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Abstract

At LHC energies, charmed-baryons are copiously produced. The recent upgrade of the ALICE experi-
ment for Run 3 improved the vertexing capabilities and allows to operate at an increased interaction
rate and in continuous readout mode, thus allowing for collecting a significantly larger dataset com-
pared to Run 2. This opens a new dimension of precise charmed-baryon measurements in several
decay channels, helping to shed light on the mechanisms responsible for the production and decay
of these particles. This topic became of crucial interest after recent studies by ALICE challenged the
assumption of the universality of charm hadronisation processes across different collision systems.
Moreover, the decay of charmed-baryons is still poorly understood and measurements of correspond-
ing branching ratios pose a challenge to all models.

This thesis presents the measurement of the prompt cross section of the =0 baryon using a dataset
collected by the ALICE experiment. The weak decay =20 — =~ 7+ + c.c. is reconstructed using mini-
mum bias proton-proton collisions data corresponding to 0.8 pb~" of integrated luminosity recorded
at a centre-of-mass-energy of 13.6 TeV in 2022. The measurement is performed at midrapidity and
in the transverse momentum interval 1 < pr < 12 GeV/c. The Run 3 ALICE analysis framework has
been optimized to process large-size datasets and a new strategy to produce realistic charm-enriched
Monte Carlo has been developed and implemented. The simulation used in this analysis is anchored
to the corresponding data taking conditions and constrained by real data in a data-driven mode. The
analysis is validated with a closure test. However, a ~ 40% pr-independent discrepancy is observed
between the Run 3 measurement and the corresponding Run 2 result, pointing to unresolved issues
in data reconstruction and/or Monte Carlo production.

In Run 3, besides permanently storing a small fraction of minimum bias datasets, ALICE relies on
the implementation of software triggers to investigate the huge amount of proton-proton collisions
delivered by the LHC, while at the same time applying an efficient data storage procedure. This
allows to investigate an integrated luminosity which is more than three orders of magnitude larger
compared to Run 2. The ALICE software triggers have already processed an integrated luminosity
of 82 pb™!, and an additional sample corresponding to more than 100 pb~' is expected to be anal-
ysed by the end of Run 3. Within this work, a dedicated trigger has been developed and applied to
proton-proton data collected in 2023 and 2024 to reconstruct Cabibbo-suppressed Q° decays. This
software trigger is dedicated to the reconstruction of the singly-suppressed mode Q2 — =~ 7% + c.c.
and of the doubly-suppressed decay Q° — =~ K™ + c.c. and it will allow for relative branching

fraction measurements in the coming years.






Zusammenfassung

Bei LHC-Energien werden Baryonen mit Charm-Quarks in grof3er Zahl produziert. Das Upgrade
des ALICE-Experiments fiir Run 3 ermoglicht einen Betrieb mit erhohter Kollisionsrate in einem kon-
tinuierlichen Auslesemodus, so dass im Vergleich zu Run 2 ein wesentlich grof3erer Datensatz gesam-
melt werden kann. Damit eroffnet sich eine neue Dimension praziser Messungen von Baryonen mit
Charm-Quarks in verschiedenen Zerfallskanédlen. Diese Messungen tragen zu einem tieferem Ver-
stdndnis der Mechanismen, die fiir die Produktion und den Zerfall dieser Teilchen bei. Dies ist von
grollem Interesse, nachdem aktuelle ALICE-Studien die Annahmen einer Universalitdt der Hadro-
nisierungsprozesse in verschiedenen Kollisionssystemen in Frage gestellt haben. Dariiber hinaus ist
der Zerfall von Baryonen mit Charm-Quarks noch nicht vollstdndig verstanden und Messungen der
entsprechenden Verzweigungsverhaltnisse stellen eine Herausforderung fiir alle Modelle dar.

In dieser Dissertation wird die Messung des prompten Wirkungsquerschnitts des =2-Baryons an-
hand eines vom ALICE-Experiment aufgenommenen Datensatzes vorgestellt. Der schwache Zerfall
=0 - == 7t + c.c. wird anhand von minimum bias Proton-Proton-Kollisionsdaten rekonstruiert,
die 0.8 pb™" integrierter Luminositit entsprechen und im Jahr 2022 bei einer Schwerpunktsenergie
von 13.6 TeV aufgezeichnet wurden. Die Messung wird bei zentraler Rapiditdt und im Transver-
salimpulsintervall 1 < pt < 12 GeV/c durchgefiihrt. Das Analyse Framework fiir Run 3 wurde
fiir die Verarbeitung grof3er Datensdtze optimiert und eine neue Strategie zur Erstellung realistis-
cher, mit Charm angereicherter Monte-Carlo-Simulationen entwickelt und umgesetzt. Die in dieser
Analyse verwendete Simulation bertiicksichtigt die jeweiligen Bedingungen der Datenaufzeichnung
und wird in einem datengetriebenen Ansatz durch reale Daten eingeschrénkt. Die Analyse wird mit
einem Closure Test validiert. Unabhéngig vom Transversalimpuls wird jedoch eine Diskrepanz von
ca. 40% zwischen der Messung in Run 3 und dem entsprechenden Ergebnis in Run 2 beobachtet,
was auf offene Fragen bei der Datenrekonstruktion und/oder der Monte-Carlo-Produktion hinweist.
Neben der permanenten Speicherung eines kleinen Teils der minimum bias Daten stiitzt sich ALICE
in Run 3 auf die Implementierung von Software-Triggern, um die riesige Menge an Proton-Proton
Kollisionen zu untersuchen, die der LHC liefert, und gleichzeitig ein effizientes Datenspeicherver-
fahren anzuwenden. Dies erlaubt die Untersuchung einer um viele Grofenordnungen hoheren
integrierten Luminositét als in Run 2. Im Rahmen dieser Arbeit wurde ein spezieller Trigger en-
twickelt und auf Proton-Proton Daten, die 2023 und 2024 aufgenommen wurden, angewendet, um
Cabibbo-unterdriickte 20-Zerfélle zu rekonstruieren. Dieser Software-Trigger dient der Rekonstruk-
tion des einfach-unterdriickten Zerfalls Q° — =~ 7+ + c.c. und des doppelt-unterdriickten Zerfalls
Q% — =7 K* + c.c. und wird in den kommenden Jahren eine Messung der relativen Verzwei-

