance range and because of

the narrower width.

All distributions and determined values fit the expectations. Therefore, the Monte

Carlo simulation was set up correctly and the new analysis task is also working properly.
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7. Analysis of the Monte Carlo

simulation

This chapter describes the analysis of the χc Monte Carlo simulation from Section 6

using the new analysis task AnalysisDileptonPhoton. Firstly, Section 7.1 focuses on the

photons resulting from the radiative decay of χc. The photon’s conversion points and

reconstruction are characterised. Secondly, Section 7.2 investigates the reconstruction

of dielectrons in general and in the context of J/ψ and χc. Thirdly, the reconstructions

of the triple candidates γe+e− are looked at in Section 7.3. The analysis considers

not only the transverse momentum pT distributions of photons and/or dielectrons but

also other parameters, such as acceptance and efficiency. The analysis includes three

types of candidates: MC generated true candidates (were explained in Section ??), MC

reconstructed matched candidates and reconstructed candidates. They were explained

in Section 5.4. All three types are examined and compared in the analysis.

Analysis scripts (macros) were created to analyze the histograms in the output file

(AnalysisResults.root) and to create all plots presented in Chapter 6 and 7. They have

been uploaded at https://github.com/ikantak/ChicAnalysisScripts.

7.1 Photon reconstruction

The section on photon reconstruction is divided into three parts. The section begins by

presenting the transverse momentum pT distributions of all photons, as well as those

that have been converted and reconstructed. Next, a comparison is made between the

reconstructed, Monte Carlo matched and Monte Carlo generated true photon conversion

points. Furthermore, section 7.1.3 discusses the photon conversion probability and the

photon reconstruction efficiency.

The photon cut option ’nocut’ applies additional cuts to the EM V0 candidates tables,

in addition to the general cuts listed in Table 6.1, to obtain the photon candidates

table. Table 7.1 lists the cuts used in ’nocut’. The key cuts are the TPC specific

energy loss of the electrons dE
dx

∣∣
e
, the cosine of pointing angle cos(θPA) cut and the

Armenteros-Podolanski cut. The TPC dE
dx

∣∣
e
cut only accepts electrons within a three σ

area around the expected electron dE/dx. Therefore, only V0 candidates are detected

which can be reconstructed with electron-positron pairs. The cosine of the pointing

angle cos(θPA) cut only considers V0 candidates which originate from the primary

vertex. The Armeteros-Podolanski cut rejects the V0 candidates Λ, Λ and K0
s to only

get photon candidates. The histograms corresponding to the three cuts are shown in

the Appendix C.
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Applied cuts min max

TPC accept electrons around dE
dx

∣∣
e

-3σ 3 σ

cosine of pointing angle cos(θPA) 0.95 -

Armenteros-Podolanski cut α -0.95 0.95

Armenteros-Podolanski cut qT 0.01 -

Track pT 0.04 GeV/c 1010 GeV/c

V0 pT 0.1 GeV/c 1010 GeV/c

TPC number of crossed rows 20 -

TPC number crossed rows over findable clusters 0.8 -

TPC χ2 per cluster 0.0 4.0

ITS2 χ2 per cluster −1 · 1010 5.0

ITS2 mean cluster size 0.0 16.0

Point of Closest Approach (PCA) - 3.0 cm

conversion radius Rxy 1 cm 90 cm

Table 7.1: ’nocut’ photon cuts which are applied to EM V0 candidates to get the
photon candidates table

Furthermore, track quality cuts are applied to the photon candidates tables, consisting

of ranges for the number of rows crossed by the signal or cluster in the TPC, average

cluster size in ITS2, and ranges for the χ2 goodness-of-fit values for each cluster in the

ITS2 and TPC. Moreover, transverse momentum pT cuts are applied to the tracks and

V0 particles. Additionally, the Point of Closest Approach (PCA) and the conversion

radius Rxy are tested as well for specific values.

7.1.1 Photon pT distribution

Figure 7.1a displays the transverse momentum pT distributions of photons. All photons

which exists in the Monte Carlo simulations are represented by the dark green points.

The converted photons are displayed in green, while all reconstructed photons are drawn

in light green. At the beginning of all photons and converted photons, there is a dip

before the sharp incline to the peak. In contrast, reconstructed photons only have a

sharp increase to the peak. The dip is likely a mixture of the input distibution (pT,

y) of χc and the cuts applied. All three pT distributions peak between 0.4 GeV/c and

0.5 GeV/c. The maximum is located at this transverse momentum because it is the

momentum available in the χc radiative decay. After the maximum, the counts for all
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three types of photons decrease similarly. The decrease in counts at higher energies

is a result of the distribution of the kinematic energy of χc between the J/ψ and the

photon to maintain momentum conservation, J/ψ requiring most of that energy.
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Figure 7.1: (a) The transverse momentum pT distributions of γ; (b) the transverse
momentum pT distributions of γ from χc1 and χc2 MC generated true and MC matched

Figure 7.1a displays the pT distributions of the photons without any reference to other

particles, while Figure 7.1b shows the photons connected to the radiative decay of χc.

Due to the fact that all photons in the current Monte Carlo simulations are from χc,

adding the pT distributions of photons from χc1 and χc2 in Figure 7.1b will result

in the same distribution as shown the Figure 7.1a. This is only possible because the

same cuts are applied to all photons, such as the rapidity cut: |y| < 0.9. The MC

reconstructed matched photons from χc1 and χc2 are represented by the two light

green pT distributions. Together, they represent the reconstructed pT distribution

shown in Figure 7.1a. The two dark green colored dots are the MC generated true

photons from χc1 and χc2. When combined, they provide the distribution of all the

photons in the previous figure. The pT distributions described below applies to both

MC generated true and MC reconstructed matched photons from χc. Firstly, there is

a sharp increase in counts until the broad maximum at 0.5 GeV/c. At the maximum

of the pT distributions the photons from χc1 and χc2 have a similar number of counts.

During the decline following the peak, photons with higher counts alternate between

photons from χc1 and from χc2. At approximately 1.5 GeV/c, the photon count from χc1

exceeds of χc2. This trend reverses at around 2.8 GeV/c, where the photon count from

χc2 surpasses that of χc1. The difference in photon pT distribution between photons

from χc1 and χc2 is attributed to their respective pT distributions in the Monte Carlo
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simulations (see Figure 6.2a). The low pT of the most photons from the radiative χc

decays indicates that the Photon conversion method is highly suitable.

7.1.2 Photon conversion points

The Figures 7.2, 7.3b and 7.3a show the MC generated true, MC matched and recon-

structed conversion points of the photons in the xy vs. z plane. The x-axis corresponds

to the z component of the conversion point Vz and the y-axis represents the conversion

radius Rxy:

Rxy =
√
V 2
x + V 2

y (7.1)

The MC generated true photon conversion points are displayed in Figure 7.2. The dif-

ferent structures of the ALICE detector ITS2 and TPC are clearly visible. The red lines

in Figure 7.2 indicate the average radius location of the ITS2 and TPC components,

as listed in Table 7.2.
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Figure 7.2: MC generated true Photon conversion points (conversion radius Rxy, z-
component of conversion points Vz)

As Rxy increases, the largest concentration of photon conversion occurs at the beam

pipe at 19 mm. Then the 3 inner layers of the ITS2 silicon pixel detectors become

visible between 2 cm and 4 cm of the conversion radius which fit the red lines. A

calibration wire made of tungsten results in photon conversions, which is represented
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by a inclined straight line from 6 cm to 12 cm in conversion radius. The four outer

ITS2 layers are located at a conversion radius of 20 cm to 26 cm and 35 cm to 40

cm. They are clearly identifiable by the photon conversion taking place in the material

of the layers. The thin lines located at a distance of 30 cm and 43 cm are the ITS2

support cones of the Middle Layers (MLs) and Outer Layers (OLs). After the ITS2

OLs support cones, the ITS2 Cylindrical Structural Shell (CYSS) induces the photon

conversion at a conversion radius of 45 cm. The structure between 48 cm and 54 cm in

conversion radius is caused by photon conversions on the support structure of the ITS2

Muon Forward Tracker (MFT). The inner containment vessel of the TPC also triggers

photon conversion, which can be seen at a conversion radius of 61 cm. The photon

conversions in the TPC inner field cage vessel are visible at around 80 cm.

