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Abstrakt

Tato diplomová práce se zabývá rekonstrukćı p̊uvabného baryonu Λ+
c v rozpadovém

kanálu Λ+
c ! pK��+ s využit́ım Run 3 proton–protonových srážek zaznamenaných

experimentem ALICE při energii
p
s = 13;6 TeV. Analýza byla provedena v rozsahu

př́ıčné hybnosti 1 < pT < 24 GeV=c. Pro zlepšeńı odděleńı kandidát̊u Λ+
c od kom-

binatorického pozad́ı byla vytvořena, natrénována a následně aplikována selekce
založená na strojovém učeńı s algoritmem Boosted Decision Tree. Vybrańı kan-
didáti byli analyzováni pomoćı rozděleńı invariantńı hmotnosti v jednotlivých inter-
valech pT, ze kterých byly extrahovány surové výtěžky. Źıskaná spektra invariantńı
hmotnosti ukazuj́ı viditelný signál Λ+

c , což naznačuje, že použitá selekce pomoćı
strojového učeńı je účinná a vhodná pro daľśı rozvoj této analýzy.
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Abstract

This thesis presents the reconstruction of the charm baryon Λ+
c in the decay chan-

nel Λ+
c ! pK��+ using Run 3 proton–proton collision data recorded by the AL-

ICE experiment at
p
s = 13:6 TeV. The analysis was performed in the transverse-

momentum range 1 < pT < 24 GeV=c. A machine-learning based selection using a
Boosted Decision Tree algorithm was created, trained, and then applied to improve
the separation of Λ+

c candidates from the combinatorial background. The selected
candidates were analysed through invariant-mass distributions in individual pT inter-
vals, from which the raw yields were extracted. The obtained invariant-mass spectra
show a visible Λ+

c signal, indicating that the machine-learning selection is efficient
and suitable for further development of this analysis.



Contents

Introduction 10

1 Theoretical Background 12

1.1 Quantum Chromodynamics (QCD) . . . . . . . . . . . . . . . . . . . 12

1.2 Study of QGP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.2.1 Formation of the Quark–Gluon Plasma . . . . . . . . . . . . . 13

1.2.2 The QCD Phase Diagram . . . . . . . . . . . . . . . . . . . . 14

1.2.3 Space–Time Evolution of Heavy-Ion Collisions . . . . . . . . . 15

1.3 Prompt and Non-Prompt Hadrons . . . . . . . . . . . . . . . . . . . . 20

1.4 Observables in Heavy-Ion Collisions . . . . . . . . . . . . . . . . . . . 20

1.4.1 Production Cross Sections . . . . . . . . . . . . . . . . . . . . 20

1.4.2 Yield Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.4.3 Fragmentation Fraction . . . . . . . . . . . . . . . . . . . . . . 22

1.4.4 Nuclear Modification Factor . . . . . . . . . . . . . . . . . . . 22

2 Current Measurements of Charm Hadrons 24

2.1 Production Cross Section . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2 Baryon-to-meson Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.3 Fragmentation Fraction . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Charm-Hadron Reconstruction in ALICE 33

3.1 The ALICE Experiment . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2 O2 Analysis Framework . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3 Data Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Heavy-flavour Analysis in O2 . . . . . . . . . . . . . . . . . . . . . . . 36

3.5 Hyperloop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

8



4 Machine Learning 39

4.1 Boosted Decision Trees (BDTs) . . . . . . . . . . . . . . . . . . . . . 41

4.2 MLHEP Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.3 Application of the Trained Model . . . . . . . . . . . . . . . . . . . . 44

5 � +
c Reconstruction and Selection 46

5.1 Datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.2 Selection Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5.2.1 Rectangular Pre-selection . . . . . . . . . . . . . . . . . . . . 48

5.2.2 Training Variables . . . . . . . . . . . . . . . . . . . . . . . . 48

5.3 BDT-based Candidate Selection . . . . . . . . . . . . . . . . . . . . . 59

5.3.1 Training and Test Sets . . . . . . . . . . . . . . . . . . . . . . 60

5.3.2 Training ML Model . . . . . . . . . . . . . . . . . . . . . . . . 60

5.3.3 Performance Evaluation . . . . . . . . . . . . . . . . . . . . . 62

5.3.4 Working Point Optimization . . . . . . . . . . . . . . . . . . . 65

6 Analysis 69

6.1 Invariant-mass Fit Procedure . . . . . . . . . . . . . . . . . . . . . . 70

6.2 Signal Signi�cance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.3 Signal-to-background Ratio . . . . . . . . . . . . . . . . . . . . . . . 72