gungsverhaltnisse ermoglichen.
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Chapter 1

Introduction

According to the Big Bang model, space-time was created ~ 14 billion years ago. Back then our
universe was concentrated in an extremely small, hot, and dense region of space. Then it expanded,
becoming cooler and less dense. During the first microseconds of its life, its density was too high
to allow for hadron formation: quarks and gluons existed in a deconfined state, the quark-gluon
plasma. When the energy density and the temperature reached the critical values of ¢, ~ 1 GeV /fm?
and T, ~ 160 MeV, colour charges combined to form colour-neutral objects of ~ 1 fm in size, the
hadrons. This transition is called hadronisation. Then, few minutes after the Big Bang, the tempera-
ture fell below ~ 100 keV, allowing for the formation of atomic nuclei (primordial nucleosynthesis).
At this stage, the universe was still ionized, and therefore opaque to electromagnetic radiation. Only
~ 300 000 years after the Big Bang the temperature became low enough (~ 3000 K) such that elec-
trons and ions could combine to form atoms.

Understanding the hadronisation process is crucial to improve our view of the early stages of the
universe and to explain how fundamental particles manifest as the matter we can detect. Prior to
the phase transition from quark-gluon plasma to hadronic matter, the universe was essentially struc-
tureless, consisting of a hot, dense soup of fundamental particles. It was only after hadronisation
that structures began to emerge, first in the form of hadrons, and later through the formation of
atoms, molecules, and eventually complex matter. However, the opacity of the universe for times
prior to the decoupling of the electromagnetic radiation makes it impossible to study the phenomena
that occurred before the formation of atoms. Nevertheless, it is possible to recreate such processes in
high-energy collisions at particle accelerators. The theory that has been developed to describe the in-
teractions between quarks and gluons, which are responsible for the creation of hadrons, is quantum
chromodynamics (QCD). Due to the nature of such interactions, it is impossible to calculate hadro-
nisation from first-principles QCD. Despite decades of research, hadronisation remains incompletely

understood and this makes it an active and important area of research in particle physics.



CHAPTER 1. INTRODUCTION

The structure of the thesis is as follows: Chapter 2 introduces the general concepts of QCD and the
classification of charmed-baryons, describes the modelling of the open charm production process,
presents the different hadronisation models and relevant experimental results. A general introduc-
tion to the Large Hadron Collider and to the ALICE detector, as well as the description of the rele-
vant data reconstruction techniques, are given in Chapter 3. Chapter 4 introduces the ALICE analy-
sis framework and presents the software developments implemented to perform charmed-baryon
analyses. In Chapter 5, the measurement of the =2 prompt cross section is described. First, the
preselections and the machine learning algorithm applied in the analysis are presented. Then, the
signal extraction, the acceptance-times-efficiency correction and the prompt-fraction estimation are
discussed. Afterwards, the systematic uncertainties are described. Finally, the results are presented,
including a comparison to the previously published result, the outcome of the closure test and the

comparison to theoretical models. Conclusions and outlook are given in Chapter 6.



Chapter 2

Open charm production

2.1 Quantum Chromodynamics

Quantum chromodynamics (QCD) is the quantum field theory of the strong interaction. Such in-
teraction is mediated by eight massless gluons corresponding to the eight generators of the SU(3)
local gauge symmetry of the theory. The conserved charge associated to QCD is the colour, with red,
green and blue (r, g, b) being the labels of the SU(3) colour space orthogonal states. While quarks
carry a colour charge, anti-quarks carry an anti-colour charge (7, g, b). Since the theory predicts
the existence of vertices where a gluon connects quarks of different colours, in order for the colour
charge to be conserved at the interaction vertex, gluons must carry simultaneously both a colour
and an anti-colour charge. Only particles carrying (anti-)colour charge, namely quarks and gluons
themselves, couple to gluons.

The coupling constant of QCD is «, and its value evolves with the energy scale Q? of the consid-
ered process. The running of «, accounts for the contribution to a given QCD process coming from
Feynman diagrams containing quark and/or gluon loops. Such higher-order corrections are absorbed
in the definition of an effective strong coupling strength, o, (Q?). While colour-neutral virtual qq pairs
from fermionic loops screen the interacting colour charges, coloured virtual gluons from bosonic
loops lead to an anti-screening effect, and the number of colour charges and quark flavours deter-
mines which component dominates. For a theory predicting the existence of three colour charges
and six quark flavours, the net effect of the presence of virtual particle clouds is an increase in the
colour field, hence a dominance of the anti-screening phenomenon. For this reason, decreasing the
distance from a quark results in a weakening of the effective charge arising from the anti-screening
effect of the surrounding gluons, and vice versa. QCD is therefore an asymptotically free theory, with
the effective coupling constant «, decreasing at increasingly high values of momentum transfer and

diverging at small Q°.