Component Rxy [mm]

beam pipe 19

ITS2 layer 0 24.55

ITS2 layer 1 32.35

ITS2 layer 2 39.95

ITS2 layer 3 196.05

ITS2 layer 4 245.45

ITS2 support cones Middle Layers (MLs) 285

ITS2 layer 5 343.85

ITS2 layer 6 393.35

ITS2 support cones Outer Layers (OLs) 433

ITS2 Cylindrical Structural Shell (CYSS) 445

ITS2 Muon Forward Tracker (MFT) barrel 502

ITS2 Muon Forward Tracker (MFT) cage 545

TPC inner containment vessel 606.5

TPC inner field cage vessel 788

Table 7.2: The radius Rxy of ITS2 and TPC components which are marked as red
lines in the photon conversion points figures

The reconstructed photon conversion points matched to MC true conversion points are

shown in Figure 7.3b. While, Figure 7.3a displays the reconstructed photon conversion

points, i.e. including the experimental resolution. The structure of the ITS2 and TPC

components in the ALICE Run 3 detector is no longer as clearly visible as it was in
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Figure 7.2. As expected, the reconstructed photon conversion points exhibit the least

amount of structure. In both figures, the photon reconstruction efficiency and the

proximity of the layers prevent the distinction of the three innermost layers of ITS2.

The tungsten calibration wire, located at the conversion radius between 6 cm and 12

cm, is also not recognizable. The sixth and seventh ITS2 layers cause more photon

conversions than the the fourth and fifth layers. The ITS2 support cones for the MLs

and OLs do not cause a higher intensity of photon conversions, while the ITS2 CYSS

does. The majority of photon conversions occur within a conversion radius of 45 cm

and 55 cm, which are caused by the ITS2 CYSS as well as the ITS2 MFT barrel and

cage. Next, the TPC inner containment vessel induces photon conversions visible at

around 60 cm in conversion radius. Photon conversions induced by the TPC inner field

cage vessel are visible between 75 cm and 85 cm in conversion radius. Subsequently,

only a few photon conversions occur due to the limited interaction of photons with the

gas in the TPC.
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Figure 7.3: (a) Mc reconstructed photon conversion points; (b) MC reconstructed
photon conversion points matched to true conversion coordinartes; Vz = z component
of conversion point, Rxy = conversion radius

The MC reconstructed photon conversion points have two diagonal routes with a higher

intensity, which do not exist in the other two reconstructions. The routes start at -20

cm and 20 cm in the z-axis and 43 cm in the conversion radius. They then expand to

-45 cm or 45 cm in z at 90 cm in the conversion radius. The higher intensities are a

result of imprecise timing of the tracks to locate the photon conversion positions, which

are assigned to |η| = 0.5 because it is the most probable η value. The diagonal routes

exhibit a peak in photon conversions at 50 cm and 78 cm conversion radius, which is

attributed to the ITS2 MFT barrel and TPC inner field cage vessel.
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Figure 7.4: (a) The number of photon conversions Nγ depending on the conversion
radius Rxy for MC generated true, MC reconstructed and MC reconstructed matched
to true conversion coordinates; (b) photon reconstruction efficiency as a function of
the conversion radius Rxy. The grey dashed lines are the average positions of the ITS2
and TPC components.
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Figure 7.4a displays the quantity of photon conversions Nγ based on the conversion

radius Rxy for the MC generated true (in dark-green), MC reconstructed (in light-

green) and MC reconstructed matched to true conversion coordinates (in green). The

locations of the ITS2 and TPC components are indicated by the grey dashed lines.

The binning for all three reconstruction types was set to the same value, resulting

in a relatively large binning compared to the three inner ITS2 layers. This larger

binning is due to the reconstruction resolution. Due to the large binning, it is not

possible to distinguish between the beam pipe and the three innermost ITS2 layers

from each other. The distribution of photon conversion for MC generated true and MC

reconstructed matched to MC true conversion coordinates is quite similar, with only a

difference in counts. This similarity is because of the matching to the true conversion

coordinates. The photon conversion distribution only deviates from the MC generated

true distribution at a conversion radius of 0 cm and above 85 cm, where no photon

conversions are reconstructed. At nearly all grey dashed lines, the MC generated true

and MC reconstructed matched have peaks, except for the ITS2 support cones of the

MLs and OLs, where the increase in photon conversions is not as prominent. Between 8

cm and 14 cm in conversion radius, there is a broad maximum caused by the calibration

wire. The MC reconstructed photon conversion distribution has a lot less clear structure

compared to the other two. Between 30 cm and 58 cm in conversion radius, there is

just a broad maximum. Between the third and fourth ITS2 layers, there is no sharp

decrease in photon conversions due to the calibration wire. Only between the TPC

inner containment vessel and the TPC inner field cage vessel is a strong decrease in

counts visible.

Figure 7.4b shows the reconstruction efficiency of the photon conversions as a function

of the conversion radius Rxy. It was calculated by dividing the number of MC recon-

structed photon conversions that were matched to the true conversion coordinates by

the number of the MC generated true photon conversions for each conversion radius.

The reconstruction efficiency typically ranges from 1% to 10%, with some minor fluc-

tuations. The reconstruction efficiency is the closest to 100% between 56 cm and 60 cm

in the conversion radius, which is the area between the ITS2 MFT cage and the TPC

inner containment vessel. The reconstruction efficiency is 0% for the regions between 0

cm and 1 cm, as well as between 91 cm and 100 cm, due to the absence of reconstructed

photon conversions in those regions.

7.1.3 Photon conversion probability and reconstruction efficiency

The created analysis task only considers photons that undergo photon conversion.