6.4 Mass Peak Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

6.5 Raw Yield Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.6 Corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.6.1 Acceptance Times E�ciency Correction . . . . . . . . . . . . 76

6.6.2 Feed-down Correction . . . . . . . . . . . . . . . . . . . . . . 77

6.6.3 Cross-section Normalisation . . . . . . . . . . . . . . . . . . . 78

6.7 Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . 79

References 84

9



Introduction

The study of heavy-
avour particles is an important part of high-energy nuclear
physics, because charm and beauty quarks provide information about both the hard
partonic processes and the later stages of hadron formation. In particular, charm
hadrons are useful probes of the production and hadronisation of charm quarks
in di�erent collision systems. Measurements performed in recent years have shown
that charm-baryon production in hadronic collisions is not fully described by mod-
els based on fragmentation fractions from leptonic collisions. This makes the re-
construction of charm baryons, such as the �+c , an important topic for testing our
understanding of charm-quark hadronisation.

This thesis focuses on the reconstruction of the �+
c baryon in proton{proton collisions

at
p

s = 13:6 TeV recorded by the ALICE experiment during LHC Run 3. The
studied decay channel is

� +
c ! pK � � + :

The reconstruction of this particle is experimentally challenging because of its short
lifetime, three-particle decay topology, and large combinatorial background. For this
reason, a machine-learning based selection is used in this work to improve the sep-
aration of signal candidates from background candidates.

The main goal of the thesis is to train and apply a Boosted Decision Tree model for
� +

c candidate selection and to study the reconstructed signal in di�erent transverse-
momentum intervals. The performance of the trained model is evaluated using
training and testing distributions, score distributions, e�ciency-related plots, and
the �nal invariant-mass spectra. After the selection, the raw yield is extracted
from invariant-mass �ts and studied together with the signal signi�cance, signal-
to-background ratio, and mass-peak stability. The analysis represents a �rst step
towards a full production measurement, for which acceptance and e�ciency cor-
rections, feed-down corrections, and systematic uncertainties would still have to be
evaluated.

The thesis is organised as follows. Chapter 1 gives the theoretical motivation for
the analysis. It introduces QCD, the quark{gluon plasma, the role of heavy-
avour
particles, and the observables commonly used in heavy-ion and heavy-
avour mea-
surements. Chapter 2 summarises current measurements of charm-hadron produc-
tion, with emphasis on charm-baryon production, baryon-to-meson ratios, and frag-
mentation fractions. These results motivate why �+c reconstruction is relevant for
understanding charm-quark hadronisation.
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Chapter 3 describes the experimental and software environment used in the analy-
sis. It introduces the ALICE detector, the ALICE analysis framework, the structure
of Run 3 data, the heavy-
avour reconstruction work
ow, and the use of Hyper-
loop. Chapter 4 explains the machine-learning methods used in this work, especially
Boosted Decision Trees and the MachineLearningHEP framework. Chapter 5 then
presents the practical reconstruction and selection of �+

c candidates, including the
datasets, pre-selection, training samples, input variables, model performance, and
working-point optimisation.

Chapter 6 contains the �nal analysis of the selected candidates. It describes the
invariant-mass �tting procedure, the extraction of the raw yield, and the study
of the main performance quantities as a function of pT . The correction procedure
and systematic uncertainties are also discussed as necessary future steps towards a
corrected production measurement. The thesis ends with a summary of the obtained
results and an outlook for further improvements of the analysis.
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Chapter 1

Theoretical Background

This chapter introduces the theoretical framework and experimental context rele-
vant for this thesis, which focuses on heavy-
avour production in ultra-relativistic
collisions. We begin with Quantum Chromodynamics (QCD) and its limitations,
motivate the study of quark{gluon plasma (QGP) and �nally describe the key ob-
servables used to probe the medium.

1.1 Quantum Chromodynamics (QCD)

The strong interaction is one of the four fundamental forces of nature and is respon-
sible for binding quarks into hadrons and nucleons into atomic nuclei. Its theoretical
description is given by Quantum Chromodynamics (QCD), which constitutes one of
the fundamental pillars of the Standard Model of particle physics [1].