CHAPTER 2. OPEN CHARM PRODUCTION

A consequence of such behaviour of « is the phenomenon of colour confinement, according to which
coloured objects can not propagate as free particles over long distances but are found confined into
colour-neutral bound states, namely the hadrons. This hypothesis explains the lack of evidence for
free quarks in processes with small (Q* values. The experimental observation of colour confinement
is ascribed to gluon-gluon self-interactions, as they give rise to attractive forces between the virtual
gluons exchanged between two strongly interacting quarks. This has the result of squeezing the
corresponding colour field into a tube and, when the two interacting quarks are at relatively large
distances, the energy density in the tube is constant. As a consequence, the energy stored in the
field must be proportional to the distance r between the two quarks. Due to the linear dependence
between the quark separation and the energy stored in the exchanged colour field, to free a quark, or
equivalently to separate the two quarks to infinity, an infinite amount of energy would be required.
The evolution of a, with the process energy scale is experimentally well established [1]. The coupling

constant is a; ~ O(1) at |Q| ~ 1 GeV, which is the same scale Aqcp at which hadrons are observed.

1

Hence, the confinement radius is o Xac

=~ fm, which implies that in such low-energy processes
quarks and gluons can not travel distances exceeding this size. From the asymptotic freedom it fol-
lows that perturbative QCD is applicable only at high-energy regimes, for Q> > 1 GeV?/c2. On the
other hand, the phenomenon of colour confinement is observed at large distances or, equivalently,
small Q? values, therefore the non-perturbative regime applies to the discussion of the hadron forma-
tion process. This short introduction to the QCD aspects relevant for this work is mainly summarised

from [2].

2.2 Charmed-baryons classification

In accordance with the naming conventions [3], the charmed-baryon base symbol is determined by
its isospin / and charm-strangeness C' + S quantum numbers. The charmed-baryons A, ¥, =, ..
and Q. .. .. correspond to the quantum numbers I(C'+.5) 0(1), 1(1), 1/2(2) and 0(3), respectively.
Therefore, the A is an isospin singlet with one "heavy" (s or ¢) quark, the X a triplet with one heavy
quark, the = a doublet with two heavy quarks and the {2 an isospin singlet containing three heavy
quarks. Unlike the charm quark, the strange quark is usually not considered heavy, this lexical choice
is dictated by the need to illustrate the baryon naming convention and is to be regarded as valid only
in the context of the sentence above.

According to the Quark Model [3], the SU(4) representation is useful for bookkeeping pur-

flavour
poses to classify the various charmed-baryons, even if it does not reflect an observed symmetry due
to the large mass of the charm quark. Based on such description, charmed-baryons can be repre-

sented in a three-dimensional space with coordinates (I, Y, C), where I, is the third component

4



CHAPTER 2. OPEN CHARM PRODUCTION

of the baryon isospin, C' is the charm-flavour quantum number and Y is the hypercharge. The latter
is in general definedas Y = B+ S — %, where B is the baryon number and S, C, B, T indi-
cate respectively the strangeness, charm, bottomness and topness content of the baryon. However,
the lifetime of the top quark is of the order of ~ 1072° s, while the hadronisation process requires
~ 107%* s. Therefore, the top quark lifetime is too short for it to hadronise. The charmed-baryons
representation in the (1., Y, C) space is depicted in Fig. 2.1. Given four flavours, namely u, d, s

and c, sixty-four configurations of three quarks are possible.

Figure 2.1: Multiplets of ground state baryons made of u, d, s and ¢ quarks in the (I, Y, C') space
[3]. The J = 1/2 multiplet is shown on the left side, the J = 3/2 multiplet on the right side.

In this thesis, only singly-charmed-baryons (C' = 1) are discussed. These hadrons can be described
as a bound objects composed of a charm quark and a light diquark whose content is limited to three

possible flavours (u, d, s). The SU(3) tensor product of the two light quarks gives 3@3 = 6+3,

Flavour
with the multiplet 6 being symmetric under the interchange of the two light quark flavours and the
multiplet 3 being antisymmetric under this interchange. For ground state baryons, i.e. states with
zero angular momentum, the overall antisymmetry of the hadron wave function implies that the light
diquark has to be symmetric under the exchange of spin and flavour. The possibilities are therefore
limited to either a symmetric spin-1 diquark belonging to the symmetric flavour-6 multiplet or to
an antisymmetric spin-0 diquark belonging to the antisymmetric flavour-3 multiplet. The spin-0 3
combines with the charm quark to create the J = 1/2 ground state baryons while the spin-1 6

combines to form either J = 1/2 or J = 3/2 ground states. The structure in the (7., Y') space of the

J = 1/2 singly-charmed-baryon ground states is represented in Fig. 2.2.

5
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Figure 2.2: Schematic representation of ground state J = 1/2 singly-charmed-baryons corre-
sponding to the spin-0 flavour-3 diquark (a) and spin-1 flavour-6 diquark (b) in the (I, Y) space.
The structure of the ground state J = 3/2 representation containing the spin-1 flavour-6 diquark
is identical to the one in (b) [3].