Therefore, in order for a photon to be included in the reconstructed radiative decay

of the χc, it has to interact with the detector’s material and form photon conver-
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sion. To determine the detectable photons among all photons, the photon conversion

probability is calculated. This is done by dividing the number of converted photons

N conversion
γ (pT) at a specific transverse momentum by the MC generated true number

of photons Nall γ
γ (pT) in the acceptance at the same momentum:

conversionγ(pT) =
N conversion
γ (pT)

NMC true; photon in acceptance
γ (pT)

∣∣∣∣
|y|<0.9

(7.2)

Figure 7.5a shows the calculated photon conversion probability for the Monte Carlo

simulations. The photon conversion probability is only displayed up to 4.5 GeV/c due

to available statistics. The conversion probability begins at 8.8% and increases until it

reaches a plateau of slightly above 11% from 2 GeV/c until 5 GeV/c.
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Figure 7.5: (a) Photon conversion probability as a function of transverse momentum
pT; (b) reconstruction efficiency of γ from χc1 and χc2 depending on the transverse
momentum pT

candidates MC generated MC matched efficiency [%]

γ from χc1 7173709 68215 0.95

γ from χc2 7064071 69700 1.00

Table 7.3: Number of reconstructable MC generated true and MC reconstructed
matched photons from χc1 and χc2 as well as the resulting reconstruction efficiency

The number of reconstructable MC generated true and the number of MC reconstructed

matched photons from χc are listed in Table 7.3. The average reconstruction efficiency

of γ from χc can be calculated by dividing these numbers. The average reconstruction

efficiency for photon from χc1 is 0.95%, while for photons from χc2 it is 1.00%. The
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efficiency of reconstructing a photon at a specific transverse momentum pT is calculated

by dividing the number of reconstructed photons by the number of generated photons

within the acceptance at that momentum:

εγ(pT) =
NMC matched
γ (pT)

NMC generated, photon in acceptance
γ (pT)

∣∣∣∣
|y|<0.9

(7.3)

Figure 7.5b shows the reconstruction efficiency of photons in context to χc1 and χc2 as

a function of the transverse momentum pT. At low transverse momentum pT, there is

a sharp increase in reconstruction efficiency from almost 0% to 1.2%. After reaching

1.2% reconstruction efficiency, a plateau ranging from 0.5 GeV/c to 4.0 GeV/c with

some fluctuations is observed. The last point in the figure shows a decrease in efficiency

again, which is probably due to low statistics.

All uncertainties related to efficiency and acceptance are calculated in accordance with

the procedure outlined in reference [91].

7.2 Dielectron reconstruction

This section focuses on the reconstruction of dielectrons in general and from J/ψ decays

with and without context to χc. First, the MC reconstructed electron-positron pairs

are compared to the like-sign dielectrons. Secondly, MC reconstructed matched J/ψ →
e+e− decays are characterised and then compare with the MC reconstructed electron-

positron pairs with subtracted background estimated by the like-sign dilectrons. That

is followed by the acceptance and reconstruction efficiency of J/ψ → e+e− decays. In

Section 7.2.3 the transverse momentum pT distributions of MC reconstructed matched

dielectrons from χc are compared with MC generated true dielectrons from χc. The

acceptance and reconstruction efficiency is considered as well and put in context with

J/ψ → e+e−.

Before the reconstruction of dielectrons are characterised the additional cuts applied to

the electron, positron and dielectron tracks to the acceptance cuts are discussed. The

’jpsiO2MCdebugCuts2’ barrel track cut was used which contains multiple cuts that are

listed in Table 7.4. Three different cuts were applied to assess the track quality. The

tracks in the TPC must have a χ2 goodness-of-fit value between 0.0 and 4.0. In order

to be considered, the tracks have to give a signal in at least 70 clusters in the TPC.

The SPD any cut checks for hits in the first layer of the ITS2. Furthermore, three TPC

dE/dx cuts were applied to exclusively select electron tracks and reject any protons

and pions. Electrons are selected based on whether they lie within the range of -3 σ to

3 σ around the expected dE/dx of electrons. Whereas, protons or pions are selected if

they are inside 3 σ to 3000 σ of the expected dE/dx of the respective particle. With
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Applied cuts min max

Transverse momentum pT 1.0 GeV/c 1000.0 GeV/c

TPC track quality: χ2 0.0 4.0

TPC track quality: number of clusters of a signal 70 161

TPC track quality: kIsSPDany 0.5 1.5

TPC accept electrons around dE
dx

∣∣
e

-3.0 σe 3.0 σe

TPC accept protons around dE
dx

∣∣
p

3.0 σp 3000.0 σp

TPC accept pions around dE
dx

∣∣
π

3.0 σπ 3000.0 σπ

Dilepton mass filter 2.5 GeV/c2 3.2 GeV/c2

Table 7.4: The cuts in ’jpsiO2MCdebugCuts2’ applied to the barrel tracks and the
dilepton mass filter applied to the dilepton tracks

this condition, almost all protons and pions are rejected. The dE/dx of the electrons

and positrons is shown in Appendix C Figure C.4.

Furthermore, a transverse momentum cut is applied to the electron or positron tracks

to achieve a similar setting as in other analyses. Only electrons or positrons with

transverse momentum between 1.0 GeV/c and 1000.0 GeV/c are considered for the

dielectrons. Moreover, the dilepton mass filter is set to 2.5 GeV/c and 3.2 GeV/c in the

configuration file because the electron-positron pairs originating from J/ψ are needed

for the reconstruction of the radiative decay of χc.

7.2.1 Reconstruction of electron-positron pairs and like-sign dielec-

trons

The AnalysisSameEventPairing analysis task generates the dilepton tables. Figure 7.6

shows the mass distribution of the reconstructed electron-positron pairs and like-sign

dielectrons. The pink markers represent the electron-positron pairs which show a clear

peak at the PDG mass of the J/ψ which is marked with an arrow. The black markers

represent the like-sign dielectrons which shows the combinatoric background of the

electron-positron pairs. The representation of the combinatoric background through

the like-sign dielectrons works so well because in the used Monte Carlo simulation all

the electrons and positrons originate from J/ψ. This Monte Carlo simulation does

not include correlated background, which would typically be present in addition to

the combinatorial background. The dashed lines mark the area of the dilepton mass

filter (2.5 GeV/c2 < me+e− < 3.2 GeV/c), which excludes many electron-positron pairs

resulting from random combinatorics and cut a bit the Bremsstrahlungs tail.
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Figure 7.6: The mass distribution of electron-positron pairs e+e− is shown in pink.
The mass of like-sign dielectrons (e+e+ + e−e−) is given by the black points.

7.2.2 MC reconstructed matched of J/ψ → e+e−

In order to optimise the computing power needed for the simulation the J/ψ is forced

to decay to an electron-positron pair in the Monte Carlo simulation. Figure 7.7 shows

the mass distribution of the MC reconstructed matched of the electron-positron pair

from J/ψ in cyan and the reconstructed e+e−after subtraction of like-sign dielectrons

in pink. The MC reconstructed matched peak is a lot wider than the MC generated

true peak in Figure 6.3. This is due to external Bremsstrahlung in addition to the

internal Bremsstrahlung. In external Bremsstrahlung, the electron or positron can lose

energy by emitting a photon. Furthermore, the peak is smaller as the MC generated

true peak because MC reconstructed matched has less counts due to efficiency.

The mass distributions of MC reconstructed after like-sign background subtraction

and MC reconstructed matched in Figure 7.7 are almost identical, with only minor

differences in the number of counts. In reality, the background consists not only of

combinatorial background but also of correlated background from semi-leptonic de-

cays of heavy-flavour hadrons. The like-sign background subtraction method can only

eliminate the combinatorial background, leaving behind the signal and the correlated

background. Therefore, there would be more difference between MC reconstructed af-

ter like-sign background subtraction and MC reconstructed matched but in this Monte

Carlo simulation there is no correlated background.
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Figure 7.7: The mass distribution of J/ψ → e+e− MC reconstructed matched (in
cyan) and e+e− without combinatorial background e+e+ + e−e− (in pink)

The acceptance A
J/ψ
e+e− and reconstruction efficiency ε

J/ψ
e+e− of detecting dielectrons from

the J/ψ particle using the ALICE detector can be calculated with the following equa-

tions:

A
J/ψ
e+e−(pT) =

N electron, positron in acceptance
e+e− from J/ψ

(pT)||η|<0.9

NMC generated
J/ψ (pT)

∣∣∣∣
|y|<0.9

(7.4)

ε
J/ψ
e+e−(pT) =

NMC matched
e+e− from J/ψ(pT)||η|<0.9

N electron, positron in acceptance
e+e− from J/ψ

(pT)

∣∣∣∣
|y|<0.9

(7.5)

The acceptance and efficiency take for the number of electron-positron pairs at a specific

transverse momentum pT all e+e−between a mass of 2.5 GeV/c2 and 3.2 GeV/c2 due

to the dilepton filter so most of the Bremsstrahlung tail is included in them.