QCD is a non-Abelian gauge �eld theory based on the local symmetry group SU(3)c

[2, 1]. In this context, the term non-Abelian means that gluons, which are the medi-
ators of the strong interaction, carry colour charge and can therefore interact with
each other. The group SU(3)c describes the symmetry connected with the three pos-
sible colour charges of quarks, usually labelled as red, green, and blue. Since SU(3)
has eight generators, the corresponding gauge theory contains eight gluon �elds,
which mediate the strong interaction between coloured particles. The requirement
that this symmetry is local means that the theory must remain unchanged under
colour rotations that can be di�erent at each point in space and time. This local
symmetry requirement leads to the introduction of the gluon �elds. A distinctive
property of QCD is asymptotic freedom, arising from the non-Abelian structure of
the theory [2]. As a consequence, the strong coupling constant �s decreases with
increasing momentum transfer Q2, meaning that quarks and gluons interact often
but weakly at short distances and high energies [1].

The scale dependence of �s naturally separates QCD phenomena into two regimes [1].
At large momentum transfer, corresponding to high values of Q2, the strong cou-
pling � s becomes small and perturbative QCD (pQCD) can be applied. The quantity
Q2 denotes the squared four-momentum transfer of the interaction. In this regime,
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physical observables can be calculated using a perturbative expansion in powers of
� s and therefore the processes within are well understood [3]. In contrast, at low
momentum transfer (small Q2), the coupling becomes large and the perturbative
approach breaks down. In the non-perturbative regime of QCD, the strong inter-
action cannot be fully described using analytical calculations from �rst principles.
Theoretical information in this regime can be obtained from lattice QCD, where
the theory is solved numerically on a discrete space-time lattice [1]. Lattice QCD
provides important results on the thermodynamic properties of strongly interact-
ing matter, such as the equation of state and the transition from hadronic matter
to the decon�ned phase. However, it does not directly describe the full space-time
evolution of a heavy-ion collision [4]. Therefore, experimental studies are essential
for understanding the behaviour of strongly interacting matter under extreme con-
ditions [4].

The non-perturbative regime governs essential features of the strong interaction,
such as con�nement and hadronisation. Con�nement is a fundamental property of
QCD stating that colour-charged particles, such as quarks and gluons, cannot be
observed as isolated free particles and must ultimately form colour-neutral hadronic
states [1]. During hadronisation, the coloured partons produced in the collision
evolve into colour-neutral particles, such as mesons and baryons, which can then
be measured in the detector. This process can occur through fragmentation, where
a high-energy parton produces a shower of hadrons, or through recombination, where
nearby quarks combine directly to form a hadron [5]. A particularly important sys-
tem in this context is the quark{gluon plasma (QGP), a state of matter in which
quarks and gluons are no longer con�ned inside individual hadrons. Such a medium
can be created for a very short time in ultra-relativistic heavy-ion collisions [4].

In order to connect theoretical predictions with measurable observables, a com-
bination of lattice QCD calculations, phenomenological models, and experimental
measurements is needed. Lattice QCD provides �rst-principles theoretical input on
the thermodynamic properties of strongly interacting matter, while phenomenolog-
ical models describe the formation, expansion, cooling, and hadronisation of the
QGP [4]. These models contain several assumptions and parameters, which must
be constrained by experimental data. By comparing model predictions with mea-
surements, it is possible to test di�erent descriptions of the medium and to extract
information about the properties of QCD matter under extreme conditions.

1.2 Study of QGP

1.2.1 Formation of the Quark{Gluon Plasma

The study of strongly interacting QCD matter can be performed by creating sys-
tems of quarks and gluons with large energy density. If such a system is heated to
temperatures above approximately 150{160 MeV, it can undergo a transition to the
quark{gluon plasma (QGP) [1]. At LHC energies, this occurs at close to zero net
baryon density, corresponding to a baryochemical potential �B close to zero. The
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net baryon density is de�ned as the di�erence between baryon and antibaryon den-
sities at midrapidity [6]. Such conditions are achieved in ultra-relativistic heavy-ion
collisions at large accelerator facilities such as the LHC [4]. Similar conditions ex-
isted approximately 10�5 s after the Big Bang, making heavy-ion collisions a unique
opportunity to recreate and study an early stage of the Universe [4].

The study of QGP addresses fundamental questions about the behaviour of strongly
interacting matter under extreme conditions [4]. It provides insight into the evolu-
tion of the early Universe and o�ers a laboratory for testing QCD in a regime where
collective and non-perturbative phenomena dominate. In this regime, the behaviour
of strongly interacting matter cannot be described only in terms of independent
particle interactions, because the produced system evolves collectively and its prop-
erties are governed by long-range, many-body e�ects. As the simplest known form
of complex quantum matter, QGP enables the re�nement of theoretical models, the
experimental validation of QCD-based calculations, and the extraction of medium
parameters that cannot be computed directly from �rst principles. A primary role
in the study of QGP is played by lattice QCD [1].