2.3 Factorisation approach

The study of hadrons presenting among their constituent quarks charm or anti-charm is an effective
probe to test QCD calculations based on the factorisation theorem and to investigate the hadronisa-
tion mechanisms. Moreover, measurements performed in pp collisions allow to establish a benchmark
for Pb—Pb collisions and thus to infer properties of the quark-gluon plasma (QGP) produced in heavy-
ion collisions.

Due of the large charm quark mass m. = (1.2730 + 0.0046) GeV/c? [4], charmed-hadrons are al-
ways the result of the hadronisation of a ¢ or ¢ quark produced prior to hadronisation, either in the
initial hard-scatterings or via gluon splitting in parton showers. Such processes can involve large mo-
mentum transfers (Q* > (2m.)?), unlike the soft interactions occurring at hadronisation time. The
hadronisation process determines the relative abundances of the various charmed-hadron species and
their kinematics, but does not affect the total charmed-hadrons production. The latter matches the
production rate of the parent charm quark, therefore charmed-hadrons are considered a calibrated
probe of the hadronisation process [5]. The theoretical description of prompt charmed-hadron pro-
duction in pp collisions relies on the factorisation approach in terms of the squared momentum

transfer Q% [6] according to the formula

oaB—n, = PDF(2,, Q°)PDF (24, Q%) ® Oaposec(Tas 26, Q) ® Demsm, (2, Q). 2.1

6



CHAPTER 2. OPEN CHARM PRODUCTION

In Eq. 2.1, the cross section describing the production of the charmed-hadron H. in proton-proton
collisions oap_u, is computed as the convolution of the parton distribution functions (PDFs) of
the incoming protons, the partonic cross section describing the production of the charm-anti-charm
pair 0., .., and the fragmentation function D. . . Due to the large mass of the charm quark
m. >> Aqcp, the large momentum transfer required to produce the c¢ pair ensures that the cc
production cross section can be computed as a perturbative series in powers of the strong coupling
constant o, down to zero momentum. On the other hand, the PDFs and the fragmentation functions
describe non-perturbative processes, therefore they are derived through parametrisation of experi-
mental results. The PDF's give the probability of finding a parton a in the incoming proton A as a
function of the fraction x of the hadron momentum carried by the parton itself for a process with
squared momentum transfer Q>. The PDFs are extracted from deep inelastic scattering measure-
ments and their evolution with Q? is described by the DGLAP equations [7]. The fragmentation
functions describe the probability that the quark ¢ gives rise to the hadron H, carrying a fraction z of
the parent quark momentum. These functions have been parametrised for more than four decades
from measurements performed in e*e~ and ep collisions and, under the assumption that they are
"universal" based on the time scale separation between the c¢ pair production and the hadronisation
process, they have been applied to all the colliding systems [5]. Such assumption has recently been
challenged by ALICE measurements, as discussed in Section 2.4.

Measurements of charmed-hadron pr-differential cross sections allow both to test the factorisation
approach itself and to validate the ingredient used in the prediction. Additionally, such measure-
ments are used to measure the total c¢ production cross section by summing the the cross sections of
the measured ground states spin-0 charmed-mesons and spin-1/2 charmed-baryons [8]. They also
allow to trace back to the fragmentation fractions of the different charmed-hadrons by dividing the
pr-integrated cross section of each measured hadron species by the total charm cross section [8].
The ALICE detector is well suited for the study of charmed-hadrons thanks to its high-precision
tracking and particle identification capabilities. At midrapidity, the low material budget characteriz-
ing its tracking system together with the intensity of the solenoidal magnetic field applied allow to
focus on the low and moderate transverse momentum regions, making this experiment design com-
plementary to the other LHC detectors. This kinematic range is crucial for hadronisation studies, as

it will be discussed in Section 2.4.

2.4 Charm hadronisation

Hadronisation is the process by which partons, namely quarks and gluons, combine to form colour-

neutral hadrons. In the early universe, this transition is supposed to have taken place ~ 10 us after

7



CHAPTER 2. OPEN CHARM PRODUCTION

the Big Bang [9]. In conditions of energy density typical of ordinary matter, the direct observation
of free colour charges is prevented by the phenomenon of colour confinement, but the hadronisation
process is accessible in laboratory in high-energy collisions at particles accelerators.

With reference to Eq. 2.1, the component that is sensitive to hadronisation is the fragmentation
function. Therefore, measurements of hadron-to-hadron prompt production cross section ratios are
an effective tool to probe charm hadronisation, as the contributions from the PDFs and the charm
production cross section substantially cancel out in the ratio.

The production cross section of several charmed-hadron species have been measured at various col-
lision energies and across different colliding systems. Electron-positron collisions provide a clean
environment, with no initial hadronic state, and the centre-of-mass energy of the partonic system is
known and coincides with the /s of the colliding leptons, thus allowing for the measurement of the
fragmentation functions. The integral of the fragmentation function over z gives the corresponding
fragmentation fraction (FF). If the fragmentation functions universality holds, also the FFs do not
depend on the colliding system.

The fragmentation fractions of different charmed-hadron species have been measured in e*e™ col-
lisions both at B-factories (/s ~ 10.5 GeV/c?) and in Z-boson decays at LEP (y/s ~ 90 GeV/c?),
as well as in e*p collisions at HERA. The FFs did not exhibit significant differences, as shown in Fig.