Figure 7.8a displays the acceptance of J/ψ, as a function of transverse momentum when

reconstructed in the e+e−decay mode. At low transverse momentum, the acceptance

is just above 40%. As the transverse momentum increases, so does the acceptance due

to decay kinematics (at 20 GeV/c the acceptance is close to 85%).

Figure 7.8b shows the efficiency of the dielectron from J/ψ. At 0.125 GeV/c transverse

momentum, the efficiency is at its highest, reaching approximately 19.6%. Subse-

quently, the efficiency decreases to below 11% at approximately 2 GeV/c. This local

minimum is probably due to the 1 GeV/c cut on both the electron and the positron.

After reaching the local minimum, the efficiency increases again to above 14% at 5.5-
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6 GeV/c. Following the local maximum, the efficiency constantly decreases until it

reaches 1% efficiency at 20 GeV/c. The decrease in efficiency at high pT is caused by

the PID selection criteria (pion and proton rejection) [87]. Additional to the recon-

struction efficiency depending on the transverse momentum, the overall reconstruction

efficiency to reconstruct electron-positron pairs from J/ψ can be estimated. This can

be done by dividing the total number of MC reconstructed matched (1098504) by the

reconstructable MC generated true (8684527) J/ψ → e+e− resulting in an overall re-

construction efficiency of 12.65% (see Table 7.5).
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Figure 7.8: (a) Acceptance and (b) reconstruction efficiency of J/ψ →e+e− of ALICE
detector Run 3

7.2.3 MC reconstructed matched of e+e− from χc

In this part the reconstruction from electron-positron pair from χc is investigated.

Figure 7.9a shows the pT-distributions of MC generated true electron-positron pairs

from J/ψ (in dark-blue), χc1 (in blue) and χc2 (in light-blue). At the start, there is

a steep incline to the maximum. The peak of the electron-positron pairs from χc2

is higher and occurs earlier than the peak of the e+e−from χc1. This is because the

pT-distributions of χc1 and χc2 in the Monte Carlo simulations. The two peaks lie

approximately 0.3 GeV/c apart from each other. The peak of the e+e−from J/ψ lies

between the peaks of χc because the e+e−from J/ψ are simply the combined events

from χc1 and χc2. After the peak the counts decrease fast because there are less χc (see

Figure 6.2a).

Figure 7.9b displays the pT-distributions of MC reconstructed matched electron-positron

pair from J/ψ (in dark-cyan), χc1 (cyan) and χc2 (in light-cyan). Initially, there is a
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sharp increase in counts until the peak at around 1.0 GeV/c, which is significantly ear-

lier than the peaks of the MC generated true pT-distributions. After reaching its the

peak, there is a subsequent dip followed by a plateau before a decrease in the number

of reconstructed e+e−from J/ψ, χc1 and χc2 counts. The dip and plateau observed in

the momentum of the electron or positron is probably caused by the 1 GeV/c cut in

transverse momentum pT.
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Figure 7.9: The transverse momentum pT distributions of e+e− from J/ψ, χc1 and
χc2 (a) MC generated true and (b) MC reconstructed matched

The acceptance and efficiency of dielectrons from χc are similar to those calculated for

electron-positron pair from J/ψ:

Aχc
e+e−(pT) =

N electron, positron in acceptance
e+e− from χc

(pT)||η|<0.9

NMC true
χc (pT)

∣∣∣∣
|y|<0.9

(7.6)

εχc
e+e−(pT) =

N reconstructed
e+e− from χc

(pT)||η|<0.9

NMC true; electron, positron in acceptance
e+e− from χc

(pT)

∣∣∣∣
|y|<0.9

(7.7)

The electron-positron pairs for the acceptance and efficiency are summed up for the

different transverse momenta pT with a mass filter between 2.5 GeV/c2 and 3.2 GeV/c2.

The mass filter cuts for the acceptance around 3.5% of the internal Bremstrahlung

tail in the MC generated true and for the efficiency it additionally cuts a bit of the

Bremsstrahlungs tail in the MC reconstructed matched.

The acceptance of dielectrons from χc (as shown in Figure 7.10a) begins at 53% and

then rapidly decreases to a minimum of 43% for χc1 and to 41% for χc2 acceptance

at approximately 3 GeV/c. After the minimum the acceptance increases differently for
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χc1 and χc2. The acceptance of reconstructed electron-positron pairs from χc1 increases

until 11 GeV/c to around 53% and then slowly decrease to 49% at 20 GeV/c. While

the acceptance of e+e−from χc2 increases to above 65% until 20 GeV/c with some

fluctuations in the rise. The acceptance of dielectrons from χc differs from that of

dielectrons from J/ψ (Figure 7.8a). The e+e−from J/ψ do not have the drop before

the minimum. The position of the minimal acceptance for dielectrons from J/ψ is

before 2.0 GeV/c, whereas the e+e−from χc have their minimum at approximately

2.75 GeV/c. The shift in minimum position is because of the higher mass of the χc.

After the minimum, all three acceptance rates increase. However, they reach different

maxima like J/ψ → e+e− reach an acceptance rate of 84%, while dielectrons from χc2

only reach just above 65% and from χc1 only 53%.
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Figure 7.10: (a) Acceptance and (b) reconstruction efficiency of e+e− from χc1 and
χc2 in the Monte Carlo simulation

candidates MC generated MC matched efficiency [%]

J/ψ → e+e− 8684527 1098504 12.65

e+e−from χc1 4415135 560642 12.70

e+e−from χc2 4269392 537862 12.60

Table 7.5: Number of reconstructable MC generated true and MC reconstructed
matched e+e− from J/ψ, χc1 and χc2 as well as the resulting reconstruction efficiency

The total reconstruction efficiency can be calculated by dividing the number of MC

reconstructed matched e+e−from χc by the number of reconstructable MC generated

true electron-positron pairs from χc, as listed in Table 7.5. For the total reconstruction
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efficiency for e+e−from χc1 is 12.70 % and for electron-positron pairs from χc2 it is

12.60 %. Figure 7.10b shows the reconstruction efficiency of electron-positron pairs

from χc1 and χc2 as a function of transverse momentum pT. Both efficiencies have the

same distribution, except for some differences in percentages. During the decrease to

the local minimum of less than 11 %, the points of χc2 are most of the time slightly

lower than the percentage of χc1. This changes for the rise to the local maximum,

where the dielectrons from χc2 have a higher efficiency. After the local maximum, the

efficiency with a higher percentage alternates between dielectrons from χc1 and χc2. The

efficiency distributions of dielectrons from χc is the same as the efficiency distribution

of dielectrons from J/ψ (Figure 7.8b). The distribution is the same because all J/ψ

are from the forced radiative decay of the χc and therefore only the J/ψ has to be

connected to the χc.