1.2.2 The QCD Phase Diagram

The QCD phase diagram shown in Fig. 1.1 presents the phases of strongly interacting
matter as a function of the temperature in MeV and the baryochemical potential �B .
Below the transition line, partons (quarks and gluons) are con�ned inside hadrons,
forming ordinary matter. Above this line lies the QGP phase. The green line and
band indicate the � B region accessible to Lattice QCD calculations. Along this
line lies the crossover temperature, where the transition between hadronic matter
and QGP takes place smoothly. The open points represent experimental results for
the chemical freeze-out temperature, at which the relative abundances of produced
hadrons become �xed. The diagram also marks the position of ordinary nuclear
matter, corresponding to the conditions under which protons and neutrons are bound
in stable nuclei [1].

At the LHC, the phase diagram is probed close to �B = 0, because particles and
antiparticles are produced in nearly equal amounts at LHC energies [4]. The most
recent measurements show that the critical temperature under these conditions is
around Tc � 155 MeV [1]. Other experiments study the crossover region at higher
� B using lower collision energies, where the collision is less transparent. Such exper-
iments include the STAR experiment at the RHIC accelerator in the USA and the
CBM experiment at FAIR in Germany. Their goal is to understand how strongly in-
teracting matter behaves under di�erent conditions and also to search for the critical
point, where the smooth crossover transition is expected to change into a �rst-order
phase transition, meaning a sharp non-continuous change between phases.
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Figure 1.1: A schematic representation of the QCD phase diagram. The region ac-
cessible at LHC energies is indicated. Above the transition line lies the QGP phase,
while below it hadronic matter dominates [4].

1.2.3 Space{Time Evolution of Heavy-Ion Collisions

The evolution of a heavy-ion collision proceeds through several stages, illustrated
schematically in Fig. 1.2. It begins with the initial state, where excited partons
transfer energy in the overlap region of the collision, de�ned by the impact parameter
b. The impact parameter represents the distance between the centres of the colliding
nuclei. For small values of b, the overlap region between the two nuclei is large.
As a result, many nucleons participate in the collision, and the number of binary
nucleon{nucleon interactions is also large. These quantities are denoted as Npart

and Ncoll , respectively, where Npart is the number of nucleons that undergo at least
one inelastic interaction and Ncoll is the total number of individual nucleon{nucleon
collisions. In this stage of inelastic nucleon{nucleon interactions, a variety of QCD
processes occur, involving up to large Q2 momentum transfer. Softer interactions,
corresponding to lower values of Q2, contribute to the initial matter distribution in
the overlap region. Event-by-event 
uctuations in the positions of the nucleons and
in the deposited energy lead to an irregular initial density pro�le of the produced
medium. At the same early stage, hard processes with large Q2 produce heavy quarks
and high-energy partons, which later form jets. Since these probes are produced
before the QGP is fully formed and then propagate through the medium, they
provide information about its properties [4].

At the next stage of smaller momentum transfer, the system evolves into a pre-
equilibrated parton gas. This is followed by the creation of even softer partons,
which enable the formation of the QGP phase. The QGP behaves as a strongly cou-
pled, low-viscosity liquid [4], meaning that its constituents interact strongly and the
medium can develop collective motion. This collective motion is driven by pressure
gradients formed in the early stages of the collision and is commonly described in
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Figure 1.2: Spacetime diagram of the evolution of a heavy-ion collision, showing
the stages leading to QGP formation and hadronisation. The impact parameter b
corresponds to the distance between the centres of the colliding nuclei and is closely
related to the number of participating nucleons [4].

terms of hydrodynamic 
ow, illustrated in Fig. 1.3. Radial 
ow develops because the
pressure is larger in the centre of the medium than near its outer regions. This pres-
sure gradient pushes the medium outward and leads to collective expansion. The
rate of this expansion is in
uenced by the viscosity of the QGP, which describes
how strongly the medium resists deformation during its evolution. Anisotropic 
ow
arises when the pressure gradients are not the same in all directions. This directional
dependence originates from spatial anisotropies in the initial collision geometry, for
example in non-central heavy-ion collisions [4].