2.3, thus supporting the hypothesis of universality of the fragmentation fractions [5].

c 0.8 I | I I
el C : : : : : : ]
° - |~ e'e Bfactories E
g 0'7: e'e” Z decays : { : ]
c L |—=—e*pDIS ]
o — : : —
g % Loewre |4 1
g 058 -
g) C : ]
® 04F i =
E o3 | E
S R }4 1 ¥ 1
SIPia t E
01:_ Ls —:
E o er T e

0— I . | I I |

Figure 2.3: Fragmentation fractions for different charmed-hadron species measured in ete™ and
e*p collisions [5].

The D-meson measurements performed on the first data collected in pp collisions at the LHC con-

firmed once more this hypothesis. Multiple experiments measured the prompt ratio D /(D? + D),

8



CHAPTER 2. OPEN CHARM PRODUCTION

representing the FF of charm quarks to strange mesons f, divided by the FF to non-strange mesons
fu + fa. As shown in Fig. 2.4, the results extracted by the various collaborations were compatible

within the uncertainties [5].

llYlI|lll|l|lll|llll|llll

LEP e*e’, s=m, [— Lo — PYTHIA8 _]
average p, > 0
H1ep 0.5><\(S - ° —

pT(D) >2.5GeV/c

ZEUS yp 0.5xy_ |—
p,(D) > 3.8 GeV/c

|
|
|
_l
|
ATLAS 0.5¢y_,pp Vs=7TeV | _{__ _

p,(D)>0

|

ALICE, pp Vs =7 TeV |- |
p,(D) >0 |
|

I

ALlCE, PP \(E =5.02 TeV |— theory sys —— —
pT(D) >1GeV/e, P, constant fit N T I T T
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charm fJ/(f+f )

Figure 2.4: Measurement of prompt D /(DY + D) ratio in different colliding systems [5].

However, when the measurement of charmed-baryons became accessible at the LHC in pp collisions,
the corresponding FF results showed significant deviations from the values extracted from e*e~ and
e®p data, challenging the assumption of universality of the hadronisation process across collision
systems [10]. In hadronic collisions at the LHC energies, an increase of the A fragmentation fraction

with respect to eTe™ and e*p collisions was observed, as reported in Fig. 2.5. The concomitant
decrease of the D-mesons FFs accounts for the conservation of the total c¢ production. More recent
ALICE measurements at higher collision energies confirmed these observations and proved that the
FFs do not exhibit significant energy dependence within the uncertainties [11], as shown in Fig.
2.5. Moreover, the baryon enhancement has also been observed in the beauty sector by the LHCb
experiment [12].

These results suggest that different hadronisation mechanisms are at work depending on the colliding
system and that the number of constituent quarks plays a role in the hadron formation process. One
is instinctively tempted to relate this observation to the parton density of the initial state. While
leptonic collisions can be regarded as a "vacuum-like" reference, hadronic collisions involve composite

objects with multiple partons that can interact simultaneously, thus creating more complex colour

field topologies. To validate this assumption, meson-to-meson, baryon-to-baryon, and baryon-to-
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Figure 2.5: Fragmentation fractions for different charmed-hadron species measured in ete™, e*

and pp collisions [11].

p

meson ratios are measured in different hadronic colliding systems, namely pp, p—Pb and Pb-Pb
collisions. The multiplicity dependence of these ratios is also studied, as it can be considered a
measurable proxy for the "hadronic activity” of the event, which in turn is connected to the parton
density, and allows to bridge hadronic collision systems of different size [13]. Experimental results
for these observables are reported in Section 2.4.2. The hadronisation theoretical models whose

predictions are compared to the result presented in this work are discussed in Section 2.4.1.

2.4.1 Hadronisation models

There is a variety of models that aim at describing the hadronisation process. Most of them, namely
the Catania model, the Quark re-Combination Mechanism (QCM) and Pythia, describe the hadron
production starting from the partonic stage, but they differ for the colour neutralisation procedure
implemented. On the other hand, the Statistical Hadronisation Model (SHM) predicts the abun-
dances of different hadron species based on statistical weights, without dealing with the microscopic

mechanism responsible for the transition from the partonic phase to the hadronic one.

Pythia

In Pythia, hadronisation is implemented on the basis of the Lund string fragmentation model [14].

In accordance with the linear dependence of the confining potential on the separation between the
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quarks, it describes the colour confinement field between a colour and an anti-colour charge in an
overall singlet state as a string with constant tension and characterised by relativistic dynamics. In
a collision process, the two quarks move apart and the string connecting them is stretched until it
becomes energetically more favourable to break it. At the site of the break, a light-flavoured (u, d, s)
(di)quark-anti-(di)quark pair is created and two smaller string systems are thus produced. This
iterative fragmentation process stops when there is no longer sufficient energy to break the string,

and it ends with the production of the final-state hadrons [5]. This process is depicted in Fig. 2.6.

90 90
©
do 70
&
90 q4q 7
L &
9 9 9 ¢ q q 9 49
o @ ® @

Figure 2.6: Schematic representation of the string breaking process in the Lund model [5].

The non-perturbative process of string breaking is modelled via a quantum tunnelling process result-

2
—TI'qu

k

ing in a suppression factor o« exp ( ), with m  , being the quark transverse mass and k& ~ 1
GeV/fm the string tension inferred from hadron spectroscopy. As a consequence, it is very unlikely
to produce both heavy quarks and high-pr quarks via string breaking, reflecting the fact that such
partons can only be produced by perturbative mechanisms. Once that the pr and the flavour of the
quarks created at the break site have been selected, the hadron species to be created, that has to be
compatible with the flavour of the current endpoint and of the quarks produced in the string breakup,
is determined from data, via tuning [5].