7.3 Triple candidate reconstruction γe+e−

The radiative decay of the χc meson results in a electron-positron pair and a photon.

Therefore, in order to reconstruct the χc, all possible γe+e− triple candidates are

built. The triple candidates are classified into three distinct types: MC generated true

triple candidates χc → γe+e− (Section 6.3), MC reconstructed triple candidates γe+e−

(Section 7.3.1) and MC reconstructed matched triple candidates χc → γe+e− (Section

7.3.3). The massmγe+e− and the delta mass ∆m (Equation 6.5) of the triple candidates

are investigated and compared with each other. Furthermore, the acceptance and the

efficiency of the triple candidates are calculated.

7.3.1 MC reconstructed triple candidates γe+e−

The reconstructed triple candidates use only information from the ALICE detector and

not from Monte Carlo simulation. This means that particles from different decays that

occur in the same event can be reconstructed as if they are from the same mother

particle. In order to reject combinatorial background a mass cut around the J/ψ mass

2.5 GeV/c2 < mγe+e− < 3.2 GeV/c2 is applied.

Figure 7.11a shows the mass distributions of the reconstructed triple candidates in the

mass range 3.2 GeV/c2 < mγe+e− < 4.0 GeV/c2. The chosen binning size was selected

to ensure consistency when comparing it with the MC reconstructed matched triple

candidates. The mass distribution exhibits a broad maximum across the entire range,

peaking at approximately at 3.47 GeV/c2. The gradient of the rise and fall before and

after the maximum is approximately equal but with opposite signs. Due to that the

broad maximum does not show any sharp peaks, the distribution is the combinatorial

background of decay particles from different decays because there are 10 forced χc
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decays per event.
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Figure 7.11: (a) mass and (b) ∆m+mPDG
J/ψ of reconstructed triple candidates γe+e−

in the MC simulation; In both figures the locations of the PDG masses of χc1 and χc2
are marked with arrows.

To remove the experimental mass resolution of reconstructed J/ψ, the ∆m (see Equa-

tion 6.5) with added J/ψ PDG mass mPDG
J/ψ (see Equation 6.6) is shown in Figure 7.11b.

Without the width of the J/ψ the rise to the peak is sharper and higher. The position

of the maximum shifts to 3.49 GeV/c2 but the maximum is still before the rest mass of

χc1 and χc2. The decrease in counts after 3.55 GeV/c is linear. The shape of the peak

in delta mass figure is different to the shape of the mass peak. Due to that there is still

no sharp peaks visible, the peaks are probably too small compared to the combinatorial

background.

7.3.2 MC reconstructed triple candidates γe+e− andMC reconstructed

matched triple candidates χc → γe+e−

This section focuses on comparing MC reconstructed triple candidates with MC recon-

structed matched triple candidates. The MC reconstructed matched triple candidates

χc → γe+e− consider the reconstructed particles in the ALICE detector and incor-

porate the Monte Carlo information. Therefore, the triple candidates are checked to

verify if they originate from the same mother particle. Only if they match, are they

added. This comparison checks if it is possible to see the mass peaks of χc1 and χc2.

Figure 7.12a shows the mass of MC reconstructed triple candidates and MC recon-

structed matched triple candidates in the mass range 3.4 GeV/c2 < mγe+e− < 3.6

GeV/c2. Both do not show mass peaks corresponding to the χc rest masses which are
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marked with arrows. Whereas in Figure 7.12b the delta mass with added PDG J/ψ the

MC reconstructed matched displays two narrow peaks at the χc masses. The recon-

structed triple candidates γe+e− show only a minimal increase in counts at the positions

of the χc1 mass, which could be the peak from the MC reconstructed matched triple

candidates (true reconstructions) or a fluctuation. The high combinatiorial background

in the MC reconstructed triple candidates γe+e− is due to the 10 forced radiative χc

decays per event. The mass peaks from χc1 and χc2 are not visible on top of the

combinatorial background based on the available statistics.
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Figure 7.12: The mass (a) and ∆m+mPDG
J/ψ (b) of MC reconstructed triple candidates

γe+e− and MC reconstructed matched triple candidates χc → γe+e−. In both figures
the locations of the PDG masses of χc1 and χc2 are marked with arrows.

7.3.3 MC reconstructed matched triple candidate χc → γe+e−

This section examines the MC reconstructed matched triple candidates χc → γe+e−

which use the reconstructed triple candidates and MC information to check that they

originate from the same χc decay. The mass mγe+e− and delta mass ∆m+mPDG
J/ψ distri-

butions as well as the transverse momentum pT distribution of the MC reconstructed

matched triple candidates are discussed.

Figure 7.13a shows the mass distribution of the MC reconstructed matched triple candi-

dates within the mass range 3.4 GeV/c2 < mγe+e− < 3.6 GeV/c2. The triple candidates

from χc2 are drawn in light violet, and those from χc1 are shown in violet. The mass of

MC reconstructed matched triple candidates from χc1 has a broad peak at 3.54 GeV/c2

with a strong Bremsstrahlung tail to the left. The γe+e− from χc1 have a smaller but

wider mass peak at 3.5 GeV/c with also huge Bremsstrahlung tail. Both peaks are
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located nearby the PDG mass of χc1 and χc2. The mass distribution for all MC recon-

structed matched triple candidates in dark-violet only shows a broad peak with some

fluctuations. The mass distribution of γe+e− from χc does not show the two peaks due

to the overlapping of the two peaks due to Bremsstrahlung.

When comparing the mass distributions of the MC reconstructed matched and MC

generated true triple candidates χc → γe+e−, they do not look similar. The two mass

peaks of χc1 and χc2 in MC generated true (Figure 6.4a) are narrow with a small

Bremsstrahlung tail and are well-separated. While MC reconstructed matched has two

broad maxima with larger Bremsstrahlung tails. Despite this, the maxima are still

recognisable, unlike in the MC reconstructed triple candidates γe+e− (Figure 7.11a).
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Figure 7.13: (a) The mass mγe+e− of MC reconstructed matched triple candidates
χc → γe+e−; (b) ∆m +mPDG

J/ψ of MC reconstructed matched triple candidates χc →
γe+e− with asymmetric Gaussian fit to the peaks of χc1 and χc2; In both figures the
locations of the PDG masses of χc1 and χc2 are marked with arrows.

Once the J/ψ mass resolution is removed two clear peaks appear at the corresponding

χc1 and χc2 rest mass. Figure 7.13b displays the delta mass ∆m with the added PDG

J/ψ mass of the MC reconstructed matched triple candidates γe+e− from χc1 and χc2.

The markers of the triple candidates from χc1 and χc2 have the same color scheme as in

Figure 7.13a. The MC reconstructed matched triple candidates from χc1 has a peak at

approximately 3.51 GeV/c2 whereas the MC reconstructed matched triple candidates

from χc2 peak at approximately 3.55 GeV/c2 which corresponds to the PDG mass of χc1

(mPDG
χc1 = (3.51069± 0.00005) GeV/c2) and χc2 (mPDG

χc2 = (3.55617± 0.00007) GeV/c2)

that are marked with black arrows in the figure. On the left of both peaks there are

Bremsstrahlungs tails due to Bremsstrahlung from the electron-positron pairs from the
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photon conversions. The Bremsstrahlungs tail of the mass peak of χc2 reaches into the

mass peak of χc1. The peaks from χc1 and χc2 have a difference in counts due to the

different number of radiative χc1 and χc2 decays that lie in the acceptance cut. In the

delta mass ∆m of the MC reconstructed matched triple candidates from both χc the

difference is even bigger because there the Bremsstrahlungs tail from χc2 add to the

counts of the peak from χc1.