In addition to this collective bulk evolution, heavy quarks and high-momentum par-
tons produced in the earliest hard scatterings propagate through the QGP. As they
interact with the quarks and gluons in the medium, they lose part of their energy.
These energy-loss e�ects can therefore be used to study how transparent or opaque
the QGP is to energetic probes. This energy loss occurs mainly via two mechanisms:
collisional energy loss, resulting from elastic scattering with medium constituents,
and radiative energy loss, where gluons are emitted during the propagation of the
parton. The average energy loss per unit length can be expressed as

dE
dx

; (1.1)

which depends on the properties of the medium and on the mass and energy of the
propagating parton.

Due to the so-called dead-cone e�ect, heavy quarks are expected to lose less energy
than light quarks and gluons [7]. The dead-cone e�ect describes the suppression of
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Figure 1.3: Schematic illustration of the development of anisotropic 
ow in a
non-central heavy-ion collision. The initial spatial asymmetry is transformed into
momentum-space anisotropy via the hydrodynamic response of the QGP.

gluon radiation at small angles with respect to the direction of a heavy quark. This
suppression occurs inside an angular cone approximately given by

� <
m
E

; (1.2)

where m and E are the mass and energy of the heavy quark. Since gluon radiation is
dominated by soft emissions at small angles, the suppression of radiation inside this
cone removes an important part of the radiation phase space. As a result, heavier
quarks lose less energy through gluon radiation than light quarks. This e�ect is
illustrated in Fig. 1.4. Gluon radiation is suppressed inside the dead cone and is
therefore emitted mainly at angles larger than the dead-cone angle de�ned in Eq. 1.2.
Since this angle depends on the ratio between the quark mass and energy, the dead
cone becomes wider as the charm quark loses energy.

High-energy partons can initiate parton showers, in which the original parton radi-
ates further quarks and gluons. Experimentally, a jet is reconstructed as a collimated
group of �nal-state particles, interpreted as the observable remnant of an energetic
parton. The exact set of particles included in a jet depends on the chosen jet recon-
struction algorithm and its parameters. In Fig. 1.2, this process is indicated by the
yellow cone. These jets, together with heavy quarks, represent hard probes of the
medium because they are produced at the earliest stages of the collision and then
propagate through the evolving QGP.

When an energetic parton travels through the QGP, it can interact with the medium
and lose part of its energy. This phenomenon is known as jet quenching. It leads to
a modi�cation of the �nal reconstructed jet, which can appear with lower energy,
a broader angular structure, or a modi�ed particle composition compared to a jet
produced in vacuum or in pp collisions. Jet quenching is therefore an important
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Figure 1.4: Schematic illustration of the dead-cone e�ect for a charm quark. Gluon
radiation is suppressed within a cone around the quark direction, de�ned by the
dead-cone angle �.

signature of parton energy loss in the QGP and provides information about the
density and transport properties of the medium. A schematic illustration of this
e�ect is shown in Fig. 1.5. A hard scattering produces two approximately back-to-
back energetic partons. The parton that crosses only a short path through the QGP
is only weakly modi�ed, while the parton that travels through a longer path in the
medium loses more energy and forms a quenched jet.

Once the QGP cools below the transition temperature Tc, the hot and dense matter
hadronises. At LHC energies, the transition from the QGP to hadronic matter is
expected to be a smooth crossover rather than a sharp phase transition. As a result,
di�erent regions of the system hadronise at di�erent times. The hard partons in jets
fragment and hadronise in the same way as in elementary collisions, but partons with
lower momenta can combine into hadrons via coalescence, meaning they combine
with partons that share similar position and momentum.

As the hadrons materialise out of partons, primary pions (�), kaons (K), and protons
(p) are created. They may still have enough energy to undergo inelastic interactions,
which can create or destroy some particle species. This phase ends with chemical
freeze-out at temperature Tch, �xing the number of particles in each species. This can
be followed by elastic scattering, which is halted at the kinetic freeze-out temperature
Tkin . At this point, in addition to the particle species, also the momenta become �xed.
These particles then travel towards the ALICE detector, where they are measured
� 10 15 fm/c after the initial collision.

The most commonly used collision system for heavy-ion studies at the LHC is
lead{lead (Pb{Pb) collisions, where particle production takes place in the pres-
ence of a strongly interacting medium. After hadronisation, the produced hadrons
can be described using statistical hadronisation models, which are connected to the
non-perturbative regime of QCD [4]. In addition, the LHC also provides small sys-
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