The Pythia Monash tune [15] is tuned on ete™ and e*p measurements and implements string for-
mation in the leading-colour (LC) limit. In this approximation, the number of colours N is taken to
infinity No — o0. As a consequence, in a given event each colour is uniquely matched to a single anti-
colour, thus resulting in unambiguous string configurations. Given these settings, only dipole string
configurations are allowed, with the two endpoints being a colour and the corresponding anti-colour
charge. In such framework, charmed-baryon production can only occur via diquark-anti-diquark

pair creation next to a charm-flavoured string endpoint [5].

Pythia Monash is suitable to describe the processes that take place in leptonic collisions, but it can

11
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not reflect the complexity of hadronic collisions, which can be characterised by multiparton inter-
actions (MPI) [16]. In this case, the LC limit does not hold and the limited number of colours in
QCD N¢ = 3 has to be reintroduced. This implies that multiple different partons can in principle be
colour-connected as each colour is no more unique. To select between which quarks the confining po-
tential arises, a string length minimisation criterion is used. As a consequence, strings can be formed
between partons not necessarily produced in the same hard scattering and can involve different MPI
[5]. This framework is implemented in the Pythia Colour Reconnection (CR) model [17]. In such
context, the colour-neutrality can be achieved through three different string configurations: dipole
reconnections, that involve a colour and corresponding anti-colour charge, the junction reconnection,
that implements the colour-neutral combination of the three charges r, g, b, and the gluon-loop. The
junction and the gluon-loop topologies arise from beyond leading colour effects (BLC). These three
configurations are depicted in Fig. 2.7. The additional mechanism of charmed-baryons formation
via the junction reconnection, which carries a non-zero baryon number, results in an enhancement
of the baryon yield [5].

@ ® _

—

(a) Dipole-type reconnection.

(b) Junction reconnection.

CR

@—@

(¢) Gluon-loop formation.

Figure 2.7: Schematic representation of the string topologies allowed in Pythia Monash (on the
left) and Pythia CR (on the right) [5].

The Catania model

The Catania model [18] implements the hadronisation process both via fragmentation and coa-

lescence. While in the fragmentation process an energetic parton gives rise to lower momentum

12
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hadrons, the coalescence mechanism assumes that partons close to each other in the phase space
can recombine in a hadron with higher momentum with respect to the initial quarks. Given that the
bulk of the quarks is produced at low pr, it is more likely to find partons close in phase space in this
kinematic region. Consequently, coalescence is expected to dominate at low pr and fragmentation
at high pr. A schematic representation of the two hadronisation processes is depicted in Fig. 2.8.
The Catania model assumes that charm quarks that do not hadronise via coalescence are converted

into hadrons via fragmentation with a pr-dependent probability Py, (pr) = 1 — Peoa(pr)-

c ;
| quark distribution

(5
)
00

1 dN
pr dpr

(l

00? L.@*\

PHL,=Z'chich<1 PH, = Py, TPy, T Py,

FRAGMENTATION COALESCENCE

-

v

Figure 2.8: Schematic representation of the fragmentation and coalescence hadronisation mech-
anisms that result in the production of the charmed-hadron H..

The hadron pr-spectrum is affected differently depending on the hadronisation mechanism involved,
with coalescence pushing the average hadron transverse momentum to larger values with respect to
fragmentation. The predicted Pr spectrum of a hadron with NV, constituent quarks and formed via

coalescence is described by

N,
dNy T i @)
dyd2 Py = gH/zlj[1 (27r)3Ei 'pi'dUz"fqi(5Ui>pi)'fH(x1; <y TN,y P1s ---aqu)'(S (PT_Zl:pT,i)- (2.2)

In Eq. 2.2, gy is a statistical factor indicating the probability that two (or three) random quarks
have quantum numbers matching the one of the colourless hadron, the integral is evaluated over the
phase space, do; denotes an element of a space-like hypersurface, f,, is the phase space distribution

of the i-th (anti-)quark and p; is its transverse momentum, fy is the Wigner function describing the
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spatial and momentum distribution of quarks inside the hadron, and the § accounts for momentum
conservation. The integral is usually evaluated with Monte Carlo methods.

On the other hand, the hadron momentum spectra from the charm quark fragmentation are given

by

thad deragm Dhad/c(za Qz)
-3 [a 2.3
dyd2 Py / * dyd® Py 22 ’ (2.3)

where Dyaq/c(2, @Q?) is the fragmentation function, z = pPpaq/Peharm is the momentum fraction of the
heavy quark transferred to the final heavy hadron and )? is is the momentum scale for the fragmen-
tation process.

The model assumes the presence of a flowing thermalized medium of light (u, d, s) quarks, with the
production of quark-gluon plasma occurring both in pp and p—Pb collisions. As for pp collisions, the
charm quark spectrum is produced with FONLL calculations.

The Catania model was initially developed to describe AA collisions, where the high energy densities
achievable and the formation of the quark-gluon plasma, which represents a large reservoir of par-
tons, were expected to favour the coalescence mechanism as a hadron formation process, whereas in
small colliding systems the predicted dominant process was the creation of quarks from the vacuum,
and so the fragmentation. Indications for a hadronisation mechanism sensitive to the presence of
partons in the initial state already came from measurements of charm production in pion-nucleon
collisions, in particular from the observation that the production of charmed-hadrons sharing valence
quarks with beam hadrons was favoured (leading particle effect) [19]. Nowadays the Catania model
is also used to interpret measurements performed in pp collisions and it gives the best description of

the available experimental data.