To determine the exact position of the peaks an asymmetric Gaussian was fitted to the

peaks:

f(x) = A ·
(
G(x) + exp

(x− µ

λ

)
(1−G(x))θ(x− µ)

)
(7.8)

G(x) = exp
(
−1

2

(x− µ

σ

)2)
(7.9)

The variable A is the amplitude. The Gaussian part of the fit is G(x). The parameter

λ represents the inverse slope of the exponential curve. The variable x corresponds to

the delta mass ∆m plus the PDG J/ψ mass: x = ∆m+mPDG
J/ψ . The mean µ is equal to

the mass of the χc. The width of the Gaussian part of the peak is σ. An asymmetric

Gaussian was used due to the Bremsstahlung tails. For χc1 a mass of mχc1 = (3509.9±
0.5) MeV/c2and for χc2 a mass of mχc2 = (3554.9± 0.7) MeV/c2were determined. The

determined width of the mass peaks are a lot bigger than the PDG values due to the

reconstruction resolution from the Bremsstrahlungs tail. The parameter λ corresponds

to the size of the Bremsstrahlungs tail, which shows that the Bremsstrahlungs tail of

χc2 (λχc2 = (29.5± 0.4) MeV/c2) is bigger than of χc1 (λχc1 = (19.95± 0.18) MeV/c2).

m [MeV/c2] Γ or σ [MeV/c2] λ [MeV/c2]

χc1 PDG 3510.69 ± 0.05 0.84 ± 0.04 -

χc1 MC generated true 3510.65 ± 0.0007 1.3140 ± 0.0011 -

χc1 MC rec. matched 3509.9 ± 0.5 5.3 ± 0.5 19.95± 0.18

χc2 PDG 3556.17 ± 0.07 1.97 ± 0.09 -

χc2 MC generated true 3556.14 ± 0.0010 2.5773±0.0023 -

χc2 MC rec. matched 3554.9± 0.7 6.7± 0.5 29.5±0.4

Table 7.6: The mass and width parameters of χc1and χc2 were obtained from both
the Particle Data Group (PDG) and Monte Carlo (MC) generated true and MC recon-
structed matched fit functions on the ∆m+mPDG

J/ψ distributions.

In order to compare the delta mass of the MC reconstructed matched (Figure 7.13a)

and MC generated true (Figure 6.4a) triple candidates χc → γe+e− the fit parameters

to the peaks from χc1 and χc2, as well as the DPG values are listed in Table 7.6. A

Breit-Wigner function was fit to the true delta mass peaks generated by the MC, while
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an asymmetric Gaussian was used to fit the reconstructed MC. This already shows

that the peaks have different shapes. The peaks in MC generated true are symmetric,

whereas the MC reconstructed matched is asymmetric due to the Bremsstrahlung tails.

The MC generated true fit parameters are naturally better than the MC reconstructed

matched determined parameters. Furthermore, the MC reconstructed matched delta

mass distribution has wider peaks due to the reconstruction resolution, compared to

the MC generated true that contain only the natural width.
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Figure 7.14: The mass mγe+e− (in blue) and ∆m +mPDG
J/ψ (in violet) of MC recon-

structed matched triple candidate χc → γe+e−. The locations of the PDG masses of
χc1 and χc2 are marked with arrows.

Figure 7.14 shows the mass and the delta mass (∆m) with the added J/ψ PDG mass of

the MC reconstructed matched triple candidates χc → γe+e−. The MC reconstructed

matched delta mass has two clear peaks whereas the mass only shows a broad structure

without any clear peaks. This figure demonstrates clearly the influence of the J/ψ mass

resolution to the mass distribution.

Figure 7.15 shows the transverse momentum pT distribution of MC reconstructed

matched triple candidates χc → γe+e−. The reconstruction of χc → γe+e− is pos-

sible down to 0 GeV/c. The transverse momentum pT reaches the maximum at 4.5

GeV/c and then decreases slowly again.
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Figure 7.15: The transverse momentum pT distribution of χc → γe+e− for MC
reconstructed matched

7.3.4 Acceptance and reconstruction efficiency of triple candidates

χc → γe+e−

The acceptance of triple candidates χc → γe+e− can be calculated by the ratio of the

number of MC reconstructed matched photon-electron-positron triples from the χc with

decay products in the acceptance at a specific transverse momentum to the number of

MC generated true χc at that momentum:

Aχc
γe+e−(pT) =

Nγe+e− in acceptance
γe+e− from χc

(pT)||η|<0.9

NMC generated
χc (pT)

∣∣∣∣
|y|<0.9

(7.10)

The χc, photons, electrons and positrons have to be in the rapidity and η cut. There

is no mass filter applied to the triple candidates but only electron-positron pairs are

used which lie in the mass range 2.5 GeV/c2 < me+e− < 3.2 GeV/c2 to remove part

of the Bremsstrahlung tail of the J/ψ. Figure 7.16a shows the acceptance of the

reconstructable triple candidates χc → γe+e− as a function of transverse momentum.

The acceptance of χc1 and χc2 have the same shape with some differences in percentage.

The acceptance distribution is similar to the acceptance of the electron-positron pair

from J/ψ (Figure 7.8a). The acceptance at low momentum is so low due to the rapidity

and η cut. With rising momentum the acceptance increases up to nearly 80%. The rise

in acceptance is due to the decay kinematics.
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Figure 7.16: (a) Acceptance and (b) reconstruction efficiency of χc → γe+e− as a
function of transverse momentum pT

The overall reconstruction efficiency can be determined by dividing the total number of

MC reconstructed matched triple candidates with the total number of reconstructable

MC generated true triple candidates. The numbers for χc1 and χc2 triple candidates

are listed in Table 7.7. The overall reconstruction efficiency for χc1 is 0.0724% and for

χc2 is 0.0719% which is nearly the same. The reconstruction efficiency of the triple

candidates MC generated MC matched efficiency [%]

χc1 → γe+e− 3226492 2337 0.0724

χc2 → γe+e− 3074983 2210 0.0719

Table 7.7: Number of reconstructable MC generated true and MC reconstructed
matched χc → γe+e− as well as the resulting reconstruction efficiency

candidates depending on the transverse momentum pT can be calculated by dividing

the number of the MC reconstructed matched triple candidates by the number of MC

generated true triple candidates in acceptance at a given pT:

εχc
γe+e−(pT) =

N reconstructed
γe+e− from χc

(pT)||η|<0.9

NMC generated; γe+e− in acceptance
γe+e− from χc

(pT)

∣∣∣∣
|y|<0.9

(7.11)

No mass cuts are applied to the triple candidates, only the mass filter is applied to the

electron-positron pairs. Figure 7.16b shows the reconstruction efficiency of the triple

candidates for χc1 and χc2 depending on the transverse momentum in the range 0

GeV/c < pT < 20 GeV/c. The reconstruction efficiency for χc1 and χc2 differs slightly
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in percentage but the distributions are the same. At low momentum the reconstruction

efficiency is the lowest and increase after 2 GeV/c to a broad maximum of 0.155% for

χc1 and of approximately 0.19% for χc2 between 6 GeV/c and 14 GeV/c. The peak has

some fluctuations probably due to statistics. After the maximum the reconstruction

efficiency decreases again to a similar percentage as at low momentum. This decrease

can be due to the decrease in reconstruction efficiency of electron-positron pairs from

χc at high momentum because of low PID efficiency (Figure 7.10b).
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The goal of this thesis was the development of an analysis task for the reconstruction of

the radiative decay of χc mesons. The new analysis task, AnalysisDileptonPhoton, was

successfully implemented in DQ. This tasks connects photon candidate tables from EM

with dilepton tables from DQ, allowing for the χc reconstruction. A detailed description

of the new AnalysisDileptonPhoton and other additions to the DQ framework, as well

as the O2 executables were given in Chapter 5.

A specific Monte Carlo simulation (Chapter 6) with only forced radiative decays of χc1

and χc2 was used for debugging the analysis task in the developing phase and then

it was analysed with the AnalysisDileptonPhoton to determine the acceptance and

reconstruction efficiency. For all analysis steps, three different types are considered:

MC generated true, MC reconstructed and MC reconstructed matched. Before taking a

closer look at the triple candidates γe+e−, the photons and the dielectrons are analysed

separately.

Firstly, the photon reconstruction was investigated. The photon conversion points

provide a γ-ray tomography of the ITS2 and TPC detectors. The photon conversion

probability start at 8.5% for transverse momentum values of 0 GeV/c and reaches a

plateau between 1.5 GeV/c and 5 GeV/c with approximately 11.2%, albeit with some

fluctuations. The efficiency to reconstruct a photon from a χc is mainly between 1.2%

and 1.4% for pT > 0.5 GeV/c, decreasing rapidly for lower pT. Therefore, the photons

are the main limitation in reconstructing the radiative decay of the χc, particularly at

low transverse momentum.

Next, the reconstruction of dileptons was characterised. The mass distribution of the

MC reconstructed (matched) dileptons shows a Bremsstrahlungs tail at the peak of the

J/ψ. The acceptance rate of the electron-positron pair from J/ψ or χc ranges from 40%

to 85% or 60%. Until 3 GeV/c pT, the minimum in acceptance is reached, after which

the acceptance only increases. The reconstruction efficiency is the highest at very low

pair momentum, with a nearly 20% efficiency rate. Between 6 GeV/c and 8 GeV/c,

the efficiency reaches a local maximum of 14%. For higher transverse momentum the

efficiency decreases to 1%. This is caused by the PID efficiency which drops at high

transverse momentum.

Then, the triple candidates were analysed. The mass and delta mass distributions of the

MC reconstructed triple candidates are continuous distributions without visible peaks in

the mass area of χc1 and χc2. In the MC reconstructed triple candidates, there are many

incorrect combinations of detected photons, electrons, and positrons from different

decays due to 10 radiative decays of χc per event included in the simulation. Those
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incorrect combinations cause a high background, making it impossible to distinguish

the peaks from the masses of χc’s. The simulation does not include any underlying pp

or PbPb event. This is important because particles produced in such underlying events

such as neutral mesons can decay into electron-positron pairs for example π0 → e+e−γ

or photons like π0 → γγ which would also contribute to the background as well.

The MC reconstructed matched triple candidates exhibit a broad structure because

the two peaks of χc1 and χc2 merge due to the experimental resolution. However, in

the delta mass (∆m = mγe+e− −me+e−) figure, the peaks are narrower and resolved

because the width of the reconstructed J/ψ is removed. The delta mass peaks have

Bremsstrahlungs tails due to Bremsstrahlung of the dielectrons from Photon conversion.

Thus, the peaks were fitted with an asymmetric Gaussian. The mass of χc1 was esti-

mated to be (3509.9± 0.5) MeV/c, while χc2 was found to have a mass (3554.9± 0.7)

MeV/c. The fitted masses match the PDG mass of χc1 (mPDG
χc1 = (3510.69 ± 0.05)

MeV/c) and χc2 (mPDG
χc2 = (3556.17 ± 0.07) MeV/c). Furthermore, it was possible to

reconstruct the two χc states down to 0 GeV/c.

The MC generated true triple candidates were analysed as well to demonstrate the

proper setup of the simulation and functionality of the analysis task. The mass and

the delta mass distributions two showed two narrow mass peaks for both χc1 and

χc2. The mass distribution had Bremsstrahlungs tails which are from the internal

Bremsstrahlung of J/ψ decay. Those tails are not visible in the delta mass figure. A

Breit-Wigner fit was applied to the two χc peaks in the delta mass figure. The mass

of χc1 was determined as (3510.31± 0.0003) GeV/c and the mass of χc2 was obtained

as (3556.13 ± 0.0010) GeV/c. The fitted masses and width parameters of the peaks

correspond well with the PDG values.

The acceptance of the triple candidates from χc range between 25% and 80.5% with

small differences between χc1 and χc2. With increasing transverse momentum the

acceptance of the triple candidates rises as well. The reconstruction efficiency of triple

candidates from χc is always below 0.2%. The reconstruction efficiency varies slightly

for χc1 and χc2. Both reach a broad maximum with fluctuations between 6 GeV/c and

14 GeV/c. At low and high transverse momentum the reconstruction efficiency for χc

is at its low with just above 0.025%.

The developed AnalysisDileptonPhoton analysis task together with all performance

plots presented in Chapter 7.3 can now be used to calculate the expected number of

χc1 and χc2 states for the recorded luminosity by ALICE in Run 3. Those numbers can

be then compared to other estimations for example with [88].

This was just the beginning of the AnalysisDileptonPhoton analysis task, with many

possible next steps. It is possible to include mixed events and like-sign dileptons with

78



Chapter 8. Summary and Outlook

photons in the analysis task as an additional process function or as an analysis task.

This would make possible the estimation of the combinatorial background. DQ devel-

opers are currently implementing photon candidate tables to the DQ framework which

could be used in the analysis task instead of the EM photon candidate tables. Further-

more, the AnalysisDileptonPhoton could benefit from the inclusion of photons detected

with PHOS and EMCal. Currently, only photons from photon conversion are taken into

account, as most of the photons in the radiative decay of χc have low momentum.

The AnalysisDileptonPhoton analysis task is not limited to analyse Monte Carlo sim-

ulations. Once the AnalysisDileptonPhoton analysis task commit to the DQ analysis

is approved, it can be used to analyse data from ALICE Run 3. Furthermore, the

AnalysisDileptonPhoton task cannot only analyse the radiative decay of χc, but also

reconstruct other decays resulting in triple candidates consisting of a dilepton pair and

a photon. For example, it can be used to analyse neutral meson Dalitz decay, like

π0 → γe+e− or η → γe+e−.

The connection between the photon candidate tables from EM and the dilepton tables

from DQ for the reconstruction of the χc meson caused several issues due to the different

skimming processes used by both groups to select the events. After selecting the events,

they are reindexed which prevents finding the photon and dileptons of the same event

using their collision index (photon) or globalIndex (dileptons). For future analyses

that use code or particles from multiple PWGs in the O2Physics, I propose including

a new event index and a new track index in the event tables that remain unchanged

throughout the skimming process. This new event index and track indices would enable

table connections between different PWGs in the O2Physics, as well as future analyses

that have not yet been considered.