The Quark re-Combination Mechanism

According to this model [20], hadronisation occurs via coalescence at all momenta. The charmed-
hadron formation process is described as the combination of a charm quark with equal-velocity co-
moving light quarks, neglecting the spatial properties of the system. The quark distribution functions
employed in this framework are extracted from a fit to m, K, and D-mesons experimental data.
Differently from the Catania model, where the temperature of the medium determines the thermal

distributions of the light quarks, the concept of medium temperature does not play a direct role [5].

The Statistical Hadronisation Model

The Statistical Hadronisation Model (SHM) [21] predicts the hadron abundances without modelling

the complex hadronisation process, but simply based on statistical weights governed by the hadron
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mass and the hadronisation temperature Ty ~ 160 MeV. The thermal hadron densities n; are pre-

dicted according to the equation

ni = ——m? Ty K, (m) , (2.4)
™

where m; is the hadron mass, d; is the spin-isospin degeneracy, and K, is the modified Bessel function
of second order. Charm quarks are produced in the initial stages of the collision with a multiplicity
larger than the one expected from thermal production at 7}. To account for this excess, a fugacity
factor is introduced [5].

In order to provide a good description of the AT /D ratio measured by ALICE [22], the feed-down
from a largely augmented set of unobserved charmed-baryon states beyond the ones currently listed
in the PDG [4] has to be taken into account. The missing states are predicted with the Relativistic
Quark Model (RQM) [23], which is based on a relativistic description of a bound object composed
of a charm quark and a light diquark. In this model, both orbital and radial baryon excitations are
considered. They can only occur between the heavy quark and the light diquark, whereas the latter
is always taken in the ground (scalar or axial-vector) state. Such a scheme reduces the number of
possible excited baryon states with respect to a simple three-quark picture and nicely accommodates
the available experimental data. Heavy baryons up to the radial excitation quantum number n, = 5
and orbital excitation quantum number L = 5 are considered. The model calculations predict mass
values reaching ~ 4 GeV/c? for the heaviest excited states. For observed excited charmed-hadrons
states, the branching ratios to the ground states as available from the PDG are used, while equal
weights are assumed for decay channels without quoted branching ratios. While the PDG currently
lists six A states, three Y., eight =. and two €., the RQM predicts the existence of extra eighteen

A, states, forty-two X, sixty-two =, and thirty-four Q..

2.4.2 Measurements of baryon-to-meson ratios

The measurement of baryon-to-meson ratios in different colliding systems is an effective tool to in-
vestigate the dependence of the hadronisation process on the underlying event and on the number
of constituent quarks. Since the predicted charmed-hadron pr spectra depend on the hadronisation
mechanism at work, studying these ratios as a function of the hadron transverse momentum allows
to validate the hadronisation models.

In pp collisions, ALICE measured the A} /D [22], X% *+/D° [24], Z% T /D° [11] and Q°/D° [25]
ratios as a function of the hadron transverse momentum. The results for non-strange baryons are
shown in Fig. 2.9. These ratios show a clear pr dependence, with larger baryon production at low

and intermediate transverse momentum. The A} /D ratio is larger than the average ratio measured
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at LEP in ete™ collisions, amounting to ~ 0.11 [5], across the whole investigated pr range. The
theoretical prediction driven by charm quark fragmentation processes in e*e~ collisions, namely
Pythia Monash, underestimates the data, while Pythia CR, the Catania model and the prediction by
the SHM coupled with the RQM successfully describe the data. These results support the scenario of

charm quark hadronisation in pp collisions via additional mechanisms to those in leptonic collisions.
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Figure 2.9: Measurement of the A}/ DO ratio (on the left) and X% T /DO ratio (on the right) as
a function of the hadron transverse momentum performed by ALICE in pp collisions. The results
are compared to theoretical predictions, the average A} /D ratio measured in leptonic collisions
is also reported [22] [24].

The results for =% * and Q0 are reported in Fig. 2.10. The baryon-to-meson ratios exhibit an en-
hancement with respect to the eTe~ baseline, namely the Pythia Monash prediction, also for the
strange-charmed sector. The result for the =% * shows a pr dependence, with a larger increase of
the ratio at low and intermediate transverse momentum. The theoretical models that successfully de-
scribed the A /DO ratio, i.e. Catania, SHM+RQM and Pythia CR, provide a poor description of this
measurement and underestimate the result. This observation raises the question of whether there is
a larger enhancement of strange-charmed baryons. The theoretical prediction closest to the =2 */D°
data is based on the Catania model, thus suggesting that the mechanism of coalescence could occur
also in small hadronic colliding systems. Measurements of the doubly-strange charmed-baryon Q?
could be crucial to improve our understanding of the role of strangeness in the hadronisation process,
but the large uncertainty on the Q2 branching ratio does not allow to draw a firm conclusion on the
pr dependence and limits the effectiveness of the comparison to theoretical models. However, the

theoretical predictions based on Pythia and QCM underestimate the data significantly, while Catania
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is again consistent with the measurement.
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Figure 2.10: Measurement of the 58= * /D ratio (on the left) and 2} /D ratio (on the right) as
a function of the hadron transverse momentum performed by ALICE in pp collisions. The results
are compared to theoretical predictions [11] [25].