To determine the MC generated true candidates in the runMCGen, the CheckSignal

function receives as input MC particles sorted by their Monte Carlo index number. It

is important to note that for the three-prong radiative χc decay signal, the order of the

input particles is relevant. This is because the CheckSignal function will only return

true if the photon is in the position where it was defined in the MCSignalLibrary. The

electron-positron pair does not have an order problem on its own because the sign of

the PDG code is not a condition for the signal (positive for particles and negative for

anti-particles). The decay order of MC particles and their corresponding MC index

numbering may not always be consistent. For instance, in the Monte Carlo simulation

used, the MC generated true particles have the following decay order: χc1 → γ + J/ψ

and χc2 → J/ψ + γ. In other words when reconstructing a radiative χc event with

a J/ψ and a photon, only χc1 or χc2 can be reconstructed. Therefore, I recommend

implementing that the order of the particles in the defined signal in the MCSignalLi-

brary does not matter for specific cases. The testing of the possible combinations of the
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input particles will increase the computing effort. This problem has not yet occured

because the MCSignalLibrary contains one-prong signals or two-prong signals that are

composed of the same particle. Previously, the MCSignalLibrary only contained one

three-prong signal. This signal was used in the AnalysisDileptonTrack for MC recon-

structed matched triple candidates consisting of an electron-positron pair and a Kaon.

In the AnalysisDileptonTrack, only the MC reconstructed matched triple candidates

are calculated, not the MC generated true triple candidates. When identifying MC

reconstructed matched triple candidates the identity of each particle is known before

using the CheckSignal function, thus the problem did not arise.
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A. Overview of variables

variables Definition

A Acceptance

A Amplitude

A Atomic mass of the medium

αs Strong coupling constant

β Velocity of the particle

BR Branching ratio

C Charge-conjugation

c Speed of light

δ Density correction

∆m Delta mass

dE
dx Specific energy loss

dσ
dx Differential cross section

ε Efficiency

η Pseudorapidity

E1,2 Energy of daughter 1,2 from V0 particle

Ee+e− Energy of the electron or positron

Eγ Photon energy

γ Lorentz factor γ = 1√
1−β2

Γ Full width

G(x) Gaussian

I Mean excitation energy

J Spin
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Appendix A. Overview of variables

variables definition

K 4πNAr
2
emec

2 = 0.307 MeV g−1cm2

λ Inverse gradient of the exponential curve of the Gaussian

M Mass of incident particle

m Mass

m1,2 Mass of daughter 1,2 from V0 particle

me Electron mass

me+e− Mass of electron-positron pair

mγe+e− Mass of triple candidate (γe+e−)

minv Invariant mass of the V0 particle

mPDG
J/ψ PDG mass of J/ψ

µ Mean of the Breit-Wigner and asymmetric Gaussian functions

NA Avogadro constant

N(pT) Number of candidates at a specific transverse momentum

P Parity

p1,2 Four momentum vector of daughter 1,2 from V0 particle

p1,2 Three dimensional momentum vector of daughter 1,2 from V0 particle

pT Transverse momentum

ρ Density of the medium

Rmax Maximal radius of ITS2 layer

Rmin Minimal radius of ITS2 layer

Rxy Conversion radius in xy

σ Width of the Gaussian peak

σP Cross section of photon pair production

θ Heaviside step function
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Appendix A. Overview of variables

variables definition

θPA Pointing angle

Tc Critical temperature of the QGP

Tmax Maximum energy transfer in a single collision

Vz z component of the conversion point

X0 Absorption length

x Fractional energy the electron or positron receive from the photon

x ∆m+mPDG
J/ψ for Breit-Wigner and asymmetric Gaussian functions

y Rapidity

Z Charge number of the medium

z Charge of incident particle

Table A.1: Variables definitions
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B. Configuration file for Analy-

sisDileptonPhoton in dqEfficiency
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Appendix B. Configuration file for AnalysisDileptonPhoton in
dqEfficiency

Figure B.1: Configurations in the JSON file for running AnalysisDileptonPhoton task
in the dqEfficiency.cxx, page 1
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Appendix B. Configuration file for AnalysisDileptonPhoton in
dqEfficiency

Figure B.2: Configurations in the JSON file for running AnalysisDileptonPhoton task
in the dqEfficiency.cxx, page 2
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Appendix B. Configuration file for AnalysisDileptonPhoton in
dqEfficiency

Figure B.3: Configurations in the JSON file for running AnalysisDileptonPhoton task
in the dqEfficiency.cxx, page 3
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Appendix B. Configuration file for AnalysisDileptonPhoton in
dqEfficiency

Figure B.4: Configurations in the JSON file for running AnalysisDileptonPhoton task
in the dqEfficiency.cxx, page 4
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Appendix B. Configuration file for AnalysisDileptonPhoton in
dqEfficiency

Figure B.5: Configurations in the JSON file for running AnalysisDileptonPhoton task
in the dqEfficiency.cxx, page 5
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Appendix B. Configuration file for AnalysisDileptonPhoton in
dqEfficiency

Figure B.6: Configurations in the JSON file for running AnalysisDileptonPhoton task
in the dqEfficiency.cxx, page 6
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Appendix B. Configuration file for AnalysisDileptonPhoton in
dqEfficiency

Figure B.7: Configurations in the JSON file for running AnalysisDileptonPhoton task
in the dqEfficiency.cxx, page 7
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Appendix B. Configuration file for AnalysisDileptonPhoton in
dqEfficiency

Figure B.8: Configurations in the JSON file for running AnalysisDileptonPhoton task
in the dqEfficiency.cxx, page 8
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C. Distributions of cut variables
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Figure C.1: Armenteros-Podolanski distribution for γ candidates
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Figure C.2: Cosine of pointing angle
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Appendix C. Distributions of cut variables
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Figure C.3: dE/dx signal of electrons from Photon conversion as a function of mo-
mentum
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Figure C.4: dE/dx signal in number of sigmas with respect to the expected electron
line as a function of momentum for primary electrons
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D. Difficulties

During the coding of the AnalysisDileptonPhoton task in the DQ analysis framework,

several difficulties were encountered. The photons are so far not a part of the DQ

analysis framework. Therefore, the photons for the AnalysisDileptonPhoton task were

taken from the EM analysis framework which lead to two main index difficulties.

Firstly, the various analysis frameworks have different skimming processes because they

need different events. After the event selection, all events are reindexed. Therefore, it

is not possible to get the electron-positron pair and the photon from the same event

by calling the globalIndex for the dileptons and collisionId for the photons. This index

problem was temporarily solved by avoiding to cut any events in the event selection

process in the DQ and EM.

Secondly, another index problem occured when matching the EM photon to DQ MC

tracks because the EM MC particles keep less particles than the DQ MC tracks which

results in different indices. This was solved by identifying the EM photon in the DQ

MC track with the PDG code (photon = 22) and the MC transverse momentum pT

value of the photon. It was necessary to determine the track of the photon in order to

verify the origin of the photon from a χc.

Furthermore, in the coding process it was discovered that the input particles in the

CheckSignal function must have the same order as the defined MC signal except for

particle and antiparticle. This is a problem for the MC generated true candidates

because there the MC particles are put into the CheckSignal function after their glob-

alIndex. The triple candidates in the MC signal for the radiative decay of χc were

defined as e+e−γ or e−e+γ. However, the photon always has a smaller globalIndex

than the electron and positron because they are decay products from the J/ψ. This

problem was solved by switching the order of the input particles of the CheckSignal

function in the three-prong case of the runMCGen. Now the input particle with the

smallest globalIndex is given at the third position. The order of the input particles of

the CheckSignal function was also considered for the MC reconstructed matched triple

candidates. However, it is important to note that the identity of each particle is known

with certainty in that case.
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