The A/ DO and ES / DO ratios have also been measured in p-Pb collisions [22] [26], the results are
shown in Fig. 2.11. A similar magnitude in the enhancement of A} /D" in pp and p-Pb with respect
to ete™ is observed and the shift of the distribution peak towards higher p could be attributed to
radial flow. The QCM successfully describes the magnitude of the ratio and predicts the hardening
of the A spectrum in p—Pb collisions. As for the =2/D° measurement, higher precision is needed to
draw a firm conclusion on the multiplicity dependence, but the comparison to the QCM prediction
shows that this model underestimates the ratio also in p—Pb collisions.

Finally, the A" /DY ratio has been measured in Pb—Pb collisions [27]. In this system, the quark-gluon
plasma (QGP), a colour-deconfined state of matter, is formed. For many years physicists suggested
that in the QGP hadrons may form via recombination of existing quarks [28], thus affecting hadron
abundances and their momentum distributions. The A /D° result, reported in Fig. 2.12, shows that
the ratio increases from pp to mid-central and central Pb-Pb collisions at intermediate transverse
momentum. The distribution peak increases in magnitude and shifts towards higher pr values. Such
behaviour could be the result of the modification of the pr spectra due to recombination, possibly
reinforced by radial flow, with the charmed-hadrons partly inheriting the flow of light quarks. Theo-
retical models describing hadronisation as proceeding primarily via coalescence successfully describe
the measurement [27].

ALICE also investigated the multiplicity dependence of both the A} /D°® and =% * /DO ratios [29]

[30]. The corresponding results, reported in Fig. 2.13, show that there is a significant multiplicity-
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Figure 2.11: Measurement of the A} /D ratio (on the left) and =%/D° ratio (on the right) as a
function of the hadron transverse momentum performed by ALICE in p—Pb collisions. The results
are compared to theoretical predictions [22] [26].
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Figure 2.12: Measurement of the A} /D ratio as a function of the hadron transverse momentum
performed by ALICE in Pb-Pb collisions [27].

dependent enhancement of the A} /D ratio from the lowest to the highest multiplicity class, with
the ratio measured in the lowest multiplicity class still being higher than the average value measured
in ete™ collisions at LEP. Pythia Monash fails to describe the ratio, while Pythia CR catches the trend
of the measurement but not its magnitude. As for the =2 */D ratio, there is no strong multiplicity

dependence within the uncertainties, higher precision is needed to draw firm conclusions.
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Figure 2.13: Measurement of the A /DO ratio (on the left) and =%+ /DO ratio (on the right) as
a function of the hadron transverse momentum for different multiplicity classes performed by
ALICE in pp collisions [29] [31].

Meson-to-meson ratios

ALICE measured the cross sections of multiple D-meson species and extracted the corresponding
ratios [11]. These observables do not show any significant dependence on the pr of the hadron within
the uncertainties, as shown for instance in Fig. 2.14. Moreover, no appreciable dependence on the
collision energy is observed within the current experimental uncertainties. This can be interpreted
as indication of common charm quark fragmentation functions to the considered D-meson species,
independently of the strange quark content and on the collision energy. The ALICE measurement of
D,* /D" as a function of py for different multiplicity classes [29] indicates no significant multiplicity

dependence of the ratio, as shown in Fig. 2.15.

Baryon-to-baryon ratios

The measurement of the =% /A and 2% + /%% ™+ ratios in pp collisions performed by ALICE [32]
showed no significant pr dependence. As reported in Fig. 2.16, all the models underestimate the
measurements with the exception of the Pythia Monash prediction for the =, /X, ratio, but this is due
to the fact that such model underestimates the cross sections of these baryons by a similar amount.
This could be either accidental or it may indicate the removal of a similar suppression mechanism
affecting both =, and 3, production in eTe™ collisions [5]. The Z%/A; ratio measured by ALICE [30]
does not show any multiplicity dependence within the uncertainties and all the Pythia predictions

underestimate the data, as shown in Fig. 2.17.
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Figure 2.14: Measurement of cross section ratios of different D-meson species as a function of pr
performed by ALICE in pp collisions [11].
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Figure 2.15: Measurement of D, /DY ratio as a function of pr for different multiplicity classes
performed by ALICE in pp collisions [29].

Rapidity puzzle

The results reported above discussed the transverse momentum and multiplicity dependence. All
the ALICE measurements presented here have been performed at midrapidity, while the forward and
backward rapidity regions have been investigated by the LHCb experiment. The comparison between
the ALICE and LHCb results indicates a possible rapidity dependence of the baryon-to-meson ratio
for both the A} and =% * baryons in multiple hadronic colliding systems [5]. As an example, Fig.

2.18 reports the ALICE [26] and LHCb [33] measurements of the =% * /D ratio and it shows that
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Figure 2.16: Measurement of the Z0/A+ and =2 T /%2 T+ ratios as a function of the hadron
transverse momentum performed by ALICE in pp collisions [32].
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Figure 2.17: Measurement of the = /A ratio as a function of the hadron transverse momentum
for different multiplicity classes performed by ALICE in pp collisions [31].

larger values are observed at midrapidity. On the other hand, the results for the baryon-to-baryon
ratio =% T /Al are compatible within uncertainties in the two rapidity intervals. However, either
because of the large uncertainties, or due to inconsistencies in the accessed pr intervals or in the
definition and ranges used for multiplicity and centrality by the two collaborations, currently it is

not possible to draw any conclusion.
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